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ABSTRAKT

Dizertacni prace predstavuje komentovany soubor ¢lankd zameérenych na oblast
procesu fizeni v systémech s obnovitelnymi zdroji energie, matematické modely
a moznosti optimalizace u fotovoltaickych systémua velkého i malého rozsahu.
V ramci feSeni byly publikovany ¢lanky v zahrani¢nich impaktovanych a recenzo-
vanych Casopisech a indexovanych sbornicich zahrani¢nich i tuzemskych konfe-
rencich. Hlavnimi vysledky dizertacni prace jsou navrh, konfigurace a realizace
hybridniho energetického systému s naslednou optimalizaci. S vyuzitim provoz-
nich dat z laboratorniho systému byl sestaven a nasledné validovan matema-
ticky model v prostfedi Matlab/Simulink pro hybridni energeticky systém s akumu-
laci. MoZnosti optimalizace vyrobnich fotovoltaickych zdroju jsou zalozeny jednak
na provoznich méfenich (u komercnich aplikaci) a na analyze regulatort toku vy-
konu pro optimalizaci energetické bilance (pro aplikace v soukromych objektech
v malém méfitku).

KLICOVA SLOVA

Energeticky systém, alternativni zdroje, fidici procesy, fotovoltaika, vétrna ener-
gie, hybridni systém, optimalizace, model, Matlab, Simulink, regulator, tok vykonu

ABSTRACT

The dissertation is an publication summary focused on the field of management
processes in renewable energy systems, mathematical models and optimization
possibilities for large and small scale photovoltaic systems. The articles were pu-
blished in foreign impacted and reviewd journals and indexed proceedings of fo-
reign and domestic conferences. The main results of the dissertation are the de-
sign, configuration and realization of the hybrid energy system with subsequent
optimization. Using the data from the laboratory system, a mathematical model
was compiled and subsequently validated in the Matlab / Simulink environment
for a hybrid energy system with accumulation. The options for power production
optimization with photovoltaic sources are based on both operational measure-
ments (for commercial applications) and on the analysis of power flow controllers
to optimize the energy balance (for small scale applications in private buildings).
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UvVOD

Aktudlni vyvoj situace v oblasti obnovitelnych zdroji energie v Ceské republice (CR),
kdy po masivnim rozvoji fotovoltaickych (FV) elektraren v letech 2009 — 2012 doslo
k omezeni podpory vykupované energie, vedl k zaméteni dizertani prace na fidici pro-
cesy zabyvajici se optimalizaci jednotlivych vyrobnich jednotek s obnovitelnymi zdroji
energie, moznostmi jejich usporadéni a nastaveni k zajiSténi korektniho provozu.

Obnovitelné zdroje energie (OZE) se staly v poslednim desetileti oblasti dynamického
rozvoje a soustiedéného vyzkumu v souvislosti s naristajici spotiebou energie a postup-
nym vy&erpavanim zasob fosilnich zdroji. Sir$i zdjem vefejnosti o obnovitelné zdroje
energie byl zptisoben sniZovanim investi¢nich nakladd v disledku existence novych vy-
robnich technologii a nartistu konkurence na obchodnim trhu.

Provedené legislativni zmény (predevSim zruSeni podpory pro nové zdroje od roku
2014) ve své podstaté zabrzdily masivni rozvoj vystavby velkych elektraren vyuzivaji-
cich slunecni zafeni a vétrnou energii, ke kterému doslo v letech 2009-2011. V souvislosti
s provedenymi opatfenimi (zruSeni danovych ulev, sniZzeni vykupnich cen, dodate¢né zda-
néni vyrobnich zdroji) se provozovatelé stavajicich instalaci zaméfili predev§im na opti-
malizaci provoznich celktll a diagnostiku piipadnych defekti pro maximalizaci efektivity
vyroby a zajiSténi pozadované provozni vykonnosti.

Pro tyto typy obnovitelnych zdrojl se tak v oteviela novd oblast vyuZiti v aplikacich
s malym vykonem, kde neni primédrni snahou zisk, ale zvySeni nezavislosti na verejné dis-
tribucni siti, tedy maximdlni vyuZiti vyrobené elektrické energie v misté€ instalace zdroje.
Soucasné feseni téchto energetickych systému tak predpoklada vyuziti akumulace energie
v riznych formach, zaroven vSak nardZime na problém souvisejici s charakterem nékte-
rych obnovitelnych zdroji. Slunecni a vétrna energie je obtizné regulovatelny zdroj, ktery
ma stochasticky charakter a je tak Spatné predvidatelny.

Vzhledem ke zminéné soucasné situaci v oblasti obnovitelnych zdroji se jako per-
spektivni jevi malé energetické systémy. Aplikacni sféra rodinnych domt, malych vyrob-
nich objektl, pfipadné administrativnich budov je cilovou oblasti stavajictho vyzkumu
a vyvoje. Tuto skutecnost indikuji nové i probihajici dota¢ni programy s vyuZzitim financ-
nich zdroji CR a EU.

Dizertacni prace predstavuje komentovany soubor ¢lankt tvoficich uceleny pohled
na fizeni, matematické modelovéni, optimalizaci a vyuZziti energetickych systémii s obno-

vitelnymi zdroji elektrické energie.
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1 CILE DIZERTACNI PRACE

V souvislosti se zadanym tématem dizertacni prace byly specifikovany nasledujici cile:
* navrh fidiciho systému pro hybridni systém s akumulact,
* analyza fidici logiky vyuZivané v soucasnych konfiguracich,
* definice podminek pro fizeni hybridnich energetickych systému v korelaci s pro-
voznimi stavy,
* tvorba matematického modelu hybridniho energetického systému,

 optimalizace energetickych systému s alternativnimi zdroji energie.

Névrh fidici logiky pro hybridni systém souvisi s realizaci instalace experimentédlniho
hybridniho systému, ktery kombinuje rizné typy obnovitelnych zdroji spolu s akumu-
laci. Ve f4zi ndvrhu je tfeba specifikovat zdkladni funkce fidictho systému s ohledem na
provozni poZzadavky a bezpecnost celého energetického zafizeni.

Néslednym krokem je analyza fidici logiky vyuZivané v soucCasnych konfiguracich.
Pro provedeni zdkladni analyzy lze vyuZit navrZeny fidici systém, ktery byl ve vycho-
zim stavu nastaven dle doporuceni vyrobce. Popis vnitini logiky ve vychozim nastaveni
umozni podrobnéji popsat jednotlivé provozni stavy vyuzivané v soucasnych konfigura-
cich.

S vyuZzitim ziskanych poznatkli bude moZné posoudit vhodnost dosavadniho feSeni
a navrhnout feSeni vedouci k optimalizaci vyuZiti stdvajictho hybridniho systému i s ohle-
dem na provozni vlastnosti a provozni stavy.

Tvorba matematického modelu hybridniho energetického systému souvisi s provoz-
nimi stavy, které jsou s ohledem na rozsahlé parametry jednotlivych prvki tvoricich cely
systém, obtizné definovatelné. Sestaveny matematicky model, ktery umozni bliZsi pohled
na jednotlivé energetické toky v systému, miZe slouZit jako optimaliza¢ni ndstroj pro
upravu stdvajiciho nastaveni.

Moznosti optimalizace energetickych systému tvoii posledni z cild dizertacni prace.
Podkladem pro zpracovani jsou splnéné predchdazejici cile, s jejichZ vyuzitim je mozné
stanovit moZnosti pristupil k optimalizaci provozu systému s obnovitelnymi zdroji ener-

gie.
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2 NAVRH HYBRIDNIHO SYSTEMU

Hlavni motivaci pro navrh a realizaci hybridniho systému s akumulaci byl dosavadni zpa-
sob feSeni. Akumulacni systémy se vyuZzivaly v kombinaci s FV systémy pouze jako za-
loZn{ zdroj, kdy byla akumulace primdrné udrZovana zcela nabita, jak je popsdno niZe.
Na zdklad¢ tohoto zpiisobu fizeni, které snizuje celkovy pontecidl vyuziti jednotlivych
energetickych zdrojt, vznikl ndmét na téma dizertacni prace, jejimz dil¢im cilem by byl
korektni ndvrh systému z hlediska uspofadani a fizeni. Optimdlni vyuZiti jednotlivych
energetickych systému je v soutasné dobé feseno v ramci dvou projektd TA CR, které
jsou zaméfeny na zvySeni ucinnosti energetickych systémd s vyrobou tepla a elektrické
energie u velkych zdroju a na optimalizaci fidicich algoritmid v hybridnich energetickych
systémech. Tyto feSené projekty dokldd4jé aktudlnost tématu a potfebost hledani novych
zptsobl fizeni a vyuZiti.

Prvni feseny projekt s ndzvem Planovani a optimalizace vyroby energetickych zdrojt
je zafazen do programu Alfa TA CR. Projekt je zaméfen na optimalizaci energetickych
procest v klasickych tepelnych elektrarnach a teplarnach s moznosti vyuZiti fidicich pro-
cest u OZE.

Druhy feSeny projekt s ndzvem Bezuhlikovy hybridni energeticky systém s akumulaci
pracujici jako aktivni prvek elektrizaéni soustavy je zafazen do programu Epsilon TA CR.
Tento projekt je zaméfen na analyzu vnitfniho uspotfadani hybridniho systému, fidicich
algoritmi a prepinani provoznich stavli s ohledem na kvalitu napéti v siti a maximalni
vyuziti vyrobené elektrické energie. Tento projekt je tizce provdzén s tématem dizertaéni

prace a navazuje na dil¢i vysledky prezentované v nasledujicim textu.

2.1 Vychozi konfigurace hybridniho systému

Vychozi konfigurace hybridniho systému vychdzi ze zdkladnich pozadavki na vyuZiti
a vykon systému, dobu autonomniho provozu a z vykonid dostupnych zdroji. S ohle-
dem na predem definovanou lokalitu (Laboratof obnovitelnych zdroji UEEN FEKT VUT
v Brné) byly instalovdny dva zdroje energie - monokrystalické FV panely o souhrnném
vykonu Pry=2,25 kWp a rychlobézna vétrna turbina s nomindlnim vykonem Py, p=1 kW
pii rychlosti vétru 11,6 m-s~!. Jednotlivé zdroje byly, ve fazi ov&fovaciho provozu, pfi-
pojeny k akumulaci pfes regulator nabijeni Morningstar TS—-MPPT-60.

Akumulaci energie zajiSt'uji gelové olovéné akumulatory v sérioparalelnim zapojeni
tak, aby bylo ziskdno napéti 48 V a kapacita 400 Ah. Celkova kapacita akumulatort
tak dosahuje 20 kWh elektrické energie. V systému jsou pouZity olovéné akumulatory
navzdory soucasnému trendu nasazovani lithiovych akumulétori, které jsou vyhodnéjsi

z hlediska parametrd, jako je pocet cykll a hloubka vybiti — Depth Of Discharge (DOD),
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Obr. 2.1: Vychozi schéma navrzeného hybridniho systému [[13]

kterd béZzné dosahuje hodnot 80—100 %. Olovéné akumulatory byly zvoleny predevS§im
kvuli niZsi cené a pokrocilym mozZnostem nastaveni nabijecich charakteristik u soucas-
nych regulatord. Zvolend mira DOD pro tyto akumulatory je 50 %, coz dle tidaji vyrobce
zajisti maximdlni pokles celkové kapacity na 60 % jmenovité hodnoty po absolvovéni
priblizné 1100 nabijecich cykld. Pfi uvazovéni jednoho nabijeciho cyklu denné tak tento

stav nastane za tii roky.

Hybridni ménice Studer Innotec XTM2600 jsou jednofazové a jsou zapojeny v reZimu
Master—Slaveﬂ coZ umoznuje prepnout podiizeny stiidac¢ do klidového rezimu pfi nizkém
zatizeni systému a snizit tak vlastni spotfebu systému. Hybridni ménice umozuji pfipo-
jeni na sit’ pro zajiSténi nabijeni akumulace ze sit€¢ (svorky AC-IN). Vystupni svorky
(AC-OUT) predstavuji zalohovanou ostrovni sit’ (Grid—OFF), jejiz frekvence je fizena
stiidaCem na 50 Hz. Oznaceni svorek vychazi z oznacCeni vyrobce. Zdkladni pfehledové
schéma je na Obr. [2.1]a spole¢né s podrobnym popisem systému bylo publikovéano v ¢lan-

cich uvedenych v piiloze [A.2] [A.3] [A.5]a[A.6

vz

'Master-Slave zapojeni vyuZivd komunikace mezi stiidaci zapojenych na jedné fazi. V piipadé nizkého
odebiraného vykonu ze systému nebo nizkého vstupniho vykonu na strané zdrojt, je v provozu stiidac
oznaceny jako Master. Slave se nachdzi v isporném rezimu a aktivuje se aZ pfi navyseni vykonu. Vyhodou
tohoto feSenti je niZ$i vlastni spotfeba a vyssi provozni icinnost jednotlivych stfidaci.
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Realizovany experimentdlni hybridni systém vyuZivd integrovany fidici systém stfi-
daci Studer Innotec, jejichZ pokrocilé moZnosti nastaveni zajisti bezpecny provoz a po-
moci spolecné sbérnice zajist uji komunikaci a nastaveni dalSich komponent systému. Po-

uzita sbérnice je fetézcova a umoznuje propojeni nasledujicich prvka fidiciho systému:

* RCC-02 — UZivatelské rozhrani s LCD displejem pro nastaveni a kontrolu fidictho
systému.

* BSP — Modul pro monitorovani stavu akumulace.

* Xcom-232i — Datalogger a prevodnik komunikac¢niho rozhrani Studer na standardni
rozhrani RS-232.

* Xcom-MS - Pfrevodnik komunikacniho rozhrani Studer na rozhrani RS-485 pro re-
gulatory Morningstar TS-MPPT-60.

* XTM-2600 — Stfida¢ Xtender umoZziuje piimé zapojeni do fidiciho systému.

Ridici systém tak zajist'uje zdkladni poZadavky na bezpeénost, kdy jsou korektn& na-
staveny vSechny hodnoty souvisejici s provozem a nabijenim akumulétord. Pro nabijeni
akumulétori je uvazovan nabijeci cyklus sestdvajici z nasledujicich tif fazi:

» Faze souvislého nabijeni (bulk stage) — faze nabijeni akumuldtoru maximalnim
dostupnym vykonem, dokud nebude dosaZeno tzv. absorpéniho napéti a zahdjeni
absorpCni faze. Pfi dosaZeni absorp¢ni faze je akumuldtor nabit pfiblizné na 80 %
SOC [20].

* Absorp¢ni faze (absorption stage) — pii dosaZeni Grovné absorpcniho napéti se po-
uzije regulace konstantniho napéti a nabijeci proud je postupné sniZovén tak, aby
byl akumulétor udrZovan na absorpénim napéti po dobu 120 minut, coZ zajisti pIné
nabiti akumulatorii. V piipadé€, Ze v predchozim nabijecim cyklu doslo k poklesu
napéti pod 50 V, je Cas absorpce prodlouZen o 30 minut [20].

» UdrzZovaci faze (float stage) — udrzovaci faze nasleduje po ukonceni absorpcni
faze. UdrZovaci napéti je niz$i nez absorpCni, pricemz dochazi k nabijeni velmi
malym proudem. Duisledkem je omezeni zahfivani baterie, protoZe po plném nabit{
nedochdzi k dalsim chemickym reakcim a vSechna dodand energie se pfeménuje
na teplo. V pripadé€, Ze ptipojend zatéz odebira vétsi proud, nez jsou nabijeci regu-
latory schopny dodat, dojde k poklesu napéti na baterii. Jestlize tento pokles napéti
pod stanovenou mez trva déle nez 30 minut, aktivuje se opét faze souvislého nabi-

jeni a nabijeci cyklus se opakuje [20].

V kompletnich nabijecich cyklech pro olovéné akumuldtory se pouZziva i ¢tvrtd na-
bijeci faze — faze ekvalizace (equalize stage). Je to vyhodné predevSim pro akumulatory
s tekutym elektrolytem, kdy pfi periodickém nabijeni a vybijeni dochdzi ke stratifikaci
elektrolytu a sniZzeni kapacity. Pfi ekvalizaci se nabijeci napéti zvysi nad hodnotu absorpc-
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niho napéti, coz zpusobi, Ze akumulator zacne ,,plynovat® a elektrolyt se tak promicha.
Dile se ekvalizaci omezuje mira sulfatace elektrod.

Vzhledem k vysokému napéti prfi ekvalizaci (67 V pro systémy s nomindlnim na-
pétim 48 V) je nutné vhodnost ekvalizace zvazit, piipadné odpojit ¢asti systému, které
by mohlo zvysené napéti poskodit. Pro navrZeny systém neni ekvalizace doporucena, pre-
devsim kvili pouzitému typu akumulatord - gelovy elektrolyt je méné nachylny na uve-
dené problémy spojené se stratifikaci elektrolytu. PrestoZze vyrobce ekvalizaci umoZnuje,
pro uzaviené akumulétory neni zcela vhodna vzhledem ke zvysené tvorbé plynii.

Jednotlivé uvedené meze napéti je mozné v fidicim systému nastavit. Priibéh napéti
akumulacniho systému ndsledné respektuje tyto meze, jak je ziejmé z Obr. [2.11] v kapitole
ktery zobrazuje data ziskana v pribéhu provozniho méreni.

2.1.1 Vychozi nastaveni ridiciho systému

Vyrobcem prednastavend konfigurace fidictho systému uvazuje jako primarni zdroj ener-
gie akumulatory, které tak maji prioritu pro nabijeni. Cilem je udrzovat akumulétory ne-
ustale plné nabité, aby bylo zajiSténo zalohovani ostrovni sit€¢ (AC-OUT). Systém tedy
pracuje jako zaloZni zdroj energie — Uninterruptible Power Source (UPS). Tato konfigu-
race s sebou pfindsi z provozniho hlediska nédsledujici vyhody i nevyhody.

Vyhody:
* Nizky pocet pracovnich cykld akumulace.
* VyS§i stupen zajiSténi doddavky elektrické energie.
* Vystupni vykon muiZe byt vys$si, nez je dostupny vykon z vefejné sit¢ (AC-IN)

omezeny hlavnim jisticim prvkem.

Nevyhody:
* Dochdazi k omezeni vykonu obnovitelnych zdroji — potencidlni problém pro vétrnou
turbinu.
* Pfi zanedbatelném poklesu SOC dochazi k odbéru elektrické energie z vefejné sité.
* Systém primdrné vyuZzivd verejnou sit” misto dobijeni akumulace z dostupnych ob-
novitelnych zdrojt.
* Systém neumoziuje dodavku prebytki energie do distribuc¢ni sité.

Omezeni vyroby obnovitelnych zdroji Ize v této konfiguraci povazovat za neefektivni,
protoZe neni vyuZito maximalniho potencidlu zdroji v dané lokalité. Pfedev§im pro vé-
trnou turbinu predstavuje tlumeni vyroby (resp. sniZeni zatéze) zasadni problém, ktery
piimo ovliviiuje bezpecnost celého systému. Pokud nastane situace, kdy je generator tur-
biny ndhle odlehcen reguldtorem, tedy dojde k poklesu zatéZného momentu, pficemz
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hnaci moment vétrné turbiny ziistane konstantni, je disledkem nardst ihlové rychlosti
soustavy a s tim spojeny narust indukovaného napéti na svorkach generatoru. PouZity
synchronni generdtor s permanentnimi magnety neumoZziiuje zménu magnetické indukce
a tento typ generatoru tak postrada moZnost regulace vystupniho napéti pomoci budiciho
obvodu. Pfi urychleni generatoru tak dochazi k nartistu napéti nad hodnoty pripustné pro
dany regulétor (150 V pro TS-MPPT-60) a vybaveni pfepét ovych ochran na vstupni ¢4sti
regulétoru.

Ridici systém tak musi umoZnit spravnou konfiguraci reguldtoru, ktery bude schopen
pfi ndristu napéti rotor turbiny zatiZit tak, aby udrzoval optimalni pracovni bod na vyko-
nové charakteristice. Regulator TS-MPPT-60 je schopen rychle reagovat na zmény napéti
na vstupni ¢asti za predpokladu, Ze je naprogramovana vykonova zatézovaci kfivka.

Dle komunikace s technickou podporou spole¢nosti Morningstar je tato funkce ve fazi
beta testovani a zatéZovaci charakteristiku potfebnou pro naprogramovani reguldtoru je
tfeba stanovit pro dany typ turbiny experimentalné.

Pro tyto ucely byl sestaven zdkladni model vétrné elektrarny se synchronnim genera-
torem s permanentnimi magnety (prezentovan v ¢lancich uvedenych v piiloze [A.5|a[A.6)
tak, aby bylo mozné predikovat chovani systému pii urcitych rychlostech vétru. Nasledné
byla s vyuzitim modelu sestavena zatézovaci charakteristika regulatoru, kterd byla napro-
gramovdana do regulatoru a ndsledné verifikovéna.

Déle je vhodné systém vybavit systémem pro zastaveni vétrné elektrarny pii plné
nabitych akumulétorech. K tomuto tcelu lze pouZzit programovatelné reléové kontakty
na stiidacich Studer, jejichZ spindni 1ze nastavit prostiednictvim RCC a vyuZit napiiklad
k pripojeni dodatecné odporové zatéze na vystupni svorky generdtoru. Pfipojeni pfidavné
zatéze (napf. tepelného spotiebice) se vyuziva v systémech s reguldtory toku vykonu
a je metodou slouzici k zajiSténi bilance vyroby a spotfeby elektrické energie. V pripadé
hybridniho energetického systému s akumulaci fesi pfipojeni pfidavné zatéze CasteCné

tlumeni OZE pfi nabitém akumulatoru.

2.2 Analyza vychozi vnitini logiky systému

V nasledujici ¢asti jsou podrobnéji popsany rizné provozni stavy systému pri vychozim
nastaveni a jejich vliv na chovéni celého hybridniho systému. Pro vysvétleni je uvazo-
van maximdlni vykon fotovoltaického systému Ppgys= 2,25 kW, vykon vétrné turbiny
Pyg=1 kW. Neni-li uvedeno jinak, predpokladaji se takové meteorologické podminky,
které umoznuji provozovat obnovitelné zdroje s jejich nomindlnim vykonem. Akumu-
latory jsou ve vychozim stavu nabité na 100 % SOC. Chovani fidictho systému, které
je uvedeno v nésledujicich odstavcich, bylo zaznamendno pfi vychozim nastaveni fidi-

ciho systému z vyroby (publikovano v ¢lanku v piiloze[A.5).
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2.2.1 Vychozi nastaveni — prikon zatéze odpovidajici vyrobé

V pripadé, Ze prikon zitéZe odpovidd vyrobé, je veskerd vyrobend energie spotfebovina

v,z

v rdmci objektu. Ridici systém tak sprdvné primdrné vyuZziva dostupnou energii z obno-
vitelnych zdroji a nevyuziva pro napdjeni zaté€ze akumulatory ani sit’. Vykonova bilance
je na Obr.
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Obr. 2.2: Vykonova bilance systému — Vychozi nastaveni (pfikon zatéze odpovidajici

vyrobé)

2.2.2 Vychozi nastaveni — prikon zatéze vyssi nez vyroba

V pfipadé, Ze nastane navySeni pfikonu zatéZe, fidici systém zaCne okamzité odebirat
chybéjici vykon ze sité. Prioritou je zde udrZzeni akumulace na stile stejné hodnoté SOC
(v tomto piipadé 100 %). Vykonovd bilance je na Obr.[2.3]
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roba)
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2.2.3 Vychozi nastaveni — prikon zatéze vyssi nez vyroba, bez sité

V pripadé, Ze je prikon zitéZe vyssi, nez vyroba elektrické energie z jednotlivych vyrob-
nich zdroju, nastane odbér energie z akumuldtor pouze, nastane-li vypadek vetejné sité.
Systém tak v podstaté pracuje v reZimu UPS. Vykonova bilance je na Obr.[2.4]
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Obr. 2.4: Vykonova bilance systému — Vychozi nastaveni — piikon zatéZe vySsi nez vy-
roba, odpojena sit’

2.2.4 Vychozi nastaveni — odpojena zatéz, snizena vyroba, bez sité

Pfi odpojeni celé zatéze systém nabiji akumulédtory dostupnym vykonem z obnovitelnych
zdrojii (v tomto piipad€ nizZ$im neZ maximdlnim) s ohledem na stav nabiti akumulace
(SOC) a aktudlni klimatické podminky.
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Obr. 2.5: Vykonova bilance systému — Vychozi nastaveni — odpojend zatéz, snizena vy-
roba, bez sité
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Omezeni vykonu zdroji je zde vyvoldno regulaénim procesem nabijeni akumulace,
které je nezbytné pro zabranéni prebijeni akumulace. Z ptedchoziho textu je zde zfejmy
problém s omezenim vykonu u vétrné elektrarny, kterou je tfeba z bezpecnostnich diivodi
v tomto piipadé€ odstavit. Regulator musi jako prvni zacit omezovat vykon FV systému,
kde nehrozi Z4dné poskozeni. Ridici systém ve vychozim nastavenim tuto situaci nere-

spektuje. Vykonova bilance je na Obr. [2.5]

2.2.5 Zhodnoceni vychoziho nastaveni ridiciho systému

Na zdkladé ziskanych zkuSenosti béhem ovéfovaciho provozu vychozi konfigurace sys-
tému, l1ze definovat nésledujici poZadavky na logiku fidiciho systému a optimalizaci kon-
figurace.

* Systém musi primdrné vyuZivat energeticky potencidl obnovitelnych zdroji v misté
instalace.

* Je-li vykon z dostupnych zdroji nedostatecny vzhledem k aktudlni zatézi, je pri-
marné vyuZita dostupnd energie akumulovand v bateriich. Hloubku vybiti je tfeba
definovat s ohledem na pouZity typ akumulace a s dostatecnou rezervou pro pripad,
Ze by nebylo mozné systém nabit ze sité (napt. z divodu vypadku sité).

* V piipadé definovaného poklesu SOC je akumulace nabita ze sité, aby se zabranilo
degradaci baterii kvili dlouhému setrvani ve vybitém stavu.

* Umoziuji-li to legislativni podminky a je-li poZadavek na doddvku energie do sité,
prichdzeji v tivahu dva rezimy

— Dodavka prebytkili — v piipadé, Ze je akumulace plné nabita, zatéZ v systému
je mensi nez vykonovy potencial dostupnych zdrojt, je mozné misto omezeni
vykonu vyrobnich zdroji doddvat prebyte¢nou energii do sité (grid-feeding).

— Nucena doddvka vykonu do sité — v pfipadé pozadavku je mozné definovat
vykon, ¢asovy interval a maximalni hodnotu DOD, po kterou bude systém do-
ddvat energii do site (force grid-feeding). V tomto pfipadé€ 1ze systém dédlkovée
ovladat a v pripadé nékolika mensich systémi je fadit do virtudlnich bloku
s vétSim vykonem, které tak 1ze pouZzit napf. pro dispeerské fizeni.

Analyza energetickych tokt u stavajiciho feSeni a navrh na tpravu logiky fidiciho

systému byly publikovény v ¢lanku v piiloze

2.3 Optimalizace hybridniho systému

Jednim z cild dizertacni prace bylo optimalizovat vychozi navrh hybridniho systému
s ohledem na provozni vlastnosti a poZadované chovani systému. Hlavni nedostatky vy-
choziho nastaveni spocivaly v neoptimdlnim vyuZiti dostupnych energetickych zdroji.
Na zékladé ziskanych poznatki byl vytvofen koncept hybridniho systému (A.3), ktery by
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optimalné vyuzival potencidl dostupnych zdrojd, a dle poZadavku byl schopen dodavat

energii do sité.

2.3.1 Korektni nastaveni regulatoru vétrné turbiny

Pro maximalizaci vyuZziti energie vétrné turbiny, bylo zapotiebi provést korektni nastaveni
DC-DC regulatoru. Pii ovérovacim provozu vychoziho nastaveni bylo zjiSt€éno nespravné
nastaveni reguldtoru pro vétrnou turbinu, ktery nemél spravné nakonfigurovanou zatézo-
vaci charekteristiku. PouZitd vétrnd turbind méla v datovém listu uvedeny parametry, které
neodpovidaly skute¢nym parametrim z méfenych provoznich dat. Ziskani korektnich pa-
rametrd bylo mozné provést demontazi zafizeni nebo matematickou simulaci na zakladeé
namétfenych dat.

Vzhledem k ndro¢nosti, ne-1i nemoZnosti demontaZe generatoru z téla vétrné turbiny,
byla zvolena druhd moZnost. Prvotni verze matematického modelu sestaveného v pro-
gramu Matlab Simulink je popsdna v ¢lanku v pfiloze Dalsi zpresnéni bylo prove-
deno v rdmci feseni diplomové préce Ing. Tomase StevEeka [21]], pii jejimZ feSenf se autor
dizertacni prace zapojil jako konzultant.

S vyuzitim modelu tak byla stanovena vyslednd zatéZovaci kfivka generitoru. Vy-
stupy simulaci modelu byly konzultovany s technickou podporou vyrobce reguldtoru
Morningstar a ndsledné byl regulédtor sprdvné nakonfigurovén tak, aby neustéle zatéZzoval
generdator a zabranilo se tak nartistu napéti pfi ndhlych poryvech vétru. Regulator reaguje
na zvySené napéti na vstupu a zacne odebirat vétsi proud, ¢imZ je generdtor zpomalen
a udrZzovan v optimélnich otackéach.

V piipadé dosazeni 100 % SOC akumulace je navrzeno elektrické zabrzdéni rotoru
vétrné elektrarny pomoci vykonového stykace, ktery zajisti zkratovani vystupnich svorek
generitoru. Ridici signdl pro vykonovy stykaé je vyveden z bezpotencidlového progra-

movatelného vystupu stiidace.

2.3.2 Pouziti ménice Variotrack pro FV systém

Dalsi zména konfigurace vyplynula z analyzy dat ziskanych z provoznich méfeni za-
znamenanych fidicim systém. Z hlediska analyzy energetickych toki je pouziti DC-DC
regulatort jiného vyrobce (Morningstar) nesystémové. Regulatory nekomunikuji pfimo
na systémové sbérnici CAN, propojujici jednotliva zafizeni v systému, ale pres rozhrani
RS-485. Aby bylo moZné regulétory pfipojit do fidictho systému Studer, je zapotiebi
je pripojit pres prevodnik Xcom-MS. Ddle je nutné obéma DC-DC reguldtorim nasta-
vit odli$ny identifikator (ID), tak aby systém mohl jednoznacné identifikovat jednotliva

zafizeni.
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Pri analyze dat bylo zjisténo, Ze pouziti zcela odlisné nastavenych regulatorti (kom-
binace FVE a VtE) pfipojenych pfes jeden prevodnik Xcom-MS je problematické z hle-
diska korektni komunikace. Systém tak neumoznoval sprdvné nastaveni, protoze zasilal
regulacni pozadavky na oba reguldtory soucasné, pricemz se vlivem pfipojenych zdroji
diametrdlné odliSuji. V zaznamenanych datech dile nebylo moZzné stanovit energeticky
piispévek jednotlivych reguldtort do systému, protoZe systém vycital celkovou hodnotu
z prevodniku Xcom-MS, ktery data ze vSech reguldtora scita.

Jako teSeni byla zvolena varianta, kdy FV panely budou do systému pfipojeny pres
DC-DC regulator Studer Variotrack, ktery lze pfimo pfipojit do fidictho systému pro-
stfednictvim sbérnice CAN. Vétrna elektrarna zlstane i nadéle pfipojena pres DC-DC
reguldtor Morningstar TS-MPPT-60, ktery je na sbérnici CAN pfipojen pres prevodnik
Xcom-MS.

2.3.3 Vzdaleny pristup k systému

Jednim doporucenim pii analyze vychozi logiky systému bylo didlkové ovladani umoziiu-
jict aktivaci dodavky energie do systému (force grid-feeding). K realizaci toto pozadavku
je moZzné pristoupit v pripadé, Ze systém bude mozné dalkové ovladat. V rdmci vychozi
konfigurace bylo provddéno veskeré nastaveni prostiednictvim RCC, tzn. vyZadovalo fy-
zickou pfitomnost obsluhy. K systému je mozné se lokalné pfipojit prostfednictvim roz-
hrani RS-232, které zajiSt'uje prevodnik Xcom—RS232. Na zdkladé¢ komunikace s doda-
vatelem systému bylo nésledné navrzeno rozsiteni systému o modul, zaji$t'ujici pfipojeni
k internetu. Systém umoZiiuje pfipojeni prostiednictvim prevodniku RS—-232-LAN, pfi-
padné RS-232-GSM. Vzhledem k dostupnosti sité LAN bylo zvoleno doplnéni systému
o prevodnik RS-232-LAN (Moxa NPort 5110A).

Nésledné Ize systém zaregistrovat na portdlu vyrobce Studer Innotec a pres zabez-
pecené rozhrani pfistupovat k ovladani a nastaveni systému pres vizualizované rozhrani

RCC, tedy stejnym zptisobem jako pii lokdlni obsluze.

2.3.4 Meérici systém pro zaznam meteorologickych podminek

Vv

Meéfici systém pro vyhodnoceni a zdznam metorologickych podminek je zaloZen na pro-
gramovatelném PLC Unitronics Vision V1040. Vychozi ndvrh pro méfeni hodnot rych-
losti vétru s vyuZitim senzoru Mierij Meteo a intenzity slunecniho zéfeni byl prezento-
vany v publikacich [A.3] a[A.4] kde autor dizerta¢ni prace vyuzil znalosti z feSeni vlastni
diplomové préce [12].

V roce 2016 byl méfici systém prepracovan (Obr. Obr. [2.7a Obr. pfi vedeni
bakalafské prace Bc. Juraje Lahvicky [7], ktery navrhnul upravené schéma a realizoval

zapojeni.
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Obr. 2.6: Systém pro méfeni meteorolo- Obr. 2.7: Srovnavaci fotovoltaicky ¢lanek
gickych podminek [7] typ SIOITCT [7]]

Monitorovaci systém je v aktualni verzi zaloZen na senzoru Vaisala WXT 520, ktery
mefi rychlost a smér vétru, teplotu vzduchu, atmosféricky tlak, relativni vlhkost a srdz-
kové thrny. Dalsi senzory predstavuji pyranometry (CMP21, SG02) a srovnédvaci ¢lanek
(SIOITCT) pro méfeni intenzity slunecniho zafeni v rovin€ paneld i ve vodorovné rovin¢.
Naméfené hodnoty se ukladaji v piilminutovych intervalech do vnitfni paméti a nasledné
do souboru typu XLS (Excel). Zaroven jsou okamzité hodnoty pfistupné prostrednictvim
webserveru pro online monitoring (Obr. [2.8)).

Vyuziti méfenych meteorologickych hodnot je predevsim v oblasti validace vytvo-
fenych modell a vyzkumnych zafizeni i ve spolupraci s dalSimi dstavy fakulty (napf.

bakaldfska prace Jana Mazocha [10] z Ustavu automatizace a m&fici techniky)

@
__________________________________________________________________________|
fi il Online monitoring system data
Online
%{L Description Value
SI01TCT- PV panel irradiance (W/m2) 187
SIOATCT- PV panel temperature (°C) 4.7
Pyranometer - Normal irradiance (W/m2) 241
CMP21 pyranometer - Normal irradiance (W/m2) 330
Outdoor temperature (°C) 21.5
Actual wind speed (m/s) 2.0
Max. wind speed during day (m/s) 59
Wind direction north-west
Wind direction angle (°) 335
Rain intensity (mm/h) 0.0
Daily precipitation (mm) 0.0
Relative humidity (%) 35.2
Atmospheric pressure (hPa) 985.2
Time (GMT+1) 11:38:11

Date 11_06_17

Obr. 2.8: Online pfistup k meteorologickym datim z monitorovactho systému

Pro konfiguraci a méfeni dat prostfednictvim PLC bylo zapotiebi vytvofit program
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v prostfedi Unitronics Visilogic. Pfi tvorbé programu bylo vyuZito dosavadnich znalosti
s programovatelnymi automaty a zkuSenosti ziskanych pfi tvorbé fidiciho programu pro
ovladani rotacni zdrojovny laboratofe vyroby elektrické energie na UEEN, jenz je také

vysledkem autora dizertacni prace.
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Obr. 2.9: Jednopdlové schéma hybridniho systému po optimalizaci
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2.4 Provozni méreni na hybridnim energetickém systému

Pro zajiSténi zdkladniho provozniho méfeni byla vyuZzita funkce integrovaného datalo-
ggeru v fidicim systému, ktery prostfednictvim datové komunikace s jednotlivymi prvky
systému ukldd4 pozadované veliCiny. Zakladni hodnoty jednotlivych veli¢in se ukladaji
na SD kartu kontinudlné v minutovych intervalech do CSV souboru.

Pro zpracovani souborl se zaznamenanymi udaji byl vytvofen skript v programu
Matlab Simulink. Ukdzky vyslednych grafickych zavislosti jsou uvedeny v Obr. 2.10]
a Obr. [2.11]a zobrazuji ¢asovy usek v délce jednoho dne.

E_ACin_sum=0.47967 kWh
E_ACout_sum=10.4333 kWh
E_TSMPPT_sum=8.5437 kWh
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Obr. 2.10: Vysledky provozniho méfeni 2. dubna 2016 — Prehled vykont v systému

Obr. zobrazuje prubéh vykonu na vstupu méni¢i — vykon v misté pfipojeni
do distribu¢ni soustavy (modra kiivka), na vystupu ménic¢lti — zdlohovand AC sit’ uvnitf
objektu (Cervena kiivka) a vykon doddvana FV systémem (zelend kiivka). Zat€Z je spi-
nana casové ve dvou tsecich. Prvni usek v Case 7:15-8:15 s vykonem 1,25 kW a druhy
usek v Case 11:45-15:15 s vykonem 2,3 kW realizované pomoci topného télesa fizeného
termostatem, coz zpusobuje viditelné poklesy zatiZzeni po dosaZeni maximdlni teploty.
Skokovy pokles vykonu FV systému souvisi s DC-DC regulatorem, ktery omezuje vykon

dodavany do akumulace z FV systému, s ohledem na aktudlni stav akumulace.

55
50 W

45
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time (HH:MM)

V)

XT-Battery Voltage

Obr. 2.11: Vysledky provozniho méfeni 2. dubna 2016 — Napéti na DC vstupu stiidact
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Jak je zfejmé z Obr. 2.T1] v uvedeném Case napéti baterii dosdhlo meze poZadovaného
udrzovaciho napéti (svétle modrad preruSovand ¢ara) a DC-DC regulétor limituje proud
dodavany do akumulace. Zarovei jsou v obrdzku vyneseny ostatni napét ové limity. Mez
nizkého napéti (podbiti baterii) je zndzornéna fialovou ¢arou. Zelend ¢ara znaci mez ab-
sorpéniho napéti, které nebylo s ohledem na stav akumulace v pribéhu dne dosaZeno,
protoZe v priibdhu vybijeni nepokleslo napéti pod definovanou mez. Cervend kiivka zna&i
mez napéti ve fazi ekvalizace, kterd vSak neni v fidicim systému aktivovadna s ohledem
na pouzity typ baterie. Podrobnéji byly jednotlivé stavy nabfjeni popsany v kapitole 2.1]

Obr. ukazuje vyhody zapojeni stiidaci v reZzimu Master-Slave. Pro dopoledni
blok zatéZe s vykonem 1,25 kW je v provozu pouze stiida¢ ¢.1, zatimco pro odpoledni

blok zatéze s vy$§im vykonem jsou v provozu oba stiidace.
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Obr. 2.12: Vysledky provozniho méfeni 2. dubna 2016 — Vstupni a vystupni vykon jed-

notlivych stiidact
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Obr. 2.13: Vysledky provozniho méfeni 2. dubna 2016 — Napéti méfené na svorkach aku-

mulatoru a SOC

Obr. zobrazuje parametry napéti a pribéh SOC baterie v Case. Obr. zobra-
zuje zavislost vykonu baterie v ¢ase. Vykon je méfeny modulem BSP pfimo na svorkich
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E_BSP_plus=0.59183 kWh

E_BSP_minus=-2.2657 kWh
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Obr. 2.14: Vysledky provozniho méfeni 2. dubna 2016 — Vykon baterie

baterie (jsou eliminovany ztrity na piivodnich vodicich do stfidace). Z méfenych provoz-
nich dat, prezentovanych na Obr. [2.14]1ze také odecist vlastni spotfebu systému v no¢nich

hodindch v rozmezi 15-17 W (tj. provozni ztraty jednoho stfidace a fidiciho systému).

2.5 Zhodnoceni dosazenych vysledku

Jak bylo uvedeno v predchozi ¢asti kapitoly, korektni feSeni a konfigurace hybridniho
systému je narocné na realizaci pfedevsim z hlediska komunikace, nastaveni a spoluprace
jednotlivych prvkl v systému. V ramci realizace systému lze, na zakladé ziskanych zku-
Senosti, doporucit systémové feSeni na jedné platformé fidiciho systému, které umoziuje
bezproblémovou konfiguraci jednotlivych prvki.

Prezentovany ndvrh systému po optimalizaci je v maximdlni mozné mife zaloZen
na komponentech firmy Studer-Innotec a je vyuzito fidicich prvka a nastaveni realizo-
vatelnych v servisnim menu. Tento zptsob feSeni minimalizuje pravdépodobnost vyskytu
problému souvisejicich s nekompatibilitou jednotlivych komponent rtiznych vyrobct a fi-
dicich procest realizovanych separatné odliSnymi systémy.

Na zdkladé autorovych zkuSenosti s provozem hybridnich systémi ziskanych na la-
boratornim experimentdlnim systému a na systémech realizovanych spole¢nosti SUN-
LUX, Ize konstatovat, Ze v souCasnosti je spravné nastaveni celého systému komplexni
zalezitosti, které vyzaduje pravidelné vyhodnocovéni provoznich dat a nasledné tpravy
nastaveni. Divodem je Sirokd Skéla riznych provoznich stavu, které je velmi obtizné pre-
dikovat ve fazi navrhu a 1isi se dle konkrétni instalace. Z téchto divodi byly vytvoreny
ndstroje pro zpracovani méfenych dat spolu s vyuZzitim vzdéaleného ptistupu k systému.

Z hlediska stanovenych cili dizertadni prace, 1ze konstatovat, Ze kapitola 2] spolu s pu-
blikovanymi ¢lanky piredstavuje naplnéni cila dizertani préce tykajicich se na-
vrhu fidiciho systému pro hybridni systém s akumulaci, analyzy fidici logiky vyuZivané
v soucasnych konfiguracich a definice podminek pro fizeni hybridnich energetickych sys-

tému v korelaci s provoznimi stavy.
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3 MODELOVANI PRVKU HYBRIDNICH SYSTEMU

Moznosti pfistupu k modelovani prvki energetickych systému jsou pomérné rozsahlé.
Model miiZe byt popsan a sestaven v rtizném prostiedi s ohledem na jeho pouZiti a oce-
kdvané vystupy. Jak je uvedeno v literatufe [6], v souCasnosti existuje Sirokd Skdla statis-
tickych i analytickych modeli pro tcely dimenzovani a navrh systémi. Bézné vyuzivané
matematické modely dostupné v literatufe a védeckych publikacich jsou sestaveny na z4-
kladé definovanych zjednodusSeni (faktor ideality diody, konstanty). Po analyze nékolika
matematickych modell jsme dospéli k ndzoru, Ze se pokusime udélat matematicky model

tak, aby reflektoval vétSinu standardné zanedbavanych zavislosti.

V ramci naplnéni cile tykajiciho se vytvoreni matematickych modeli byly v pribéhu
doktorského studia postupné sestaveny modely jednotlivych dil¢ich Casti, které obvykle
tvori energetické systémy s alternativnimi zdroji energie. Jako prostfedi pro sestaveni ma-
tematickych modelt byl zvolen Matlab Simulink, protoZe se jedna o robustni néstroj,
ktery umoziuje zpracovani rozsahlych datovych souborli s vystupnimi hodnotami veli-
¢in ziskanymi prostfednictvim vytvofenych modeld. Dalsi vyhodou je moZnost dil¢ich

vypoctl a vykresleni vystupnich grafii s vyuzitim vlastnich skriptu.

V ndvaznosti na feSeni projektd spoluprace s primyslem, do jejichz feSeni byl autor
dizertacni prace aktivné zapojen v pribéhu studia, byly vytvoreny i matematické modely

prvki tepelnych energetickych systému.
Sestavené matematické modely jsou ndsledujici:

* model rychlobézné vétrné turbiny se synchronnim generatorem s permamentnimi
magnety — publikovén v ¢lanku v priloze,

* model fotovoltaického panelu — publikovan v ¢lanku[A.7]v piiloze,

* model plochého solarniho kolektoru — publikovén v ¢lanku v priloze,

* model soldrniho systému s tepelnym vyménikem — publikovan v ¢lanku [A.§] v pri-
loze,

* model hybridniho systému pro napdjeni rychlonabijecich stanic elektromobili —
publikovan v ¢lanku [A.T5|a[A.T6]v pfiloze.

V nésledujici kapitole je detailné popsdn model hybridniho systému, ktery byl pouZit
pro sestaveni provoznich charekteristik pfi napdjeni rychlonabijecich stanic uvedenych
v ¢lanku[A.T6 Tento model byl vybran, protoZe obsahuje celé spektrum fesenych provoz-
nich stavd, které se mohou pfi chodu systému vyskytnout. Zaroven se jednd, vzhledem
k souCasnému vyvoji v oblasti elektromobility, o systém, jehoZ realizace miize pomoci

eliminovat negativni vlivy na sit’ spojené s provozem rychlonabijecich stanic velkych vy-
konu. Vysledky simulace prezentuji lanky a
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3.1 Matematicky model hybridniho systému

Model hybridniho systému (Obr. [3.1][9]) byl sestaven v prostiedi Matlab/Simulink s vyu-
zitim prvkl knihovny SimPowerSystems. Umoziiuje analyzovat energetické a vykonové
bilance celého systému, ale i chovani jednotlivych ¢ésti. Tvoii ho FV pole pfipojené
na DC sbérnici prostfednictvim DC-DC reguldtoru, akumula¢niho systému, DC-AC mé-
ni¢e a zatéze. Kromé bloki simulujicich tyto fyzické prvky jsou v modelu vytvofeny
i zobrazovaci a vypocetni bloky pro grafickou reprezentaci vysledkd simulovanych pro-
voznich scénafti. Po vytvoreni modelu byla provedena jeho validace spocivajici v porov-
nani vysledkd s méfenymi daty na experimentdlnim hybridnim systému v laboratofich
UEEN FEKT VUT v Brné (Obr. [3.3).

T  —
Faid Grid energ;

nnnnn

discharge=minus)

Obr. 3.1: Implementace hybridniho energetického systému v prostredi Matlab Simulink

3.1.1 Fotovoltaicky panel

Zékladnim zdrojem energie je u fotovoltaické elektrarny fotovoltaicky panel tvofeny sé-
riovym fazenim jednotlivych fotovoltaickych ¢lanki. Fotovoltaicky panel byl modelovan
na zdklad¢ veobecného jednodiodového ekvivalentniho obvodu (Obr. [3.2)). Detailn{ popis
a moznosti stanoveni ndhradnich parametr jsou podrobné rozebrany v [3]].

Vystupni proud z FV panelu 1ze popsat rovnici 3.1}

Q'( pU .s) V I v RS
R 1) I L) 3.1)

L, = h_Is'(e Ns-k -T-D
p p Rsh )

kde:
* I,,je vystupni proud FV panelu (A),
* I, je proud generovany fotodiodou (A),
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Obr. 3.2: Ndhradni schéma jednodiodového modelu fotovoltaického panelu podle 3]

* [, je saturaCni proud (A),

* ¢ je ndboj elektronu (¢ = 1,602 - 1079 C),

* V je vystupni napéti panelu (V),

* N je pocet ¢lankt panelu v sérii (-),

* k je Boltzmannova konstanta (k = 1,38 - 1072 J. K1),
* T je teplota ¢lanku (K)

* D je faktor ideality diody (-),

* R, je sériovy odpor panelu (£2),

* Ry, je paralelni odpor panelu (£2).

Parametry R, a Ry, je mozné stanovit analyticky (za pfedpokladu zvoleni parametru D)
pomoci Lambertovy W funkce [3] z hodnot uvedenych v datovém listu konkrétniho pa-
nelu. Dals$i moZnosti pro stanoveni potiebnych parametri je pouZiti numerické Newton-
Raphsonovy itera¢ni metody [[15]. V tomto pfipad€ nenf tieba zvolit parametr D, ale me-
toda je velmi zavisla na zvoleném pocate¢nim pfibliZeni, jinak miiZe pfi vypoctu divergo-
vat.

Srovnani vysledkil simulace modelu s provedenym méfenim na realném panelu je vi-
dét na tvaru / — V kfivky na Obr. V oblasti proudu nakratko je odchylka simulova-
nych hodnot od méfenych (Al = 1,8%) zplGsobena plo$nym zastinénim panelu necisto-
tami v prubéhu méfeni, pripadné celkovou degradaci panelu, kterd se projevuje sniZzenim
hodnoty proudu nakritko vic¢i hodnoté uvadéné v datovém listu vyrobce. Jak je zfejmé
z Obr. rozdily mezi vysledky simulovanych hodnot panelu a parametry ziskanymi
pomoci Newton-Raphsonovy iteraéni metody a Lambertovy W funkce jsou minimdlni,
a lze je pouzit pro stanoveni potfebnych parametrt (A, Rs a Rp).
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Obr. 3.3: Srovnani naméfené /-V kiivky se simulovanymi vysledky

Dal$imi vstupnimi parametry, které maji vliv na vysledny tvar /-V kfivky jsou teplota
panelu ¢ (°C), intenzita slune¢niho zafeni v roviné€ panelu G (W-m~?2) a aktudlni nap&ti
na vystupu panelu, tj. pracovni napéti V,.s urCené trackerem maximalniho pracovniho
bodu (MPPT-Maximum Power Point Tracker). Pro fotovoltaicky panel a pro jednotlivé
stringy byla v modelu vytvofena maska umoZzniujici ménit vstupni parametry a konfigu-
raci zapojeni. FV pole je néasledné tvoreno sérioparalelnim fazenim panelil (vZdy podle
pozadavki na systémové napéti a proud).

Modelovany systém pouZzity pfi validaci byl tvofen tfemi paralelné fazenymi stringy.
Kazdy string je sloZen ze tii sériové fazenych panelid. Panely byly pii validaci orientovany
na jih se sklonem 35°. Vstupni hodnoty pro simulaci (denni pribéh intenzity slune¢niho

zafeni a teplota panelu) odpovidaji pfimo dané orientaci.

3.1.2 DC-DC konvertor

Blok simulujici chovani DC-DC regulédtoru byl modelovan pouze z pohledu toku vykonu
a prislusnych regulacnich funkci, spinaci pochody a pfechodné déje nebyly uvazovany.
Vstupni veli¢inou do bloku je vystupni vykon FV pole. Nésledné je tento vykon vy-
nasoben regulacnim koeficientem (), ktery respektuje aktudlni stav akumulace a podle
aktudlniho napéti akumula¢niho systému reguluje vykon v rozmezi 0-100 %. Zavislost
regulacniho koeficientu na napéti akumulace (Obr. byla stanovena experimentdlné.
Neni respektovan presny nabijeci cyklus DC-DC regulétoru, ktery mize sestavat z né-
kolika rGznych fazi (faze souvislého nabijeni, absorpcni faze, udrZovaci faze) pro op-
timalizaci Zivotnosti akumulatoru. Pro popis chovani energetického systému v pribéhu
dne je vSak dostacujici. V dal$im kroku je uvaZovana konstantni Gc¢innost konvertoru
Npc—pc = 96 %. Vystupni proud regulatoru je dale s pomoci aktudlni hodnoty napéti
akumulace vypocitdn z vystupniho vykonu DC-DC regulatoru a je vyuZit pro nabijeni
akumulace, pfipadné napdjeni pfipojené zatéze.
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Kromé vyse uvedenych funkci obsahuje DC-DC regulétor funkci MPPT za ucelem
dosazeni vyssi provozni tcinnosti. Vzhledem ke klimatickym zdvislostem parametrii po-
pisujici prubéh I-V kfivky se maximalni bod vykonu (Maximum Power Point — MPP)
neustdle méni a v kazdém Case existuje jedna hodnota napéti V,.;, tj. zatiZeni FV pole,
pii kterém je mozné odebirat maximalni vykon [2],[17]. Tato skutecnost je disledkem
nelinedrniho pribéhu /-V kiivky. Soucasné algoritmy pro nalezeni MPP se lisi prede-
v§im rychlosti a pfesnosti nalezeni MPP a déle také naroCnosti na implementaci. Obecné
1ze rozdé€lit trackovaci algoritmy do tii skupin: Perturb and Observe (P&O), Incremen-
tal Conductance (IC) a Temperature Gradient Techniques (TGT), pficemZ nejrozSitené;jsi
jsou prvni dva [1]], [17].

o o
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o
S
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Obr. 3.4: Z4vislost regulacniho koeficientu na okamzZitém napéti akumulace

3.1.3 Akumulacni systém

Pro simulaci akumula¢niho systému byl pouZit model akumuldtoru z knihovny SimPower
Systems, ktery reprezentuje parametrizovany model obecného akumuldtoru. Simulace
je zaloZena na principu fizeného zdroje napéti s vnitinim odporem. Pro tucely modelu
bylo v souvislosti s pouZitou baterii potfeba definovat stavy systému a popsat tak cho-
vani hybridniho systému — jeho vnitini logiku tak, aby bylo jasné definované, za jakych
okolnosti a priorit je moZné energii do baterie doddvat nebo z ni odebirat.

Vyznam jednotlivych veli¢in popisujicich model je nésledujici:

* Pout. pc—pc je vystupni vykon z DC-DC ménice (W),

* Pload,pc je vstupni vykon do DC-AC ménice pro napdjeni zéatéze (W),

e SOC},, je stav nabiti akumulatoru (%),
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* Pyq: je vykon na rozhrani akumulédtoru — kladnd hodnota znamené vybijeni baterie
(W),
* P47 je vykon odebirany ze sit¢ v dobé platnosti nizkého tarifu (W),

* P,.iq,uT je vykon odebirany ze sité v dobé platnosti vysokého tarifu (W).

Pro vytvoreni algoritmu fidici logiky se vychazelo z téchto zdkladnich predpokladi:
* Systém bude primérné vyuZzivat dostupny vykon F,,; pc—pc pro nabijeni akumu-
lace a napdjeni zatéZe Py, pe-
» V piipadé, Ze SOC},; klesne na hodnotu 20 % [|a vykon zatéZe Pjouqpc je VEtSi
nez je dostupny vykon F,,; pc—pc, je systém dobijen ze sité konstantnim vykonem
P,,i4, ktery je volitelnym parametrem simulace.
* V piipadé€, Ze je v platnosti vysoky tarif, je odebirany vykon zaznamenin jako
P,.iq. mr a nabijeni je ukonceno pii dosaZeni meze 30 % SOCh,; 2
* V dobé platnosti nizkého tarifu je nabijeni zahdjeno nezdvisle na hodnoté SOC,;.
Vykon ze sit€ je zaznamenan jako P47 a nabijeni je ukonceno az pfi dosaZeni
meze 100 % SOCh,;. Doba potfebna k plnému nabiti systému pred zahdjenim dal-
Stho pracovniho cyklu (nasledujici den) je pfimo zavisla na dostupném vykonu sité
(Pyria,L7) a stavu SOC na konci cyklu. Podminkou tspeSného simulac¢niho scénare
prezentovaného modelu je zaruceni plného nabiti pfed za¢4atkem dalsiho pracovniho
cyklu, coZ je mozné s vyuZzitim modelu ovéfit.
Vykon odebirany ze sité je pribézné integrovan a vysledek je ukladan do dvou samo-
statnych proménnych podle aktudlniho tarifu. To umoziuje oddélené sledovat mnoZstvi
elektrické energie odebrané v dobé platnosti vysokého tarifu (£_G RID_HT) a nizkého
tarifu (E_GRID_LT).

3.1.4 DC-AC ménic

DC-AC méni¢ byl modelovan z pohledu energetickych toki jako zafizeni, které konver-
tuje stejnosmérnou energii na energii sttidavou se zadanou konstantni i¢innosti. Vstupni
veli¢inou je tedy vykon P4 pc, vystupni veli¢inou vykon Pj,.q 4c. V praktickych apli-
kacich se ti¢innost ménice méni podle aktudlniho zatiZeni. V pfipadé vytvoreného modelu
byla ucinnost DC-AC ménice zvolena nac—ac = 95 %. Simulacni blok je tvoren trifazo-
vym napét' ovym zdrojem, ktery generuje napéti pro pfipojenou zatéz a je doplnén o mé-
fici bloky napéti a proudu. Spinaci pochody nebyly obdobné jako u DC-DC regulétoru

uvazovany.

%S ohledem na typické parametry lithiové baterie (pfedeviim Zivotnost) a rezervu pro vlastni spotiebu
systému byla stanovena dolni mez 20 % SOC. Horni mez pro nabijeni v pfipadé platnosti vysokého tarifu
je zvolena 30 % SOC kvuli zajisténi potfebné hystereze regulacnich algoritmt a pro omezeni nakladi
v disledku vyssi ceny odebirané energie.
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3.1.5 Zatéz

Model nabizi dvé mozZnosti, které 1ze vyuZit pro vytvoreni diagramu zatéze. Pribéh z4-
téZe lze nadefinovat pomoci nékolika spotfebict a jejich spindnim v Case. Tento zplisob
je implementovan pomoci 3-fazovych RLC bloku a prvki pro spindni zatéze. Odebirany
vykon je méfeny a vstupuje do fidici logiky systému. Druhym zptisobem miize byt pfimé
nacitdni poZadované proménné — napf. importem méfenych, nebo vypocitanych hodnot.
Pro ucely simulace byl pouzit druhy zpiisob, tedy diagram z4téze je predem zndm a vstu-
puje do modelu jako vstupni proménna.

3.2 Validace modelu

Funk¢nost a vnitini logika vytvofeného modelu byla validovédna s vyuZitim naméfenych
dat na experimentdlnim hybridnim systému situovaném v solarni laboratoti UEEN FEKT
VUT v Brné. Pro provozni méfeni byl pouZit vykonovy analyzitor HIOKI 3390-10, mé-
feni bylo realizovéano dne 15. 4. 2016. Zaroven byla vyhodnocena ziskand data z ridictho
systému pro moznost porovnani vysledkd.

Meéfeni proudi bylo provedeno proudovymi senzory nasledovné:

e AC proud na vystupu DC-AC ménice kleStémi Hioki 9272-10 s rozsahem 20A,

* DC proud na vystupu DC-DC regulatoru klest€émi Hioki 3274 s rozsahem 150A,

* DC proud na rozhrani akumuldtort priivlakovym senzorem Hioki 9709 s rozsahem

500A.

Me¢éfeni napéti bylo pfimé prostiednictvim napét' ovych vstupti na analyzatoru.

Laboratorni systém, pouZzity pro validaci, je podrobné popsan v kapitole 2] V rdmci
provozniho méfeni byly méfeny vykony na vystupu DC-DC regulatoru (CHI - Obr. 2.9
na rozhrani bateriového systému (CH2 - Obr. [2.9) a vykon na vystupu DC-AC ménice
(CH3 - Obr. [2.9). Naméfené pribéhy jsou uvedeny v Obr. Pro priibéh vykonu na ba-
terii znamend zapornd hodnota vykonu nabijeni baterie a kladnd hodnota vykonu jeji vybi-
jeni. Tab. [3.TJuvadi celkové energetické toky v systému vypocitané na zakladé méfenych
dat v pribehu validace.

Tab. 3.1: Naméfené hodnoty energie pii validaci modelu

Popis veliciny Velic¢ina Hodnota

Energie odebrand zatézi na AC strané E_AC_LOAD e | 7,021 kWh
Energie dodand do systému DC-DC méni¢em | E_DC_DC ,,,cq5 6,823 kWh
Energie odebrand z akumulace E_battminus meqs | 2,333 kWh
Energie dodand do akumulace E_battplus meqs 1,548 kWh
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Measured system data on April 15, 2016
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Obr. 3.5: Pribéhy vykont méfené na fyzikdlnim modelu hybridniho systému

Vysledné pribéhy jednotlivych velicin, které jsou vystupem simulace, jsou uvedeny
v Obr. 3.6 Tab. [3.1}-Tab. [3.3]shrnuji vyslednd mnoZstvi energie.

Simulation results data on April 15, 2016
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Obr. 3.6: Pribéhy vykonu ziskané ze simulace na modelu hybridniho systému

Jak je z uvedenych vysledkd ziejmé, vytvoreny model vykazuje nejvétsi odchylku
vysledkii 15 % u energie dodané do akumulace (AE_battplus - Tab. [3.3), kterd je zpii-
sobena predevsim volbou odlisného zptisobu nabijeni olovéné baterie, kdy v modelu neni
implementovdna funkce tfistupfiového nabijeni (bulk stage, absorption stage, float stage),
jak je v praxi obvyklé u olovénych akumuldtorti [23]], ale byl pro zjednodusSeni zvolen
jednostupniovy systém nabijeni.
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Tab. 3.2: Vypocitané hodnoty energie pii validaci modelu

Popis veli¢iny Velic¢ina Hodnota

Energie odebrand z4tézi na AC strané E_AC_LOAD g, | 7,021 kWh
Energie dodand do syst¢ému DC-DC méni¢em | £_DC_DC g, 6,818 kWh
Energie odebrand z akumulace E_battminus g, | 2,361 kWh
Energie dodand do akumulace E_battplus g, 1,789 kWh

Lze vSak predpoklddat, zZe v pfipadé pouziti Li-lon akumulatoru se tfistupniové nabi-
jenﬂ neuplatni a chyba modelu bude mensi. Pro ucely simulace scénaiti navrZeného kon-
ceptu vyuZziti podptirného akumulac¢niho systému pro rychlonabijeci stanice elektromo-
bil, je presnost modelu v kontextu presnosti pouzitého méficitho vybaveni (HIOKI) do-
statend, a je tedy mozné vytvoreny model vyuZzit k simulaci jednotlivych scéndfi a vlivu
nastaveni jednotlivych parametrd na vysledky (napf. zména velikosti FVE, zména veli-

kosti akumulace, odli$né vstupni parametry).

Tab. 3.3: Procentudlni odchylka méfenych a vypocitanych hodnot energie pfi validaci

modelu
Popis veliCiny Velicina Hodnota
Odchylka energie odebrané zatéZzi na AC strané AE_AC LOAD 0,00 %
Odchylka energie dodané do systému DC-DC ménicem | AE_DC_DC -0,07 %
Odchylka energie odebrané z akumulace AFE_battminus +1,20 %
Odchylka energie dodané do akumulace AFE_battplus +15,00 %

3.3 Vyuziti sestavenych modeli a zhodnoceni dosazenych

vysledku

Sestavené matematické modely nalezly uplatnéni pii vyuce, kde slouZzi jako ukdzkové
priklady pro vysvétleni vlastnosti jednotlivych simulovanych komponent. Soucasné jsou
vyuzivany pfi feSeni bakaldiskych a diplomovych praci jako vstupni modely pro dalsi
parametrizaci a zpfesnéni.

Dalsi oblasti vyuziti je vyzkum v oblasti hybridnich systémii zaméfeny na porovnani
energetickych bilanci pfi odliSnych nastavenich a provoznich stavech. Jednou z hlavnich

oblasti vyuZiti sestaveného modelu hybridniho systému s akumulaci je predikce chovani

3Nabifjeci faze bulk, absorption a float — viz. kapitola



52 KAPITOLA 3. MODELOVANI PRVKU HYBRIDNICH SYSTEMU

systému pri riznych konfiguracich, parametrech a diagramech zatéze. V ramci dosavad-
niho vyzkumu byl sestaveny model pouZzit pro stanoveni energetickych tokl v systému,
ktery slouzi jako podptirny systém pro rychlonabijeci stanice elekromobilil (publikace

IA.14L |A.15]a|A.16|v pFiloze). Navrzeny koncept je pfedmétem realizace spole¢nosti CEZ

a.s a autor dizertaCni prace se aktivné podili (v rdmci feSitelského tymu) na ptipravé pod-
kladu pro realizaci navrZzeného feSeni.

Uvedené sestavené modely predstavuji komplexni souhrn modeld jednotlivych prvki
hybridnich systému, pfiCemz se predpoklada jejich dalsi rozsiteni, zpfesnéni a vzajemné
propojeni. Uplatnéni simulovanych vystupl v praxi je redlné predevsim v oblasti stano-
veni energetickych toki s ohledem na nastaveni vnitin{ logiky fidiciho systému. S vyuZi-
tim sestavenych modeli tak 1ze ovéfit napft. vliv rozloZeni zatéze na chovani systému.

Na zaklad¢ sestavenych modelt prezentovanych v kapitole [3|a v publikovanych ¢lan-
cich Ize konstatovat, Ze cil price zaméfeny na tvorbu matematického modelu
hybridniho energetického systému byl splnén.
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4 OPTIMALIZACE A PROVOZNI MERENI FVE

Optimalizace a provozni méfeni FV systému tzce souvisi s tématem dizertacni prace
a tvori jeden z dil¢ich cili. Na zakladé autorovych praktickych zkusSenosti s provozem
systémi s OZE, je Castym poZzadavkem provozovateli energetickych systému zvySeni
efektivity stavajicich instalaci. V pripadé primyslovych instalaci (P;,s; >10 kWp) je za-
kladnim nastrojem pro uréeni dostupnych moZnosti pro zvyseni energetické (ev. finacni)
vynosnosti stdvajiciho systému, provedeni korektni diagnostiky FV systému. Na zdkladé
vysledkd provedenych provoznich méfeni 1ze nésledné stanovit moznosti optimalizace
vedouci ke zvySeni vyroby el. energie celého systému. Piikladem optimalizace miZe byt
rekonfigurace FV pole s ohledem na skutecné parametry jednotlivych FV panelti, zména
zapojeni pro eliminaci vlivu zastinéni od okolnich pfedmétli nebo i pouhd vyména vad-
nych paneld.

V ramci studia se autor podilel na provoznich méfenich a diagnostice vice nez 20 FV
systémiul, pricemz nejvetsi disponoval instalovanym vykonem (P, = 55, S8MWp). Pou-
7Zitd metodika a ukony souvisejici s diagnostikou a prohlidkou FV systémt jsou popsany

v publikacich uvedenych v ptiloze (A.9] [A.10] [A.TT] [A.12]).

4.1 Provozni vykonnost FV systému

Zékladnim ukazatelem efektivity FV systému je provozni vykonnost, definovana vztahem

A1 18]
E
PR = GGy A EL (%), 4.1)

kde:

* E — Celkovy objem elektrické energie vyrobené FV elektrarnou za relevantni ob-
dobi dle tdaji zaznamenanych méficim zafizenim PDS (Wh).

* G — Celkova agregovana energie slunecniho zareni zjisténd z tdajt solarniho Ci-
dla instalovaného v ramci FV elektrarny za relevantni obdobi dopadajici v lokalité
FV elektrarny na plochu FV paneli. V piipadé umisténi vice ¢idel v ramci FV
elektrarny je pro urceni celkové agregované energie pouzit vazeny prumér vSech
naméfenych veli¢in (Wh-m~2).

» A — Celkovd plocha vSech instalovanych FV panell v rdmci FV elektrarny (m?).

L Utinnost novych FV paneld pouzitych v ramci FV elektrarny ke konverzi
slunecniho zéafeni na elektrickou energii, dle idaji vyrobce v datasheetu daného
panelu (%). V pripadé vice riznych typi FV panelt se pouZije vaZzeny prameér.

* Gy — Celkova agregovand energie slune¢niho zéfeni za relevantni obdobi dopada-
jici v lokalit¢ FVE na plochu soldrnich panelii, kterou nebylo mozno konvertovat
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na elektrickou energii a dodat do sit¢ vylu¢né z nékterého z nésledujicich divodd
(Wh-m~2):
V duisledku odpojeni FVE nebo sniZeni napajeciho vykonu PDS nezavinéného

zhotovitelem.

V dusledku okolnosti vylucujici odpovédnost ve smyslu § 2913 zakona
¢. 89/2012 Sb. ve znéni pozdéjsich predpist [16].
V disledku zhotovitelem nezavinéného poskozeni VN vedeni pripojujiciho

FVE do sité tfeti osobou mezi ptipojnym bodem PDS a oplocenim FVE.

V disledku poruchy nebo odpojeni distribu¢ni soustavy v daném misté.

V disledku zasnéZenych moduld.

Na zdkladé praktickych zkuSenosti je stanovena minimélni hodnota provozni vykonnosti
u kvalitné¢ provedenych FV systému bez zdvad na 85 % pro technologie instalované
po roce 2010, v pripadé starSich instalaci je poZadovan limit 80 % s ohledem na niZsi

ucinnost pouZzité technologie.

4.2 Kontrola FV instalace dle CSN EN 62446

Norma CSN EN 62446 ptedstavuje normu, kterd definuje postupy a tikony pro konstruk-
téry a instalatory FV systému. Cilem normy je efektivni tvorba adekvatni dokumentace
pro provozovatele systému.

Na zdkladé uvedenych informaci 1ze kontrolu FVE rozdélit na dvé casti:

4.2.1 Vizualni kontrola

Samotnd vizudlni kontrola na misté instalace m4 za cil ovéfit soulad s poskytnutou do-
kumentaci a detekovat potencidlni problémy v instalaci. Vizudlni prohlidku lze rozdélit
do nékolika casti a na zakladé provedenych prohlidek a méfeni lze zdiiraznit nasledu-
jici body, které jsou obsazeny v uvedené normé, ale pfi prohlidkach tvofily nejcastéjsi
nedostatky:

* Prohlidka DC komponent.

 Kontrola pfitomnosti a provedeni LPS.

* Prohlidka AC komponent.

 Kontrola oznaceni jednotlivych prvki instalace.

4.2.2 Meéreni na FV systému

Norma rozsdhlym zptisobem definuje standardni postup pro métfeni vSech parametrt pre-

devsim pro vychozi kontrolu instalace. V pripadé periodické kontroly k ovéfeni vlastnosti
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systému je mozné se zaméfit predevSim na kontrolu DC Casti instalace sestavajici z:
* Ovéreni izola¢niho odporu FV pole.
» Méfeni parametrl stringu (Uoe, Lse, Uppps Impp @ I-V kiivek).
* Provozni méfeni jednotlivych stringti a FVE jako celku, spolu se stanovenim pro-
vozni vykonnosti.
* Diagnostika infrakamerou.
e Meéfieni [-V kiivek jednotlivych panelil u stringl vykazujicich mimotoleranéni pa-

rametry.

Pro zhodnoceni, zda FV panel spliiuje poZadované vykonové parametry (méfeny vykon
v maximdalnim pracovnim bodé¢ pii STC podminkdch — P, s7¢,meqs) j€ tieba vychazet
z pozadavkid normy CSN EN 61215, kterd uvadi, ze FV panel spliiuje poZzadavky, pokud
se jeho vykon nachézi v rozmezi +5% z ofekdvané hodnoty Prpp,s7C cxp- OCekdvanou
hodnotou se rozumi hodnota vykonu v maximélnim pracovnim bod¢, ktera respektuje vy-
robcem garantovanou odchylku vykonu pfi vyrobé a také pokles vykonu v ¢ase zplisobeny
degradaci panelu vlivem provozu.

Pro vypocet ocekdvaného vykonu v maximalnim pracovnim bodu po n letech provozu
1ze pouzit vztah {.2] [22]]

Pmpp,STC,ea:p = Pmpp,STC,nom ' (]- +p) ' (1 + r)n—l (42)

Ukazkovy vypocet je proveden pro FV panel s nomindlnim vykonem v pracovnim
bodu pfi STC podminkach (P,,p s7¢nom = 240 Wp), definovanym maximalnim ro¢nim
poklesem vykonu r = —0, 345%- rok !, toleranci nominalniho vykonu pfi vyrob&

p = +3% a dobou provozu n = 5 let.

Tolerance nomindlniho vykonu FV panelu pfi vyrobé dosahuje jak kladnych tak za-
pornych hodnot (vlivem materidlovych vlastnosti jednotlivych fotovoltaickych c¢lankt
a kvalitou propojii mezi nimi), z tohoto divodu je mozné uvazovat oba mezni piipady.
Pfi dosazeni hodnot do vztahu[4.2]1ze ziskat pro zdpornou odchylku nomindlniho vykonu
p = —3% hodnotu oéekdvaného vykonu uvedenou ve vztahu [22] a pro kladnou od-
chylku nomindlniho vykonu p = 4+3% hodnotu uvedenou ve vztahu [22]].

Prpp STC.capmin = 240 - (1 — 0,03) - (1 — 0,00345)°"! = 229, 60Wp 4.3)

Prpp.STC capmaz = 240 - (1 +0,03) - (1 — 0,00345)°"1 = 243, 81Wp (4.4)

Hodnoty ocekavaného vykonu uvaZzovaného FV panelu po péti letech provozu tak lezi
v intervalu <229,60; 243,81> Wp. Z hlediska stanoveni vykonnosti FV systémt a po-
skytnutych garanci méd v praxi smysl vyhodnocovat minimélni hodnotu uvedeného in-

tervalu. V piipadé, Ze se vysledky naméfeného vykonu v maximdlnim pracovnim bodé
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pfi STC podminkach (P, s7¢ meas) 1i81 od hodnoty P, s7¢ caxpmin©® méné nez £5%,
Ize pfedmétny panel povaZovat v souladu s normou CSN EN 61215. V praxi tak zmé-
fend hodnota P, s7¢ meas=218,12 Wp neznamend rozpor vii¢i vyrobcem garantovanym
parametrim panelu, prestoZe se jedna o pokles vykonu vici udaji uvedeném na Stitku
panelu (P, s70,n0m) 0 9,12 % a na prvni by se mohlo zdat, Ze uvedeny pokles vykonu
FV panelu miize indikovat defekt, pripadné problém v instalaci. Tuto skutecnost je nutné
uvazovat pti provozni analyze jednotlivych FV panelii, pripadné celych fetézcu.

4.3 Provozni diagnostika FV fetézcu

Metodika pro testovani FV fetézctli byla ovéfena na nékolika FVE. NiZe prezentované vy-
sledky vychézeji z méteni na FVE Broumov s instalovanym vykonem 100 kWp. Provozni
diagnostika jednotlivych FV fetézcli byla provedena prostiednictvim analyzatoru Metrel
Eurotest PV MI3108 PS. Soucasti analyzétoru je externi jednotka snimajici signély z Ci-
dla intenzity slunec¢niho zafeni a teplotniho senzoru. Zakladni méfeni bylo provedeno pro
jednotlivé fetézce (stringy) — v pfipadech, kdy byl detekovén rozdil mezi méfenym a oce-
kdvanym vykonem stringu (vys$i nez 10 %), bylo realizovdno méfeni na jednotlivych

panelech takto identifikovaného stringu.

4.3.1 Kiritéria vyhodnoceni vysledki méreni

Kritéria pro vyhodnoceni vysledkii méfeni /-V charakteristik byla ndsledujict:
« Splnény pozadavky normy CSN EN 62446.
* Splnény pozadavky normy CSN EN 61215.
* Tvar a priibéh I-V charakteristiky musi odpovidat predpokladanym hodnotam bez
zjevnych zkresleni.
* Odchylka STC vykonu stringu/panelu do -10 %, kladn4 odchylka nebyla posuzo-
vana jako chyba.

Pro jednotlivé stringy byly zméfeny /-V charakteristiky a zméfené hodnoty byly pfistro-
jem prepocteny na hodnoty odpovidajicim standardnim testovacim podminkdm (STC)
s vyuzitim hodnot intenzity slunecniho zareni a teploty panelu zaznamenanych v oka-
mZziku méfeni.

Ukdzka vystupu z provedeného méfeni je na Obr. 4. I] Tmavé modrou barvou je vyzna-
¢en prubéh I-V charakteristiky prepocitany na STC hodnoty, svétle zelend kiivka ukazuje
priubéh podle nomindlnich parametrii zadanych vyrobcem panelu.

Meéieni bylo provedeno za stabiln{ intenzity slune¢niho zéfeni G = 883 W - m~2 a tep-
loty panelu ¢ = 25,8 °C. Z vysledkli méfeni je zfejmy pokles vykonu celého stringu 0 9,3 %
viici idajiim o vykonu panell uvedenych na jejich Stitku (,,,p, 57 nom)- FV string tvofilo
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9 panelt typu CEEG-SST240-60M. Provedené méfeni potvrdilo predpoklad, Ze panely
vykazuji plosny pokles vykonu vlivem celkové degradace, coz bylo patrné i pfi vizudlni
kontrole barevnymi zménami EVA félie ve struktufe FV paneld.

N"p ® B
% METREL
Short module name :

sST240-60M = ‘

Manufacturer :

I/U characteristic and power graph 2500

Module name : >

= 8 . 2000

MI 3108 EurotestPV. 7
Test object: R
FVE BroumovINVERTORN\STRING1 [ Measured U
Date & time of measurement:
21042015 1038

w

Measurement results

TUoc= 318V
lsc=  742A 4 1000
Umpp= 252V
Impp= 687A
Pmpp=  1734W 3
FE=  733%
Rs= 0420

Measurement conditions
[AMBIENT DATA:
Imadiance [W/m 883 1
Module temp 'C] 25,8
PV ARRAY STRUCTURE:
# of modules in string = ° 0 \ 0
#of parallel strings = 1

6 1500

2 500

[anufacturer dal Vv

TS
alfa (ABS) [mA"C]= 3,360
alfa (REL) [%°Cl= 0,039

»

beta (ABS) [VFCl= 0,114
Uste | | 1unom |u=221,2v B | prees Psic |

beta (REL) [%°C]= 0,308
Rs[0]= 040 1=8,06 A 1=8,56 A P=1893,2W P=1780W

gama (REL) [%/C]= 0,420

Values used for STC
Iradiance [W/m7] 883

oo Calculated values Deviation PASSIFAIL criteria
AM=15 1 module 9 mode(s) 1 module © moduiefs) % 10% 5%
Module temp ['C] 25,8 & 1 sting(s) 1 string(s)
#0f modules in string = 9 Uoc V] | 37 3330 35,80 32217 3.3%
#of parallel strings = 1 Isc[A] = 862 862 840 840 2.5%
alfa (ABS) [MAFC] = 3,360 Umpp [V] =] 208 268.2 282 2537

beta (ABS) [V/°Cl= 0,114 Impp [A] = 8,06 8,06 772 7.72 -4.2% O 0

54%

gama (REL) [%/°C] = -0,420 FF [%] =} 752 724
Rsll= 042 Pmpp W1 =] 240 2160 217,7 19592 | 9,3%

Obr. 4.1: Vysledek méfeni -V charakteristiky FV stringu

Na zakladé provedené kontroly lze identifikovat pripadné defekty nejen FV paneld,
ale 1 zapojeni a chybného ndvrhu. Tyto nedostatky maji vliv na vyslednou energetickou
vynosnost celého zafizeni. MoZnost ndsledné optimalizace tak 1ze shrnout do nésleduji-
cich bod:

e vyména individudlnich (poskozenych) panelli, oprava poskozenych vodicu a ka-

beld,

* rekonfigurace zapojeni s ohledem na skutecné parametry paneld,

* rekonfigurace zapojeni s ohledem na zastinéni panell od okolnich predmétd,

* instalace aktivniho optimaliza¢niho systému.

4.4 Zhodnoceni dosazenych vysledku

Na zédkladé provedenych vice nez 20 provoznich méfeni na FV instalacich rizného roz-
sahu Ize konstatovat, Ze pravidelna prohlidka a kontrola FVE pfedstavuje klicovy prvek
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majici zadsadni vliv na vyslednou provozni vykonnost celé instalace. V piipadé problema-
tickych instalaci byly zjiStény zdsadni nedostatky souvisejici s kvalitou ndvrhu (dimen-
zovani vodicd, rozloZeni paneld s ohledem na zastinéni), kvalitou provedeni (uvolnéné
konektory, Spatné€ uchycené panely) i s nedostate¢nou a chybnou tidrzbou (vadna pojistka,
rozbité kryci sklo, neudrzovana vegetace).

Z hlediska optimalizace FV systémil predstavuje kvalitné provedené provozni méteni
zakladni diagnosticky ndstroj, jehoZ provedeni nezbytné predchédzi ndvrhu optimalizac-
nich fesSeni a nelze jej, narozdil od soucasné praxe, povaZzovat za nepodstatny ukon.

Diiraz na kvalitu provedeného méfeni spociva predevsim v dodrzeni poZadovanych
postupl a podminek pro méfeni, které jsou predpokladem pro ziskani relevantnich vy-
sledkd. Na zdkladé ziskanych praktickych znalosti, zpracovanych zprav z méfeni (vlast-
nich i poskytnutych spolupracujimi techniky) a konzultaci s provozovateli FV instalaci
je v soucasné dobé ziejmy tlak obchodnich zastupct firem zamétujicich se na poskytovani
servisu a optimalizaCnich feSeni v oblasti FV systému. V ramci tendencné provedenych
analyz jsou prezentovdna zafizeni pro navySeni vykonu napf. v souvislosti s degradaci
paneld vlivem PID (Potential Induced Degradation), coz se vSak pfi provedenych méteni

ukdzalo jako minoritni problém vzhledem ke specifickym podminkdm v CR (viz. ¢lanek

A.12).
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5 OPTIMALIZACE S VYUZITIM ZARIZENI PRO RE-
GULACI TOKU VYKONU

Diagnostika defekti a kontrola parametrti FV instalaci popsand v predchozi kapitole
je predmétem zdjmu predevs§im provozovateld instalaci s vykonem vétsim nez 10 kWp
primarné dodavajici energii do sité. Jak bylo uvedeno, zdjmem téchto provozovatelt je di-
agnostikovat priCiny poklesu vykonu u FV instalaci vystavénych v zavéru let 2009 a 2010
kvili konéicim lhiitdm pro uplatnéni zaruk. Vzhledem k nastavenym vykupnim cendm
v CR pro tyto instalace znamend niZ§i vyroba elektrické energie ekonomickou ztritu,
kterou s ohledem na omezené moznosti rekonstrukce neni mozné fesit napf. celkovou
vyménou.

V ptipadé instalaci do vykonu 10 kWp (tj. malé instalace na rodinnych domech) lze
vynosnost celého systému zvysit optimalizaci energetickych tokd souvisejicich s bilanci
vyroby a spotieby elektrické energie. Jak je uvedeno v kapitole [2, samotna optimalni
bilance muize byt zajisténa prostfednictvim hybridniho systému s akumulaci, ktery stan-
dardné pracuje v ostrovnim provozu.

V ptipadé zapojeni FV systému v konfiguraci s on-grid stidaci (paralelné pracujicich
s distribu¢ni soustavou), je pro sniZzeni energetické zdvislosti objektu v souladu s aktu-
alni legislativou nutné omezit dodavku elektrické energie do sit€ na minimdlni droven.
Konkrétné je ve vyhlasce ERU ¢&. 16/2016 Sb. [S] v §16, odst. 2b uvedeno, Ze je vyzZa-
dovano: ,technické feSeni mikrozdroje, které zamezuje doddvce elektfiny do distribu¢ni
soustavy v misté pfipojeni, s vyjimkou kratkodobych pretokt elektfiny do distribu¢ni
soustavy, které slouzi pro reakci omezujiciho zafizeni, ale které nezvysi hodnotu napéti
v misté pripojeni.

Vzhledem k charakteru typu zdroje s proménlivou vyrobou, ke kterému se vaze vari-
abilni prikon spotiebicli v objektu (odbér elektrické energie), neni mozné jednoduse za-
jistit, aby v kaZdém okamZiku byla mezi aktudlni vyrobou a odbérem rovnoviha. Resent,
kterd jsou na trhu pro provozovatele téchto systémil v soucasné dobé dostupnd, spocivaji
v fizeni vybranych spotfebicli prostfednictvim externich kontrolért a regulétori, které
maji zajiSt' ovat regulaci odbéru v souladu s aktudlni vyrobou.

Uvedené regulacni systémy jsou mnohdy propagovany jako plynulé regulace spotfeby
zajiSt'ujici v dobé vyroby nulovou bilanci ¢inného vykonu na fakturacnim elektroméru,
coz miize vést k presvédCenti, Ze je veSkerd vyrobend elektrickd energie pfimo spotiebova-
vana v misté. Uvedend regulace pracuje ve vétsiné pripadd na principu rychlého spinani
zatézi s velmi kratkym cyklem, ¢imz dochazi k rychlym zmé€ndm sméru toku ¢inné ener-
gie (sméru ¢inného vykonu). Zafizeni tak z Casti vyuzivd akumulaci elektrické energie,
po velmi kratkou dobu, v distribu¢ni soustavé. Tyto tzv. reguldtory pro sniZeni prebytki

vyrobené elektrické energie ve skutecnosti vyuzivaji slabiny v metrice elektroméri ¢inné
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2N s

energie, které nedokdzi méfit a registrovat energii v jednotlivych smérech spravné podle
skuteCnosti, jelikoZ méfici algoritmus tyto rychlé zmény sméru tokd priméruje.
Regula¢ni obvody on-grid stiidac¢t FV zdroji malych vykont pouZivanych pro dané
ucely jsou zpravidla uzaviené a neumoziuji zadat externé pozadovanou hodnotu ¢inného
vykonu. Nelze tak limitovat vyrobni vykon ve srovnéni s aktudlni proménlivou vyrobou.
Vystupni ¢inny vykon je tedy nefiditelny a odpovida aktudlnim meterologickym podmin-

kdm s cilem vyuZit primarni energii v maximalni mife.

5.1 Moznosti Fizeni vykonu

Jak bylo uvedeno vyse, disproporce mezi vyrobou a spotiebou elektrické energie v ob-
jektu vede k doddvce energie do sit¢ v prfipadé, Ze aktudlni vykon vyrobniho zdroje
je vyssi, neZ soucet aktudlnich prikont spotiebicli v objektu. MoZnosti jak omezit do-
davku elektrické energie do sité na minimum jsou nésledujici:

* sniZeni vykonu vyrobniho zdroje — nutna spolupréce stfidace s méficim modulem

v pfeddvacim misté,

* zvySeni zatéze — akumulace energie (baterie, zpravidla vSak akumulace elektrické

energie ve formé tepla prostfednictvim systému pro ohfev vody).

Pro obé moznosti je nutny dodatecny regulator toku vykonu, zajist'ujici jednak méfeni
vykonu v preddvacim misté prostfednictvim métictho modulu, tak spindni dodate¢nych
zatézi, ptipadné zasilani komunikacnich zprav pro omezeni vykonu stfidace (je-li podpo-
rovano). Vliv regulatord toku vykonu na kvalitu elektrické energie je popsan v publikaci
[A. 13| v priloze.

Variantu instalace s ménicem, ktery umoZziiuje fizeni/regulaci vykonu (¢inného) na po-
zadovanou hodnotu, ukazuje Obr.[5.1] Stéfdac (bod 1) zahrnuje regulétor, ktery reguluje/o-
mezuje vystupni vykon tak, aby v misté¢ méfeni byl roven referencni hodnoté (zpravidla
nula). Aktudlné dostupny €inny vykon stfidace je tak limitovan aktualni spotfebou.

Z hlediska fiditelnosti/regulovatelnosti spotieby je vétSina pouZivanych elektrickych
spotiebicli v domécnostech vdzdna na okamzité potfeby uzivateld. Pfikladem miiZze byt
osvétlenti, elektrické varné desky, mikrovinna trouba atp. Tyto spotiebice Ize zaradit do sku-
piny nefiditelné spotieby (Obr. - bod 2), navic obtizné predikovatelné. Dale existuje
fada spotiebicu, které nejsou vazany svou funkci na okamzitou potiebu uzivatelti. Typicky
se jednd o spotfebice preménujici elektrickou energii na jinou formu s akumulaénim po-
tencidlem jako je teplo, chlad a potencidlni energie (Cerpadla). S akumulaci elektrické
energie do tepla pocitd i novy dotacni program Nova zelena dsporam [14], ktery v kon-
textu s novelou energetického zakona [25] v rdmci podoblasti podpory C.3, nabizi pro
rodinné domy dotaci na instalace FV zdroji do 10 kW pfipojenych k DS a s akumulac{
,prebytkd‘ do teplé uzitkové vody.



KAPITOLA 5. OPTIMALIZACE S VYUZITIM ZARIZENI PRO REGULACI TOKU VYKONU 61

Sttida¢ FV panely
Aumulace EE —
HFEA] >/
5 AL —
Elektromér . ﬂ}l{_: T -5‘-1--4\--- Ol l__Be — F
Al

Riditelné zatéze Nefiditelné zatéze

Obr. 5.1: Jednopdlové schéma spotiebitelské sité s jednofdzovym PV zdrojem a s variant-

nim feSenim bilance ¢inného vykonu [4]

Pravdépodobnost, Ze piikon nékterého spotfebice zahrnutelného do fiditelnych za-
téZi je pravé roven aktudlnimu vykonu zdroje, je velmi mald. Déle je tfeba uvazovat, Ze
nastaveni vysSiho pfikonu, nez je aktudlni vykon zdroje, znamend celkovy odbér ¢inné
elektrické energie z DS, kterd je méfena fakturaénim elektromérem. Pokud je do procesu
balancovani vykonu zahrnut i napfiklad ohfev bazénu, ktery neni nezbytné nutny, pred-

stavuje odebrand elektricka energie z pohledu odbératele nechtény nadmérny nédklad.

Z hlediska pozadavku na vyrovnanou energetickou bilanci objektu je tedy nutné pii-
kon zateézi regulovat. Bézné piikon spotiebicl regulovat nelze a pokud ano, pak pouze
skokové ve vice stupnich, jejichZ vykonova diference je stdle pfili§ velkd (definovéana pfi-
konem kaskadné fazenych spotfebici). V pripadé, Ze je poZadovana ,,plynulejsi* regulace
je pouzit externi vykonovy méni¢/reguldtor (Obr. [5.1]- bod 3), ktery umozni plynulé fizeni
vykonu zatéze, ktera bude pouZita pro regulaci bilance ¢innych vykont. V dvahu pfipadaji
frekvenéni ménice pro pohony, ¢i ménice napéti jako napiiklad regulacni transformétory
nebo také fazové (triakové) regulétory [4].

Soucasné s moznosti plynulé regulace vykonu pomoci vestavénych ¢i externich mé-
nica, které jsou v kazdém okamziku schopny nastavit piikon odpovidajici pozadovanému
bilanénimu vykonu, je pouZivéna i Sitkové pulsni (PW — Pulse-Width) regulace (PWR —
Pulse-Width Regulation). Tento typ regulace vSak zajist'uje pouze zdanlivé plynulou re-
gulaci a fiktivni vyvdZenost mezi vykonem zdroje a pfikonem zatézi. PWR predstavuje
kontrolované fizeni zapnutého/vypnutého stavu spotfebice, ktery neodebira energii (nebo
ma pouze zékladni droven piikonu) ve vypnutém (rozepnutém) stavu a ma maximalni
(nomindlni) pfikon v zapnutém (sepnutém) stavu (Obr. [5.1]- bod 4).

V neposledni fad¢ je feSenim akumulace piimo elektrické energie do paralelnich aku-
mulacénich systémii (Obr. - bod 5a), nebo vyuziti akumulace podporované FV stiida-
¢em (Obr. [5.1]- bod 5b), je-li dostupna.
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5.2 Kontroléry pro rizeni toku energii

Na trhu v CR je dostupn4 celd fada komerénich feseni, spo&ivajicich v doplitkovém sys-
tému sestdvajicim pfedevsim z kontroléru s vestavénym reguldtorem, ktery prostfednic-
tvim logického fizeni vystupti ovlada spinace prediazené vybranym typtim zatézi, rozdé-
lenym podle vykonu, moZnosti rychlého cyklického spinani a priority.

Obecné schéma zapojeni reguldtoru toku vykonu je na Obr.[5.2]
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Obr. 5.2: Typické zapojeni a moznosti regulatoru toku vykonil pii optimalizaci prebytkt

vyroby z FV zdroju [[11]]

Doplnéni pro fizeni toku ¢innych vykont je tvofeno kontrolérem s prevodniky pro
méfeni proudu pies fakturacni elektromér a pfimym meéfenim napéti a dalSimi pripad-
nymi vstupy, napt. pro dopliikové snimani pulst z elektromérd (se snimaci) a méfenim
aktudlniho tarifu z pfijima¢e HDO. Rizend zatéZ je v zdvislosti na typu a vhodnosti pfi-
pojena na vykonové vystupy (triaky a relé). Pfi pozadavku spindni vétSich vykont, nebo
zaté7i s jinou nez odporovou charakteristikou, musi byt systém doplnén o odpovidajici ex-
terni ovladané spinace, jako jsou stykace nebo SSR-ZCS (Solid State Relay - Zero Cross
Switching) relé nebo triakové fazové regulétory. Tyto spinace jsou fizeny odpovidajicimi
vystupy kontroléru. Mnozstvi a typy podporovanych externich spinact se lisi podle vy-
robce a typu kontroléru. V nékterych pripadech je pro fizeni externich triakl nutné doplnit
mezi uréeny fidici vystup kontroléru a fidici vstup triaku prevodnik typu f/U prevadéjici
pulsni vystupni signdl kontroléru na spojity unifikovany signél (0-10 V nebo 4-20 mA)
potiebny pro fizeni bézné dostupnych triakovych moduld.

Rozd€leni fizené zatéze z hlediska typu na jednotlivé spinaCe a souvisejici vystupy
kontroléra je zaleZitosti vlastniho spotfebice (vlastniho procesu, ktery zajist'uje) a priorit
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uzivatele. Pfes interni relé, nebo externi navdzané stykace, se do kaskady pripojuji ty fi-
zené zatéze, které z hlediska pfipojovanych spotiebicli nesmi byt provozovany s kratkou
dobou cyklu, tedy vyZaduji dlouhy nepferuSovany chod, typicky motory. Tyto zatéze maji
niZ$i prioritu pripojovani. Naopak nejvyssi prioritu (je nasazovan pro regulaci jako prvni)
ma vystup ur¢eny pro rychlou PWR, at’ uz je realizovdn pomoci SSR nebo triaku. Typ
spinace souvisi opét s typem zatéZe, nicméné zatéZ samotna musi byt zpisobila pro rychlé
cyklické zmény stavu vypnuto/zapnuto. Nejcastéji jsou to topné spirdly bojlerti akumulac-
nich nadrzi, topné ¢lanky, atd. Jako spinacC je v soucasné dobé preferovano SSR, protoze
triak zptsobuje znacné ruseni v audio pasmu, které miiZze na strané odbératele zptisobit
problémy s EMC (elektromagnetickd kompatibilita — Electro Magnetic Compatibility).

5.3 Méreni negativnich vlivii systému s regulatorem toku

vykonu

Problémy spojené s provozem rychle spinanych zatézi prostiednictvim reguldtorti toki
vykonu jsou detailné rozebrany v ¢lanku v piiloze [A.13] Z hlediska EMC se jednd o flikr,
stredofrekvencéni ruseni a harmonické zkresleni. V rdmci ovéfeni téchto negativnich pro-
voznich vlivi bylo provedeno méfeni na laboratornim systému (Obr. a Obr. s re-
guldtory Wattrouter firmy Solarcontrols [[19]] a Greenbono firmy Yorix [24] .
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Obr. 5.3: Schéma zapojeni laboratorniho systému s regulatorem toku vykonu [11]]

Ukézka priibéhti napéti a proudu je zobrazena v Obr. Nasledné je zobrazen cel-
kovy proud elektromérem Obr. a odpovidajici okamzity pribéh vykonu (Obr. pro
regulator Wattrouter. Pribéhy odpovidaji vyrovnané bilanci vyroby a spotieby objektu.

Obdobné jsou pro regulator Greenbono zobrazeny ukazky pribéhii napéti a proudu
v Obr. celkovy proud elektromérem Obr. [5.8|a odpovidajici okamZity priabéh vykonu
Obr. [5.10|pro vyrovnanou bilanci vyroby a spotieby objektu.
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Jak je patrné z priibéht okamzitého vykonu méfeného v misté elektroméru (Obr
a|5.10), v obou pripadech dochdzi ke stfidani stavii odbéru a dodavky vykonu v pre-
davacim misté. Tyto zmény toku vykonu jsou velmi rychlé (zmény v ramci ptlperiody
sit ového napéti). Regulatory toku vykonu tak vyuZivaji slabiny v metrice soucasnych
elektromért, které pribéh okamzitého vykonu integruji s pfili§ dlouhym méficim oknem
(Thyw). Standardni metrika elektromérd ¢inné energie v soucasné dobé pouzivd méfici
okno Tw=1 s, které neni schopné rychlé zmény toku vykonu spravné zintegrovat. Ulo-
Zena kvanta energii v jednotlivych registrech (odbér, dodavka) z tohoto diivodu neodpo-

vidaji skute¢nym energetickym toklim v systému.
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5.4 Vyhodnoceni problematiky regulatoru toku vykonu

(oA

Soucasné rozsifeny zpusob zajiSténi bilance elektrické energie (v instalacich s vyrobou
a spotfebou v misté), pomoci PWR se z pohledu dodavatele elektrické energie a provozo-
vatele DS vyznacuje nasledujicim:

* chybné méfeni Cinné elektrické energie, kdy zptisob spinani regulacnich zat€zi vnu-
ceny spinaci logikou komer¢nich kontrolérii vyuziva nedokonalé metriky stavaji-
cich elektromért,

* zhorSeni kvality elektrické energie a predevsim kvality napéti v DS zptisobené rych-
lymi spinacimi procesy, které v zavislosti na pouzitém zptsobu spinani zptsobuji
kolisani napéti (flikr), nebo zptisobuji harmonické zkresleni napéti a soucasné ru-
Siva napéti ve frekvencnim rozsahu do 20 kHz.

Zatéze spinané pres SSR zpisobuji kolisani napéti (flikr) a fizeni pfikonu pomoci tri-
akll zase zpusobuje harmonické zkresleni napéti a vznik rusivych napéti v rozsahu bézné
do 20 kHz. Oba typy spinani maji znac¢ny potencial zpisobit prekroceni dovolenych limitt
pro kolisani napéti/flikr ¢i harmonické v NN DS [18].

Zpisob pouzivané regulace je efektivni. PrestoZze muize zptusobovat z hlediska EMC
vyse uvedené problémy, l1ze jej tolerovat v piipadé, Ze regulace bude zajisténa kaskadné
a zaroven bude limitovdna velikost regulacni zatéZze zajiSt'ujici bilanci pomoci PWR.
V této souvislosti je vSak ale nezbytné tolerovat ur€ité mnoZzstvi elektrické energie dodané
do sité (které mlze byt procentudlné vztazeno k mnozstvi odebrané energie) a zaroven
prosadit ochranu u kontroléri zamezujici pfipojeni zatéZe na PWR vystup s nominalnim
vykonem vétSim nez 650 W (v tomto pripadé nebude dochazet k prekroceni maximalni
povolené dlouhodobé miry vjemu flikru [11]). Uvedenou ochranou funkci Ize u kontroléri

realizovat naptiklad na zakladé méfené zmény velikosti proudu.
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6 VYSLEDKY

Vysledky dizertacni prace lze shrnout do nasledujicich bodu:

Realizace zapojeni experimentdlniho hybridniho systému kombinujici FV systém
s vétrnou elektrarnou a akumulaci. Nésledné byl navrZen, zapojen a nakonfigurovan
fidici systém.

V ramci laboratofe obnovitelnych zdrojt byl navrZen, realizovdn a naprogramovan
méfici systém pro dlouhodoby zdznam meteorologickych tudajui.

Na zédkladé dat z provozniho méfeni a provoznich poznatkti bylo analyzovano vy-
chozi nastaveni hybridniho systému a na zdklad¢ jeho nedostatkli navrZena doporu-
¢eni a moZn4 feSeni pro jeho rekonfiguraci.

Pro jednotlivé prvky tvofici hybridni systémy s obnovitelnymi zdroji energie byly
sestaveny matematické modely v prostfedi Matlab Simulink, z nichZ nékteré byly
nasledné vyuzity pro sestaveni komplexniho modelu hybridniho systému s akumu-
laci, ktery je po validaci vyuZivan pro dal$i vyzkum a vyvoj a pro feSeni projektd
spoluprice s primyslem.

Koncepéni ndvrh hybridniho systému s akumulaci pro podporu rychlonabijecich

stanic pro elektromobily (EVs) —[A.14] [A.15|a[A.T6]
V souvislosti s poptavkou po optimalizaci vyroby a vyuziti FV systému byla prove-

dena provozni méfeni se zaméfenim na priciny poklesu vyroby, na zdkladé kterych
byly definovany nejcastéjsi pfiiny sniZzené provozni vykonnosti a uvedeny moz-
nosti jejich odstranéni.

Pro optimalizaci vyuZziti elektrické energie vyrobené prostfednictvim obnovitel-
nych zdroji byla detailné rozebrana problematika reguldtorti toku vykonu, které
jsou v soucasnosti doporucovany jako feSeni pro maximalizaci energetickych ziskl
a eliminaci pretoku elektrické energie do distribu¢ni soustavy.

Vysledny soubor publikaci autora ¢ita vice nez 20 ¢lankq, pfi¢emZ prevdznou Cast
tvori prispévky v rdmci indexovanych konferenci, nésleduji ¢ldnky publikované
v ramci tuzemskych a zahrani¢nich neindexovanych konferenci a casopisi. Dva
¢lanky [A.10|a[A.16]v pfiloze, jsou publikovany v impaktovaném casopise s hodno-
tou Impact Factoru: 2.262 (2016) a v dobé odevzdani dizertacni prace mély celkem

6 citaci.

Dalsi vysledky souvisejici piimo s feSenim dizertacni prace vychézeji z navazané spolu-

prace v ramci pracovnich skupin Cechu aplikovanych fotovoltaickych technologii (CAFT)

a Solarni asociace, kdy se autor dizeracni prace aktivné podili na poradanych seminafich,

konzultacich a skolenich pro elektromontéry FV systémii. Dalsi vysledky souvisi s feSe-

nim projektl spoluprdce s primyslem z oblasti provozniho méfeni FV systémt, testova-

nim FV stfidact a bateriovych systémi (Stfedni primyslova skola v Ttebici, spolecnosti
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SUNLUX a fgFORTE), problematikou regultord toki vykont (CEZ, E.ON) a tvorbou
matematickych modelti energetickych systémt (Enbra, CEZ, Uralska univerzita).

Dalsi zapojeni autora dizertacni prace je v oblasti vyuky. Autor uspésné vedl nasledujici
zavéreCné studentské prace:

* Houzar, T.; Navrh kombinovaného tepelného systému pro vytapéni a ohfev TUV
v rodinném domé: bakalarska prace. Brno: Vysoké uceni technické v Brné, Fakulta
elektrotechniky a komunikac¢nich technologii, 2013. 68 s.

» Schittenhelm, D.; Energeticky potencidl vody v chovnych nadrzich: bakaldrska
prace. Brno: Vysoké uceni technické v Brné, Fakulta elektrotechniky a komuni-
kacnich technologii, 2014. 59 s.

* Lahvicka, J.; Navrh monitorovaciho systému FVE: bakalarska prace. Brno: Vy-
soké uceni technické v Brné, Fakulta elektrotechniky a komunikacnich technologii,
2016, 49 stran.

» Sedlacko, J.; Navrh modelu Savoniova rotoru: bakaldiskd prace. Brno: Vysoké
uceni technické v Brné€, Fakulta elektrotechniky a komunikacnich technologif, 2016.
38 s.

+ Spinar, M.; Ovéfeni provozni vykonnosti a optimalizace FVE: diplomové price.
Brno: Vysoké uceni technické v Brné, Fakulta elektrotechniky a komunikacnich
technologii, 2016. 90 s.

V predmétech Vyroba a distribuce elektrické energie, Malé zdroje elektrické energie
a Vyroba elektrické energie na Ustavu elektroenergetiky VUT v Brné, se piimo podilel
na tvorbé a realizaci nasledujicich laboratornich dloh:
* Provozni méfeni na FV instalaci.
* Provozni testovani FV stiidacu.
* Vyhodnoceni kvality napéti pfi provozu FVE s regulatorem toku energie do sité.
e Vétrnd elektrdrna se Savoniovym rotorem.
* Analyza hybridniho systému.
* Odezva elektroméri ¢inné energie na rychlé zmény mezi vyrobou a dodavkou pfi béz-
nych provoznich zméndch odbéru.
* Odezva elektromérti ¢inné energie na rychlé zmény mezi vyrobou a dodavkou pfi na-
sazeni regulatoru odbéru typu GreenBonO.
» Komplexni hodnoceni jevi v systémech se zdroji elektrické energie a fizenou spo-

trebou.

Dalsi oblast souvisejici nepfimo s feSenim dizertacni prace zahrnuje softwarové programy
a skripty, které byly vytvoreny/sestaveny autorem dizertacni prace a jejichZ vystupy byly
pouZity pii vypracovani dizertaCni prace. Vysledky v této oblasti jsou nésledujici:

* Skript v programu Matlab pro zpracovani méfenych dat a oscilogramti z analyza-
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toru HIOKT a jejich vysledny export do grafickych zavislosti.

* Grafické rozhrani v prostfedi Matlab pro zpracovani métfenych dat, vyhodnoceni
I-V charakteristik z méficiho piistroje Metrel a vysledny export.

» Skript v programu Matlab pro vypocet hodnot sériového a paralelniho odporu FV
panelu s vyuzitim $titkovych idajti a numerického feseni pomoci Newton-Raphsonovy
iterani metody.

e Skript v programu Matlab pro zpracovéni a vykresleni zaznamenanych meteorolo-
gickych dat.

 Skript v programu Matlab pro zpracovéni a vykresleni dat z fidiciho systému hyb-
ridniho systému.

« Ridici program PLC (Unitronics Visilogic) pro délkové ovladani rotadni zdrojovny
Laboratofe vyroby elektrické energie UEEN FEKT VUT v Brné.

* Ridici program PLC (Unitronics Visilogic) pro zdznam meteorologickych tidaji
v Laboratofi obnovitelnych zdroji UEEN FEKT VUT v Brné.

* Aplikace pro méfeni vybijecich/nabijecich charakteristik LiFePO akumulétorti v pro-
gramu LabVIEW.
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7 ZAVER

Dizertani prace je zaméfena na oblast fidicich procesti v systémech s alternativnimi
zdroji energie. Vzhledem k tématicky rozsdhlé oblasti, kterou takové systémy predsta-
vuji, byly cile dizertacni prace zaméfeny na elektrické hybridni systémy kombinujici vice
zdroju energie. Kombinace rozdilnych energetickych zdrojt s riznymi charakteristikami
tvoii komplexni systém, ktery klade specifické naroky na fidici systém a jeho nastaveni.

Kli¢ovym cilem dizertacni prace bylo vytvoreni navrhu technického feSeni hybridniho
energetického systému s akumulaci a jeho realizace. Postup feSeni a dil¢i vysledky jsou
uvedeny v kapitole [2] a publikacich [A.THA.5] Moznosti feseni fidictho systému na plat-
formé programovatelného PLC a LabView prezentované v [A.T|jsou vyuZity pro sbér me-
teorologickych dat. Ridici systém pro hybridni systém je tvofen komunika¢nim rozhranim
na platformé RCC Studer Innotec, ktera umoznuje vzdédleny pfistup a nastaveni jednotli-
vych parametri, stejné jako automatizovany sbér a ukladani naméfenych hodnot z jednot-
livych ¢asti systému. Optimdlni konfigurace a usporddani hybridniho systému je v sou-
asné dobé feseno v ramci projektu TA CR (TH02020435), coz dokldd4 aktudlnost tématu
a potiebost hledani novych zptisobl usporddani, fizeni a vyuZiti.

Na zdkladé poznatkl ziskanych v prubéhu testovaciho provozu navrZzeného hybrid-
niho energetického systému byla, v souladu s dalsimi dil¢imi cili dizertacni prace, prove-
dena analyza fidici logiky vyuZivané v soucasnych konfiguracich a definovany podminky
pro fizeni hybridnich energetickych systému v korelaci s provoznimi stavy. Vytvoreny
experimentdlni model hybridniho systému umoznil ovéfeni vychozi logiky fizeni jednot-
livych prvki systému, tyto vysledky jsou shrnuty v publikaci

Nésledné byla provedena optimalizace nastaveni hybridniho systému spocivajici v za-
jisténi korektni konfigurace jednotlivych prvki (regulatory nabijeni, stfidace, komuni-
kacni rozhrani), pfi které byly vyuZity dostupné informace, sestavené matematické mo-
dely a zpracované vysledky z provedenych méfeni. Systém je po optimalizaci funkéni
a reaguje na zmény provoznich stavt dle predpokladi. Systémova data jsou automaticky
uklddéna a je realizovan vzdaleny pfistup prostfednictvim online rozhrani. Diraz pfi pro-
vadéni optimalizace byl kladen na logické chovani systému v jednotlivych provoznich
stavech popsanych v kapitole 3| a spravné fizen{ toku elektrické energie.

Problematika fizeni systému s obnovitelnymi zdroji energie byla déle feSena z po-
hledu Fizen{ spotieby s vyuZitim systémd pro regulaci toku vykonu (kapitola[5). Podrobné
analyza vlivu téchto reguldtorti na parametry kvality elektrické energie byla vyuZita pro
stanoveni limitnich vykont pro jednotlivé regulacni metody tak, jak je uvedeno v publi-
kaci[A.T3] Ddle byly analyzovany negativni vlivy na kvalitu elektrické energie souvisejici
s provozem rychle spinanych zatézi.

V souvislosti s provedenymi analyzami bylo mozné sestavit matematické modely jed-
notlivych dil¢ich prvki (vysledky v kapitole[3) a sestavit je do funkéniho celku. Sestaveny
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matematicky model v prostfedi Matlab Simulink byl nejprve validovan na laboratornim
experimentalnim hybridnim systému a nasledné vyuZit k ovéfeni konceptu nabijeci sta-
nice pro elektromobily s vyuzitim podpdrného hybridniho systému s akumulaci (A.16)).

Sestavené matematické modely - byly vyuzity pro optimalizaci laborator-
niho hybridniho systému s akumulaci a dale také pro feseni projektl spoluprace s primys-
lem (matematické modely tepelnych systémii, koncept hybridniho systému pro podporu
rychlobnabijecich stanic pro EV) a vyhodnoceni dat ziskanych z provoznich méfeni FV
systémi. Moznost porovnani predikovanych vysledkd pomoci validovanych matematic-
kych modeld s provoznimi daty tvoii zdkladni diagnosticky ndstroj pro optimalizaci té€chto
systému. Pfikladem vyuZiti mliZe byt srovnani vysledk naméfenych pribéha /-V kiivek
pro ruzné teploty a intenzity slune¢niho zaieni a moZnost predikce vyroby elektrické ener-
gie z OZE.

V pribéhu zpracovani dizertacni prace bylo vyhodnoceno vice nez 20 FV instalaci
rizného rozsahu instalovaného vykonu. Na zdklad€ zpracovanych vysledkt téchto mé-
feni lze konstatovat, Ze priCiny poklesu vyroby v problematickych instalacich byly nej-
Castéji zptisobeny nevhodnym ndvrhem instalace (dimenzovani vodicd, rozloZeni panelt
s ohledem na zastinéni), kvalitou provedeni (uvolnéné konektory, Spatné¢ uchycené pa-
nely) 1 nedostateCnou a chybnou udrzbou (vadna pojistka, rozbité kryci sklo, neudrZzovana
vegetace). Pokles vykonu FV paneld vlivem degradace typu PID se v podminkich CR
ukdzal jako neodiivodnény vzhledem ke specifickym pfi¢indm vzniku. V pribéhu pro-
voznich méfeni se tento typ degradace na testovanych FV systémech neprojevil a insta-
laci dodate¢nych zafizeni slouZicich pro optimalizaci vyroby s timto typem defektu lze
v podminkéach CR povaZovat za neopodstatnénou investici. Podrobn&ji je tato problema-
tika rozepsdna v kapitole 4 a publikacich [A.9 [A.TOL [A. TT|a[A.12]

Na zdkladé vyse uvedenych informaci a publikaci, na kterych se autor podilel nebo

sdm publikoval, 1ze povazovat cile dizertacni prace za splnéné. V ramci dal$iho vyzkumu
se 1ze zaméfit na zpiesnéni sestavenych matematickych modelti. Konkrétn{ oblasti, ktera
je aktudlné predmétem vyvoje jsou invertory umoznujici programovatelné fizeni vystup-
niho vykonu a jejich spoluprace s obnovitelnymi zdroji energie.

Piinosy dizertacni prace pro védni obor:
» Sestavené matematické modely s definovanymi vstupnimi veliCinami.
« Zpracovana analyza nejéast&jsich pii¢in poklesu vykonnosti FV systémi v CR.
* Navrh a realizace hybridniho systému a akumulaci s definici problémovych oblasti
s hlediska fizeni a provozu.
» Navrh a realizace testovaci sestavy pro méfeni provoznich vlastnosti regulatorti toku

vykonu a FV stiidaci.
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Ptinosy dizertaéni préace pro praxi:

* Ovefend metodika analyzy a vyhodnoceni provozu FV systémd.

* Analyza vysledkl provoznich méfeni regulatord toku vykonu a jejich negativnich
vlivii na distribu¢ni soustavu.

» KoncepCni usporddani hybridniho systému s akumulaci pro aplikace v soukromé

(rodinny diim) i komer¢ni (rychlonabijeci stanice pro elektromobily) oblasti.

Moznosti dal$tho vyuZiti vysledkil a navazujici vyvoj:

* Vyuziti sestaveného modelu hybridniho systému pro ovétreni spravného navrhu a di-
menze jednotlivych komponent pii odliSnych vstupnich podminkach.

» Zpresnéni stavajicich fidicich procesii v oblasti FV stfidaci s moZnosti zadani vy-
stupniho vykonu.

e Zptesnéni metodiky pro vyhodnoceni defektti FV panelti na zdkladé méfenych -V
charakteristik.

* Vyuziti dalsich typt akumulace a jejich korektni zaclenéni do hybridnich systémd,

vCetné Upravy vnitinich fidicich algoritmil energetického managementu.
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A PUBLIKOVANE CLANKY

Uvodni slovo autora dizertac¢ni prace k publikac¢ni ¢asti

Vyroba elektrické energie je Siroky védni obor, ktery je velmi nesnadné shrnout do jed-
noho tématu védecké prace. Zaméteni této dizertaCni prace na vyuZiti a optimalizaci hyb-
ridnich energetickych systémil postavenych na obnovitelnych zdrojich energie se z po-
¢atku mé prace jevilo jako téma s jasnymi obrysy. Postupem cCasu stradvenym védeckou
praci v této oblasti se ukdzalo, Ze toto téma je velmi Siroké s velkym pfesahem do jinych
védnich obori mimo samotnou vyrobu elektrické energie, jako jsou kvalita elektrické
energie, technologie materiald, automatizace fidicich procest, matematické modelovani
a mnoho dal$ich. Toto poznéni vedlo v pribéhu péti let k postupnému vyzkumu pres uve-
dené oblasti, s cilem co nejlépe splnit vytyCené cile dizertani prace. V této souvislosti
bylo v priibéhu uvedeného ¢asového obdobi feseno ne€kolik zdanlivé nesouvisejicich vé-
deckych a technickych zadani, které po jejich propojeni, dle mého nidzoru, davaji uceleny
pohled na problematiku provozovani a fizeni hybridnich energetickych systémui.

Jak jiz bylo uvedeno, zabér vyzkumu byl velmi Siroky, cozZ pfivedlo Skolitele k mys-
lence koncipovat dizertacni praci jako soubor védeckych publikaci, které vznikly v pitimé
souvislosti s feSenim této problematiky. Nasledujici ¢ast dizertacni préace je tedy soupi-
sem publikovanych védeckych ¢lankt souvisejicich s feSenou problematikou vzniklych
v pribéhu mého doktorského studia. Jednotlivé publikace dopliiuji, popfipadé objasnuji,
informace a zadvéry uvedené v textové Casti prace. Pro maximdalni pochopeni a objasnéni
souvislosti jednotlivych publikovanych zavérd, byla kazda publikace doplnéna o autorsky
komentar, ktery poukazuje na vyznam publikace pro feSeni dizertacni prace a také na sou-
vislosti mezi jednotlivymi publikacemi a zptisoby vyuZiti dosazenych vysledki pro dalsi
vyzkum a vyvoj v této oblasti. Nékteré z uvedenych publikaci poskytuji i podklady pro
technické feseni n€kterych specifickych technickych pozadavki na usporadani a fizeni
hybridnich energetickych systémd.

Mym osobnim ptdnim je, aby se vysledky a informace obsazené v uvedenych pub-
likacich staly alespon zdkladnim podkladem pro nastupujici mladé védecké pracovniky
v jejich védecké praci a byly, jako jiz n€které, vyuzity v praktickych instalacich energe-

tickych systémi.

V Brné dne 29.8.2017 Jan Moravek






PRILOHA A.1 83

A.1 Automation of Small Energy Sources

Bibliograficka citace: MORAVEK, J.: MASTNY, P. Au-

™~ tomation of Small Energy Sources. In Recent Advances

o in Environmental Science. Energy, Environmental and

Environmental Science

Structural Engineering Series. Lemesos, Cyprus: WSEAS
Press, 2013. s. 59-64. ISBN: 978-1-61804-167-8.

Kategorizace vysledku dle RIV FEKT VUT v Brné:
MetRVVI A104

Popis ¢lanku a jeho vyznam pro reSeni dizertacni prace

Clanek, ktery byl prezentovén v ramci mezindrodni konference WSEAS — 9th Internatio-
nal Conference on Energy, Environment, Ecosystems and Sustainable Development (EE-
ESD ’13), vychdazi z autorovy diplomové price a predstavuje zdkladni poZadavky na fi-
dici systém. V ¢lanku byly uvedeny piiklady vyuZiti zaloZené na bazi programovatelného
PLC (tidici systém pro malou vodni elektrarnu) a platformé National Instruments Com-
pact Rio (fidici systém pro hybridni fotovoltaicky systém s akumulaci). V obou ptipadech
stupnich rozhrani, potfebnych pro ovladani a fizeni dil¢ich subsystémi v energetickych
systémech s riznymi zdroji energie. V ramci feSeni dizertacni prace byly uvedeny dvé

mozné platformy, vhodné pro realizaci a programovani fidicich algoritma.
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Abstract: This article deals with problematic of automatic control of small energy sources such as wind
turbines, hydro power plants and photovoltaic energy systems. Basic theory of controlling and system
demands are described. As a example, control system based on a programmable logic controller is given.
Advantages and disadvantages of this type of solution are furthermore discussed.

Key—Words: Automation, Automatic Control, Control System, Small Energy Sources, Programmable

Logic Controller

1 Introduction

Over the past few years there have appeared a
very dynamically growing number of installations
of photovoltaic systems in the Czech Republic
(CR). At the end of 2010 investors’ requests to
connect new renewable power sources in the CR,
especially photovoltaic systems, exceeded the ex-
isting technical possibilities of electrical networks.
This trend was mainly due to political and eco-
nomic support for their construction and opera-
tion. With regard to legislative changes in the
support of Renewable Energy Sources (RES),
valid from January 2011, the number of instal-
lations of photovoltaic systems has decreased.
Therefore the issue of effective operating charac-
teristics of already installed photovoltaic systems
gained in importance.[3]

On the other hand, the issue of automated
control of small sources of electrical energy is
currently one of the main requirements for re-
construction of existing energy sources and the
construction of the new ones. As the prices
of the programmable logic controllers decreased,
more solutions became affordable. These con-
trollers also provide greater comfort in use, and
for its equipment and programming possibilities
are more appropriate for machine control systems
than the relay systems.

In essence, it is used a combination of pro-
grammable logic solutions with additional dis-
play, or solutions that combine both operator
panel and PLC itself. Based on the specified re-

ISBN: 978-1-61804-167-8
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quirements for control system,the number of in-
puts and outputs machine (which can be both
analog and digital) can be determined. Addition-
ally, it can be decided whether it will be necessary
to use the communication system using interfaces
such as RS232, RS485, GSM, Ethernet, etc. Most
of the available systems are modular and can be
adapted to the actual configuration requirements.

2 Requirements for the control

system

The main and also the conflicting requirements
for the control system include the requirement
for unattended operation with high comfort and
low demands on the expertise of the operator and
the demand for low cost. While from a technical
point of view is especially important mechanical
solution of the device. This is the determining
factor in whether automation will be designed as
active or passive. It defines the control voltage,
range of the measured variables and faults detec-
tion.

Active solution needs to perform any action
command. Automation must eg. for turning on
switches send the command ”ON”, for its shut-
down command "OFF”. In case of the loss of
control voltage the generator switch remains in
the same state they was before the power failure.
This solution is used for large power plants with a
permanent service that has the ability to control
devices manually.
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Passive solution keeps the device running for
the duration of the command. If a switch is
turned on, it must be permanently energized its
closing coil. Power failure or signal loose will
cause the shutdown of the controlled element and
whole system will be bring into the standby mode.
This solution is used for small energy systems.|[1]

Especially with the dynamic development of
photovoltaic systems installations raised several
important operational issues that need to be paid
attention to:

e the possibility of effective managing the
production and consumption of photo-
voltaic systems,

e climination of discontinuity between pro-
duction and consumption by using energy
accumulation,

e optimization of the operating characteris-
tics of photovoltaic systems,

e the possibility of detecting defects on the
photovoltaic panels,

e definitions of terms for use of different types
of panels under different operating condi-
tions,

e operational performance of photovoltaic
systems.

All these requirements define the functions of
the control system.

2.1 Functions of the control system

Automatic control system usually provides sev-
eral functions:

e sequential machine control,
e regulation of the machine,

e security features,

e control of auxiliary drives,

e operational measurements,

e operating and fault indication.

Into the machine control circuits are funda-
mentally not included purely security features,
such as electrical protection. An exception are
systems which are designed as safety and is en-
sured the superiority of these security features.

ISBN: 978-1-61804-167-8
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2.1.1 Sequential control of the machine
Sequential logic is part of the automatic con-
trol equipment and ensures at machine’s startup,
shutdown and the system’s behavior in case of
malfunctions. It is a sequence of operations
controlling elements such as contactors of auxil-
iary drives, hydraulic systems and other switches.
Within this logic, it is also checked for completion
of the various commands and subsequent evalua-
tion of continuing the sequence. Individual pro-
cedure is ended by completion last command in
the list and running or stopping the device.

2.1.2 Regulation of the machine

Control of automatic regulation provides for ex-
ample turbine regulation, generator excitation,
switching power factor correction. This requires
current data readings obtained using operational
measurements. Based on these data, it is then
implemented regulation.

2.1.3 Security features

Security automation part evaluates the desired
variable and when the set limits are exceeded, it
will react accordingly. Usually it monitors the
power of generators or pressure, temperature and
levels of fluids. Security features usually work
in several stages. as a first step is usually set
only a signalization. Only when reaching the crit-
ical value, it ensures safety automatic shutdown,
sends a command to shut sequential automatics
and ensure fault signaling.

2.1.4 Control of auxiliary drives

This section provides control of the auxiliary
drives, like those that are not included in the se-
quential automatic and are in operation indepen-
dently of the running gear. An example might
be, drives for pumping oil or water control run-
ning pumps, cleaners, etc.

2.1.5 Operating measurement

Provides scanning of selected variables of the ma-
chine. This is the measurement of non-electrical
quantities such as pressure, temperature, level,
speed, operating time. The electrical parameters
then measure voltage, current, frequency, pro-
duced electricity, etc.
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Fig. 1: Hardware configuration of Vision V350 in program software

2.1.6 Operating and fault indication

The purpose of the operating indication is briefly
inform about the current state of the device.
Fault signal is more detailed. It informs about
the reason for failure, and communicates instruc-
tions for further action. The basic requirement
for the archiving of data on fault conditions is re-
quired to determine the time and number of oc-
currences. It is also important to prevent the loss
of fault in the absence of arbitrary error signal.
Fault reporting is done on the display machine,
or even an acoustic signal or a remote alarm via
SMS or email.

3 Examples of application

Based on the research described in the litera-
ture [2], the possibilities of using industrial pro-
grammable logic controller (PLC) and its suit-
ability for application in controlling of small hy-
dro power plant have been studied. As a result,
a PLC Unitronics Vision V350 based control sys-
tem has been created.

Another application of using PLC is intended
in a hybrid system which combines photovoltaic

ISBN: 978-1-61804-167-8
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panel and wind turbines with accumulation of the
energy into batteries. Both system are further de-
scribed.

3.1 Description of the selected PLC

used in small hydro power plant
This small PLC combines the logic controller and

human—machine interface (HMI) which is ensured
by a touch sensible color display. This PLC of-
fers enough inputs and output, including analog
inputs used for measuring continuous variables
such as water levels.

It can be equipped with GSM modem for re-
mote control or connected via RJ45 to ethernet.
It can cooperate with multiple devices such as
motion controllers, another PLCs and power an-
alyzers with using MODBUS protocol. The real
appearance of this PLC is shown on Fig. 1.
This figure also shows the hardware configuration
menu in the programming software.

3.2 Description of the small hydro

power plant
The system is controlling the small hydro power

equipped with Francis water turbine and 45kW
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Fig. 2: Design of the control system for small hydro power plant

asynchronous generator. Output from this gen-
erator is connected to the distribution grid. Be-
cause of the use of asynchronous generator for
easier connecting to the network, compensation
of the reactive power is necessary. Compensation
is maintained by switching capacitor batteries ac-
cording to the actual real power in three power
steps.

For the purposes of starting the machine, in-
duction sensors are used to measure the rotation
speed of the turbine. Then the PLC counts the
actual speed of generator according to the trans-
mission, which is ensured by a band. The genera-
tor is supposed to be connected to the grid in the
moment, when actual speed differs only in 5% of
the nominal value. This requirement needs the
PLC with fast response, which is accomplished
by the Vision V350.

Because of the requirements for failure-free
operation, temperatures of the bearings, oil levels
and other data such as service time are needed to
be measured. This is maintained by thermistors
and pressure sensors. PLC allows to set the limits
for warning and for shutting down the facility.

For proper function of the regulation the gen-
erator and for logging data, the system needs to
be equipped by power analyzer, which provides
the PLC datum from electrical measurement,
such as actual voltages, currents, frequency, real
and reactive power, etc.

ISBN: 978-1-61804-167-8
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Fig. 2 shows the intended design of the sys-
tem and link between all the sensors.

3.3 Description of the hybrid system
Hybrid system shown on Fig. 3 will consist of

photovoltaic panel, different types of wind tur-
bines, accumulation devices and measuring sys-
tem.

For comparison, two measuring and control-
ling system will be designed. One based on Na-
tional Instruments and LabView data acquisition.
And the onother based on Unitronics PLC. De-
scription of the hybrid system and National In-
struments measuring system:

e solar panel SOLARWATT P210-60 GET
AK,

e weather transmitter WXT520,

e radiometer CMP21,

e inverter DC/DC, 'BUCK type’,
e four batteries Var-Tec BL 12-40,
e inverter Izzi Power,

e flat screen Fujitsu Computer Siemens SCA-
LEOVIEW D19-1,

e computer for gathering all the dates with
the LabView software



88

PRILOHA A.1

Recent Advances in Environmental Science

Here is the diagram about the new system but now with a CompactRIO system
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Fig. 3: Design of the hybrid system

e CompactRIO system composed by folowing
elements:

— NI 9229 which take the voltage from
the system

— NI 9870 which take information from
the weather transmitter with an eth-
ernet port

— NI 9215 (BNC type) which take the
current from each devices

— NI 9215 for the voltage of the AC/DC
output (because it’s up to 300V)

— NI 9239 for the radiometer

— NI 9214 for the thermocouple

— NI ¢cDAQ 9172 is an eight-slot NI
CompactDAQ chassis that can hold
eight C Series Input/Output modules.
This USB 2.0-compliant chassis oper-
ates on 11 to 30 VDC and includes an

AC/DC power converter and a 1.8m
USB cable

4 Conclusion

Article proposes the intention to use industrial
PLC for controlling small hydro power plant de-
scribed higher. This solution provides higher
comfort, than human controlled solution. Due

ISBN: 978-1-61804-167-8
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to simple programming, it is easy to create even
complicated control sequences.

Its advantages are cheap price, free program-
ming software, modularity, fast response and
combination of HMI and PLC in one unit. Uni-
tronics provides its products with extensive sup-
port and high amount of application for remote
programming, so the new firmware can be down-
loaded to the controller via GPRS connection.

Between the main disadvantages belongs the
need of additional electrical protections, such as
frequency, voltages and currents protections to
ensure the safety of the system.

In the literature [2], has been the described
design tested and therefore it can be recom-
mended for similar applications.

One of the benefits of this research is the in-
crease of operational efficiency of energy systems.
This fact has direct influence on the consumption
of prime energy. It is true that present world-
wide interest in broader utilization of renewable
power sources greatly encourages its development
but it is essential to understand that such power
sources cannot be applied in all localities. Re-
newable power sources have its specific character
and it is necessary to pay attention to it regard-
ing practical installations and their operational
control . It is proper to ask a question whether
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the renewable power sources could solve the en-
ergy demands of mankind and whether there are
proper conditions for its usage all over the world.
Surely not but renewable power sources have its
steady position in the energy conceptions of EU
member states and other countries.
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Popis ¢lanku a jeho vyznam pro reseni dizertacni prace

Clanek byl publikovdn na mezindrodni konferenci WSEAS — 13th International Confe-
rence on Electric Power Systems, High Voltages, Electric Machines (POWER ’13). Za-
méfeni Clanku bylo na popis feSeni hybridniho systému s akumulaci a moZnosti vyuZiti
programovatelného ovladani jednotlivych akénich prvki v systému (napf. spindni zatéZzi,
odstaveni vétrné turbiny atp.) a méfeni potiebnych dat pro vyhodnoceni provoznich para-
metra

Popsany systém byl ndsledn& realizovan na Ustavu elektroenergetiky v ramci Cen-
tra Vyzkumu a Vyuziti Obnovitelnych Zdroji Energie (CVVOZE), pficemz hlavni autor

¢lanku se vyznamné podilel na jeho realizaci a zprovoznéni.
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Abstract: This paper presents a design of a hybrid energy system with renewable resources. Hybrid system
can better cover the energy demands of small energy objects in comparison with the classic photovoltaic
(PV) or wind energy system. Combination of different sources in cooperation with energy accumulation
requires sophisticated control system. The paper describes the intended design of the hybrid system from
the point of view of control and system elements. Possible benefits of the designed system are further

discussed.
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1 Introduction

With massive development of PV power plants
in Czech Republic (CR) and legislative changes
large systems became no longer interesting for
investments. This is partially caused by the low
purchase price of the produced electricity. This
results into focusing the following research on the
smaller energy sources and their application.

On the other hand small PV system on the
family house can’t fully cover energy demands
due to the dynamic changes of the sunlight. This
causes the discontinuity between the production
and consumption which can be solved by accu-
mulation of energy.

Another renewable source of energy which can
be used with these systems is a wind turbine.
With combination of the solar and wind energy
standalone off-grid hybrid energy system can be
made.

This solution also solves the problematic of
the missing power output from the PV panels
during the night and cloudy days. The missing
energy is obtained from the wind turbines.

The result from mutual connection of these
two energy sources is the improvement of the to-
tal efficiency of the energy system.

The research described further is aimed to de-

fine the individual parameters of such hybrid sys-
tem.

2 Description of the system

The 3.6kWp hybrid system is designed as an ex-
perimental system for measuring the operational
performance of photovoltaic panels and wind tur-
bines and its behavior during dynamic loads. It
is intended to be situated on the roof seen on the
Fig. 2 of the Department of Electrical Power En-
gineering at FEEC BUT.

The department’s location is 49°13’38.413” N,
16°34'26.217"E. That gives the annual solar ir-
radiance between 1085 — 1111kW/m?. And the
average wind speed is between 3 — 3.5m/s mea-
sured at 10m above the surface.

The system will combine PV panels and two
different wind turbines with following details.
Construction of the system will be divided into
two stages. The first one will consist from in-
stalling PV panels and three-blade wind turbine
on the desired location.

Assembled energy system will be used primar-
ily for research in the field of design, operation
and management of hybrid power systems. As al-
ready mentioned, an important part of the whole
system is the accumulation system.
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Fig. 1: Hybrid system design at stage 1

In connection with the requirements for the
operation of these resources and in line with leg-
islative and operational conditions was initiated
a research which goal is to specify and typify ac-
cumulation system for individual energy systems
with a view to maximizing energy profits and eco-
nomic efficiency. It is assumed the use of various
types of batteries, which will be tested in real op-
erating conditions to verify its parameters and its
suitability.

Described energy system has designed a mod-
ular load that corresponds to the operating char-
acteristics of the house constructed in the low-
energy standard.

After successful configuration of this first
stage, additional wind turbine will be connected
to the system in the second stage. Subsequently,
new types of batteries that have the potential to
be used in conjunction with systems with renew-
able energy sources will be tested.
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Fig. 2: Location of the system

System is designed to use 48 V bus from all
the sources. Exceed energy will be accumulated
into two battery banks 48 V/200 Ah each. Two
power invertors will be connected to the 48 V bus
and will maintain converting DC voltage to AC
voltage with grid parameters (230 V, sine-wave,
50 Hz).

For purposes of simulating different load and
dynamic system changes an AC bus will be cre-
ated in the solar laboratory, which is situated di-
rectly under the roof. Using control system based
on PLC (Programmable Logic Controller), differ-
ent load schemes with various parameters can be
created. The aim of creating different types of
loads is to simulate the operating conditions and
test the system’s functionality.

2.1 Description of the system elements

Design of the hybrid system is shown on the
Fig. 1. Further are described the basic compo-
nents of the hybrid system.

2.1.1 Photovoltaic panels

System will be equipped with nine monocrystal
PV panels (Solarwatt M250-60 GET AK), each
with peak power 250 Wp and nominal voltage
equal to 30,4 V and current 8,2 A.

These panels will be connected to three
strings, each containing three panels in serial con-
nection.

This PV grid will provide energy supply for
the Tristar MPPT-60 which works as a voltage
DC/DC converter and a battery charging regula-
tor. It contains overload and short-circuit protec-
tion, high-voltage protection, thermal and tran-
sient current protection.

PV panels will be installed on the supporting
structure which can be seen on Fig. 2. It is ba-
sically the net of galvanized piles, on which will
be placed aluminium consoles. This structure will
provide the opportunity to set the elevation angle
of the PV panel to the different levels.

With this possibility, the elevation angle can
be changed and its effect on the operational effi-
ciency can be calculated.

2.1.2 Wind turbines

The potential of the wind energy is acquired by
two different wind turbines. The first is three-
blade wind turbine WHISPER, 200 with nominal
power 1 kW at wind speed equal to 11.6m/s and
the minimal start—up speed is 3.1m/s.

The second is the combination of the Savonius
and Darrieus types CXF-400 with nominal power
output 400 W at wind speed equal to 12m/s and
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the minimal start—up speed is 1m/s. It is shown
on the Fig. 3. Power from the turbines will lead
to the Tristar MPPT-60, which are connected to
the 48V DC bus.

Fig. 3: Savonius CXF-400 wind turbine

2.1.3 Accumulation devices

The system will use two battery banks each
consisting from eight batteries FG12-100DG in
serial-parallel combination. This ensures the
nominal battery bank parameters about 48 V and
200 Ah.

Batteries used in the banks are specially de-
signed for use within solar systems and are suit-
able for cyclic charging and discharging. Between
its benefits belongs improved life-length in appli-
cations with states of deep discharge and low self-
discharging.

Battery banks will be equipped with 300 A
switch which allows variable connecting options.

2.1.4 Power invertors

Converting DC voltage to AC (230 V, true sine-
wave, 50Hz) will be maintained by two power in-
vertors Studer XTM 2600-48 with nominal power
output 2kW and peak power output 2,6 kW.

These invertors will work in master-slave mode.
It means that the ”"slave” invertor will be auto-
matically connected and disconnected depending
on the actual power output.

2.2 Measurements and control system

Measuring and control system will be based on
Unitronics PLC Vision V1040. The possibilities
of using industrial PLC and its suitability for ap-
plication in controlling of small power plant have
been studied in literature [1]. Selected PLC is
shown on Fig. 4

Between its benefits belongs, that it combines
the logic controller and HMI (Human Machine In-
terface) which is ensured by a touch sensible color
display. This PLC offers enough inputs and out-
put, including analog inputs used for measuring
continuous variables.

It can be equipped with GSM modem for re-
mote control or connected via RJ45 to ethernet.
It can cooperate with multiple devices such as
motion controllers, another PLCs and power an-
alyzers using MODBUS and ASCII protocol.

\y
& uniTroNICS

’ i

Fig. 4: Unitronics Vision V1040

The PLC is equipped with the Unitronics
V200-18-E3XB snap-in module with following in-
puts and outputs:

e 18 x DIDC 24 V
e 4x AI DC 0-10 V, 0-20 mA, 4-20 mA
e« 2xDODC24V

e 15x DO 30 V, AC 250 V/3 A

e 4x AO DC 0-10 V, 4-20 mA
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In order to measure desired values, the PLC
will be equipped with additional modules for
measuring the following:

e voltages from the system on:

individual strings,
— outputs from the wind turbines,
— the DC bus and battery Banks,

the AC bus (needs additional mod-
ule capable of measure voltages up to
250 V).

e currents from the system in:

— individual strings,

— outputs from the wind turbines,
— each battery bank,

— each power invertor,

— each load

will be performed with current con-
verters with 4-20 mA outputs.

e informations from the weather transmitter
are acquired through the RS485 port on the
PLC and the ASCII protocol,

e radiometer data acquisition,

e up to four temperatures monitoring due the
PT100 thermocouples can be connected di-
rectly to the snap-in module,

e wind turbines speed monitoring with high—
speed inputs

For the purposes of measuring the values de-
scribed higher, the following modules have been
chosen.

e expansion module EX-A2X — needed for
connecting additional measuring modules,

e measuring modules TO-DISACH - each
measures up to 8 x 250 V. AC channels

e measuring modules I0-ATC8 — each mod-
ules adds AIDC 0-10 V, 0-20 mA, 4-20 mA

For proper functions of production predict-
ing, additional devices for weather monitoring are
demanded. This will be maintained by weather
transmitter WXT520 and radiometer CMP21.

This is necessary for detailed information about
the working conditions.

Weather transmitter WXT520 measures baro-
metric pressure, humidity, precipitation, temper-
ature and speed and direction of the wind.

The CMP 21 is a high performance research
grade pyranometer designed for measuring the ir-
radiance (W/m?2), which consists from the direct
solar radiation and from the diffuse radiation.

These values will be stored to a database
which will provide the complex background about
the system location and weather conditions.

3 Conclusion

The described hybrid system presents a variable
off-grid energy system with renewable sources
suitable for family houses.

The research associated with this system is
aimed to evaluate the suitability of various sys-
tem elements with different parameters. The in-
tention is to find a solution which is suitable for
application in similar systems. This research will
be realized in cooperation with Czech companies
fgForte and SUNLUX.

As the main results from this research should
be mentioned preparation of the project specifi-
cation and defining the conditions for connect-
ing the hybrid systems into the electric distribu-
tion network. Next step is the preparation of the
philosophy of the accumulation system design ac-
cording to the characteristics of production and
load and testing new technologies suitable for ap-
plication in hybrid systems.

Application of the hybrid systems results into
higher energy self-sufficiency of the objects and
reduces the actual usage of the distribution net-
works.

The hybrid system described higher is
planned to start its run in the first stage until
the end of the year 2013. Therefore, we can ex-
pect the first results from the measurements in
the spring of 2014.
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A.3 Experimental Hybrid Energy System
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Popis ¢lanku a jeho vyznam pro reseni dizertacni prace

Clének byl publikovén v ramci studentské konference EEICT 2014. Prezentuje zakladni
konfiguraci hybridniho energetického systému doplnénou o prvotni verzi systému pro
sbér meteorologickych tdaji (na bazi PLC Unitronics) potiebnych pro analyzu a vyhod-
noceni dané lokality. V dobé publikovani ¢lanku byl hybridni systém postupné zapojovin
do vychozi konfigurace a z tohoho diivodu byly prezentovany pouze dil¢i vysledky z pro-
vedeného méfeni na vétrné turbiné Whisper.

V ramci realizace systému pro sbér meteorologickych tdajii vyuzil autor znalosti
s programovanim PLC. Vytvoril systém, ktery zajiSt'uje centralizovany sbér a ukladani
dat z rtiznych senzorti (analogovych i digitdlnich) a vytvofil skripty v programu Matlab
pro zpracovani datovych soubort s vysledky méfeni. Systém pro sbér meteorologickych
udaju poskytl nezbytny zdklad pro dalsi vyzkum spocivajici ve tvorbé matematickych

modelt jednotlivych dil¢ich subsystému.
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Abstract: This paper describes experimental hybrid energy system and the research connected with
integration of similar systems into a civil buildings. Possible benefits and reasons for implementation
of these systems are further discussed. Paper includes the description of the designed experimental
hybrid energy system, its location and control system. The results and the progress of the research
are shown in the conclusion of this paper.
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1 INTRODUCTION

The intention to connect multiple energy sources into a cooperative system is the possible way of
increasing the operational efficiency of individual systems. Solutions with accumulation devices are
also possible to cover the energy demands in the distant areas without electricity or as a backup
solution for improving the security of important facilities. Generally, the hybrid energy system is
based on combination of individual energy sources that are able to adequately cooperate and their
mutual connection leads to improvement of the desired parameters.[1][5]

With the development of the renewable energy sources and their availability, the problems with their
negative affect on the distribution network have been detected in Czech Republic. The high financial
support of the PV plants led to the decision, that no photovoltaic (PV) power plants with the nominal
power higher than 30kW will be installed. Due to this administrative decision, the potential of the PV
plants is in their installation on family houses and administrative civil buildings. Since 2014, isn’t the
electricity produced in PV power plants subsidized by the Czech Government.[2]

The main disadvantages of the renewable energy sources (wind turbines, PV panels) in Czech Repub-
lic is the insufficient and irregular power generation, which is caused by variable climate conditions.
This excludes the possibility to use this individual renewable energy sources in a standalone off—grid
systems applications. In order to create the properly working off—grid system, the energy accumula-
tion is necessary. With combination of wind and solar power sources, the time necessary to recharge
the accumulation systems is shortened. This leads to improvement of reliability and self—sufficiency.
In order to create and verify the adequate rules for the designing such similar systems, the exper-
imental hybrid energy system is created at the Department of Electrical Power Engineering with
cooperation with the Center for Research and Utilization of Renewable Energy Sources at Faculty of
Electrical Engineering and Communications of Brno University of Technology.

Parameters of the experimental hybrid energy systems and its properties follows further.

2 DESCRIPTION OF THE EXPERIMENTAL HYBRID ENERGY SYSTEM

The experimental hybrid energy system has been in detail described in [4]. With further research have
been made additional improvements and minor changes.
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Figure 1: Experimental hybrid energy system and the control room

The hybrid energy system is designed as a combination of three-blade, horizontal axis wind turbine
(HAWT) with PV panels and deep cycle gel battery banks suitable for application in solar and wind
systems.

The Whisper 200 HAWT converts the wind energy to the electrical via the three-phase permanent
magnet synchronous generator (PMSG). The nominal power of the generator is equal to 1000W and
the stator windings are connected to provide the 48V AC voltage in wye connection. The output from
the generator is lead to the control room (Fig. 1) in solar laboratory where is the AC voltage rectified
via the 3—phase, 6—pulse diode bridge rectifier. The rectified voltage inputs to the DC/DC converter
with MPPT tracker, which serves as a control element for charging the accumulators and unifies the
power outputs from individual sources.

As the second source of energy are used the 9 PV panels connected in the three parallel strings. Each
panel has the nominal power 250Wp (other parameters in Tab. 1). Subsequently, the output from the
PV panels is in the solar laboratory connected to the DC/DC converter similarly as the HAWT.

Accumulators used in the experimental system are the FG12-100DG 12V, 100Ah deep cycle gel
batteries, specially designed for frequent cycle discharges. Four batteries are connected in serial to
provide the voltage at 48V level. If required, the second battery bank can be connected to the system
via the 300A switch and expand the capacity of the entire system to 200Ah.

Overall system connection is shown on the Fig. 2.

3 CONTROL AND DATA ACQUISITION SYSTEM

Between the main benefits of the designed systems belong the low demands on control system. Due
to the use of specially designed inverters and voltage regulators with built—in safety features and au-
tomatic control sequences, the requirements of the control system will be reduced to the supervision.
It is required to have the possibility to remotely shut-down the system during inadequate weather
conditions. This is mainly because of the limited speed of wind turbine.

Therefore, the system is equipped with manual and automatic switches, that disconnect the output
from the wind turbine and short—circuit the outlets to electrically brake the system. Manual function
is generally used in case of maintenance the system.
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Figure 2: Hardware configuration of Vision V350 in program software

Control system is based on National Instruments CompactRio Platform, which allows the additional
measuring cards to be implemented to the system. According to the measured values, simulation
models can be created. This part of the research is aimed to create a virtual hybrid energy system,
suitable for demonstration and explanation of individual processes and subsystems.[3]

In the initial testing phase, the measurement system based on HIOKI 3390 has been used. Example
of the measured values at the output from the PMSG can be seen on Fig. 3

Avg

WavetNoize

0. 4944

Figure 3: Voltage and current waveforms of the PMSG output(CH1-CH3) and rectifier output (CH4)

For now the weather data acquisition is performed by the CMP21 radiometer, which is connected
to the LogBox, where are the irradiation data and the outdoor temperature saved to the SD memory
card and simultaneously the LogBox is connected to the PLC Unitronics Vision V1040 via the serial
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Wind turbine H Photovoltaic panels
Type Whisper 200 Manufacturer Solarwatt
Rotor diameter 2.7 m Type M250-60 GET AK
Weight 30 kg No. of panels 9
Wind speed range (3.1 -55) m/s Type of cells monocrystalline
Nominal voltage 48 V AC Nominal Power 250Wp
Pole pairs 3 Nominal Voltage 29,2V
Nominal power 1000 W at 11.6 m/s Nominal Current 8,57A
Accumulators H Solar DC/DC converters
Type FG12-100DG Type TS-MPPT-60
Rated voltage 12V Max. battery current | 60A
Capacity 100Ah at 25°C Max. input voltage 150V DC
Max. discharge current | 1000A for 5s Max. power 3200W
Self-discharge <9% for 90 days
Power inverters H
Type Studer XTM2600-48
Input voltage range 36-68V
Cont. power at 25°C 2600W

Output voltage

Sine-wave 230V AC

RS232 connection. For measuring the actual wind speed and wind direction, the Mierij Meteo system
sends the wind parameters to the PLC via RS232. The PLC has the opportunity to show the parameters
on the color, touch sensible display and shows the desired values in a graph. It has the possibility of
remote access to the stored values. The basic data are accessible via the web site or to download the

Table 1: Hybrid energy systems parameters

data in a * XLS file for each individual day. Example of the measured data is on the Fig. 4
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Figure 4: Weather conditions measurements on 12 November 2013

4 CONCLUSION

Previously described hybrid energy system is recently in the phase of optimization and initial test-
ing. Therefore, only the preliminary results are demonstrated. Further research will be aimed on
proper configuration of all individual subsystems and processing the measured data. Subsequently,
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the optimization steps will be performed. Part of the research will be focused on the effect of differ-
ent subsystems on the overall efficiency and the possible ways, that can lead to improvement of the
system performance.

The following steps will be the configuration of the centralized data repository for all the measure-
ments. This data will be used for virtual hybrid energy system, that will be composed from dynamic
models of individual subsystems. After the successful verification based on the measured data, virtual
model will be used for simulation of different states, demonstration of the function and explanations
for the students.
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A.4 Experimental Hybrid Energy System - Actual Pro-
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Cléanek byl publikovany na IIPHDW (International Interdisciplinary PHD Workshop) po-
fddaného v ramci konference Energetika 2014 na Slovensku. V ¢lanku byla popsdna kon-
figurace hybridniho energetického systému a bylo provedeno porovnani prvnich vysledku
z méfeni meteorologickych podminek se statistickymi udaji. Déle byla v ¢ldnku uvedena
prvni verze matematického modelu vétrné turbiny s PMSG (Permanent Magnet Synchro-
nous Generator) s usmériovacem v prostfedi Matlab Simulink.

Clanek spolu s pfedchazejicimi publikacemi tvoii tematicky celek, prezentoval vy-
sledky méfeni meteorologickych dat a jejich vyuZiti pfi sestaveni matematického modelu
vétrné elektrarny.
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Jan MORAVEK', Petr MASTNY?

Experimental Hybrid Energy System — Actual
Progress

Paper presents a research connected with design of experimental hybrid energy
system. In the paper are described the main parameters of the system and its actual
state. Further are presented results of the measurements performed on the system and
data collected from the weather station. Subsequently, the research connected with
the problematic is described in the paper and its benefits are discussed.

1. Introduction

The paper deals with the hybrid energy system, which is recently in the phase of
optimization and initial testing. Therefore, only the preliminary results are demonstrated.
Further research will be aimed on proper configuration of all individual subsystems and
processing the measured data. Subsequently, the optimization steps will be performed. Part of
the research is focused on the effect of different subsystems on the overall efficiency and the
possible ways, that can lead to improvement of the system performance.

2. Description of the Hybrid Energy System

The hybrid energy system is situated on the roof of the Department of Electrical Power
Engineering at FEEC BUT. The department's location is 49°13'38.413"N, 16°34'26.217"E.
The predicted annual solar irradiance is between 1085 — 1111 kWh/m® according to the
PVGIS [2]. The estimated average wind speed is between 3 — 3.5 m/s measured at 10 m above
the surface.

The system is designed as a combination of three-blade, horizontal axis wind turbine
(HAWT) with PV panels and deep cycle gel battery banks suitable for application in solar and
wind systems.

Wind turbine has nominal power 1kW at 11.6 m/s of the wind speed. It contains permanent
magnet synchronous generator (PMSG) with 48V AC output. It leads to the passive 3-phase
6-pulse rectifier and then to the DC/DC regulator Tristar MPPT-60.

Nine PV panels provide the peak power 2250 Wp and are connected in three strings to the
DC/DC regulator which charges the battery banks (48 V DC, 200Ah).

Two power inverters Studer XTM 2600 are working in master-slave mode and providing
the AC power from the entire system.

! Department of Electrical Power Engineering, FEEC Brno University of Technology, Technicka 12, 616 00
Brno, CZECH REPUBLIC, e-mail: jan.moravek @phd.feec.vutbr.cz

2 Department of Electrical Power Engineering, FEEC Brno University of Technology, Technicka 12, 616 00
Brno, CZECH REPUBLIC, e-mail: mastny @feec.vutbr.cz - Supervisor
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The weather data acquisition is performed by the CMP21 radiometer which measures the
normal radiant flux density and the outdoor temperature. Wind data are measured by Mierij
Meteo system. As the data logger serves the Unitronics Vision V1040 PLC which gathers
measured data and stores it to *.XLS file on the end of a each day. Additionally, the actual
weather data are available on the website. More detailed description is in [3]

3. Measurements and simulations

In Figure 2 are shown the wind speeds and directions for a selected month. Based on the
performed analysis can be stated that the prevailing wind direction is south-east, eventually
north east. Average wind speed and the solar irradiation for individual months is shown in
Table 1. The monthly solar irradiation corresponds with the estimated results with the PVGIS.

Table 1. Monthly results from the weather data acquisition

Month Average wind speed (m/s) Solar irradiation (kWh/m?)
December 2013 2.552 11.03
January 2014 2.102 17.87
February 2014 2.505 37.76
March (1.-18.) 2014 2.531 47.717

In the Figure 1 are shown the waveforms of the voltages and currents of the PMSG before
(CH1-CH3) the rectifier and after it (CH4). As the load has been used resistor, therefore the
current waveforms contain harmonic distortion. The waveforms have been measured by
HIOKI 3390 power analyzer.

t |Efficiency| X
i L
20 A | OFF

Figure 1. Measured Waveforms of AC (CH1-CH3) and rectified (CH4) voltages and currents at the output of
PMSG

24
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Histogram of wind speeds and directions in December 2013
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Figure 2. Wind speeds and directions in December 2013

4. Further progress

Another part of the research is aimed on simulation of individual subsystems. For these
purposes is created model of wind turbine in MATLAB/Simulink - diagram in Figure 3 which
is based on the model described in [1].

It is created with the use of the blocks from the library of SimPowerSystem. Wind turbine
model simulates the output torque in per units related to the nominal power of the wind
turbine. Drive train is based on 2 - mass model. The output from the PMSG is rectified and for
verification purposes connected to the resistor. The aim is to reproduce the measured
waveforms. This has been already fulfilled and the model is prepared for further verification.

Additionally, other subsystems are going to be simulated and finally the behaviour of the
entire system will be predicted. During this testing will continue the evaluation of the weather
data to obtain more details about the location.

Between the main benefits of the research belongs the possibility of testing different
system subsystems and their influence on the system’s performance.

25



PRILOHA A4 109

[IPhDW Tatranske Matliare | 2014

Figure 3. Simulink Model of the wind turbine with PMSG and rectifier

5. Conclusion

Application of the hybrid energy systems with cooperation of renewable energy sources
results in the better self—sustainability, higher reliability and consequently into the reduction
of prime energy consumption. The aim of the result is the preparation of the specification and
in the next step preparation of the philosophy of the accumulation system design. Next part is
aimed on weather data acquisition and evaluation of the results. Further will be performed
testing new technologies suitable for application in hybrid systems. As has been presented in
this paper, simulation models for this system will be important part of the research.
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A.5 Hybrid Energy System - Optimization and New Con-
cept
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Clének byl publikovany v polském &asopise Informatyka, Automatyka, Pomiary w Go-
spodarce i Ochronie Srodowiska jako roziifend verze &lanku piijatého na workshop II-
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ukazka zpracovani grafickych vystupi z datovych vzorki a vysledki simulaci s vyuZzitim
vytvofeného matematického modelu vétrné turbiny.

Clének analyzuje zakladni provozni stavy hybridnich systémi ve vychozim nastavent,
jejich nevyhody a prezentuje koncept hybridniho energetického systému jako systému
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Abstract. Paper presents a research related to the design of a new concept of hybrid energy system. It describes actually used concepts and the benefits
of new design. Subsequently, the problems of the proper systems setting and working conditions are discussed and the new concept of the systems settings
is presented. Research is further enhanced by comparing with the ion model a. ing the weather data acquired for the test location.
The measured data are compared with the results of simulation.
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HYBRYDOWY SYSTEM ENERGETYCZNY - NOWA KONCEPCJA 1 OPTYMALIZACJA

Streszczenie. Artykul przedstawia projekt nowej koncepcji hybrydowego systemu energetycznego. W pracy przedstawiono aktualnie stosowane koncepcje
i na ich tle zalety nowego podejscia. Nastgpnie dyskutowano odpowiednie ustawienia i warunki pracy systemu oraz przedstawiono nowq koncepcje
systemu. Dodatkowo badania sq zilustrowane poréwnaniem z modelem symulacyjnym, przy zatozeniu, ze dane pogodowe pozyskane zostaly dla testowej

lokalizacji.

Stowa kluczowe: hybrydowy system energetyczny, symulacja w MATLAB-ie, optymalizacja

Introduction

The paper deals with the hybrid energy system consisting
of a wind turbine, photovoltaic panels and batteries. System
is recently in the phase of optimization and initial testing.
Therefore, only the preliminary results are demonstrated in this
paper. Further research will be aimed on proper configuration
of all individual subsystems and processing the measured data.
Subsequently, the optimization steps will be performed. Part of
the research is focused on the effect of different subsystems on
the overall efficiency and the possible ways, that can lead
to improvement of the system performance.

1. Description of the Hybrid Energy System

The hybrid energy system is situated on the roof of the
Department of Electrical Power Engineering building at Faculty
of Electrical Engineering and Communication Brno University
of Technology. Department's location is 49°13'38.413"N,
16°34'26.217"E. According to the PVGIS [2], the predicted annual
solar irradiance is between 1085 and 1111 kWh/m?. The estimated
average wind speed, measured at 10 m above the surface,
is between 3 and 3.5 m/s.

The system is designed as a combination of three—blade,
horizontal axis wind turbine, PV panels and deep cycle gel battery
banks suitable for application in solar and wind systems.

Wind turbine Whisper 200 has nominal power 1kW
at 11.6 m/s of the wind speed. It contains permanent magnet
synchronous generator (PMSG) with 48 V AC output, connected
to the passive 3-phase 6-pulse rectifier and then to the DC/DC
regulator (Tristar MPPT-60).

Nine Solarwatt M250 60 GET AK photovoltaic panels provide
the peak power 2250 Wp and are connected in three strings
to another DC/DC regulator (Tristar MPPT-60). Both DC/DC
regulators are connected to the two battery banks (48 V DC,
200 Ah) each consisting of serial connection of four deep cycles
gel batteries (FG12-200DG).

Two power inverters (Studer XTM 2600) are working
in master-slave mode, providing the AC power from the entire
system.

2. Performed Measurements

The weather data acquisition is performed by the CMP21
radiometer, which measures the normal radiant flux density
and the outdoor temperature. Wind data are measured by Mierij
Meteo system. The Unitronics Vision V1040 PLC serves
as the data logger, which gathers measured data and stores it
to an EXCEL file at the end of an each day. Gathered data are
represented by the samples of the immediate values in the periods

of 30 seconds. This time is adequate for the time constant of
the radiometer. Additionally, the actual weather data are available
on the website, which refreshes each 10 seconds. More detailed
description of the data acquisition system is presented in [3].

The measured data are further processed with a MATLAB
script to obtain the selected values (daily, monthly statistic) and to
plot the graphs.

According to the analyzed data, the average wind speed and
the solar irradiation for individual months are shown in Tab. 1.
The monthly solar irradiation corresponds with the estimated
results with the PVGIS [2]. The difference between the measured
and estimated value of the solar irradiation in the May 2014
is caused by the incomplete data set caused by the datalogger
malfunction.

Tab. 1. Monthly results from the weather data acquisition

Average Maximal Measured Estimated
wind speed wind speed solar solar

Month (m/f) (m/f) irradiation irradiation

(kWh/m?) (kWh/m?)
December 2013 2.552 16.8 11.03 25.7
January 2014 2.102 13.7 17.87 26.2
February 2014 2.505 13.7 37.76 43.7

March 2014 2.483 17.5 98.73 89

April 2014 2.263 17.8 126.13 138
May 2014 2.770 19.7 93.99 163
June 2014 2271 13.8 157.54 169

In the Fig. 1 the waveforms of the voltages and currents from
PMSG before (CHI-CH3) and after the rectifier (CH4) are shown.
A resistor was as the load. The reason for this measurement was
mainly to verify the generator function in the initial testing phase.
The waveforms have been measured by HIOKI 3390 power
analyzer. The results from these measurements are further used
for validation of the simulation model described subsequently.
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Fig. 1. Measured Waveforms of AC (CHI-CH3) and rectified (CH4) voltages and
currents at the output of PMSG
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In Fig. 2 the results from the wind speeds and directions
analysis for a selected month are shown. Based on the performed
analysis can be stated that the prevailing wind direction is north-
west. In other months alternates prevailing direction north-west
and south-east.

Histogram of wind speeds and directions in June 2014
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Fig. 2. Wind speeds and directions in June 2014
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Fig. 3. Daily history of the measured weather data

Fig. 3 shows the daily history of the ambient temperature and
the intensity of perpendicular solar radiation on the planar surface.

3. Simulation model of the wind turbine

Next part of the research is aimed on simulation of individual
subsystems. For these purposes a model of wind turbine
in MATLAB/Simulink (Fig. 6), which is based on the model
described in [1], has been created.

This was done with the use of the blocks from the library
of SimPowerSystem. Wind turbine model simulates the output
torque in per units related to the nominal power of the wind
turbine. Practically, the library block simulates the wind turbine
power characteristics according the input parameters, which are
the wind speed, pitch angle and angular speed of the generator.
Because of the absence of the wind turbine’s pitch regulation
a constant angle has been assumed. Used power characteristics
for the Whisper 200 wind turbine is shown in the Fig. 4.

Drive train is based on a two-mass model. In the simulation,
it is necessary to simulate the dynamic behavior of the wind
turbine and transient effects of the device. The output from the
PMSG is rectified with the use of the three phases, six pulse diode
rectifier and for verification purposes a resistor is connected as
a load. The aim is to reproduce the measured waveforms shown
in the Fig. 1.

This has been already fulfilled with adequate accuracy (results
from the simulation are shown in the Fig. 5) and the model
is prepared for further optimization. In order to predict the
behavior of the wind turbine and to estimate the requirements
for the control system, the input wind speed is set as a time-
variable. Verified and optimized model is used for estimation

IAPGOS 3/2014
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of the produced energy from the wind turbine within the various
ranges of wind speeds and provides the simulation apparatus
for further research.

Additionally, other individual subsystems like PV panels,
battery, inverters and DC-DC converters will be simulated,
and finally the behavior of the entire system will be predicted.
The research includes testing the different system subsystems and
their influence on the system’s performance. [5]

During this testing the evaluation of the weather data will
be continued to obtain more detailed information about
the installation’s location and improving the created models with
implementation of the measured data. It is planned to supplement
the weather data acquisition device with the additional sensors
to measure the humidity, atmospheric pressure, rain precipitation
and temperature at different points (PV panel, batteries, inverters,
etc.) that can affect the system and its efficiency. Furthermore,
more detailed comparison of simulated results from the created
models with the measured data will be performed. Evaluated
results will be used for the model improvement.
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Fig. 6. Wind turbine model with PMSG in Matlab Simulink
4. Optimization of the system

The main problem of the research on described hybrid energy
system is related to the communication between the individual
power converters and their proper settings. Generally, the hybrid
energy systems with accumulation can be configured in several
ways:

1) Energy from the renewable sources is accumulated
or consumed in the load and the system is not connected
to the public electricity network.

2) System is connected to grid. It is not authorized to provide
the excess energy to the grid, but can use the energy from
the grid to recharge batteries or supply power to the loads.

3) Hybrid energy system is designed as the active component
with the possibilities not just to provide the excess energy
to the grid, but based on the communication command can
also force the system to provide the accumulated energy
to the network and improve the power quality.

The configurations 1 and 2 described higher are demonstrated
in the Fig. 7 and Fig. 8. Problem of these concepts are
in the improper internal logic of the power inverters settings
in the current experimental set-up.

Productt Load Terminal

Three-Phase
V-1 Measurement

VDC_RMS

PMSG Termma\.

Load

In the hybrid energy system described above, it has been
found out, that in the case when the accumulation element of the
system needs to recharged, the system primarily uses the
electricity from the grid to recharge the batteries, even if there
is available energy in the renewable sources (Fig. 8). This setting
is improper and reduces the operational efficiency of the entire
system.

Concept of the active hybrid energy system is currently
the main goal of the research. Due to the actual legislative
in the Czech Republic (CR) is not possible to operate the hybrid
energy systems in this way. Further research will be focused
on defining the prerequisites and limiting conditions that will
allow achieving the positive effect on the electricity grid.

With the use of the concept described in the third point above,
the stochastic character of the individual sources and their
negative effect on the electricity grid can be reduced. In the result,
the integration of the renewable sources can be increased without
additional negative effect on the electricity grid.

Innovative concept of the hybrid energy system is used
to maximize the energy production of the energy sources by
the combination of properly sized accumulation element and
by the optimized control system with the possibility of using
the electricity grid.

In the case of fully loaded batteries and the renewable power
generation, the energy will be transferred to the grid (Fig. 9).

Fig. 7. Hybrid energy system as the standalone off-grid application

Fig. 8. Improper settings of the inverter internal logic uses grid instead of renewable
energy sources to recharge the batteries
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Fig. 9. Hybrid energy system providing the excess energy to the network
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Fig. 10. Force grid-feediy

using the 1 energy in the batteries

When the grid energy is insufficient, the accumulated energy
can be on demand force-feeded to the grid (Fig. 10).

Considering the use of the hybrid energy system described
above the fully loaded batteries can provide 19.2 kWh of energy
before fully discharged. Due the life expectancy shortage, only
60% of the full discharge should be presumed. That gives
7.68 kWh of the available energy. With the use of the master-slave
working mode of the power inverters, continuous power of 5 kW
can be fed to the grid for 1.5 hours. The implementation of the
innovative logic to the existing systems allows the active
electricity grid support. Therefore, the regulation power
in conventional energy sources needed for voltage regulation can
be reduced, because primarily can be used the accumulated energy
in the hybrid system.

Conclusions

In the paper the research dealing with the design of the hybrid
energy system using renewable energy sources has been
presented. It proposes a new concept for its operation, which
considers the implementation of innovative settings to transform
the passive hybrid systems to active. Active hybrid energy system
can provide the energy to the electricity network according
to operator’s requirements. Innovative settings of the inverter’s
internal logic include the limiting conditions to ensure that
the supplied energy will not negatively affect the electricity
network. The part of the research is aimed on limits

IAPGOS 3/2014
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of the protections used in these systems. Current limits are strictly
set due the massive dynamic changes of the power generated from
the renewable resources. With stabilizing the energy production
using the accumulation is provided the predictable energy source
and the current legislative restraints of installed power and limits
of protection’s settings can be changed. Also the inverters can
be programmed to support the grid with the active and reactive
power according to the actual voltage and frequency. Conditions
specifying these functions are nowadays discussed in several
countries (e.g. Germany, Czech Republic) in connection with
the operation of the renewable energy sources (PV, wind
turbines). Presented concept is development of the actual
requirements based on the optimization of the systems
to maximize the energy production and increase the operational
efficiency of the entire systems.
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Popis ¢lanku a jeho vyznam pro reSeni dizertacni prace

Clanek byl prezentovan v ramci mezindrodni konference EPE 2014. V rdmci ¢lanku je po-
psan matematicky model vétrné turbiny v programu Matlab Simulink a provozni méfeni
pri pfipojeni vystupu generdtoru na usmeériiova¢ s odporovou zatézi pro ucely validace
matematického modelu. V ¢lanku je déle popsan zptsob zapojeni a vyuZiti vétrné elek-
trarny v hybridnim systému.

Potfeba simulac¢niho néstroje pro predikci chovani vétrné elektrarny souvisi se sto-
chastickym charakterem zdroje, jehoZ chovani je z4vislé na aktudlnich meteorologickych
podminkdch. S ohledem na provozni bezpecnost navrzeného hybridniho systému se si-
mulac¢ni model ukdzal jako vhodny dopln€k pro ovéieni jednotlivych provoznich stavi.
Autortiv piinos spociva v sestaveni prezentovaného matematického modelu a ndsledném
nastaveni jednotlivych parametrii modelu tak, aby se vysledky simulace co nejvice pfi-
bliZily vysledkiim méfeni. Pfi méfeni meteorologickych podminek autor vyuzil vlastniho
méfictho systému na bazi PLC Unitronics, které zaznamenava data z jednotlivych sen-

zoru.
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Abstract—This paper presents a model of three-blade wind
turbine, which is used to compare the outputs from the model
with the real measured data. Functional model is important to
simulate multiple different states and its behavior in the hybrid
energy systems and can be used to predict the power generated
within these systems.

Keywords—wind; turbine; hybrid; renewable; energy systems;
simulation; model; PMSG;

I. INTRODUCTION

Hybrid energy systems are containing dynamically chang-
ing states, which are difficult to predict. With proper mathe-
matical descriptions, the theoretical models in Matlab/Simulink
can be created. This will allow to simulate different conditions
in the system and to optimize system’s parameters. For further
verification of the model’s behavior, there is a possibility of
comparing with measured data acquired from hybrid system
described in the paper.

A. Definition of the Renewable Hybrid Energy System (HRES)

In order to create the autonomous and self-sufficient energy
systems for application in civil buildings (family houses, office
buildings, etc.) the combination of multiple energy sources is
needed.

Photovoltaic (PV) panels can’t fully cover the energy
demands due to the dynamic changes of the sunlight. The solar
energy has stochastic character and can’t be used as a base-
load source of energy. Another stochastic energy source is the
wind energy.

As a stand-alone application of these sources is unreliable
and ineffective, their combination into a HRES with addition
of accumulation element is suitable for the desired application.
The combination of multiple sources leads to the improvement
of the total efficiency, reliability and sustainability of the
energy system.[1][2]

The paper was prepared at Centre for Research and Utilization of Renewable
Energy (CVVOZE). Authors gratefully acknowledge financial support from
National Feasibility Program I of Ministry of Education, Youth and Sport of
the Czech Republic under project No. LO1210 and financial support from
specific research program under project No. FEKT-S-14-2520.
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Fig. 1. Whisper 200
TABLE 1. ‘WHISPER 200 PARAMETERS

Rotor diameter 27 m

‘Weight 30 kg

Minimum wind speed 3.1 m/s

Maximum wind speed | 55 m/s

Nominal voltage 48V

Pole pairs 3

Nominal power 1000 W at wind speed equal to 11.6 m/s

II. SIMULATION OF WIND POWER GENERATOR

The aim is to create a model of the Whisper 200 (Fig. 1),
which is located at the roof of the Department of Electri-
cal Power Engineering of the Brno University of Techno-
logy (BUT). It is a three-blade horizontal axis wind turbine
(HAWT) with three-phase permanent magnet synchronous
generator (PMSG).

Parameters of the wind turbine are shown in the Tab. I.

For the purposes of the model creation (Schematic on
Fig. 2) is used the Matlab/Simulink software which contains
the SimPowerSystems library instead of modeling individual
elements as in [3]. This library contains prepared models of
the HAWT and PMSG which simplifies the modeling process.
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Similar model has been used in [4].

As the input data for the wind turbine is in the first step
considered constant wind speed and no pitch regulation. Next
input is the generator speed in the per unit of the generator
base speed. For a permanent-magnet generator, the base speed
is defined as the speed producing nominal voltage at no load.
Output from this block is the torque in per unit (p.u.).

For respecting the dynamic changes during the variable
wind speed, a two mass model of the drive train is created,
which computes the torque on the shaft with respecting the
moment of inertia of the HAWT and the stiffness of the shaft.

It can be expressed with the following equations (Eq. 1-3)
[4]:

dw
2Hun = = Tur = Ton )
1 do
oo a Wt — Wy (2)
do
Ton = Ken0 + Dy— 3)

dt
where:

e M, is representing the inertia constant of the wind
turbine,

® Wy is the angular speed of the wind turbine in p.u.,
e T, is the wind turbine torque,

e Ty is the shaft torque,

® W, is the angular base speed of the generator,

e 0 is the shaft twist angle,

e Ky is the shaft stiffness,

e and D, is the damping coefficient.

PMSG model block selected from the SimPowerLibrary
implements a three—phase permanent magnet synchronous gen-
erator with the sinusoidal electro-magnetic field. It is modeled
in the dq rotor reference frame. Stator windings are connected
in wye to an internal neutral point.
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Simulation model of the three-blade HAWT with three—phase PMSG

VoC_RIS

T DT
LL.

Load

Output from the PMSG is rectified via the six—pulse
three—phase diode rectifier and the load is represented by the
connected resistor.

III. COMPARISON OF THE SIMULATED RESULTS WITH THE
MEASURED DATA

A. Measuring system

The measuring system is based on the HIOKI Power
Analyzer 3390-10 which measures the three—phase values of
the currents and voltages at the input to the rectifier (type
36MT160) and the DC output. The load is represented by the
40 €, 6,3 A resistor.

The analyzer is equipped with Ethernet connection which
allows to communicate with other devices within the control
system or remote control and diagnostic via web based inter-
face.

For measuring of additional weather parameters is created
a system based on Unitronics PLC that stores the data from
the:

e anemometer Mierij Meteo WM21 — provides wind
speed measurement in range (0-50 m/s) and wind vane
that provides wind direction in range (0-360 ° at 5.6 °
resolution),

e radiometer CMP21 — measures solar irradiation and
ambient temperature via PT100 sensor.

Example of the measured data is shown in the Tab. II.

Measured waveforms of the phase to phase voltages and
line currents are shown on the Fig. 3. Measurement has been
performed with the resistive load equal to 40  and the
wind speed equal to 6 m/s. During the measurement has been
verified, that the peak value and frequency of the voltages
correlates with the speed of the generator which is determined
by the actual load and the wind speed.

From the results of the measurements is apparent that both
waveforms contain a harmonic distortion which is caused by
the rectifier. The curve showing the current waveform is typical
for the rectifier working with the resistive load.[5]
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B. Simulated results

During the performed analysis, the simulation results
(Fig. 4) has been compared with the measured results. Created
simulation model provides sufficiently accurate results, which
can be used for further processing. After successful optimiza-
tion of model parameters, more sophisticated situations can be
simulated.

As seen on the Fig. 2, the input wind speed is possible
to set as a time-variable, to predict the behavior of the wind
turbine and to estimate the requirements on the control system.
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| .CF card nemory
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Fig. 3. Measured waveforms of phase to phase voltages (CH1-CH3), rectified
voltage (CH4), line currents (CHI-CH3) and DC current (CH4)
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Fig. 4. Simulated waveforms of phase to phase voltages and line currents of

the PMSG connected to the rectifier with resistive load
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Fig. 5. Design of a hybrid energy system based on the 48 V DC bus

IV.  WIND TURBINE IN A HYBRID ENERGY SYSTEM

In order to use previously specified HAWT in a hybrid
energy system with another energy sources (PV panels, battery
banks, co-generation units, etc.), monitoring and control of the
individual sources is necessary.

In previous research [6] has been studied the possibility
of using control systems based on two different platforms —
Industrial PLC Unitronics Vision V1040 and National Instru-
ments CompactRio. Both solutions are designed as centralized
systems and are suitable for control of the hybrid energy
systems.

Because of the intention to connect multiple different
sources into one energy system, the common 48 V DC bus
in the hybrid energy system is designed (Fig. 5). Generally, it
is possible to connect any type of energy source to this bus
via the proper regulator, which will unify the output energy
from individual sources and transfer it to the common bus.

In this case is as the regulator selected TriStar MPPT-
60 which is primarily designed for use with solar systems.
This regulator contains the Maximum Power Point Tracking
(MPPT) function which will maximize the energy profits from
the wind turbine. Another function of the regulator is the
battery charger. Connected batteries can be safely charged with
respecting the voltage limits to prevent overcharging.

A. Control system functions

Intended control system will maintain the following func-
tions:

e  monitoring — measuring of instant voltages and cur-
rents with adequate resolution to calculate the power
flows in the system,

e  security features — measuring of the actual wind speed
and turbine speed to ensure the automatic shut-down
of the wind turbine at critical speed (electrical brake),
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TABLE I.  EXAMPLE OF MEASURED DATA
Date Time Urir2(V) | Ur2rs(V) | Ursri(V) | Upc(V) | Iri(A) | Ir2(A) | I13(A) | Ipc(A) | We (mfs) | Wa (°) | 9(°C)

17.1.2014 | 9:26:59 10,02 10,04 10,02 11,40 023 023 023 027 3.0 163 4.1
17.1.2014 | 9:27:29 15,24 15,28 15,26 19,25 036 036 037 046 33 161 4.1
17.1.2014 | 9:27:59 17,35 17,38 17,43 21,55 042 042 042 052 35 165 4.1
17.1.2014 | 9:28:29 17,86 17,90 17,90 22,33 043 043 043 054 39 158 4.1
17.1.2014 | 9:28:59 14,30 14,32 14,32 17,62 034 034 034 043 32 169 4.1
17.1.2014 | 9:29:29 11,76 11,79 11,77 13,91 027 0,27 027 033 2.8 168 4.1
17.1.2014 | 9:29:59 15,07 15,10 15,08 18,39 036 036 036 044 34 160 4.1
17.1.2014 | 9:30:29 14,40 14,43 14,47 18,21 034 034 0,34 044 34 166 4.1
17.1.2014 | 9:30:59 11,95 11,97 11,96 14,64 0,28 0,28 0,28 035 3.0 161 4.1
e remote control — provide basic information on a web REFERENCES

site, with the opportunity to obtain the full control
after successful authentication,

e data gathering — automatic data saving for further
processing.

V. CONCLUSION

In the research has been studied the problematic of mod-
eling small wind turbine with PMSG and the possibility of
its connection into a hybrid energy system. The designed
model will be used for further simulations of the hybrid energy
system. The aim is to mutually connect individual subsystems
and to create the model of the whole hybrid energy system.

This simulation model will provide the basic knowledge
and estimation of the energy production from different sources
in different locations and configurations.

Application of the hybrid energy systems with cooperation
of renewable energy sources is the approach, that results in the
better self—sustainability, higher reliability and consequently
into the reduction of prime energy consumption.

For purposes of the data acquisition and models validation,
the experimental hybrid energy system has been designed and
put into operation. It provides the sufficient instrument for
further research, improvements and more precise models of
the individual subsystems.
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Popis ¢lanku a jeho vyznam pro reseni dizerta¢ni prace

Clének byl prezentovany na mezinarodni konference EPE 2015 a navazuje na dosavadni
vyzkum v oblasti multivalentnich energetickych systému. V rdmci vytvorenych matema-
tickych modelu jsou prezentovany modely elektrického hybridniho systému (vétrné elek-
trarny, fotovoltaicky panel) a déle také tepelného hybridniho systému (soldrni kolektor,
tepelné Cerpadlo). Prezentovany matematicky model vétrné elektrarny, fotovoltaického
panelu a soldarniho kolektoru byl sestaven autorem dizertacni prace, matematicky model
tepelného Cerpadla byl realizovén Ing. Jifim Pitronem.

V souvislosti s provozem obnovitelnych zdrojt je v ¢lanku dale popsan jejich vliv
na elektrizacni soustavu v souvislosti s jejich fizenim a aktudlnim vyvojem souvisejici
legislativy v roce 2015.

Sestavené matematické modely vychazeji z autorovych znalosti v oblasti aplikace si-
mulacnich ndstroji a tvorby matematickych modelt a napliuji jeden z cilt dizertani
préce.
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Abstract—The paper presents the models of the individual
elements in the energy system created in Matlab Simulink.
The reason for modeling energy system is the prediction of
the behavior of individual subsystems. In cooperation with the
validated models are solved the operational problems and power
quality issues that are further discussed.

Keywords—simulink model; energy system; power quality; pho-
tovoltaic; system control;

I. INTRODUCTION

In previous publications [1], [2], [3] have been described
the hybrid energy system and the research focused on the
control systems and control logic has been presented. In order
to simulate the behavior of the individual subsystem is the
current goal to prepare the mathematical models and mutually
connect them to create the model of entire hybrid energy
system.

II. PRESENT RESEARCH OF ENERGY SYSTEM’S CONTROL

In the research labs of the Department of Electrical Power
Engineering (DEPE) at Faculty of Electrical Engineering and
Communication Brno University of Technology is currently
realized research about multivalent energy systems. Depart-
ment’s location is 49°13/38.413"” N, 16°34/26.217"E.

First of them is thermal system, which combines multiple
energy sources with accumulation. It consists of gas cogener-
ation unit, heat pump, solar collector and accumulation tank.
Heat from the accumulation tank can be used for covering the
part of the heat energy demands of the building where is the
DEPE situated.

The second system is the electrical and consists of wind
turbine, photovoltaic panels, lead-acid accumulators and the
power inverters. The final idea of this concept is to mutually
interconnect these energy system. This solution will combine
the benefits and provide the possibility to power the heat
pump with energy from the renewable sources and improve
the efficiency of the entire solution.

The paper was prepared at Centre for Research and Utilization of Renewable
Energy (CVVOZE). Authors gratefully acknowledge financial support from the
Ministry of Education, Youth and Sports of the Czech Republic under NPU
I programme (project No. LO1210) and from the Technology Agency of the
Czech Republic (project No. TA04021196).
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Unfortunately, such complex system causes difficulties
within the proper control logic of the energy flows between
the individual elements of the system, which will be further
more discussed.

A. Thermal system with accumulation

Thermal system is divided into two parts. The first part is
situated in the second floor of the DEPE, and involves the gas
cogeneration unit TEDOM connected to the hot water accu-
mulation tank with volume equal to 5000 1 . The second part of
the system is situated in the laboratory of the renewable energy
sources in the seventh floor of the DEPE and consists of the
air—water heat pump Schlieger KAWOSN3 (7.5 kW delivered
power, 2.34 kW supplied power at 2°C air, 35°C water), solar
collector, accumulation tank (300 1), heat exchangers and fan
coil located on the roof as the heat load. Both parts of the
system are connected for the possibility to accumulate the heat
produced by the heat pump in the large accumulation tank.

B. Renewable hybrid energy system

The electrical hybrid energy system is situated on the roof
of the DEPE. The system is designed as a combination of
three-blade, horizontal axis wind turbine, PV panels and deep
cycle gel battery banks suitable for application in solar and
wind systems.

Wind turbine Whisper 200 has nominal power 1 kW. It
contains permanent magnet synchronous generator (PMSG)
with 48 V AC output, connected to the passive 3—phase 6—pulse
rectifier and then to the DC/DC regulator (Tristar MPPT-60).

Next part of the system consists of nine photovoltaic panels
(Solarwatt M250 60 GET AK), providing the peak power 2250
Wp and connected in three strings to another DC/DC regulator
(Tristar MPPT-60). Both DC/DC regulators are connected to
the two battery banks (48 V DC, 200 Ah) each consisting
of serial connection of four deep cycles gel batteries (FG12-
200DG).

Two power inverters (Studer XTM 2600) are working in
master-slave mode, providing the AC power from the entire
system.

For optimizing the individual energy sources are in the
initial part of the research created mathematical models, where
can be demonstrated specific properties of these system. Mod-
els serves as the base for the additional optimization.
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III. MATHEMATICAL MODELS IN MATLAB SIMULINK
A. Wind turbine model with PMSG

For the purposes of the model creation (Schematic on
Fig. 1) is used the Matlab Simulink software which contains
the SimPowerSystems library instead of modeling individual
elements as in [4]. This library contains prepared models of
the wind turbine and PMSG which simplifies the modeling
process. Similar model has been used in [5].

PMSG model block selected from the SimPower Library
implements a three—phase permanent magnet synchronous gen-
erator with the sinusoidal electro—magnetic field. It is modeled
in the dq rotor reference frame. Stator windings are connected
in wye to an internal neutral point. Output from the PMSG is
rectified via the six—pulse three—phase diode rectifier and the
load is represented by the connected resistor.

B. Photovoltaic (PV) panel model

The one diode exponential model with operational temper-
ature effect on the I-V curve is created based on the equations
described in [6].

o
' >
ot
o I
Fig. 2. PV panel model in Matlab Simulink

Result model is shown on the Fig. 2. With the additional
research is connected the improvement with considering other

L

phase reciifier

Simulation model of the three-blade wind turbine with three—phase PMSG

effects on the I-V characteristic and the performance of the
photovoltaic panels. Evaluating of the effect of wind speed,
relative humidity, position of the PV panel will be part of the
long-term measurement and processing the data with the use
of the neural network model as described in the [7].

Results from the model are the I-V characteristics of
the photovoltaic panel. Comparison with the experimentally
measured data has been performed (see Fig. 3) to validate the
designed model.

Simulated IV curve for Solarwatt Blue 60P 240W at irradiance 250W/m?

3000

0000 -
0000 5000 10000 13000 20000 25,000 30000 35,000 40000
Voltage (v)

Fig. 3.
PV panel

Comparison of measured data with the simulated I-V curve of the

C. Solar collector model

Proposed model describes a flat plate collector. Input
parameters are the following:

e T, — inlet temperature of the collector [K],
e [ —irradiance in plate of the collector [W - m~2],
e T, — ambient temperature [K],

e  F. — volumetric flow rate of the collector [m3 - s71].
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Model of the flat plate solar collector

These parameters can be changed directly in the program
model. Other constants are loaded from the additional file
”parameters.m”. The constants are:

e A, — aperture surface of the collector [m?],
e 1), — optical efficiency of the collector [W],
e (- overall heat capacity of the fluid [J - K~1],

e U — overall heat loss coefficient of the collector
W-m=2. K71,

e V. — volume of the fluid in the collector [m3].
Model is based on the following equation:

dT.
dt

=1-Acma=U-Ac(Taps—To) +1n-cp-(Te—Tin)
(1)

pcpV

where:

e 7 [-] and «a [—] are the constants reflecting the
material properties of the absorber,

e [ is irradiance in plate of the collector [W - m~2],

e A, is aperture surface of the collector [m?],

e U is the heat loss coefficient of collector
W-m=2. K1,

o Ty is the temperature of the surface of the absorber
plate [K],

e T, is the ambient temperature [K],

e i is the mass flow rate of fluid [kg - s7!],

e ¢y is the specific heat capacity of fluid [J-kg~!-K 1],
e T, is the outlet temperature of the collector K],

e T, is the inlet temperature of the collector [K].

Presuming, that the density of the fluid p, specific heat capacity
of fluid c; and volume V' of the fluid in the collector are
constant and don’t depend on the temperature.

Block diagram of the model is demonstrated on Fig. 4

Simulation of the part of the system with flat plate collector
and heat exchanger has been done and Fig. 5 shows the results
of simulated temperatures. 7;, and 7, are the inlet and the
outlet temperatures of the collector, 77 is the temperature in the
output of the primary section and output 7% in the secondary
section of the heat exchanger. In the plotted graph is shown
the increase of the temperature in the time 0-20 000 s. After
that was turned on the circulation pump and the temperature
started to decrease until reached the steady state.

meoftset 0

Fig. 5. Simulation result of solar collector model
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D. Heat pump model

Basic air-water heat pump circuit diagram shown on the
Fig. 6. Model of the heat pump is based on the following
equations.

The received heat from the environment by the evaporator,
can be expressed:

Qevap = Gair * Cair - (T1 — T2) W] (2)
where:
®  Qqir is mass flow of air to evaporator [kg - s7!],
e  c,ir specific heat capacity of air [J - kg~!- K~1],

e Tj and T are input and output temperatures of the air

K].
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Fig. 6. Air-water heat pump circuit diagram

The energy input of refrigerant into the evaporator can be
defined as:

Qev = qref * Sev " Tev [W] (3)
where:

® gy is mass flow of refrigerant [kg - s7],

e s, is the entropy of refrigerant behind the expansion
valve [J - kg~ - K1,

e T, is temperature of refrigerant behind the expansion
valve [K].

Thermal power delivered by the compressor:
Qcomp = qref : (Sc - Sevap) : (Tc - Tevap) [W] (4)
where:

e s, is the entropy of refrigerant behind the compressor
[T kg™t K71,

®  Scuap is the entropy of refrigerant behind the evapo-
rator [J - kg=!- K1),

e T, is temperature of refrigerant behind the compressor
(K],

®  Teyqp is temperature of refrigerant behind the evapo-
rator [K].

Energy level difference of refrigerant in the expansion
valve:

Qc = Qref * (sco - sev) . (Tuo - Tev) [W] (5)
where:

® s, is the entropy of refrigerant behind the condenser

[J kg™t K71,
e T, is temperature of refrigerant behind the condenser
[K].

Subsequently,the heat flux of the refrigerant entering the
compressor can be expressed:

QcompIN = Qev + chap [W} (6)

Then can be expressed the heat flux input to the storage
tank reduced by the efficiency of the heat exchanger, which is
here considered equal to 75%:

Qup = (L= Qevw Ly 05w @)
Qref * P

where:
e ¢, is the heat capacity of the water [J-kg™1 - K~1],

e  (, is mass flow of water that inputs the accumulation
tank [kg - s~1].

Fig. 7.

Part of the heat pump model created in Matlab Simulink

IV. PROBLEMATICS OF ENERGY SYSTEM CONTROL

Following problematics in order with the development of
the energy sources in Czech Republic will be solved with the
use of the described model and their mutual connection.

With the increased penetration of RES into the distribution
network appeared new problems with control of these system
and their effect on the distribution system (DS)

A. Operational problems of PV systems

The development of photovoltaic power plants accelerated
by such support is over the useful need and possibilities of
the power engineering in the Czech Republic and also it is
over meeting obligations towards the EU. The development of
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renewable power sources is characterized by many doubts such
as:

e  changes in relevant legislation,
e  change the subsidy system,
e  changes in prices of individual technologies,

e limited integration of renewable power sources to the
electricity network,

e the issue of disproportion between production and
consumption from renewable energy sources (RES).

In the Czech Republic, in spite of an important increase in
the installed capacity of solar photovoltaic systems legislative
measures have been recently adopted that stopped this upward
trend. Restrictions for connecting renewable energy sources
in the CR are mainly in terms of power system operation.
Currently, it is possible to operate the following types of
photovoltaic systems:

e  Grid-on system

o Traditional photovoltaic plants connected to
the grid, which allows overflow of the elec-
tricity produced, if it is not utilized in place of
consumption.

o Among the traditional grid-on PV systems also
include the micro PV systems, which usually
consist of several photovoltaic panels located
for example on the balcony. These systems
are equipped of micro-inverter directly on the
panel. Even these miniature PV systems work-
ing in the parallel operation with the DS and
therefore, in practice, the overflow may occur
electricity to the DS although it may be at
proper design of protective components. This
type of PV plant requires connection to a func-
tioning distribution system for its operation.

e  Hybrid system

o Hybrid photovoltaic systems are equipped with
battery, charge controller and hybrid inverter.
Selected types of hybrid inverters can com-
pletely avoid the electricity supply to the dis-
tribution system. Hybrid inverters that do not
allow this function allow the supply of electric-
ity to the grid — this situation exists where the
battery is fully charged and the consumption
on site is ensured — that is similar like a grid-
on system.

o Utilization of equipment for optimizing con-
sumption and for minimization of overflows of
produced electricity (for example Wattrouter)
is not an optimal solution for unauthorized
supply to distribution system. The reason is
that the uncontrolled supply to the network
may cause voltage and frequency fluctuations,
or may negatively affect the regulation of small
community transformers.

e Island system
o Island photovoltaic system (grid-off) is not
connected to the electricity system. Their op-

eration and connection does not require per-
mission of the distribution system operator.

Currently, in Czech Republic are not supported new in-
stallations of PV systems - this is valid for installation as
from 2014. If the plant is not operated for business purposes,
the law does not require a license from the operator. For
business electricity production in power engineering can mark
each activity, which involves the supply of electricity to the
grid. This also applies to a situation where it is collected
green bonus, the purchase price or market price for electricity
generated. One of the problems that are currently being solved
is the reactive power compensation of photovoltaic power
plants.

B. Compensation for Photovoltaic Power Plants (PVPP)

In ideal case integration of PVPP into ESS (Electricity
Supply System) does not cause downgrade of power quality
in access point (point of common coupling). Power quality is
expressed by voltage quality. Ideal quality of electric power is
achieved if energy is still available; voltage has its rated value,
voltage waveform is a harmonic function with rated frequency
and particular phases of voltage are symmetric.

Parameters of power quality are the following [8]:

e Root Mean Square (RMS) value of voltage,
e frequency,
e  shape of waveform,

e  voltage symmetry.

Intensity of affecting these parameters by PV system is
determined by short—circuit power of network in point of
common coupling (pcc) and PV system. Voltage waveform
and phase symmetry is set mainly by a technological quality
of inverters and particularly by installation elements of PV
system, e.g. low/medium voltage cables, transformers. These
parameters are not cared with higher interest because of
satisfactory level.

Most substantial parameters are frequency and RMS value
of voltage. Network frequency is continuously controlled by
dispatching which governs balance between active power pro-
duction and consumption. PV system belongs among hardly
predictive sources linked to weather condition. Therefore it is
necessary to identify maximal quota of photovoltaic energy
in whole production mix of country with respect to weather
changes. At the same time unlimited integration of photo-
voltaic energy is a new challenge for power engineering such
as energy accumulation or fast back-up power supplies.

Monitoring and controlling voltage in ESS is similarly
the key aim of power engineering. Method is based on
reactive power control in chosen nodes of network. Large
photovoltaic plants should by included into controlled nodes
but specific manner depends on legislative background. For
example photovoltaic plant in Czech Republic above 400 kWp
must be equipped by dispatching reactive power control unit
which enables to system operator to modify power factor
from 0.85;,,4 t0 0.95.4,. Whole photovoltaic plant has several
elements which determine the final character of installation
from point of view of reactive power. It is necessary to take
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into account following components which are present after pcc:

[8]
e invertors,
e low voltage conductors,
e transformers,
e medium voltage cables,
e medium voltage lines,
e  capacitor compensating transformers loses.

To obtain total reactive power it is necessary to sum
up mentioned power elements with appropriate sign. Final
value corresponds with no-load state (when the power flow
from power plant to grid equals zero). Particular reactive
power elements within PV installation change by escalation
of electricity production. And therefore final reactive power
of PV system at pcc changes with active power variations.
It is practically impossible to draw the specific characteristic
of PVE reactive power. Generally the following processes are
valid.

Inductive
3000 240
P (W) Q(vAn
2500 200
2000 160
1500 120
1000 80
500 40
o o
time(00:00.24:00) |\ [
500 <0
—P W) Q(van capacitive

Fig. 8. Typical characteristic of powers (3 MWp PV plant) 8], [9]

Cables and lines become less capacitive by loading and
from specific point —natural load of line — they are inductive.
Transformers are more inductive by loading. These elements
are describable however the most problematic for description
is inverter. It is able to keep constant power factor except
low loading when the most of them are capacitive. Typical
characteristic of centralized photovoltaic power plant of size
3 MWp is on Fig. 8. These characteristics (Fig. 8) correspond
with characteristics of photovoltaic plant measured in medium
voltage side of transformers. Involvement of MV cable would
cause off-set of reactive power curve to more capacitive values.
Power compensation for photovoltaic power stations is only
one of the important operational criteria, which is especially
important in terms of connecting power plants higher perfor-
mances (above 100 kWp) in the electricity system. The next

basic parameter of the operators of photovoltaic power plant
could be operating performance (PR).

V. CONCLUSION

Paper describes the present research in the field of energy
systems modeling and the problematics of their control. With
legislative changes in Czech Republic and the high PV power
plant installation is next research focused on the optimization
processes and their effect on the grid. Specially, the active
and reactive power regulation and compensation has the con-
siderable effect on the power quality. Additional research is
also focused on the control of the energy flows in smaller PV
plants, where is not desirable to allow the energy to be feeded
to the grid.

Therefore, creation of the models, their validation and
improvement will continue. Models of the entire energy system
will provide more complex view on their behavior and helps
to optimize the control systems and their logic.
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Popis ¢lanku a jeho vyznam pro reseni dizertacni prace

Clének byl prezentovany v ramci mezindrodni konference WSEAS — 13th International
Conference on Heat Transfer, Thermal Engineering and Environment (HTE’15). Auto-
riv pfinos navazuje na dosavadni zkusenosti s modelovanim energetickych celki a jed-
notlivych prvkd. V rdmci ¢lanku je prezentovan popis solarniho systému a sestavenych
matematickych modell tepelného systému (soldrni kolektor, tepelny vyménik, tepelné
cerpadlo).

Prezentované modely tepelnych systému tématicky spadaji do oblasti dizertacni prace,
jelikoZ hybridni energeticky systém vyuzivajici kombinaci riznych zdroji s akumulaci
Ize realizovat i prostfednictvim uvedenych tepelnych zdroji a akumulacnich prvki. Za-
méfeni na tuto oblast vyzkumu Ize odivodnit feSenim projektt spoluprace s primyslem
na Ustavu elektroenergetiky, do kterych byl autor zapojen. Hlavni diiraz je dale kladen na

elektrické hybridni systémy.
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Abstract: - In connection with the development and the growing integration of renewable energy sources into
energy systems, it is still important to work on options for optimization of energy processes. The issue of
energy systems for low energy buildings is currently the basic trend in reducing energy demands of buildings
and is in accordance with the requirements of sustainable development. There are defined the conditions for
correct approach in the design of energy systems with heat pumps and solar systems and there are presented
selected results from the modeling of operational states of this sources.

Key-Words. - Energy, Heating, Solar collector, Heat pump, Modeling, Matlab, Alternative energy

1 Introduction

Efficient energy use in buildings is one of the
primary aims of the current situation in the use of
alternative energy sources. One possible way to
achieve this set target is to increase the share of
renewable energy sources (RES) in buildings.
Sustainable systems using renewable power sources
can have a positive effect on increasing the reliability
of energy supplies and reducing greenhouse gas
emissions. Using combined systems consisting of
renewable  power  sources and  efficient
implementation of related measures in the
construction and technology projects, there can be
reduced operating and capital costs. [1]

Heat supply systems, using alternative energy
sources come to the fore mainly due to the possibility
of its perspective application regarding the limits of
fossil fuels, decentralization of thermal energy
production. Given the fact that the prediction of
power supply from systems with alternative energy
sources because of its dependence on the operating
conditions becomes very difficult, it is necessary
regarding design of such systems to follow certain
principles. As it is typical for every energy source
also renewable energy sources and have its
advantages and disadvantages. It is not possible to
evaluate such sources in the absolute scale because
local conditions may completely exclude some
sources, although, according to economic indicators
such sources would be favorable. In some cases, the
high investment costs offset an extremely low
operating costs and minimal maintenance. Subsidies

play an important role for sources with high specific
investment costs and lower annual utilization. The
operational experience shows that capital-intensive
sources generate heat at a favourable price, because
they have very high annual utilization. [2]

Regarding energy balance of building structures
the decisive factor is the amount of energy needed for
heating and hot service water. This is influenced by
the fact that to cover the requirements for heating and
hot service water the energy consumption is up to
80% from total energy demands of buildings. The
remaining amount of energy is consumed in common
operation. Regarding the requirement to reduce
energy consumption and with when parallel
introducing new technologies in the field of power
sources, the requirements for technological and
structural design of new buildings change. Building
materials and constructions change and increasingly
there emerge concepts of low-energy and passive
houses. The most frequently used alternative power
sources in our country are solar systems and heat

pumps. [1]

1.1 Conception of Heating Systems

As was mentioned the actual design of a thermal
system with alternative power sources will also
depend on the design of the building and used
construction materials. Different principles apply to
the designs of systems in masonry buildings and
different in wood-based constructions. The research
results showed that for light construction (timber
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construction) it is advisable to choose a heating
system, hot water (low temperature) or direct
heating, hot air heating systems in these buildings
appear to be unsuitable because of excessive
reduction in indoor air relative humidity. Such
heating system should be controllable as quickly as
possible.  General requirements for control
measurements in these structures are much more
significant issue than in buildings with heavy
building materials. In contrast, the brick building is
convenient to choose hot or hot-air heating system,
while direct heating is unsuitable for this type of
buildings because the main disadvantage of such
system is the high operating costs primarily
associated with large accumulation areas (heavy
building materials). Within the modern building
constructions the great emphasis is put on
ventilation. Where natural ventilation is inadequate,
then it is necessary to apply forced ventilation. Units
of forced air heating and ventilation may be in these
buildings (with heavy constructions) well suited to
keep the relative indoor air humidity in standardized
and therefore wholesome values. Results of research
in the design of energy systems for low energy
buildings define the basic conditions for the design.

— — —[>-hasa-

—rie [ < IS0~ Structure
Building

Storage Heater Heat Grwat
systom i source ), WP

Wauwat
W

W

Ariair
P

(Condonsing
boller

Fig. 1 Taxonomy of basic classes related with the
design of energy system [1]

These conditions are based on the defined
relations between the building (construction
materials, location, local conditions, building
orientation) and the energy system, including
relations between its components (source type, type
of heating system, storage system, control system) —
see Fig. 1. The results show that there is a very close
correlation between the choice of energy system and
the type of low-energy building. The choice of the
energy system in the context of the type of
construction has an impact not only on the internal

microclimate, but also on the economics of the
operation of the energy system. [2]

2 Mathematical Simulation Parts of
Heating System

The following sections describe the mathematical
models of the solar collector and heat pump prepared
for the possibility of verification and optimization of
their operating conditions.

2.1 Model of Solar Collector

In this part is described the mathematical model of
simple flat plate solar collector which works with
the divided heat exchanger.

Solar heat systems present the alternative
ecological way of heat production. The main focus
of this research is aimed on heat produced by the
solar thermal collectors, therefore their functions
and types are further described.

Simulation of the different states in the heat
systems is the important part of their design. Matlab
Simulink software is suitable for solving the
differential equations describing the dynamic states
and behavior of the system. Each element of the
system can be taken and described with the use of
mathematical relations. Based on that, simulations
blocks can be created and further connected. This
allows the additional changes of the input
parameters, determination of the effects of the
linked blocks and estimation of the output
parameters without need of the real device. [5]

2.1.1 Mathematical Solar
Collector

Solar collectors are designed to absorb solar

radiation and convert it into thermal energy. It is

necessary to point out that even the collector is

important component, the entire system’s efficiency

depends on the quality of all the components.

An absorber is the part of the collector which
receives the solar radiation. This is usually black or
dark-colored surface. Additional special coating
helps to reduce the re-emittance — the amount of the
radiation that is lost as the absorber gets hot. These
special coating are called the selective coatings. The
collector’s efficiency can be optimized by a special
combination of dark and selective surface and lower
absorber temperature. [4]

Absorbers contain manufactured pipes or
passageways in which flows the fluid. The
construction of the absorber affects the rate at which
is the heat transferred to the fluid. When the fluid

Description  of
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moves through pipes, the natural resistance from the
sides of the pipes causes friction. The higher the
resistance, the slower the fluid will move and will
potentially require a bigger pump.

Next part of the collector is the cover (made
from glass or plastic) which eliminates the heat
losses to the air and protect the selective surfaces
from moisture, contaminants, wind and mechanical
damage.

For mathematical modeling we have chosen a
flat plate collector, where the fluid absorbs the heat
from the sun reduced by the heat loss to the ambient
air. Schematic diagram is shown on the Fig. 2. [6]

Fig. 2 Schematic diagram of a flat plate collector

Heat absorbed from the Sun can be described by
equation (1) and heat losses of collector by equation

(@: 151171

Qs=1-4A-7-a (W) (D
QL=U-A¢" (Tabs - Ta) w) @)
where

e 7 () and a (-) are the constants reflecting the
material properties of the absorber,

e [ is irradiance in plate of the collector (W-m2),

e Ac is aperture surface of the collector (m?),

e U is the heat loss coefficient of collector
Wm>K™,

o Tas is the temperature of the surface of the
absorber plate (°C),

e T, is the ambient temperature (°C).

In case of the flat plate collector, the heat loss
from the top side is prevailing, so we can neglect the
other ways.

Heat transferred to the fluid is expressed by the
equation (3):

Qe =m-c - (T,—Ty) W) (3)

where

e is the mass flow rate of the fluid (kg's™),

e c is the specific heat capacity of the fluid
(kgtech),

o T, is the outlet temperature of the collector (°C),
e T, is the inlet temperature of the collector (°C).

With the use of the equations (1)~(3) can be
written the differential equation for the outlet
temperature of the collector:

prcVEE=I-A-T-a—U-A-
(Taps —Ta) + -+ (T, — Tin) 4
It is presumed, that the density of the fluid p,
specific heat capacity of fluid ¢ and volume Vof the
fluid in the collector are constant and don’t depend
on the temperature.
Simplified temperature of the absorber’s surface
is calculated as the average according the equation

).
Tin+T,
Tavg = mz < w) Q)
The correction factor [—] reflects the radiative
and convective heat loss from the absorber plate.
Equation (4) than can be rewritten into equation

(6):

prc %=I'A'T'O('K—U'AC'K'
(Tavg _Ta)+m'c'(Tc_Tin) (6)

Following substitution is performed:

e 7oK is substituted with the optical efficiency of
the collector 1, (—),

e UK is substituted with the overall heat loss
coefficient of the collector Uy (W-m2>K™),

e p-c 'V is substituted with the overall heat capacity
of the fluid C (J-°C™),

e 1 is substituted with the volumetric flow rate of
collector and the density of the fluid Fop (kg's™).

The equation (6) can be rewritten into the

equation (7) using the substitution:
dT. _ I'Ane _ UpAc
at ~ ¢ c

. (Tavg - Ta) + % ) (Tc - Tin) (7)

2.1.2 Block diagram in Matlab Simulink

In the Fig. 3 is shown the created model according
the equation (7). Input parameters are the following:
e T, —inlet temperature of the collector,

e [ —irradiance in plate of the collector,

e T, —ambient temperature,

e F.—volumetric flow rate of the collector.

These parameters can be changed directly in the
program model. Other constants are loaded from the
additional file "parameters.m". The constants are:

e A — aperture surface of the collector,
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1, — optical efficiency of the collector,

C — overall heat capacity of the fluid,

U, — overall heat loss coefficient of the collector,
V¢ — volume of the fluid in the collector.

Fig. 3 Block diagram of a flat plate collector

The result from the simulation is the outlet
temperature of the collector T..

T
T i

Fig. 4 Simulation result of the T,

In the Fig. 4 can be seen the simulation result in
time from 0-200 000 s. In time 0-20 000 s is the
temperature rising because of the zero flow in the
collector (F. =0 m’® - s"). In the time 20 000 s has
been turned on the circulation pump and the fluid
started to transfer the heat to the heat exchanger.

2.1.3 Model of Solar System

Simple solar system consisting of the solar collector
and the heat exchanger described by the equations
(8) and (9) is presented. Block diagram is shown in

the Fig. 5.

arT: F, U-A

a =y Te=T) = (T = T2) ®)
dar. F, U-A

a =y Ta=T) = (T = T2) ©)

e = =}

Fig. 5 Block diagram of solar system

:

T Fo T Tosgan Py
Priimiary section Beoondary seion
TaTacae Fu T Mo e

Fig. 6 Diagram of heat exchanger

Heat exchanger is in this case considered as the
tank divided into two parts (Fig. 6). Between these
partitions is the heat transferred. This simple
solution is used in the initial phase of the simulation
testing and will be further improved to the
accumulation tank that allows the use of multiple
energy sources.

Tr°cy

Fig. 7 Simulated results of temperatures in solar
system
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Fig. 7 shows the results of simulated
temperatures in the inlet T and outlet T. of the
collector and also the temperatures in the output T,
of the primary and output T, of the secondary
section of the heat exchanger. It is presumed, that
the cold water entering the heat exchanger on its
secondary side has 10 °C. For the simulation
purposes is set the following initial conditions
(0)=Te=25°C, T(0)=T,(0)=Tiwn=10°C.

2.2 Model of Heat Pump

The main function of the HP is to pump heat from
low temperature heat sources to high temperature
heat sinks, thus providing both comforts heating and
cooling. Conventional HP includes basic items such
as evaporator, compressor, condenser and expansion
(throttling) valve. Those components have different
parameters and possess different operational
characteristics,  particularly  under transient
conditions. It is conceivable, that the transient
behavior of the integrated HP system is quite
different from those of the single components.
However, it is possible to force the heat from a
source at a lower temperature to a sink at a higher
temperature using a relatively small quantity of
mechanical work.

2.2.1 Mathematical Description of Heat Pump

In Fig. 8 is shown the basic monovalent connection
of heat pump in energy system with thermal energy
accumulation.

The basic criterion for evaluating the operational
characteristics of heat pump is heating factor. Heating
factor (COP) is defined as the ratio of the heat Qpp
(heating capacity) and the energy required for hot
swapping of Wyp. It expresses how many times we
get more energy than we bring in the form of drive
energy (electricity). Energy heating factor can then be
defined by a simple equation (10). [3]

COPzﬁ ) (10)
P
Suggestion of heat pump’s simulation has been
created with validation on a specific heat pump.
However, a description of all the changes which
take place in the heat pump circuit specially
describing the refrigerant is considerably more
difficult. Therefore simulation considers some
simplifications.
e In the entire heat pump system is considered a
constant mass flow of refrigerant g,.,.
e The simulation calculates the energy value of
the sub-components. When some value is
changed, the impact on the other calculations in

compliance with precision of the calculation
has to be considered.

0s9., Oy 4,Co

Fig. 8 Technological scheme of heat pump

In this simulation it is necessary to know
temperatures between individual sub-components
and then enthalpy of the refrigerant can be
determined.

The energy of refrigerant entering into an
evaporator:

Qev = qre/ ! Sev : Tev (W) (1 1)

The heat flow received from the environment
through the evaporator can be expressed:

Qevap = qair 'ca (Tl _T2) (W) (12)

Thermal power delivered by the compressor into
a refrigerant:

Quamp = ql‘ef : (su - Sevap) ! (TL - chap) (W) (13)

The energy input of refrigerant into the
expansion valve:

QC(WI(]' = qrq/ ' Sc() : Tc() (W) (14)

Subsequently it can be expressed, that the heat
flux input to the storage tank is reduced of the
efficiency the heat exchanger, which is around
70-80%.

Equation (14) is used for the calculation as a
simplification, because the s, and 7,, are not
known. It presumes Ocong = Oevap-

| Qs O+ Oy ~Qurs .
SLII - St
2

QHI’ q,\- 'Qz (W) (15)

Grer *

The simulation uses increments of energy
obtained by the heat pump. In this simulation the
energy inputted to an accumulation tank means that
this energy is not dependent on the temperature of
water output from the accumulation tank into the
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condenser. The calculation of mass flow of hot water
into the accumulation tank is determined:

SCU - sL'

Drer * :
g =| —2 | (kgs) (16)

For equations (11) — (16) are defined the
following variables:
® g/, qar - mass flow of refrigerant, air entering
into an evaporator (kg's™)

e g, - mass flow of water input to the
accumulation tank (kgs™)

® s, , S - entropy of refrigerant behind the
expansion valve, the compressor (Tkg'K™)

® Sewp » Sco - entropy of refrigerant behind the
evaporator, the condenser (Jkg'K™")

o Ty, Tevqp- temperature of refrigerant behind the
expansion valve, the evaporator (K)

o T., T, - temperature of refrigerant behind the
compressor, the condenser (K)

e T, T, - input and output temperatures of the air
(K)

e ¢,, c - specific heat capacity of air, of water
Okg'"K ™)

e .- the efficiency of the compressor (-)

3 Conclusion
Previously, the theoretical parameters of the solar
collector with addition of their simplified
mathematical description were described. On this
basis were created the mathematical models in
Matlab Simulink. Initially, the behavior of the
model was briefly demonstrated and is suitable for
further validation. For the described model were
neglected some of the parameters. For example it is
presumed the constant density and specific heat
capacity of the fluid. Furthermore were neglected
the heat losses of the bottom and sides of the
collector, because the heal loss of the top side is the
prevailing. In the following research will continue
the integration of the solar collector into the model
of a solar system with additional energy source. The
model of the collector can be extended with other
solar heat collectors types, as has been described
previously. After that, the difference between the
simulated results and values measured on the real
device can be compared and evaluated.

By comparing the results obtained from
mathematical modeling with real values measured on
a physical model of heat pump, it can be stated that

the chosen mathematical description of the heat pump
is very close to the real parameters. This
mathematical model could then be usable in a
practical design for determining the type and the
performance of heat pump for a particular object.
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Popis ¢lanku a jeho vyznam pro reseni dizertacni prace

Clanek prezentovany na mezindrodni konferenci WSEAS — 8th International Conference
on Environmental and Geological Science and Engineering (EG ’15) popisuje trend roz-
voje FV systémii v CR v souvislosti s legislativnimi zménami. Ze strany provozovatelt
FVE je kladen diiraz na optimalizaci a detekci defektl na stavajicich instalacich.

Autofi ¢lanku shrnuji vysledky provoznich méfenich na FV instalacich se zaméfenim
na diagnostiku defektu typu PID (Potential Induced Degradation). Autor dizertacni prace
se vyznamné podilel na realizaci provedenych méfeni v terénu a zpracovani méfenych
dat, pficemz vytvoril vlastni skripty v programu Matlab pro zpracovini méfenych dat.

Pfinosem provoznich méfeni v terénu je predevS§im vyznamné rozsifeni znalosti a po-
védomi autora dizertacni prace o principech a chovani FV zdroju, které se nasledné uplat-
nily v oblasti validace vytvorenych modelit FV ¢lanku.

Publikovany ¢lanek byl editorem sborniku konference doporucen pro publikovéni roz-

Sitené verze v impaktovaném Casopise Energies.
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Abstract: - In connection with the development and the growing integration of renewable energy sources into
energy systems, it is still important to acquire knowledge concerning the vice of their operational
characteristics. Article is focused on the operation of photovoltaic power plants in the conditions of the Czech
Republic. It describes the practical experience with in-field inspection and measurements.

Key-Words. - Photovoltaic, Degradation, Testing, Reliability, Operational Diagnostics, PID

1 Introduction
In the Czech Republic (CR), in spite of an important
increase in the installed capacity of solar
photovoltaic (PV) systems legislative measures have
been recently adopted that stopped this upward
trend. Restrictions for connecting renewable energy
sources in the CR are mainly in terms of power
system operation.

Currently, it is possible to operate the following
types of photovoltaic systems:

e Grid-on system

o Traditional photovoltaic plants
connected to the grid, which allows
overflow of the electricity produced, if it
is not utilized in place of consumption.

o Among the traditional grid-on PV
systems also include the micro PV
systems, which usually consist of several
photovoltaic panels located for example
on the balcony. These systems are
equipped of micro-inverter directly on
the panel. Even these miniature PV
systems working in the parallel operation
with the DS and therefore, in practice,
the overflow may occur electricity to the
DS although it may be at proper design
of protective components. This type of
PV plant requires connection to a
functioning distribution system for its

operation.
e Hybrid system
o Hybrid photovoltaic  systems are

equipped with battery, charge controller
and hybrid inverter. Selected types of

hybrid inverters can completely avoid
the electricity supply to the distribution
system. Hybrid inverters that do not
allow this function allow the supply of
electricity to the grid — this situation
exists where the battery is fully charged
and the consumption on site is ensured —
that is similar like a grid-on system

o Utilization of equipment for optimizing
consumption and for minimization of
overflows of produced electricity (for
example Wattrouter) is not an optimal
solution for unauthorized supply to
distribution system. The reason is that
the uncontrolled supply to the network
may cause voltage and frequency
fluctuations, or may negatively affect the
regulation  of  small  community
transformers.

e Island system

o Island photovoltaic system (grid-off) is
not connected to the electricity system.
Their operation and connection does not
require permission of the distribution
system operator. Within the island
system can occur the frequency
deviations according to the generated
power, which can have negative effect
on rotation machines. This depends also
on the quality of used inverters and their
fast response time.

The development of photovoltaic power plants
accelerated by such support is over the useful need
and possibilities of the power engineering in the
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Czech Republic and also it is over meeting
obligations towards the EU.

In accordance with the Directive of the European
Parliament and Council 2009/28/EC there were
defined the target values of the quota of renewable
sources and the method of its calculation. According
to the mentioned directive there must be in CR by
2020 covered the energy produced from renewable
sources 13% of all energy consumption (heating and
cooling energy, electricity, fuels for transport). It is

the fact that the distribution of fixed quota of RES in
the various types of energy is the responsibility of
every state within EU. [1]

In Fig. 1 is shown the progress of installed
performance of PV systems in CR for the period
2007 to 2014. It is seen that between years 2009 to
2011 was the increase of installed power of PV
systems very dynamic. The reason was the high
state support in the purchase prices of the electricity
produced from this energy source.
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Fig. 1 Development of PV installations in Czech Republic (2007 —2014) [6]

Currently, in Czech Republic are not supported
new installations of PV systems - this is valid for
installation as from 2014. If the plant is not operated
for business purposes, the law does not require a
license from the operator. For business electricity
production in power engineering can mark each
activity, which involves the supply of electricity to
the grid. This also applies to a situation where it is
collected green bonus, the purchase price or market
price for electricity generated.

Mainly because of high installed capacity of PV
power plants and also regarding decreasing
investors’ efforts there were set new purchase prices
of electricity produced from such sources. For
illustration is in the Fig. 2 shown the development
of purchase price between the years 2005 to 2014.

Regarding the new measures there are by the
operators increasingly controlled technical and
operational parameters of photovoltaic power plants.

For most PV power plants there is by a supplier
guaranteed five-year warranty on mechanical
properties of panels and 25 years on performance

parameters. However, there are many possibilities
when PV panels do not match the declared
parameters, which have a negative impact on overall
energy and economic efficiency of operated
photovoltaic power plant.
The main causes of defects in the PV panels can
be divided into several categories:
e Different  technological level of
production regarding producers.
e Mechanical damage for example during
transportation.
e Effect of adverse environmental impacts.
e Improper installation of the PV system.

2 Potential Induced Degradation

In connection with efforts to increase the efficiency
of energy production from photovoltaic power
plants in the Czech Republic began at the end of the
year 2014 the discussion about the problem of
performance  degradation of PV modules
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Fig. 2 Development of purchase prices between years 2005 to 2014 in CR [6]

consequence the high voltage stress (Potential
Induced Degradation - PID). PID is a phenomenon
that’s been existing for several years. It is a problem
occurring on many photovoltaic panels resulting to a
downgraded performance of solar panels. PID was
first recognized in 1970’s and from then on, a lot of
studies have been geared towards assessing the
causes of this occurrence.

Based on studies carried by several significant
institutions (NREL, SolarEnergy, EERE, PI Berlin)
have been defined the conditions and causes of PID:
(7]

e Environmental factors.

o Relative humidity.

o Temperature.

e System factors.

o At the system level, the most significant
impacts are the modules voltage
potential and sign, which depend on both
the modules position in the array and the
system grounding topology. There are
numerous  considerations  affecting
system and inverter classification, but for
the purposes of PID, the inverter can be
classified based on the voltage
experienced by the arrays. PID is most
often associated with a negative voltage
potential to ground.

e Module factors.

o The choice of glass, encapsulation, and
diffusion barriers has all been shown to
have an impact on PID.

e Cell factors.

The domain pathway to cause PID is via the
front sheet as glass to the frame. Higher leakage
currents can be caused by water entering the solar
module causing the encapsulation material to
become more conductive. So far the potential
degradation mechanism is not monitored by the
typical PV tests listed in IEC 61215. [8] It is known
that metal ions such as Na+ formed from the oxides
of the module glass can drift toward the cell if the
cell is biased negatively. [9]

But there is also the standard IEC 61646. Both
standards have a similar testing sequence and they
differ only on the requirements for power
degradation. In the IEC 61646 standard is included a
further final investigation to evaluate the effect of
power degradation due to light exposure (LID —
Light Induced Degradation).

As the actual progress of PID detection became
more desirable, simple in-field methods which can
adequately confirm the PID are tested.

Measuring of the insulation resistivity by use of
high voltage, can be one of the ways that can
indicate the PID. [4]

Another way is using intelligent PV module
analyzers (such as TIGO), where is evaluated the
actual power of each panel in the string, and is
automatically detected the decrease in the power
production. Disadvantage of this solution is the
additional investments on the installation.

As a compromise can be considered the on-site
measurements of operational parameters, which, if
properly done, can indicate multiple faults within
the PV plant installation.

Based on the available information, there have
been several operational measurements at various
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PV installations in the country. The results of these
measurements and subsequent analyzes far indicate
that the incidence of PID in our conditions is very
low.  Demonstration of analysis  process
measurement and discussion of the results is
discussed in the next section of this paper.

3 Operational Measurements

In order to detect the faults and defect in the PV
plants installations, the proper inspection and
validation of the available documentation should be
performed prior to the measurements.

The following methods are generally used for PV

panel’s diagnostics:

e Infra-red camera — Suitable for detecting
defects on the cell level of the PV panel.

e Electroluminescence imaging — Used for
detecting the defects in the structure of the
cell which are not detectable by visual
inspection.

e Flash tester — Allows the I-V curve
measurements under artificial and controlled
condition.

e Operational I-V characteristic measurement —
Uses special analyzers to determine the
panel’s parameters.

3.1 Inspection According to the Standard
CSN EN 62446

The standard CSN EN 62446 [2] sets basic
requirements and a  description of the
documentation. It describes a procedure for
inspection of the DC wiring, surge protectors, AC
system, recommendation regarding the setting and
wiring of the inverter. Furthermore, there are
requirements for safety, signs and labels. During the
initial inspection, in case of loss of documentation
or periodic inspection, the check of the string wiring
and proper polarity, measuring of the voltage at
open circuit and short circuit current should be
performed. Correct settings of the protections
should be verified.

Operational measurements to check of the
maximum power point tracker (MPPT) function,
measuring the parameters in maximum power point,
to compare string power with another or with
expected values can be used to analyze the real state
of the power plant. The measurements must be
performed with the stable ambient conditions during
the measurements. The standard IEC 61215
considers the condition stable, when there is change

of the irradiation lower than 5% during the
measurement.

The output of the initial or periodic inspection is
the protocol, with the measured values and
completed checklist. The model protocol and
checklist are the appendices of the CSN EN 62446
standard. The infra-red (IR) camera testing is
recommended as the additional method for
inspection.

3.2 Description of the Inspection Performed

on the 600 kWp PV Plant
The inspection has been performed due to lower
revenues, which could have been caused by PID.
The PV plant contained polycrystalline PV panels
connected in strings of 17-18 panels. Neither of the
DC poles has been grounded. During the inspection
have been measured I-V curves of the individual
strings. In case of the suspicious strings with lower
power have been measured individual panels in
affected string.

For measuring of the I-V curves has been used
the Metrel MI3108 Eurotest PV, that measured the
I-V curves, temperature of the panel, and irradiation.

Results of the measured parameters are shown in
Table 1. It can be seen, that the panels parameters
do not match the nominal values. The . is higher
than it is intended to be. Also, the maximum power
is about 7% lower than its nominal value.

Table 1 Nominal and measured parameters of the

tested PV panel at STC
L5 nom 7.98 A Lesrc 8359 A
Uoc.nom 438V U, s1c 431V
) ——— 7.63 A Lupp.sic 7.96 A
Unipp.nom 367V [ 330V
Prppnom 280 W Poppsic 260 W
I curve of measured PV panel
o 300
g {270
§ 8r BV
= (&)
=T H210 53
g 8 160 £
g 5 —150?
% 4 JimE
£ Jn 2
< o
! Jan
0 . . . . . . , . )
o & 0 15 1 2 a0 3 4 45

Woltage of the PV panel/string at STC (V)

Fig. 3 I-V curves of the tested PV panel
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The example of the measured I-V curve is shown
in the Fig. 3. There is no mismatch on the curve
caused by the defects or shadowing of the panel.

The results of measured power in maximum
power point (Py,,;) recalculated according CSN EN
62446 to the standard test condition (STC) values
and the percentage difference compared to the
nominal value of the panel which is 280 Wp are
shown in the Table 2.

Results of 1™ string indicate no problem in the
string. The decrease of PSTC varies randomly and
probably is caused by the differences during the
manufacturing.

The 2™ string indicated lower power in string
measurements. During measuring the individual
panels has been found out, that the string contained
defect panel.

The difference compared to its nominal value is
75%. The bypass diodes of the panel have working
properly therefore has been recommended to change
this defect panel.

The 3" string has been found out the global
decrease of the STC power. This could be caused by
degradation of the panels or dust. Also has been
detected the loose connector, that didn’t provide
adequate interconnection.

The inspection also confirmed, that there are
additional defects, maintenance and design errors on
the panels. Example of defects and improper
mounting can be seen on Fig. 4 and Fig. 5. The error
of design is in the parallel interconnection of three
strings on each inverter. During inspection have
been detected parallel connections of strings with
different number of panels in series.

Table 2 Results of measuring the Pgrc of individual panels in selected strings

String 1 String 2 String 3
Pstc (Wp) | AP (%) Pstc (Wp) | AP (%) Psrc (Wp) | A P (%)

Panel 1 269.3 -3.82 | Panel 1 258.0 -7.86 | Panel 1 254.3

Panel 2 263.3 -5.96 | Panel 2 262.0 -6.43 | Panel 2 258.2 -7.79
Panel 3 258.7 -7.61 | Panel 3 2574 -8.07 | Panel 3 259.6 -7.29
Panel 4 259.4 -7.36 | Panel 4 262.0 -6.43 | Panel 4 259.7 -7.25
Panel 5 262.2 -6.36 | Panel 5 70.0 -75.00 | Panel 5 257.6 -8.00
Panel 6 269.8 -3.64 | Panel 6 259.8 -7.21 | Panel 6 262.1 -6.39
Panel 7 274.8 -1.86 | Panel 7 267.9 -4.32 | Panel 7 259.1 -7.46
Panel 8 288.3 2.96 | Panel 8 267.0 -4.64 | Panel 8 254.9 -8.96
Panel 9 291.6 4.14 | Panel 9 262.1 -6.39 | Panel 9 255.1 -8.89
Panel 10| 298.6 6.64 |Panel 10| 2722 -2.79 |Panel 10| 254.7 -9.04
Panel 11| 2819 0.68 |Panel 11| 268.4 -4.14 [Panel 11| 2622 -6.36
Panel 12| 270.2 -3.50 |Panel 12| 271.0 -3.21 |Panel 12| 256.5 -8.39
Panel 13| 275.1 -1.75 |[Panel 13| 273.2 -2.43 [Panel 13| 260.2 -7.07
Panel 14| 267.3 -4.54 | Panel 14| 271.3 -3.11 |Panel 14| 260.4 -7.00
Panel 15| 269.3 -3.82 |Panel 15| 270.4 -3.43 |Panel 15| 263.9 -5.75
Panel 16 | 271.2 -3.14 |Panel 16| 268.0 -4.29 |Panel 16| 2659 -5.04
Panel 17| 271.2 -3.14 |[Panel 17| 267.5 -4.46 |[Panel 17| 261.1 -6.75

) 46422 b 43282 ) 4 405.5
Legend (%)
5 | o [ s

Fig. 4 Improper panel mounting

Fig. 5 Delamination in the structure of the panel
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4 Conclusion

According to the actual state of PV power plants in
CR, when new installations are no more installed,
the main goal is to increase the operational
efficiency of the existing installations.

The current research is focusing on degradation
of the panels and their parameters validation, so the
PV plants meet their designed values. Nevertheless,
improper maintenance, low quality design and
components, can result into severe energy drops,
that reduces the effectivity of entire power plant.
The methods of detecting the faults and evaluation
of the PV plants parameters are presented in the
paper. Additional research is connected with
detection of the PID, its proper detection and
evaluation of the energy losses caused by the defects
and faults in the PV plant’s installation.

Current results of operating measurement for PV
installations in the Czech Republic show a very low
incidence of PID. We believe that this is mainly due
to the specific operating conditions in the Czech
Republic (environmental aspects) and also the due
the fact that most of PV systems are operated
mainly at voltages up to 1000 V DC.
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Popis ¢lanku a jeho vyznam pro reSeni dizertacni prace

Rozsifend verze predchoziho Clanku publikovand v impaktovaném Open Access Caso-
pisu Energies — vydavatel MPDI AG, Impact Factor: 2.077 (2015). V ramci ¢lanku jsou
podrobné rozebrany priciny vzniku defektu typu PID a uvedeny moZnosti jeho detekce.
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ren, pricemZ na vSech méfenich se autor dizertacni prace podilel, zpracoval a analyzoval
vyslednd data. Provedené prohlidky a méfeni na uvedenych FVE nepotvrdily defekt typu
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taickych systému realizované pod MPO. Autor dizertani prace pusobi jako Clen lek-
torského sboru pfi Skoleni uchazecd o tuto kvalifikaci a podili se na zajisténi praktické

zkousky pro udéleni odpovidajictho osvédceni.
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Abstract: Fundamental changes concerning the development of photovoltaic (PV)
installations in the Czech Republic (CR) have occurred after 2010. The limits (and
subsequent termination) of support for the newly installed PV power plants (cancellation of
purchase prices for produced electricity) were the most important. This change of approach
was advised by the relevant state authorities before the end of the year 2010 and resulted in
a massive increase in PV installations during 2010. The goal of investors was to get more
favorable conditions for the purchase of the electricity produced. A considerable amount of
PV installations had been registered by the end of 2010, which do not reach the projected
operating performance—this is caused by errors during installation and in many cases by
inappropriately used (poor quality) components. This paper is focused on the operation of
PV power plants in the conditions of the CR. A final analysis of the operational
measurements performed and potential approaches and methods applicable to operational
diagnosis of defects on PV panels are presented. A brief mention is also made of the
economic situation of PV systems operating in the current legislative conditions in the CR.

Keywords: photovoltaic (PV); degradation; testing; reliability; operational diagnostics;
potential induced degradation (PID); defectoscopy
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1. Introduction

In the Czech Republic (CR), in spite of an important increase in the installed solar photovoltaic
(PV) system capacity, legislative measures have recently been adopted that have stopped this upward
trend. Restrictions on connecting renewable energy sources in the CR are mainly in terms of power
system operation.

Secondary objectives of the legislative measures have been to reduce government expenditure on
this type of energy source, and to straighten relations between individual energy sources
(establishment of competitive environment without preference for Renewable Energy Sources (RES)).
Currently, it is possible to operate the following types of PV systems [1,2]:

¢ QGrid-on system

o Traditional PV plants connected to the grid, which allows an overflow of the electricity
produced, if it is not utilized in the place of consumption.

o The traditional grid-on PV systems also include the micro PV systems, which usually consist
of several PV panels located, for example, on the balcony. These systems are equipped with a
micro-inverter directly on the panel. Even these miniature PV systems work in parallel
operation with the Distribution System (DS) and therefore, in practice, overflow of electricity
to the DS may occur and this may happen even a proper design of protective components.
This type of PV plant requires connection to a functioning distribution system for its operation.

e Hybrid system

o Hybrid PV systems are equipped with battery, charge controller and hybrid inverter. Selected
types of hybrid inverters can completely avoid supplying electricity to the distribution
system. Hybrid inverters that do not allow this function allow the supply of electricity to the
grid—this situation exists where the battery is fully charged and the consumption on site is
ensured—this is similar to a grid-on system.

o Utilization of equipment for optimizing consumption and minimizing the overflow of
produced electricity (for example Wattrouter) is not an optimal solution to unauthorized
supply to the DS [3]. The reason is that uncontrolled supply to the network may cause
voltage and frequency fluctuations, or may negatively affect the regulation of small
community transformers [4,5].

e Island system

o Island PV systems (grid-off) are not connected to the electricity system. Their operation and
connection do not require permission of the distribution system operator. Within the island
system, frequency deviations can occur depending on the power generated, which can have
negative effect on rotating machines. This also depends on the quality of the inverters used
and their fast response time [5,6].

The development of PV power plants accelerated by such support exceeds the useful need and
possibilities of power engineering in the CR and also the obligations towards the EU. In accordance
with the Directive 2009/28/EC of the European Parliament and Council, the target values of the quota
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of renewable sources and the method of its calculation were defined. According to the Directive
mentioned, the energy produced in CR from RES must by 2020 cover 13% of all energy consumption
(heating and cooling energy, electricity, fuels for transport). In fact, the distribution of the fixed quota
of RES in the various types of energy is the responsibility of each country within EU [7].

Figure 1 shows the progress of installed performance of PV systems in CR for the period from 2007
to 2014. It can be seen that between the years 2009 and 2011 the increase in installed power of PV
systems was very dynamic. The reason was the high state support in the purchase prices of the
electricity produced from this energy source.

Currently in the CR, no new installations of PV systems are supported—this is valid for installation
as from 2014. If the plant is not operated for business purposes, the law does not require a license from
the operator. Commercial electricity production involves any activity that supplies electricity to the
grid. This also applies to a situation where green bonus, the purchase price or market price is collected
for electricity generated.

Mainly because of the high installed capacity of PV power plants and also with regard to investors’
decreasing efforts, new purchase prices of electricity produced from such sources were set. For illustration,
the development of the purchase price between the years 2005 and 2014 is shown in Figure 2.
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Figure 1. Development of photovoltaic (PV) installations in the Czech Republic (CR)
(2007-2014) [8].

In connection with the new measures, the requirements for technical and operational parameters of
PV power plants have increased.

For most PV power plants, the supplier gives a 5-year warranty on the mechanical properties of
panels and 25-year warranty on performance parameters. However, there are many possibilities when
PV panels do not match the declared parameters, which have a negative impact on overall energy and
economic efficiency of operated PV power plant [5,9].
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Figure 2. Development of purchase prices between the years 2005 and 2014 in CR [8].

The main causes of defects in PV panels can be divided into several categories [10,11]:

e A different technological level of panel production by different producers.
e Mechanical damage, for example during transportation.

o Effect of adverse environmental impacts.

e Improper installation of the PV system.

2. Detection Methods for Identification of Photovoltaic (PV) Panel Disorders

Determining the PV system’s operational performance (OP) is based on the following indicators
that are part of the legislation relating to the operation of RES in the CR. The OP of PV power is
defined by the following equation [10]:

oP = £ (%)

((GE _Uo)'A'Effm)

(1

where:

E  total amount of electricity produced by PV power plant (Wh),

Gt total aggregated energy of solar radiation (Wh-m 2),

A total area of all installed PV panels within the PV power plant (m?),

Etm efficiency of new solar panels (%),

Uo total aggregated energy of solar radiation during relevant period falling within PV power plant
location on the surface of solar panels that cannot be converted into electricity and supplied into
the network (Wh-m™2).

The OP declared at the supplier of PV power is usually in the range of 80%-90% (in installations
until the year 2011) and 85%-93% in installations with the current technology. The minimum value of
operational performance is usually set at 82%. A lower operating production rate would have a
negative impact on the overall economy of PV power plants.
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To assess the quality of PV panels, there are four basic detection methods [12], which can give
an objective view of the technical condition of PV panels. For each detection method it is primarily
required to quickly assess the evaluation of operational parameters and carry out a simple
operational analysis.

2.1. Electroluminescence

This method allows detecting material and production disorders of PV panels. Using
electroluminescence, it is possible to both evaluate the quality of the PV panel production process and
identify possible defects caused by further damage to panels, for example by their manipulation.

An advantage of this method in comparison with other methods is that it can reveal hidden defects
which are undetectable by other methods. A certain disadvantage is the demanding testing in this case.
For illustration, Figure 3 gives the result of applying this method to a PV panel. In the picture, obvious
defective segments of the PV panel can be seen.

> [ |1 -
& ||

el el el

< ,.' —= ,, = ‘:2'

Figure 3. PV panel with visible defects of internal structure [12].

2.2. Infrared Thermography (IRT)

Infrared thermography (IRT) is suitable for fast analysis of thermal field distribution on the surface
of the object being measured. This method seems to be convenient when diagnosing PV panels.
It allows a fast detection of defects on a PV panel as regards its physical characteristics.

Because of the serial connection of each cell, the same current flows through all the cells—damaged
cells then operate with a higher current than their short-circuit current, which can lead to operation
with “negative” OP, and the cells thus become burdens, which create “hot spots” on the panel.
In addition to the decreased performance of the panel, the panel is locally overheated, which
significantly reduces its lifetime and, at the same time in such a faulty panel the performance of all the
other modules involved in the same branch is also negatively affected.

Infrared thermography may therefore reveal problematic spots in the PV module such as faults in
bypass diodes, mechanically damaged cells, hot spots, faulty contact points, etc.

As an example of the utilization of IRT we present the results of measurements on a PV roof
installation. The result of the performed operational IRT measurement is the detection of defective
parts of each PV panel within the PV power plant. Out of the total amount of 83 pieces of PV panels,
13 defective panels were detected. In Figures 4 and 5 there are visibly marked defect areas on selected
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PV panels. In Figure 5 two panels are presented, which proved to be totally faulty and thus influenced
the decrease of PV power plant performance the most.

Figure 5. Defective panels identified by IRT analysis [13].

This methodology provides easily interpreted information about the PV module and can simultaneously
detect the occurrence of future risks.

2.3. Flash Test

Flash test is a fundamental method for measuring the performance characteristics of PV panels. The
output of measuring is a set of data, which are determined by output peak power, open circuit voltage,
short circuit current, operating voltage, current, or power and efficiency.

This method is however demanding as regards meeting the testing conditions, which results in that
it is hardly usable for operation measuring. The panels are tested using this method in standard test
conditions (STC), which are declared by IEC Standards—intensity of solar radiation / = 1000 W-m 2,
air mass AM = 1.5, temperature 7= 25 °C.

2.4. Current-Voltage (I-V) Characteristics Measuring

PV module can be described as a simple semiconductor diode, on which it is relatively easy to
measure the current-voltage (I-V) characteristic (Figure 6). It is a diagnostics method that quantifies the
instantaneous measured performance parameters of PV panels. The result of this measurement is a
graphical representation of the /-V characteristics within the working conditions and the conversion
according to STC.
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Figure 6. Basic current-voltage (/-V) characteristic of PV panel [10].
3. Potential Induced Degradation (PID)

In connection with efforts to increase the efficiency of energy production from PV power plants in
the CR a discussion began at the end of 2014 about the problem of performance degradation of PV
modules as a consequence of the high voltage stress (potential induced degradation (PID)). PID is a
phenomenon that has been in existence for several years. It is a problem occurring on many PV panels
and resulting in downgraded performance of solar panels. PID was first recognized in the 1970s and
from then on, a lot of studies have been geared towards assessing the causes of this occurrence. Based on
studies carried out by several significant institutions (NREL—National Renewable Energy Laboratory,
SolarEnergy, EERE, PI Berlin) the conditions and causes of PID have been defined [14]:

e Environmental factors.
o Relative humidity.
o Temperature.
e System factors.
o At the system level, the most significant impacts are the modules voltage potential and sign,
which depend on both the module position in the array and the system grounding topology.
There are numerous considerations affecting the system and inverter classification, but for
the purposes of PID, the inverter can be classified based on the voltage occurring in the
arrays. PID is most often associated with a negative voltage potential to ground.
e Module factors.
o The choice of glass, encapsulation, and diffusion barriers has all been found to have an
impact on PID.
e Cell factors.

The domain pathway to cause PID is the front sheet (between the glass and the frame of the panel).
Higher leakage currents can be caused by water entering the solar module and causing the
encapsulation material to become more conductive. So far the potential degradation mechanism has
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not been monitored by the typical PV tests listed in IEC 61215 [15-17]. It is known that metal ions
such as Na* formed from the oxides of the module glass can drift toward the cell if the cell is biased
negatively [18].

But there is also the standard IEC 61646. Both standards have a similar testing sequence and they
differ only in the requirements for power degradation. In the IEC 61646 standard a further final
investigation is included to evaluate the effect of power degradation due to light exposure
(LID—Light Induced Degradation).

As the current progress of PID detection has become more desirable, simple in-field methods are
tested which can adequately confirm the PID. Measuring the insulation resistivity by using high
voltage can be one of the ways that can indicate PID [19].

Another way is to use intelligent PV module analyzers (such as TIGO), where the actual power of
each panel in the string is evaluated and the decrease in power production is automatically detected.
A disadvantage of this solution is the additional investments in the installation.

Considered as a compromise, can be the on-site measurements of operational parameters, which,
if properly done, can indicate multiple faults within the PV plant installation.

Based on the available information, there have been several operational measurements at various
PV installations in the country. The results of these measurements and subsequent analyses indicate
that the incidence of PID in our conditions is very low. Demonstration of the analytical process of
measurement and discussion of the results are given in the next section of this paper.

4. Operational Measurements

In order to detect the faults and defect in the PV plant installations, a proper inspection and
validation of the available documentation should be performed prior to the measurements.
The following methods are generally used for the diagnostics of PV panels:

e Infrared camera—Suitable for detecting defects at the cell level of the PV panel.

¢ Electroluminescence imaging—Used for detecting defects in the structure of the cell which are
not detectable by visual inspection.

¢ Flash tester—Allows -V curve measurements under artificial and controlled conditions.

e Operational -V characteristics measurement—Uses special analyzers to determine the
panel parameters.

4.1. Inspection according to the CSN EN 62446 Standard

The CSN EN 62446 Standard [16,20] sets the basic requirements and a description of the
documentation. It describes the procedure for the inspection of DC wiring, surge protectors, AC system,
recommendation regarding the setting and wiring of the inverter. Furthermore, there are requirements
for safety, signs and labels. During the initial inspection, in the case of lost documentation or periodic
inspection, a check of the string wiring and proper polarity, measurement of the voltage at open circuit
and short circuit current should be performed. Correct settings of the protections should be verified.

Operational measurements to check the maximum power point tracker (MPPT) function [21-23],
measurement of the parameters at the maximum power point to compare string power with another
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string or with expected values can be used to analyze the real state of the power plant. The measurements
must be performed under stable ambient conditions during the measurements. The standard IEC 61215
considers the condition stable, when the change in the irradiation is less than 5% during the measurement.

The output of the initial or periodic inspection is the protocol, with the measured values and
completed checklist. The model protocol and checklist are appended to the CSN EN 62446 standard.
The infrared camera testing is recommended as an additional method for inspection.

4.2. Inspection Results of Selected Photovoltaic (PV) Plants

Multiple inspections were performed by the research team in the first half of 2015 in order to study
the problematic of defects and degradation of PV power plants in the CR. Locations of selected PV
plants, which are discussed below, can be seen in Figure 7.

55 840 kWp PVP

@ 2000 kWp PVP

77 kWp PVP

@658 kWp PVP

(@45 kwp PVP

Figure 7. Locations of the inspected PV plants.

4.2.1. Description of the Inspection Performed on the 658 kWp Photovoltaic (PV) Plant

The inspection was performed due to lower revenues, which could have been caused by PID. The
PV plant contained polycrystalline PV panels connected in strings of 17-18 panels. Neither of the DC
poles was grounded. During the inspection the /-V curves of the individual strings were measured.
In the case of suspicious strings with lower power, individual panels in the affected string were measured.

To measure the I-V curves the Metrel MI3108 Eurotest PV was used, which measured the I-V
curves, temperature of the panel, and irradiation. The solar radiation intensity is measured using
external sensors (calibrated PV cell in the panel plane and thermal contact sensor placed on the rear
side of the panel), which form part of the Metrel MI3108 measuring instrument. For the evaluation of
OP a Kipp&Zonen CMP21 externally calibrated pyranometer was used. The total aggregated energy of
incident solar radiation was established on the basis of valid methodology for the determination of OP,
namely in the case that several measuring points are used within one locality. The output value of
energy from PV plant was obtained from a certified meter (electrometer) placed within the transfer site
in each installation.

The results of measuring the parameters are shown in Table 1. The measurement was performed at
the installation site and, in agreement with the methodology according to the IEC 61215 standard, the
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values measured were converted to STC based on the thermal coefficients given in the panel datasheet.
It can be seen that the panel parameters do not match the nominal values. The /s is higher than it is

intended to be. Also, the maximum power is about 7% lower than its nominal value.

Table 1. Nominal and measured parameters of the tested PV panel at standard test

conditions (STC) [24].

Nominal Parameters Value STC Parameters Value
Isc nom 798 A Isestc 8.59 A

Use.nom 438V Usestc 43.1V

Trnpp.nom 7.63 A Tinpp,sTC 7.96 A
Umpp,nom 36.7V Unpp,sTC 33.0V
Propp,nom 280 W Propp,stc 260 W

An example of the /- curve measured is shown in Figure 8. There is no mismatch on the curve

caused by the defects or shadowing of the panel.
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Figure 8. I-V curve of the tested PV panel [24].

The results of measuring power at the maximum power point (Pmpp) recalculated according to
CSN EN 62446 to STC values and the percentage difference compared to the nominal value of the

panel, which is 280 Wp, are shown in Table 2.

The results for the 1% string indicate no problem in the string. The decrease in Pstc varies randomly

and probably is caused by the differences during the manufacture.

The 2" string indicated lower power in string measurements. When measuring the individual panels
it was found that the string contained defective panel. The difference compared to its nominal value is
75%. The bypass diodes of the panel were working properly and therefore it was recommended to

replace this defective panel.
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Table 2. Results of measuring the Pstc of individual panels in selected strings in location 1 [24].

String 1 String 2 String 3
Pstc (Wp) AP (%) Psrc (Wp) AP (%) Psrc (Wp) A P (%)
Panel 1 269.3 —3.82 Panel 1 258.0 —7.86 Panel 1 254.3 -9.18
Panel 2 263.3 —5.96 Panel 2 262.0 —6.43  Panel 2 258.2 =719
Panel 3 258.7 —7.61 | Panel 3 257.4 —8.07 Panel 3 259.6 =7.29
Panel 4 259.4 —7.36  Panel 4 262.0 —6.43  Panel 4 259.7 =723
Panel 5 262.2 —6.36  Panel 5 70.0 —75.00 Panel 5 257.6 —8.00
Panel 6 269.8 —3.64 Panel 6 259.8 =721 Panel 6 262.1 —6.39
Panel 7 274.8 —1.86 Panel 7 267.9 —4.32  Panel 7 259.1 —7.46
Panel 8 288.3 2.96 @ Panel 8 267.0 —4.64 Panel 8 254.9 —8.96
Panel 9 291.6 4.14  Panel 9 262.1 —6.39 Panel 9 255.1 —8.89
Panel 10 298.6 6.64 Panel 10 2722 —2.79 Panel 10  254.7 -9.04
Panel 11 281.9 0.68  Panel 11 268.4 —4.14 Panel 11 262.2 —6.36
Panel 12 270.2 —3.50 Panel 12  271.0 —3.21 Panel 12 256.5 —8.39
Panel 13 275.1 —1.75 Panel 13 273.2 —2.43  Panel 13 260.2 =7.07
Panel 14  267.3 —4.54 Panel 14  271.3 —3.11 Panel 14  260.4 —=7.00
Panel 15 269.3 —3.82 Panel 15 270.4 —3.43 Panel 15 263.9 =5.75
Panel 16  271.2 —3.14 Panel 16  268.0 —4.29 Panel 16 2659 =5.04
Panel 17 271.2 —3.14 Panel 17 267.5 —4.46 Panel 17 261.1 —6.75
) 4642.2 - p3 43282 - p) 4 405.5 -
STC power decrease (%)
i -10 -5 0 5 10 i

The 3™ string exhibited a global decrease in the STC power. This could be caused by the
degradation of the panels or dust. Also, a loose connector was detected, which did not provide
adequate interconnection.

A random drop in the power of the panels in the string does not indicate the occurrence of PID and
is probably due to another cause of technical/operational nature, as given below. What also speaks
against the occurrence of PID is the absence of fundamental preconditions for the appearance of this
type of degradation such as long-term high relative moisture, high voltage potential to ground, and the
type of PV panels used.

The inspection also confirmed that there are additional defects, maintenance and design errors on
the panels. An example of defects and improper mounting can be seen in Figures 9 and 10. The error
of design is in the parallel interconnection of three strings on each inverter. During the inspection,
parallel connections of strings with different numbers of panels in series were detected [24].

This PV power plant consists of several locations, which together give one of the highest installed
powers in the CR.

The performed inspection indicated problems caused by improper maintenance and low-quality design.
The calculated performance ratio according to the measured values confirmed that the performance of
each location differed and decreased with higher count of detected problems. The calculated OP
(according to Equation (1)) is in the range of 83%—86.5%.
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Figure 9. Improper panel mounting [24].

Figure 10. Delamination in the structure of the panel [24].
4.2.2. Results of the Inspection Performed on the 55,840 kWp Photovoltaic (PV) Plant

The main detected problems include the wrong interconnection of PV panels, where multi-crystalline
and mono-crystalline types of PV panels in one string with significantly different parameters are
combined (Figure 11) [25].

Figure 11. Monocrystalline PV panel used in string with Multi-crystalline PV panels of
different parameters [25].

The overshadowing of entire sections of the PV plant by nearby trees is the result of poor design
and has a serious impact on the OP (Figure 12).
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Figure 12. Trees overshadowing the section of the PV plant [25].

Mechanical damage to PV panels caused by the stones chucked while mowing grass has also been
detected (Figure 13) [25].

Figure 13. Mechanical damage to PV panel caused by chucked stone [25].
4.2.3. Inspection of the 2000 kWp Photovoltaic (PV) Plant

Inspection of this PV plant consisted of visual check of the installation and maintenance. The loose
DC connectors on the PV panels were tightened. In this power plant the measurement of OP was
performed, reaching the value 82.25%. The minimum value set by the owner of the PV plant was 82%,
and therefore no additional measurements were performed [13].

4.2.4. Inspection Performed on the 45 kWp Photovoltaic (PV) Plant

This PV plant is situated on the roof of an industrial object. The PV plant indicated no problems,
only slightly dusted panels (visible as a current decrease on the I-V curve). Proper functioning was
verified by the measurement of /-V curves (Figure 14). The selected string indicates a power decrease
of 2.7% compared to its nominal values after four years of operation [26].
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Figure 14. [-V curve measurement of the entire string with no problem detected [26].
4.2.5. Description of the Inspection Performed on the 100 kWp Photovoltaic (PV) Plant

The PV plant is situated on the roof of agricultural buildings (Figure 15). The results of the
measurement of /- curves confirmed a significant but uniform power decrease of the PV panels.
The panels are CEEG SST240-60M, with a nominal power of 240 Wp. The measurement was performed
at the installation site and, in agreement with the valid IEC 61215 standard, the values measured were
converted to STC using the thermal coefficients given in the datasheet of the respective panels.

The results for two different strings measured on a single panel are given in Table 3. The average
power decrease is between 9.7% and 12.2%. The PV panels are four years old, with visible color
changes of the EVA foil. The measured strings show no PID presence indicated usually by a power
decrease at one end of the string. Moreover, none of the main prerequisites was present at the inspected
PV plant.

The open-circuit voltage of the string reaches the value 333 V, therefore the potential to the ground
is low. Neither of the DC poles was grounded [27].
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Figure 15. Selected part of the 100 kWp PV plant [27].

Table 3. Results of measuring the Pstc of individual panels in selected strings in location 5 [27].

String A Pstc (Wp) AP (%) StringB  Psic (Wp) A P (%)

Panel 1 211.8 -11.8 Panel 1 2144 -10.7
Panel 2 212.0 -11.7 Panel 2 2133 -11.1
Panel 3 213.2 -11.2 Panel 3 210.8 -12.2
Panel 4 210.8 -12.2 Panel 4 214.9 -10.5
Panel 5 211.0 -12.1 Panel 5 213.9 -10.9
Panel 6 210.8 -12.2 Panel 6 216.8 -9.7
Panel 7 211.0 -12.1 Panel 7 214.6 -10.6
Panel 8 212.7 -11.4 Panel 8 216.5 -9.8
Panel 9 213.0 -11.3 Panel 9 216.6 -9.8

z 1906.3 - 2 1931.8 -

STC power decrease (%)
-15 -10 -5 0 5 10

4.2.6. Inspection Performed on the 77 kWp Photovoltaic (PV) Plant

The selected PV plant indicated low OP, therefore measurement by IR camera was performed.
As a result, panels containing defective cells (Figure 16) and overheated DC wires (Figure 17) were
detected [28].

2038C
Ir5

Figure 16. PV panels with hot spots [28].
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4.3. Recapitulation of Findings Obtained in Individual Localities

11594'C

2034'C

Ir3

Figure 17. Overheated wires in DC string box [28].

11249

In the following part, the technical (Table 4) and operational parameters of individual PV

installations are recapitulated. Table 5 gives the basic drawbacks in the technical execution of

individual installations and the consequences of inappropriate maintenance.

Table 4. Basic parameters and the technology used in the localities tested.

No.of  Install power  Number PV panel Grounded Grounded Type of Installation
location (kWp) of panels technology DC+ DC- mounting date ?
. Land
1 658 2350 Polycrystalline No No . . 2010.07
installation
. Land
2 55,840 260,743 Variable ! No No . . 2010.12
installation
. Land
3 2000 10,656 Monocrystalline No No . . 2010.09
installation
. Roof
4 45 198 Polycrystalline No No . . 2010.12
installation
. Roof
5 100 427 Monocrystalline No No . . 2011.03
installation
. Roof
6 77 440 Monocrystalline No No . . 2009.04
installation

I PV plant is divided into several localities. Within each locality, several different types of PV panels

(mono- and polycrystalline) are used, inclusive of their combinations in individual strings; ? Installations

were performed by different assembly companies.
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Table 5. Measurement results in individual localities.

No. of PID present Operational . .
X Design errors Maintenance errors
location (Yes/No) performance (%)

Parallel connection of strings of .
. Free connectors of DC connections,
different numbers of panels, .
1 No 83.1 . . . shading from assembly clamps,
missing disconnecting
. damaged glass covers of FV panels.
DC switches.
. . Damaged glass covers of FV panels,
Different types of panel in the
i . i damage to rear covers of FV panels
strings, shading of parts of strings .
2 No 83.0-86.5 . due to stones hurled during grass
by forest vegetation, absence of . .
. . mowing, unconnected panels in the
Light Protection System. . .
string, free connectors on the DC side.

Drop in operation performance

3 No 82.25 caused by unsuitably No
chosen inverters.
4 No 88.4 No No

Errors in the execution of DC

distribution frames, shading by
5 No 85.4% L No
surrounding buildings in

winter months.

Insufficiently dimensioned cables .
. . Faulty fuse in one phase of the AC
of the DC side, different numbers

6 No 76.5% . . . side, damaged panels (degradation of
of panels in a string, shading by individual cells)
individual cells).
surrounding objects.

5. Conclusions

According to the current state of PV power plants in CR, where new installations are no longer
being installed, the main goal is therefore to increase the operational efficiency of existing
installations. The current research is focused on the degradation of the panels and on the validation of
their parameters, to establish whether the PV plants can reach their designed values. The main part of
the research is connected with on-site inspection instead of testing the PV panels in a specialized
laboratory. Methods for detecting faults and evaluating PV plant parameters are presented in the paper.
Based on the performed inspections of multiple PV plants it can be stated that the common problems
caused by improper maintenance (loose connectors, broken fuses), low quality design (lack of
overvoltage protections, overshadowing of PV plants) and components (badly sealed PV panels)
can result in severe energy drops, which reduces the effectivity of the entire power plant.
Additional research is connected with the detection of PID, its proper detection and evaluation of
energy losses caused by defects and faults in the PV plant’s installation.

The current results of operating measurement for PV installations in the CR show a very low
incidence of PID. We believe that this is mainly due to the specific operating conditions in the CR
(environmental aspects) and also due to the fact that most PV systems are operated mainly at voltages
of up to 1000 V DC with none of the DC poles grounded.
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As shown in Figure 2, the purchase prices for electricity produced from PV power plants has been
declining since 2011, which has a major impact on the economy of the operation of these power plants.
The return on investment in PV power plants has extended approximately by about 5 or 7 years—from
7 years to 12 or 14 years (depending on the size and design of the PV plant). The investment return
time strongly depends on the state of the PV plant under operation. If maintenance is neglected (or if
low-quality components were used in the installation) the operation performance (OP) is reduced,
resulting in financial losses. If a production unit of 100 kWp output installed in 2010 is considered,
which in CR conditions can produce an average of 100 MWh of electric power, then given the energy
purchasing price (in 2010) 470 EUR/MWHh, a gross profit of 47,000 EUR/year can be generated. This
amount corresponds to an investment return time of 6 tol0 years (depending on the amount of
investments). In the case of reduced operation performance due to technical defects and neglected
maintenance, the gross profit decreases in the order of tens of percent, which greatly prolongs the
investment return time and, at the same time, increases maintenance costs. Reliable operation of PV
plants is in terms of the operator (investor) one of the most important properties. It is therefore very
important to perform regular inspections of the functionality of each component in PV power plants.
The significance of these operational measurements within the environment of the CR increases with
the reduction of the purchase prices of electricity generated by PV power plants. Defects on PV panels
are of considerable influence not only on energy production but also on the economic efficiency of
operation. Reducing the performance of PV power plants significantly extends the return on
investment, which is very problematic for investors in and operators of PV plants.

In view of the fact that the operation performance of PV plants in current installations ranges
between 85% and 93% (using modern technology; in older installations the recommended minimum
operation performance was 82%), maintaining this operation performance requires regular operating
maintenance and, in our opinion and according to the recommendation by and discussion with
representatives of the installation companies and the Czech Photovoltaic Association, operating
measurement once or twice a year to check the PV plants parameters.
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Abstract. This paper presents methods of photovoltaic panel inspection in the field. The aim is to verify value of on-site tests. The basic parameters
for comparing the quality of photovoltaic panels are indicated by the manufacturer’s datasheet. Diagnostic in the field commonly uses a combination
of different analyzers and infrared cameras. The paper compares the evaluation of the parameters at different climatic conditions by special photovoltaic
analyzer, conventional analyzer with recalculation according the IEC standards and flash tester. The comparison of different methods and analyzers
has been performed with the practical experience from the measurements. Further, the standards for the inspection of photovoltaic panels and best
practices for their implementation are described.
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KONTROLA I DIAGNOSTYKA ELEKTROWNI FOTOWOLTAICZNE]J

Streszczenie. W artykule przedstawiono metody kontroli panelu fotowoltaicznego w miejscu montazu. Celem jest sprawdzenie wartosci testow na on-site.
Podstawowe parametry stuzqce do porownywania jakosci paneli stonecznych sq wskazywane przez producenta w arkuszu produktu. Do diagnostyki
na miejscu powszechnie uzywa si¢ kombinacji réznych analizatorow oraz kamer termowizyjnych. W artykule dokonano poréwnania oceny parametréw
w réznych warunkach klimatycznych przez specjalny analizator fotowoltaiczny, zwykly analizator z przeliczaniem zgodnie z normami IEC i flash-tester.
Porownanie roznych metod i analizatorow zostata wykonana na podstawie praktycznych doswiadczen z pomiarow. Ponadto, opisane sq standardy kontroli

paneli fotowoltaicznych, a takze najlepsze praktyki w ich realizacji.

Stowa kluczowe: fotowoltaika, kontrola, diagnostyka, test wydajnosci, flash test
Introduction

Periodic inspections of photovoltaic power plants are neces-
sary for safe operation and to ensure the investments returns.
However, the massive development of the photovoltaic (PV)
installations in the Czech Republic within the years 2009-2012
resulted to the decrease of the installation quality. A lot of systems
were not sufficiently designed or the low quality components have
been used. Improper initial testing and poorly scheduled mainte-
nance led to decrease of the power, revenues of the power plants
and to unsafe and underperforming systems with reduced value
to their owners.

The minimum requirements for the system documentation,
initial tests, and inspection criteria for grid-connected PV systems
are described in the standard EN 62446 [12].

The standard EN 61557 describes the safety requirements
in low voltage distribution systems up to 1000 V AC and
1500 VDC The inspection should be performed in the way that
prevents the total power outage, if possible. Tests of the PV mod-
ules during inspections are carried out without removal
and avoid further transport costs and additional laboratory testing.
The aim of the inspection is primarily to avoid any problems
and financial losses [11].

1. Minimal inspection according to the standard
EN 62446

It sets minimum requirements and a description of the docu-
mentation. There is described a procedure for inspection of the DC
wiring, surge protectors, AC system, recommendation regarding
the setting and wiring of the inverter (must correspond with
the local requirements to the grid). Furthermore, there are
requirements for safety, informative and other signs and labels.

During the initial inspection, in case of loss of documentation
or periodic inspection, the check of the string wiring and proper
polarity, measuring of the voltage at open circuit and short circuit
current should be performed. Correct settings of the protections
should be verified.

Operational measurements to check of the maximum power
point tracker (MPPT) function, measuring the parameters in max-
imum power point, to compare string power with another or with
expected values can be used to analyze the real state of the power
plant. The measurements must be performed with the stable
ambient conditions during the measurements. The standard
IEC 61215 considers the condition stable, when there is change
of the irradiation lower than 5% during the measurement.

Next step is the functional test and inspection of the inverter,
AC disconnect switch, verification of the insulation resistances
of each string.

The output of the initial or periodic inspection is the protocol,
with the measured values and completed checklist. The model
protocol and checklist are the appendices of the EN 62446
standard.

As an additional method is recommended the infrared
(IR) camera testing, it is used to detect anomalies and potential
defects [1].

2. Detection of common PV panels defects

The initial way of PV panels defect detection is optical inspec-
tion of the five ,,major visual defect defined in the IEC 61215
[10] an discussed in [1, 2]:

Broken, cracked or torn of any part of the PV panel.

Bent or misaligned of any part of the PV panel.

Crack in a cell of the PV panel.

Bubbles or delamination occurred in the layers of the PV
panel.

e Loss of mechanical integrity of the PV panel or its frame.

Next possibility is comparing with the maximum power point
P,ypp- It is common parameter that indicates the performance
of the PV panel. It can be measured with a sun simulator
in a laboratory or outdoor without the PV panel removal.
The inspected PV panel or string must be disconnected
of the power plant for the moment of testing. The IEC standard
61646 gives possibility to perform test in range of cell temperature
25 — 50°C and irradiation 700 — 1100 W/m>. Laboratories can
perform the test at Standard Test Conditions (STC). Conditions
according to standard IEC 61215 are defined by IEC 60904-3,
irradiance level equal to 1000W/m?, spectrum of radiaton similar
is to radiation of the sun incident on the earth in latitude 35°N
in summer (air mass equal to 1.5) and temperature of the panel
equal to 25°C.

3. Procedure of periodical inspection according
to IEC standard

3.1. Documentation

Inspection starts with check of the available documentation
provided by the customer. Documentation should include:
e Plan of review and permitting process with local building
officials.

artykut recenzowany/revised paper
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Interconnection approval from the local utility.

Installation and maintenance contractors.

Owners and caretakers.

Information about emergency services.

DC and AC power ratings.

Contacts of owner/designer and other responsible person.

o Single line diagram of system that includes information about
size and rating of all components.

e Data sheets and specification for all major components.

e Operation and maintenance information including procedures
for verifying proper system operation and performance,
and how to determine if there is a problem.

o Copies of all inspection and verification data.

Documentation is compared with the current state
of installation. If the documents are different, the differences
are described in the protocol.

3.2. Inspection of PV system

Visual inspection should be performed after the document
inspection. It focuses on the details that:
e All components shall be properly listed.
e Quality of installation of mechanical and electronically parts.
o Check ventilation to avoid overheat.
e Calculation of circuit voltages and currents.
Determining conductor and over current device sizes and
ratings.
Locating disconnecting means.
Wiring methods and connectors.
Equipment and system grounding.
Markings and labels.
Connecting to other sources.
Installing batteries and charge controllers.

3.3. Testing and measurement

Measuring of parameters that are needed for performance
evaluation should be performed with the devices that meet
the required accuracies according to the used standards. During
the measurements should be checked the following:

e Continuity and resistance testing.

Polarity testing to verify correct polarity for DC circuits.
Voltage and current testing.

Insulation resistance testing.

Performance testing.

4. Comparing P,,, at standard test conditions

There are multiple ways to measuring the P,,, of the PV
panels. For proper evaluation and the possibility of comparison,
the P,,, must be measured directly at STC. If it is not possible,
the measured P,,,, can be recalculated to the STC values.

For the comparison of P,,, values at STC, the following
devices have been used and obtained results have been compared.

4.1. Flash tester Pasan SunSim 3C

Flash tester simulates the ideal laboratory conditions of radia-
tion and temperature. The tester compares the measured parame-
ters to the parameters given by a manufacturer. The panels
are tested for STC values. The measuring device Pasan SunSim
3C, with the accuracy class A+/A+/A+ according to IEC 60904-9
has been used for the experiment. Uncertainty of the device
is shown in Table 1.

IAPGOS 3/2015
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Table 1. Uncertainty of the PV panel parameters measured by the Pasan SunSim 3C

Parameter Uncertainty
Isc 2.9%
Uoc 1.7%
FF 4.2%
Pupp 3.2%
Unnpp 2.0%
Lupp 3.1%

4.2. METREL MI 3108 Eurotest PV

Metrel MI3108 Eurotest PV (shown in Fig. 1) is the measuring
device for complete testing of PV power plants according
to EN 61557, and other requirements for testing single-phase
installations.

For the PV installation is important, that the testing procedure
implements the standard EN 62446, including measurement IV
characteristics and parameters at STC. The MI3108 is also capable
to measure the entire string up to 1000 V with 15 A current limit.

Fig. 1. Metrel MI3108 Eurotest PV

The analyzer MI3108 is designed for the outdoor inspection
and allows the additional measuring of solar irradiation and PV
panel temperature with calibrated sensors. These values are used
to recalculation of the measured parameters to the STC values.

Measured data are stored in the internal memory and are
organized in the selected structure for proper identification
of the tested object.

The error of the measuring of MI3108 is shown in Tab. 2.

Table 2. Measurements error of the MI3108

Name Range Resolution Error
DC Voltage | 15.1-199.9 V 01V +(2% rdg. + 2 digits)
DC Current 0-9.99 A 0.01 A +(2% rdg. + 3 digits)
DC Power 0-1999 W 1w +(3% rdg. + 5 digits)

4.3. Prova 210A and conversion of parameters
to STC

Prova 210A is a simple IV characteristics analyzer. According
to its input ranges (shown in Table 3) is suitable for single PV
panel testing.

In the first step, it is necessary to measure the basic parameters
of the PV panel during the given climatic conditions. These
parameters are in the next step recalculated using equations into
STC values.

Fig. 2. Prova 210A
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Measurement with this analyzer can be set as automated.
It can measure multiple IV curves in requested period, but it need
additional datalogger with sensors for measuring the solar irradia-
tion and temperature of the PV panel. Disadvantage of this ana-
lyzer is the fact, that the recalculation of the measured values
to the STC isn't performed automatically during the inspection.

The manufacturer has declared measurements error demon-
strated in Table 3.

Table 3. Measurements ranges and error of the Prova 210

Name Range Resolution Error

Voltage 0-10 V. 0.001 V + 1%+ (1% Voc £ 0.1V)

Voltage 10-60 V 0.01 V £ 1%+ (1% Voc £ 0.1V)
Isc 0.01-10 A 1 mA + 1%+ (1% Isc+£9 mA)
Isc 10-12 A 10 mA = 1%+ (1% Isc = 0.09 A)

Current 0.01-10 A 1 mA + 1%+ 9 mA

Current 6-10 A 10 mA +1%+0.09 A

4.4. Hioki power analyzer 3390

Hioki power analyzers are the top quality power measuring
instruments for measuring single and three-phase lines with a high
degree of precision and accuracy. The 3390 is a high-precision,
four channel, broad-range power analyzer for measuring electrical
power from DC to inverter.

The disadvantage of the analyzer is that it is designed for
the laboratory use and isn't suitable for infield inspection because
of the energy supply demands and weight.

Measurements error is given by the manufacturer for analog
DC input £0.1% rdg. +0.1% f.s. and it complies with the standard
IEC 60904 which defines the error of the analyzer used for
performing the IV curve measurements to be lower than 0.2%.

4.5. Description of procedures for temperature
and irradiance corrections according
to IEC 60891

The preliminary requirements for conversion the measured
data to STC values are the following:

1) The irradiation sensor is placed with a maximal difference
of 2° compared to the measured panel.
2) The level of irradiation during the measurement cannot change

by more than 2%.

3) The intensity of irradiation should be higher than 800 W/m?

according to the IEC 60904.

4) The temperature sensor with the error max. +1% should be

used (IEC 60904).

In the next step, the measured data can be recalculated
to current at STC (/;) and voltage at STC (V,) using the following
equations:

Ga
12=11+ISC-(G—1—1)+N-a-(T2—T1)[A] 0
where: I; — current measured directly at the panel [A], /. — short-
circuit current [A], G, — irradiation at the STC [W/m?],
G, — irradiation during the measurements [W/m?], N — number
of panels connected in parallel, a — current coefficient
for temperature correction [A/°C], T, — temperature at STC [°C],
T; —temperature during the measurement [°C].
Ve=Vi=gRs (=W +M-f- =T+
“M-y-I- (T, —Ty)
where: V; — voltage measured directly at the panel [V],
M — number of panels connected in serial, R; — internal series
resistance [Q], f — voltage coefficient for temperature correction
[V/°C], y — curve correction factor [Q/°C].

The thermal correction coefficients are determined
by the manufacturer and can be found in datasheet of the exam-
ined PV panel. They express the temperature dependency
of the voltage and current at constant irradiation.

In case of lack of the values or datasheet, these parameters can
be examined with the use of laboratory methods. Using linear
regression can be obtained results regarding relative temperature
coefficient.
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The precise value of the correction factor y is not usually
written in the datasheet. It is necessary to determine the value
by experiment. Procedure is described in the IEC 60891 standard.

4.6. Comparison of results

Experimental validation of described methods and analyzers
has been performed. The aim is to determine the value of P,,,
of the selected panel. As the reference PV panel has been chosen
SolarWatt BLUE 60P, s.n.: 1F50135085 manufactured
by CONERGIA. All measurements except of the flash test have
been performed under real conditions. The tested panel has been
situated on the roof of the Department of Electrical Power Engi-
neer, Brno University of Technology. Therefore, it’s been possible
to use also the Hioki analyzer, which isn’t primarily designed
for in field tests.

First measurement has been performed with the use of PV
analyzer Metrel, which shows the STC values of the measured
panel directly on the display. The calculation of the STC values
is performed according to the IEC 60891.

Second analyzer Prova 210 does not recalculate the measured
values to STC values. It also needs to measure the irradiation
and temperature of the panel with external sensors. For the exper-
iment the Kipp&Zonen CMP21 precise pyranometer and PT-100
temperature sensor have been used. LogBox SD has been used
as the datalogger. These sensors meet the standards requirements.
Based on timestamps, all measured data were processed on the PC
and used the equations (1) and (2) mentioned above.

As the third method, the flash tester has been used to deter-
mine the STC value of P,,,. Measurement has taken place
in the specialized laboratory under stable conditions. The results
from the measurements contain the error caused by the artificial
light source. The device meets the requirements for the error
of measuring the P,,,,, which has to be lower than 1% for repeated
measurements.

The last method is taken as the reference for comparison.
It uses the precise power analyzer Hioki 3390. The analyzer meets
the requirements of the IEC 60904, which demands the maximum
error of measured voltage and current equal to £0.2%. Recalculat-
ed STC results are according to the IEC 60891.

The results of individual methods are presented in Table 4.

The measurements performed with the Hioki are considered
as the reference, because its accuracy and no artificial light
source minimize the potential error during the measurements.
The difference of other methods has been calculated as the results
are in Table 5.

For the evaluation of P,,, is important precise value
of the 1,,,, and V,,,,. Metrel MI3108 indicated minimal difference
of the measured values compared to Hioki 3390. Based
on the differences can be stated, that the specialized analyzers
provide the adequate method for PV panel on-site inspection
and testing according to the IEC 61215.

Table 4. Measurements results of PV panel SolarWatt 240Wp

Nominal Metrel Prova Pasant Hioki

LuplAl 8.03 7.93 7.95 7.98 7.79

Vi [V 299 29.10 29.01 28.99 29.2

Isc[A] 8.50 8.46 8.52 8.56 8.61

Voc[V1 372 36.74 36.57 37.21 36.75
Popp [Wp] 240 230.9 230.7 231.47 227.924

Table 5. Difference of measurements results compared to Hioki 3390

Difference compared to the Hioki [%]

Nominal Metrel Prova Pasant
Ly [A] 3.08 1.08 2.05 2.44
Vi [V] 2.40 -0.34 -0.65 -0.72
Isc [A] -1.28 -1.74 -1.05 -0.58
Voc [V] 1.22 -0.03 -0.49 1.25
Py, [Wp] 5.30 1.31 1.22 1.56

This standard defines, that the P,,,, must be within the range
of £5% compared to the expected nominal parameter.
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The manufacturer defines the maximal decrease of the power
as -0.345% per year from 2 to 29 year of age. The guarantee also
defines that the PV panel has higher power than 97% of nominal
value in the time of manufacturing. But in this case has
to be applied the standard IEC 61215. That means that
if the measured power will be higher than 92% of nominal value
in the time of manufacturing, the PV panel meets its parameters.

The expected value of nominal power after three years
of operation is calculated as following:

Pexp,nom =Pom -1 —p)- (1 + q)"71 = 3)
=240-(1-0.03)- (1 —0.00345)3"* = 231.196 Wp
where: P,,, — nominal power of the PV panel at the time
of manufacturing [Wp], p — is the nominal power tolerance
at the time of manufacturing [%], ¢ — power decrease coefficient

[%/yr.], n — number of years of operation.

Based on the results of the reference measurement performed
by Hioki, the power decrease for the selected PV panel is equal
to -1.415% compared to the expected nominal value after three
year of operation. This value is within the range of £5% and
the panel meets the P,,,, according to the IEC 61215 standard [10].

The presented methods are sufficiently precise and meets
the requirements of IEC 62446 standard. The IEC 60904 for
on-site evaluation is very strict and less suitable because
it demands the high value of solar irradiation. This shortens
the time window for appropriate measurements during day.

5. Conclusions

The paper presents the requirements on the PV power plants
inspection according to the IEC standards to ensure the adequate
profit. Properly performed diagnostic of PV panels is based
on the use of specialized PV analyzers and can be used to mini-
mize the power losses and energy outcomes.

Next part of the paper deals with the comparison of methods
for determining the STC parameters of the panels during on-site
measurement. The benefit of the Metrel MI3108 is the evaluation
of the results directly in the device and its power input range
up to 15 kWp allows measuring of entire strings. This speeds
up the inspection. Results from Prova 210 need additional
processing with the use of PC. Its voltage input limit restricts
the usage only for individual PV panel tests. Other methods
are suitable for laboratory uses. The flash tester provides stable
and repeatable conditions which can be used during entire year.
Its disadvantage is the inaccuracy of the results caused
by the artificial radiation source. As the reference measurement
has been considered the result from power analyzer Hioki which
provides accurate results. The parameters have been recalculated
to STC conditions using the IEC standards and the precise values
of solar irradiation and temperature measured by additional
Sensors.

The measurement results of the tested PV panel indicate
minimal degradation and meet the power values declared
by the manufacturer.
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A.12 Praktické poznatky z provozni diagnostiky FVE v
CR - diagnostika PID
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Cléanek byl prezentovén na konferenci CK CIRED, kterd je velmi Gzce provédzana s prak-
tickymi zkuSenostmi energetickych spolecnosti a priimyslu. Z tohoto divodu je ¢lanek
zaméfen na prezentaci ziskanych poznatkd z provoznich méfeni FVE v CR. V rdmci
navdzané spoluprice se spolecnosti SUNLUX (vystavba a servis FVE), byla publikace
rozSifena o metodiku detekce s pouZitim inteligentnich monitorovacich systému.
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PRAKTICKE POZNATKY Z PROVOZNI

DIAGNOSTIKY FVE V CR — DIAGNOSTIKA PID

Petr Mastny, Jan Moravek — VUT v Brné, Miroslav Vavera — Sunlux, s.r.o.

V pfispévku jsou prezentovany poznatky z oblasti diagnostiky ziskané na zakladé praktickych méfeni na
fotovoltaickych instalacich v CR. Cilem je ukézat praktické pfistupy k detekci provoznich a technologickych
defektt s diirazem na problematiku PID (Potential Induced Degradation), ktera se v CR zaéala diskutovat na
zacatku roku 2015.

1. PROBLEMATIKA PID

Ve spojeni se snahou zvysit provozni vykonnost FVE v CR se pogatkem roku 2015 zagal hojné diskutovat
problém souvisejici s degradaci panell vlivem PID (Potential Induced Degradation) jako dusledek vysoko-
napétového potencialu panell vaéi zemi. Princip PID je znam od 70. let 20. stoleti, je pfedmétem mnoha
studii zabyvajicimi se pfi¢inami vzniku a jeho projevy. [1]

Na zakladé studii provedenych nékolika vyznamnymi vyzkumnymi institucemi (NREL, SolarEnergy, EETE,
PI Berlin) byly definovan nasledujici pficiny souvisejici se vznikem PID:

*  Vliv prostiedi.
- Relativni vihkost.
- Teplota.

*  Systémové vlivy.

- U jednotlivych instalaci je systémovym vlivem zpUsobujici PID napétovy potencial panelu
vici zemi a polarita. To zavisi na zplsobu uzemnéni, délce stringu a pozici panelu ve strin-
gu. Vyskyt PID je nejCastéji spojen se zapornym napétovym potencialem vici zemi.

* TypFVpanelu

- Bylo zjisténo, Ze druh pouzitého skla, zplisob zapouzdieni a pfedevsim typ pouzité EVA félie
jsou zasadni pfi¢inou vzniku PID.

* Vlivy na trovni jednotlivych FV ¢lanka.

Hlavnim principem PID je unikajici proud pres predni stranu panelu (snizeny izola¢ni odpor mezi sklem a
ramem panelu — viz Obrazek 1) nej¢astéji dusledkem poruseni vlastnosti ochranné EVA folie a nasledného
proniknuti vlhkosti do struktury panelu coz zhorsi izola¢ni schopnosti materialu. Disledkem tohoto unikajici-
ho proudu dochazi k postupné degradaci jednotlivych fotovoltaickych ¢lankd v panelu.

. water f? 7 Bl
/ / _panel Al frame
’L Lo N Lo+ o4 o4 Lo+ " encapsulation
S S T P, ! I I S N T (ENC) foil
I DT solar cells
i e S
back sheet foil
1000 V PV +
e oy
> [
DC voltage source

Obrazek 1 Princip vzniku PID [6]

(tedy podle toho, jaka je poloha panelu ve stringu sériové zapojenych paneld). Vyskyt PID je mozné deteko-

Petr Mastny - Sekce €. 4 / referat €. 11 © CK CIRED 2015 1
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vat prostfednictvim zakladnich testd popsanych v IEC 61215. [2]. Nékteré typy (pficiny) PID efektu jsou pfi

efekt zplsobeny elektrochemickou korozi).

1.1. DETEKCE PID

Vzhledem k narustajici poptavce po detekci PID je v sou¢asnosti ovéfovano nékolik zakladnich diagnostic-
kych metod, které by mohly potvrdit degradaci panelu vlivem PID.

1.1.1. Elektrolumiscence

Nejpfesnéjsi metodou k potvrzeni degradace FV panelu vlivem PID je ovéfeni pomoci elektroluminiscence.
Nevyhodu je €asova naro€nost této metody, protoze je nutné podezfelé panely odpojit a demontovat z insta-
lace, nasledné premistit do specializované laboratore, kde je teprve mozné provést méreni.

1.1.2. Méreni izolaéniho odporu a unikajiciho proudu

Jednou z diagnostickych metod pouZitelnych pfimo v misté instalace je méfeni izolaéniho odporu stringu dle
normy CSN EN 62446. [3] Alternativni méfeni je mozné realizovat dle schématu (Obrazek 2). Vyvody panelu
jsou zkratovany a mezi nimi a ramem panelu je externi vysokonapétovy zdroj. Z Ubytku napéti na odporu je
nasledné uréen ,unikajici“ proud do zemé.

| —

V,

monitor

Obrazek 2 Méreni unikajiciho proudu vlivem PID [5]

1.1.3. Inteligentni monitorovaci systémy

Dal$im zplsobem je pouziti inteligentnich analyzator( jednotlivych panelt (Tigo, Smartblue, Solaredge),
které monitoruji okamzity vykon kazdého panelu (viz Obrazek 3) a jeho napétové a proudové charakteristiky,
a umoznuji identifikovat pokles vykonu a celkové provozni vykonnosti. ProtoZze u téchto systému je zaroven
patrna poloha jednotlivych panell ve stringu, Ize PID efekt diagnostikovat velmi rychle i pfi vizualni analyze
informaci poskytovanych systémem (pokles vykonu panelli smérem ke konci stringu). Vzhledem ke kom-
plexnosti tohoto feSeni (monitorovaci systém obsahujici bezpeénostni prvky a néastroje pro udrzbu) je vSak
jeho pfipadné pouziti vyhradné pro detekci PID mozné pouze v omezeném méfitku vzhledem k vyS$Sim na-

kladim spojenym s instalaci.

Obrazek 3 Panely ve stringu v monitorovacim systému Tigo s indikaci okamzitého vykonu (vadna by-pass
dioda, ale Zzadné PID)

Petr Mastny - Sekce ¢. 4 / referat €. 11 © CK CIRED 2015 2
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1.1.4. Méreni I-V kfivek a elektrickych panelu

Za zéakladni provozni diagnostiku, kterou Ize provést pfimo v misté instalace tak lze povazovat méfeni elek-
trickych parametrG jednotlivych paneld a stringh (I-V kfivek). Spolu se spravné provedenou prohlidku na
misté Ize diagnostikovat Siroké spektrum zavad na instalaci, které se mohou projevit poklesem provozni
vykonnosti a které mohou byt zaménény s vyskytem PID.

2. KONTROLA FVE INSTALACE DLE CSN EN 62446

Metodika kontroly FVE je uvedena v norm& CSN EN 62446 a je aplikovatelna na vychozi i opakované pro-
hlidky FVE k zajisténi optimalniho provozu. Ve své podstaté je kontrola FVE rozdélena na dvé asti. Prvni
¢ast zahrnuje kontrolu dostupné dokumentace, druha potom vizudlni kontrolu na misté instalace spolu
s méfenim elektrickych parametrt FVE k zajisténi bezpecnosti a bezproblémového provozu.

Zakladni dokumentace k FVE by méla obsahovat hlavni udaje o instalaci (pfedevSim skute¢ny pocet a typ
pouzitych panell a stfidacu, lokalitu, datum uvedeni do provozu), o projekéni a montéazni firmé a dale kom-
pletni elektricka schémata zapojeni, datové listy FV panell a stfidacu, idaje o nosné konstrukci, informace o
pravidelné udrzbé a revizni zpravy.

2.1. VIZUALNi KONTROLA

Samotna vizualni kontrola na misté instalace ma za cil ovéfit soulad s poskytnutou dokumentaci a detekovat
potencialni problémy v instalaci.
Vizualni prohlidku Ize rozdélit do nékolika ¢asti a na zakladé nami provedenych prohlidek a méfeni bychom
radi zdlraznili nasledujici body, které jsou obsazeny v uvedené normé, ale pfi prohlidkach tvofily nejcasté;si
nedostatky:

e Prohlidka DC komponent.

- Kontrola skute¢ného typu a poctu paneld, jejich zapojeni do stringll. Vizualni kontrola kabeld
a kvalita dotazeni konektor(i. Kontrola pojistkovych viozek.

- Kabely maji byt voleny a vedeny tak, aby se zabranilo jejich nahodnému uzemnéni, pfipadné
zkratu. Zaroven by mély byt vedeny tak aby nebyly zbyteéné vystaveny extrémnim povétr-
nostnim vlivam.

- Pokud je systém navrzen bez jisténi DC strany, musi byt uvazovan vliv zpétného proudu od
ostatnich stringQ, na ktery musi byt dimenzovany kabely a musi byt ovéfené, Ze pouzity typ
panelu umozriuje provoz s takovym zpé&tnym proudem. Piesto doporucujeme stavajici sys-
témy doplnit o jisténi DC strany.

-V prubéhu prohlidky ma byt ovéfeno, Ze instalace je vybavena alespori odpinacéem DC pole
od stfidace (idealné vsak i jisténim)

e Kontrola pfitomnosti a provedeni LPS.

- Aby se minimalizovalo indukované napéti pfi uderu blesku, je nutné minimalizovat smycky u
vedeni jednotlivych kabell.

- Je nutné dodrzovat uzemnéni nosné konstrukce panelll a provedeni ochranného pospojova-
ni.

e Prohlidka AC komponent.
- Kontrola kabell, zapojeni, jisténi a prepétovych ochran.
e Kontrola oznaceni jednotlivych prvku instalace.

- Cilem kontroly je zjistit, zda jsou jednotlivé prvky instalace (stringy, stringboxy, stfidace) fad-
né oznaceny. Na misté instalace by mélo byt dostupné jednopolové schéma zapojeni. Hlav-
ni vypina¢ by mél byt jasné oznacen. DC rozvadéce maji byt oznaceny varovanim, ze jsou
pod napétim i pfi vypnutém hlavnim vypinaci (pfestoze se ocekava pfistup k zafizeni pouze
kvalifikovanym osobam).
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2.2. MERENIi NA FVE SYSTEMU

Norma opét definuje standardni postup pro méfeni vSech parametri pfedevsim pro vychozi kontrolu instala-
ce. V pfipadé periodické kontroly k ovéfeni vlastnosti systému je mozné se zaméfit predevSim na kontrolu
DC ¢&asti instalace sestavajici z:

e Qveéfeni izolaéniho odporu FV pole.

e Méfeni parametrd stringu (Uoc, Isc, Umpp, Impp @ |-V kfivek).

e Provozni mérfeni jednotlivych stringli a FVE jako celku, spolu se stanovenim provozni vykonnosti.
e Diagnostika infrakamerou.

e Méfeni |-V kfivek jednotlivych panelll u stringtl vykazujicich mimotoleran¢ni parametry.

2.2.1. Ovéreni elektrickych parametri DC ¢asti instalace

K ovéreni méreni izola¢niho odporu, zakladnich parametr( stringu a |-V kfivek byl pouzit pfistroj Metrel
MI3108, ktery umozniuje testovat izolaéni odpor napétim 1000V v souladu s normou a pro zji§téni parametrt
FV stringu prepocitava namérené hodnoty na STC na zakladé teplotnich koeficientdl poskytnutych vyrobcem
panelu a aktualné namérené intenzity slunecniho zafeni a teploty panelu.

2.2.2. Ovéreni provozni vykonnosti FVE
Qveéfeni provozni vykonnosti FVE vychazi z nasledujici metodiky:
Vykonnost FV elektrarny je stanovena rovnici:

E
PR= %), (1)
((GE_UO)'A'E/]'m) ( )

kde

E Celkovy objem elektrické energie vyrobené FV elektrarnou za relevantni obdobi dle udaju
zaznamenanych méficim zafizenim PDS (Wh).

Ge Celkova agregovana energie sluneéniho zafeni zjisténa =z udajld solarniho cidla
instalovaného v ramci FV elektrarny za relevantni obdobi dopadajici v lokalité FV elektrarny
na plochu FV panell. V pfipadé umisténi vice Cidel v ramci FV elektrarny je pro urceni
celkové agregované energie pouzit vazeny primér vSech nameérenych veli¢in (Wh/m?).

A Celkova plocha vSech instalovanych FV panelll v rdamci FV elektrarny (m?2).

Effm Uginnost novych FV panell pouzitych v ramci FV elektrarny ke konverzi sluneéniho zareni
na elektrickou energii, dle udaju vyrobce v datasheetu daného panelu (%).

Uo Celkova agregovana energie slunecniho zareni za relevantni obdobi dopadajici v lokalité
FVE na plochu solarnich paneld, kterou nebylo mozno konvertovat na elektrickou energii a
dodat do sité vyluéné z nékterého z nasledujicich divodd (Wh/m?):

e Vdusledku odpojeni FVE nebo snizeni napajeciho vykonu PDS nezavinéného
zhotovitelem.

e V dusledku okolnosti vylu€ujici odpovédnost ve smyslu § 374 Obchodniho zakoniku.

e V dusledku zhotovitelem nezavinéného poskozeni VN vedeni pfipojujiciho FVE do
sité tfeti osobou mezi pfipojnym bodem PDS a oplocenim FVE.

eV dasledku poruchy nebo odpojeni distribuéni soustavy v daném misté.

e V dusledku zasnézenych modulu.

2.2.3. Méreni IR kamerou

Dle ptilohy D normy CSN EN 62446 by mély byt pro kontrolu infrakamerou dodrZeny urgité zakladni podmin-
ky. Intenzita sluneéniho zafeni v roviné panelu by méla byt v okamziku méfeni vy$si nez 400W/m?2, idealné
vy$$i nez 600W/m2. Podminky v pribéhu méfeni by mely byt stabilni. Méfeni mize byt provedeno jak
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z pfedni, tak i zadni strany panelu. V pfipadé méfeni z Celni strany je dulezité nezastinit ¢ast panelu vlast-
nim méficim pfistrojem nebo obsluhou.

PFi vyhodnoceni je dulezité zohlednit rozdilné teploty zpisobené montaznimi prvky a nalepkami na zadni
strané panelu. Vzhledem ke skute¢nosti, Ze teplota FV panelu se méni v pribéhu dne, je dalezité vyhodno-
covat teplotni rozdil mezi ,hot-spotem* a ostatnimi ¢astmi FV stringu ¢i panelu.

V pfipadé detekce problému IR kameru by méla nasledovat vizualni prohlidka podezrelé ¢asti. Dal$im kro-
kem je potom zméreni elektrickych parametrt panelu a |-V kfivek.

Vyskyt hot spot indikuje elektricky problém v konstrukci panelu (sériovy odpor, paralelni odpor). V kazdém
pfipadé je nutné provést vizualni prohlidku, pfi které mohou byt zjistény znamky prehfivani (hnéda mista).

Méreni IR kamerou je vhodné i ke kontrole konektor( propojujicich jednotlivé panely (konektor by nemél byt
vyznamné teplejSi nez kabel) a bypassovych diod (dioda by neméla byt horka — pokud neni zastinéna cast
panelu).

V praxi jsme se setkali nékolika pfipady, kdy byly nespravné interpretovany pofizené snimky, dle kterych
byly diagnostikovany defekty panell. Pfi podrobnéjSi analyze bylo zji§téno, Ze nebyly dodrzeny zakladni
minimalni podminky pro testovani tj. dostate¢na intenzita slunecniho zafeni a stalost teploty panelu a v né-
kolika pfipadech také pfi méfeni doslo k ¢aste€nému zastinéni testovaného panelu nedistotami (popfipadé
obsluhou).

3. ZJISTENE NEDOSTATKY NA FVE

Bé&hem prvni poloviny roku 2015 bylo provedeno nékolik mé&Feni v riznych lokalitach CR za G&elem prove-
deni provozni diagnostiky a detekce defektl. NarGst poptavky po diagnostickych sluzbach a detekci PID
vystihuje sougasny stav FVE v CR. V letech 2010-2011 doslo k masivnimu nardstu po&tu novych instalaci,
pficemz se velké mnozstvi FVE projektovalo a realizovalo ve velmi kratké dobé, Casto i s pouzitim méné
kvalitnich komponent. Vysledky a zjiSténé nedostatky vybranych FVE jsou uvedeny nize (viz. Tabulka 2).

Provozni diagnostika jednotlivych Fetézcl byla provedena prostfednictvim analyzatoru Metrel Eurotest PV
MI3108 PS. Soucasti analyzatoru je externi jednotka snimajici signaly z Cidla intenzity slune€niho zafeni a
teplotniho senzoru (viz. Obrazek 4 a Obrazek 5). Zakladni méfeni bylo provedeno pro jednotlivé stringy — v
pfipadech, kdy byl detekovan rozdil mezi redlnym a nominalnim vykonem stringu (vy$$i nez 10 %), bylo
realizovano méfeni na jednotlivych panelech takto identifikovaného stringu.

Obrazek 5 Kontaktni méreni teploty panelu

Obrazek 4 Méreni intenzity slunecniho zareni kalib-
rovanym fotoclankem v roviné panelu
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Kritéria pro vyhodnoceni vysledkd méfeni |-V charakteristik byla nasleduijici:
e Norma CSN EN 62446.
e Norma CSN EN 61215,
e Tvar a prubéh VA charakteristiky musi odpovidat pfedpokladanym hodnotam bez zjevnych zkresleni.

e Odchylka STC vykonu stringu/panelu do -10 %, kladna odchylka nebyla posuzovana jako chyba.

Pro jednotlivé stringy byly zméfeny |-V charakteristiky a zméfené hodnoty byly pomoci funkce pfistroje pre-
poc¢teny na hodnoty odpovidajicim standardnim testovacim podminkam (STC) s vyuzitim hodnot intenzity
sluneéniho zareni a teploty panelu zaznamenané v okamziku méfeni.

Ukéazka vystupu z provedeného méfeni je nize (Obrazek 6). Tmavé modrou barvou je vyznaéen priibéh I-V
charakteristiky pfepocitany na STC hodnoty, svétle zelena kfivka ukazuje pribéh podle nominalnich para-
metrd zadanych vyrobcem panelu.

Tmavé zelena kfivka znaci vykonovou kfivku podle nominalnich parametrd vyrobce panelu, modro zelena
potom méfeny prubéh vykonové kfivky pfepocitany na STC hodnoty. Hladky pribéh charakteristiky neindiku-
je zadné zjevné vady v zapojeni stringu.

V tabulce pod grafem (Obrazek 6) je vidét vysledna odchylka sledovanych parametrd jak pro cely string, tak i
pro jednotlivé panely v ném. Je nutné zdlraznit, Ze vyhodnocovaci metodika pouzitého méficiho pfistroje pfi
méfeni parametrd celého stringu pracuje tak, Ze jednotlivé parametry stringu jsou rovhomérné rozlozeny
podle pocétu panelu a to nezavisle na skute¢nosti, Ze néktery z panelll ve stringu ma tyto parametry vyrazné
odli$né. V tomto konkrétnim pfipadé se nejedna o vysledky méfeni jednotlivych paneld ale celého stringu.
Zaroven jsou v tabulce zdUraznény odchylky parametrt o vice jak 5 a 10 %.

2% METREL® €2
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"
Manufacturer
o hY
Module name : - i 9 4 N\ 200
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M1 3108 EurctestPy 5 2500
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A w
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Obrazek 6 Ukazka vysledku méreni |-V charakteristiky
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Na uvedeném grafu (Obrazek 6) je zfejmy hladky prabéh, témér totozny s ocekavanymi parametry. Odchylka
vykonu od nominalni hodnoty je v tomto pfipadé -0,6 %, coz Ize vzhledem k typu panell a pfesnosti méfeni
povazovat za bezproblémovy stav.

Dle vySe popsaného postupu je mozné snadno odhalit i vizualné nezjistitelné problémy a defekty, pfipadné
oveérit stav instalace po prohlidce IR kamerou. Zaroveri Ize pfi postupném méreni jednotlivych panelll ve
stringu sledovat trend odchylek vykonu a ovéfit tak vyskyt PID. Ukazka vysledkd ziskanych méfenim panel
po panelu je uvedena nize (Tabulka 1). Vysledky méfeni prvniho stringu neindikuji problém. Pokles vykon se
méni nahodné a pravdépodobné je zplsobem jinym mechanismem, nez je PID (poSkozeni vnitfni struktury,
necistoty, chyby pfi vyrobé&). Druhy string obsahoval vadny panel, ktery se projevoval poklesem vykonu pfi
méreni celého stringu. Panel byl funkéni pouze z jedné tretiny (Uoc=15 V). Treti string vykazoval rovhomérny
pokles vykonu a uvolnéné konektory, do kterych pronikala vihkost a zplsobila tak oxidaci kontakt(. Nasledu-
jici obrazky (Obrazek 7 - Obrazek 8) demonstruji ukazky chyb v instalacich, které se nejcastéji opakovaly
béhem dosavadnich prohlidek na jednotlivych lokalitach.

String 1 String 2 String 3

Pstc (Wp) | AP (%) Pstc (Wp) | A P (%) Pstc (Wp) | AP (%)
Panel 1 269,3 -3,82 | Panel 1 258,0 -7,86 | Panel 1 254,3 -9,18
Panel 2 263,3 -5,96 | Panel 2 262,0 -6,43 | Panel 2 258,2 -7,79
Panel 3 258,7 -7,61 Panel 3 257.4 -8,07 | Panel 3 259,6 -7,29
Panel 4 259,4 -7,36 | Panel 4 262,0 -6,43 | Panel 4 259,7 -7,25
Panel 5 262,2 -6,36 | Panel 5 70,0 -75,00 | Panel 5 257,6 -8,00
Panel 6 269,8 -3,64 | Panel 6 259,8 -7,21 | Panel 6 262,1 -6,39
Panel 7 274,8 -1,86 | Panel 7 267,9 -4,32 | Panel 7 259,1 -7,46
Panel 8 288,3 2,96 Panel 8 267,0 -4,64 | Panel 8 254,9 -8,96
Panel 9 291,6 4,14 Panel 9 262,1 -6,39 | Panel 9 255,1 -8,89
Panel 10| 298,6 6,64 |Panel10| 2722 -2,79 |Panel10| 254,7 -9,04
Panel 11 2819 0,68 |[Panel 11 268,4 -4,14 | Panel 11 262,2 -6,36
Panel 12| 270,2 -3,50 [Panel12| 271,0 -3,21 |Panel12| 256,5 -8,39
Panel 13| 275,1 -1,75 |Panel 13| 273,2 -2,43 |Panel 13| 260,2 -7,07
Panel 14| 267,3 -4,54 |Panel 14| 271,3 -3,11 |Panel 14| 260,4 -7,00
Panel 15| 269,3 -3,82 [Panel15| 270,44 -3,43 |Panel 15| 263,9 -5,75
Panel 16| 271,2 -3,14 |Panel 16| 268,0 -4,29 |Panel16| 265,9 -5,04
Panel 17| 271,2 -3,14 |Panel17| 2675 -4,46 |Panel17| 261,1 -6,75

z 4642,2 b2 4328,2 z 4 405,5
Legenda odchylky vykonu (%)
5 | o | 5 T 1o

Tabulka 1 Vysledky méreni jednotlivych stringt po jednotlivych panelech

=

Obrazek 7 Nahrazeni panelu odli$nym typem’ Obrazek 8 Zastinéni ¢asti pole okolnim porostem

' Kombinace panelu s rdznou technologii a elektrickymi parametry zptsobuje posun pracovniho bodu celého
stringu mimo jeho optimum a zhorSuje tak celkovou provozni vykonnost.
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Obrézek 9 Cast kabelu s poskozenou izolaci kabelu Obréazek 10 Nespravné zapojeny? a oznaéeny
0 nosnou konstrukci stringbox

Obrazek 11 Nespravné uchyceni panelu Obrazek 12 Delaminace ve strukture panelu

2 Nespravné zapojeni spociva v zapojeni pojistkovych odpinacl, tak Ze jsou vzdy rozpojeny dva kladné vy-
vody. Nelze tak odpojit pouze jeden string. V ramci Uspor jsou kabely poddimenzovany a nasledné pfezna-
Covany.
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chybné pospojo-
vani nosné kon-

strukce.

Provozni
Technologie | Uzemnéni Typ Provoz Projektové
PID | vykonnost Chyba instalace/udrzby
panelt DC+, DC- | instalace od chyby
(%)
Paralelni spojeni
stringl s riiznym Nedotazené spoje v DC
pocétem paneld v &asti instalace, zastinéni
volné
1 Polykrystal ne 07/2010 | ne 83,1 sérii. Chybéjici ¢asti panelt nevhodnym
stojici
jisténi a odpinace uchycenim, poSkozena
DC ¢&asti instala- kryci skla FV panel.
ce.
Pokles vykonnosti
zpusobeny ne-
volné
3 | Monokrystal ne 09/2010 | ne 82,25 spravnou volbou zadné
stojici
typu pouzitych
stridacd.
stfesni
4 Polykrystal ne 12/2010 | ne 88,4 zadné Zadné
instalace
Zastinéni okolnimi
budovami v zim-
stfesni
5 | Monokrystal ne 03/2011 ne 85,4% nich mésicich, Zadné
instalace
chyby v provedeni
DC rozvodu.
Nedostate¢né
dimenzované
Vadna pojistka v jedné
kabely na DC
stfeSni fazi na AC strané, posko-
6 | Monokrystal ne 04/2009 | ne 76,5% strané, rozdilné
instalace zené panely (degradace
pocty panell ve
jednotlivych bunék).
stringu, zastinéni
okolnimi objekty.
Nespravné zapojené
Nespravné rozdé-
stringboxy, chybéjici
leni PE a N vodi-
oznaceni, nefunkéni
¢e, nestandardni
pfepétova ochrana na
volné zapojeni jednotli-
7 | Monokrystal ne 12/2010 | ne 83,7% fazi L2 AC strany u vSech
stojici vych stringd,

stfidacd. Ruseni v okoli
ramU panel zplsobené
nespravnym uzemnénim

nosné konstrukce.

Tabulka 2 Vysledky méreni a zjisténé nedostatky u vybranych FVE
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4. ZAVER

S ohledem na ziskané poznatky v prib&hu méfeni na jednotlivych FV instalacich Ize pro zajiSténi bezpecné-
ho provozu a optimalni vykonnosti jednozna¢né doporucit periodické prohlidky minimalné jednou ro¢né
s nasledujicimi kroky:

e Vizualni kontrola instalace — kontrola viditelnych mechanickych poSkozeni, pfipadné dotazeni vol-
nych konektorti na DC kabelech.

e Méfeni IR kamerou — detekce skrytych problém( na panelech, pfehfivajicich se mist v kabelazi a
stringboxech

e Méfeni |-V kfivek jednotlivych stringli — v pfipadé podezrelého poklesu vykonu nasledné provést me-
feni panel po panelu.

e Méfeni provozni vykonnosti — vyhodnoceni celkové provozni vykonnosti odhali problémy na stfida-
Cich, pfipadné dalSich ¢astech instalace.

Na zakladé dostupnych informaci tykajicich se PID, méFeni provedenych na nékolika FVE v CR a déle na
zakladé vyhodnoceni provozu 20 fotovoltaickych elektraren pomoci monitorovaciho systému Tigo konstatu-
jeme, Ze na zadné z kontrolovanych instalaci se vyskyt PID nepotvrdil. Jak bylo uvedeno v &lanku, poklesy
vykonu u jednotlivych FV instalaci, pokud se projevily, byly dusledkem jinych pfi¢in. Vyhodnocenim uvede-
ného vzorku 27 elektraren Ize tedy ptedpokladat, Ze degradaci panelti vlivem PID je v CR moZné povaZzovat
za minoritni problém, ktery je vazan na konkrétni typ panelt a nejedna se o globalni pfi¢inu poklesu vykon-
nosti FVE v CR, ktera velmi &asto souvisi s nedostatenou Gdrzbou, pfipadné chybami v navrhu samotné
FVE.
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Kategorizace vysledku dle RIV FEKT VUT v Brné:
MetRVVI A104

Popis ¢lanku a jeho vyznam pro reSeni dizertacni prace

Clanek publikovany na mezinarodni konferenci EPE 2016 prezentuje vliv regulatort toku
vykonu na kvalitu elektrické energie. Vyzkum navazuje na dosavadni dosaZzené vysledky
autora a zohlednuje aktudlni legislativni poZadavky v oblasti mikrozdrojt a jejich pfipojo-
véni do elektrizadni soustavy. Cldnek prezentuje vysledky pfimo souvisejici s moZznostmi
fizen{ toku elektrické energie v systémech s obnovitelnymi zdroji prostfednictvim spinani
ptidavnych zatézi. Tento zplsob fizeni je provozovateli FVE pouZivan k optimalizaci
energetické bilance bez ohledu na zpétné vlivy na sit’.

V ¢lanku je popsan zpusob regulace pomoci SSR (Solid State Relay) se spindnim
v nule a fazovou regulaci. Vliv takto spinanych zat€zi se projevuje predevsim v nartistu
flikru, harmonického zkresleni napéti a stfedofrekvencniho ruSeni. V rdmci vyzkumu v
této oblasti se autor dizertacni prace podilel na ndvrhu zapojeni méfici sestavy a souvise-
jictho méfeni. Déle zpracoval skripty pro vykresleni grafickych zavislosti z méfenych dat
a v navazujicim vyzkumu v této oblasti se aktivné podilel na realizaci externich Skoleni
pro zaméstnance distribuCnich spolecnosti. Dal§im dil¢im vysledkem je tvorba labora-
torni dlohy v predmétu Malé zdroje elektrické energie zaméfené na porovnani algoritmi

spindni komeréné dostupnych reguldtorti tokl vykonu.
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Abstract—The paper is focused on power flow control in
energy systems with grid-on renewable energy sources employing
time-proportional controlled and phase angle controlled resistive
loads (like boilers) to balance energy produced by the sources.
The system operational properties are described and major
mechanisms affecting power and voltage quality are identified.
Contributions of the pulse-width regulated loads to voltage flicker,
system harmonics and to high frequency conducted disturbances
in audio range (2-250 kHz) are studied on a test system realized in
a small laboratory measure. Finally, on the basis of experimental
results, limiting power of regulated resistive loads from point of
view of flicker and harmonic current emissions is estimated.

Keywords—flicker; harmonics; conducted EM; renewable;
power flow control; power quality; PWM control; phase angle
control;

I. INTRODUCTION

In a case of small power sources operated by customers
in parallel with the Distribution System (DS) for personal use
only and not with the intention of producing electricity for sale,
it is always the best way to consume the produced electricity
at the site [1]. From the economic point of view, it results
in savings due to the different prices for produced energy
(lower) and delivered energy, injected to or consumed from
the public grid, respectively. The potential of such savings can
be magnified or even suppressed by specific economic model,
grant policy and by technical requirements on installations
applied in each country.

Since household electricity production typically does not
correlate in power or/and in time with on site consumption it
is necessary to provide, in order to maximize the effect, an
optimal balance between. In general, the power of production
and consumption facility can be managed (controlled), if cor-
responding devices support built-in proper regulation of power
or, in case of loads, if additional power regulator (controller)
is employed and moreover if such control/regulation is user-
acceptable [2]. Most of typical domestic electrical appliances
are associated to user’s immediate needs (for instance lighting)
and cannot be controlled or even regulated to ensure the
power balance. Those devices belong for this purpose to
uncontrollable loads. On other hand, demand of electrical

The paper was prepared at Centre for Research and Utilization of Renewable
Energy (CVVOZE). Authors gratefully acknowledge financial support from the
Ministry of Education, Youth and Sports of the Czech Republic under NPU 1
programme (project No. LO1210).

978-1-5090-0908-4/16$31.00 © 2016 IEEE

appliances such as electric heaters, boilers, etc., providing in
fact accumulation of electricity to heat, is not strongly related
in time to use. Thus, those loads can be managed to shift
their power demand within a day to meet the (variable) power
production, for instance from PV sources [3]. Nevertheless,
power demand of any load or any sum of the loads is not typ-
ically the same at any time as generated power, since electric
heating systems are designed to meet different requirements.
Moreover, in domestic installations, input power of the heating
systems is usually comparable or bigger than installed power
of the generator. Then input active power regulation can be
fictively ensured by controlling on/off states as it is normally
employed to regulate output power of electric table cooker,
induction cooker, microwave oven, electric oven, etc.

Considering the power source of certain actual power Pg
and a resistive load representing the heating system with
switch-on power P, bigger than Pg , the energy balance
from point of view of DS can be fictively achieved by Pulse-
Width Regulation (PWR) of the load, changing switch-on state
(switch-on time Tpy) in a switching cycle period 7. The
situation is documented in Fig. 1, where the energy balance is
based on the following expression:

(PL'TON+PG'TC)TC =0 (€))

Fig. 1. Active power flows in a system with an energy micro source and
pulse-width regulated resistive load

In fact, the described principle does not ensure power
balance of the system at any time. Just about 50 % (or more) of
the energy produced by the power source goes directly to the
load, the rest is processed via DS which is utilized for short-
term “accumulation”. However, if the switching period T¢ will
be equal or shorter than integrating period (measuring window
time Thrw) of a revenue meter, in connection according to
Fig. 1, and a balance according to (1) will be established, the
measured and cumulated/registered energy in both directions
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(consumed and produced energy) will be zero or close to zero
respectively. Standard revenue meters metrics use nowadays
Tavrw=1 s, while switching cycle time T of electric cookers
or owns are in orders of 10 s to 1 min, thus switching of the
electric boilers or heaters with period shorter then 1 s has to
be realized.

On the basis of the approach, actually misusing weakness
of the revenue meters, there are available commercial solutions
on the market, being popular due to simplicity and low
investments mainly in the case of existing installations. Prac-
tically, the switching is realized by Solid-State Relays (SSRs)
with Zero-Cross Switching (ZCS) [4], where the achievable
switching period starts from 1.5 periods with resolution of
one period or even half-period, or even faster by phase angle
controlled voltage converters. The switching devices connected
in series with regulated load are driven by a power flow
controller providing the required functionality given by (1).

It is clear that the load management of relatively high
power consisting in the PWR will affect Power/Voltage Quality
(PQ/VQ) in the public DS. Fast switching using SSRs cause
admittedly periodical rectangular voltage changes, i.e. voltage
flicker while phase angle control using triacs leads to harmonic
distortion and even to High-Frequency (HF) conducted differ-
ential disturbance origin due to switching edges. The paper is
focused on those PQ issues evaluating expectable disturbance
levels by means of experimental study performed on a real
small scale model.

II. DESCRIPTION OF THE SYSTEM WITH POWER FLOW
CONTROLLER

Typical integration of a power flow controller to cus-
tomer’s installation with grid-on micro PV source is shown
on Fig. 2. The controller consists typically of total current and
bus voltage sensing circuits, measured signals procesing part,
regulator, programmable switching logic and of output drivers
controlling external and even low-power build-in switchers
(SSRs, Relays). Connected controlled loads are managed by
the power flow controller by means of settings and preferences
pre-programmed in a service SW.

PN
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= 33
IT
Revenue Electricity Single-phase PV panels 4
Meter Current meter Inverter g
Transducers an
H— — :
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~ SSR ; =
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0 AV (zcs)| R0y i i3
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4-20mA7 SSR (PhReg) ! 2
Controller Triac : ‘g
0-10V Py by, ¢ £
[l iS
Fig. 2. Schematic of the system with a power flow regulator

Sensing part contains current (3-phase or single-phase ac-
cording to the HW option) and voltage transducers whose out-
put signals are digitized using low-performance A/D convert-
ers. Applying simplifying presumptions instantaneous power
or even active power is estimated from digitized signals
consequently. Measurement and the power determination are

not so accurate, but it is not critical issue. Calculated power is
led to a differential PI regulator, where the reference input
power is P..;y=0. Time constant of integrating part of the
regulator is typically of 100 ms. Regulator topology can be
programmed to maintain virtual zero flow over all of three
phases or for each phase separately. Based on the regulator(s)
output level and current state of all outputs, different types
of outputs are taken into operation and controlled according
to pre-programmed preferences, so that the short-term energy
balance at the point of measurements is zero. The controller
is of following three output types used to manage the loads:
relay output to drive coil power relays, PWM output signal to
drive SSRs with ZCS and analog signal 0-10 V to drive triacs
[5].

A. Cascade load switching using coil relays

Loads connected via coil relays are those not suitable for
fast switching (pump drives, etc.) thus dedicated for long-
term operation to reduce required regulation power if actual
generation exceeds available power of load switched by SSR
or by triac. Occasional switching of those loads resulting in
voltage changes related to switch-on and -off operations does
not affect the grid VQ significantly if the switched load is of
reasonable power. If more background active power is needed
to maintain energy equilibrium, other loads can be connected
in a cascade. It is important, that the power of the loads is
rationally distributed between the relay outputs, to prevent
high step changes and to use the whole potential of cascade
switching.

B. Dynamic load switching using SSR with ZCS

The use of PWM driven SSR allows regulating input
average active power of the suitable loads (electric boilers,
etc.) from 0-100% with step resolution given by one period of
fundamental frequency since half-period resolution may lead
to origin of DC component in drawn current. The instant active
power varies in time and its average value depends on the duty
cycle of the switching in the switching cycle period. As it was
mentioned in previous chapter, to achieve maximal affection/
reduction of active energy registered by the standard revenue
meters, the switching cycle period T has to be T < 1 s.,
i.e. 50 periods in case of 50Hz systems (fy). Actually, it is
typically shorter. It means that such switched load will lead to
supply voltage rectangular amplitude modulation with modu-
lation frequency fy; of 1 Hz or bigger and with modulation
depth depending on switched load (power) current magnitude
and on the DS impedance at point of delivery. Since power
of the switched load is practically in kW and taking into
account modulation frequency approaching most disturbing
range of frequencies [6], the voltage variation may result
in exceeding limits for short-term flicker index, i.e. P >1
[7]. To prevent from unacceptable flicker level, the power
flow controllers producers adopted switching strategy to keep
switching cycle period T (in periods) as short as possible
shifting the modulation frequency behind 9 Hz to maximally
obtainable 1/2 fx or 2/3 fn. For example, if the switched load
is of Pr,=2 kW and actual generated power is of Pg=-1 kW,
the switching duty cycle has to be from (1) equal to 50 %:

Tox _ _Fo

e = B, @
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Supposing T¢<1 s (number of periods N-=50 for fy=50 Hz),
corresponding switch-on periods and modulation frequencies
are shown in Table I. On other hand, it is possible to start
from the shortest Non=1 period, thus the N¢ is 2 periods
and corresponding modulation frequency is of 25 Hz. Real
waveform of the load voltage and current can be seen on Fig. 3.

TABLE L. SWITCHING STRATEGY WITH THE SAME 50 % DUTY CYCLE
VS. MODULATION FREQUENCY (fn=50 Hz)
Switching period Switch-on period Modulation freq.
Tc () | Nc () | Ton (s) | Non () fn (Hz)
1 50 0.5 25 1
0.6 30 0.3 15 1.667
0.2 10 0.1 5 5
0.12 6 0.06 3 8.333
0.04 2 0.02 1 25

— — —Load voltage Load current

Voltage (V)

L L L L L L L L L
-2
0 001 0.02 003 004 005 0.06 007 0.08 0.09 0.1
Time (s)

PWM load regulation with duty cycle 50%

C. Dynamic load switching using triacs

Considering switching of the load even faster, waveform
shape of the load supply voltage within period has to be
changed commonly at leading edge using trics. The phase
angle controlled resistive load operation is shown in Fig. 4.
This kind of switching normally does not invoke voltage
flicker, since the switching cycle frequency is shift to 2-fx
(100 Hz) and input active power is regulated continuously by
changing firing angle, thus duty cycle. Noticeable and even
disturbing voltage flicker may arise when the firing angle is
changed in time in a large range with a periodicity between 1
to 25 Hz.

More relevant there is distortion of input current leading to
DS voltage distortion by means of corresponding voltage drop
on the DS impedance. Two kinds of disturbances are related
to: 1) harmonic distortion exhibiting in range to 40" harmonic
order and 2) HF conducted differential disturbances due to fast
switching edges. While content and levels of current harmonics
depending on firing angle should comply in the worst case
with permissible limits given by emission limits specified in
[8], where the load type can be classified as device Class A,
limits for the conducted differential disturbance up to 150 kHz
are not established yet [9].

o
w0l
180

— — —Toad voltage

Load current

120 \

Voltage (V)

Lt L L L L -
0 001 0.02 003 0.04 005 0.06 007 0.08 0.09 0.1

Time (s)

Fig. 4. Triac switched load with trigger angle o = 112°

III. TEST SYSTEM AND RANGE OF EXPERIMENTS

In order to study, verify and determine deterioration in PQ
due to switching load based active power flow optimization, a
test system in a small laboratory suitable measure, employing
a commercial power flow controller, was realized (Fig. 5). The
system is built around a PV power source assembled from a
grid-on micro-inverter AESolar 330W which is supplied from
a programmable DC power source to generate Pg=140 W
continuously. The resistive loads R1 and R2, representing
electric boilers, are designed to be approximately twice the P
to fulfill PV maximal power and to match separately generated
energy if their switching duty cycle will be around 50 %.
Summary of the system powers is in Table II. The loads are
connected via a SSR and a triac respectively and are going
to be operated alternatively. Both the switches are driven by
controller GreenBonO (1f).

TABLE IL SUMMARY OF THE TEST SYSTEM ACTIVE POWERS
Device Nom. voltage | Nom. power | Actual voltage | Actual power
Un (V) Pn (W) Uum P (W)
PV source 330 140
Load R1 230 212 225 203
Load R2 504 482

Towards testing results portability, test system scale has to
be determined and appropriate DS line impedance has to be
modeled. Maximal allowable power of single-phase devices
(source or load) connected to public LV DS, with regard to
influences on DS induced on line to neutral loop reference
impedance Z1,_ N rey = (0.4+30.25)Q [10] (f¥=50 Hz), is to
be S17_G/L,maz=3.7 KVA. Appropriate considered test system
maximal apparent power of disturbing load is Sp;0p=280 VA.
Then the power scale is about 1:13 and the required test system
impedance is as follows:

Slf*G/L,maz

= (5.29 + j3.30)Q (3)
Svop

ZL,maac = ZL*N,TEf

The modeled DS system impedance (Fig. 5) is composed
of three blocks of the same impedance at 50 Hz, Z; =
(1.77 4+ j1.02)Q2, where each impedance block was made
using resistors and core-less coils. Total impedance of all three
blocks is then similar to (3): 3Z; = (5.31 + 53.06)Q). The
LV supply system impedance Z; (Fig. 5) can be considered
negligible:| Z;| = 0.22Q << |Zp| = 2.04Q. The consti-
tuted test system impedance is suitable to investigate voltage
variations/flicker. Nevertheless, harmonic and HF differential
disturbance emissions and propagation may be influenced by
resonant circuits formed in real DS or even in customers
installations.

Designed range of tests covers all following combinations
of the test system connection (A) and operation (B): B1) in
order to verify background VQ indices, the PV source as well
as both regulated loads are disconnected; B2) only PV source
is in operation; B3) PV source with ZCS SSR controlled load
R1 are in operation; B4) PV source with triac controlled load
R2 are operated; A) the test system impedance is changed in
three steps, Z, or 27, or 3Z;, are in use to simulate different
disturbing load to system impedance ratio (see dashed line in
Fig. 5). System of measuring devices fitted to measure all the
monitored circuit quantities and PQ indices is documented in
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Fig. 5. Wiring diagram of the test system

Fig. 5. Analyzer HIOKI 3390 with current probes Hioki 9272-
10 was employed to record current and voltage waveforms in
test points 1, 5, 6 and 7 (Fig. 5). Current and voltage harmonics
in consonance with [8] and [11] and flicker severity index
according to [12] were measured in test point 5 by precise
wattmeter LMG 95. And finally, HF differential disturbances
in frequency range from 2 to 250 kHz were captured in test
point 5 by developed HF analyzer. The analyzer is based
on virtual instrumentation utilizing appropriate voltage divider
and current transducer connected to NI 9222 measuring card
docked in NI cDAQ-9171. Measured signals are processed by
means of FFT applied on consecutive 200 ms fixed rectangular
measuring windows. The resulting frequency components with
step of 5 Hz are subsequently grouped over 100 Hz span
with centered frequencies at even multiples of 50 Hz adopting
procedure introduced in [11].

IV. EXPERIMENTAL RESULTS

The measurement was performed under conditions de-
scribed in previous section focusing on the flicker, harmonic
and HF distortion due to operation of switched load driven
by active power flow controller. Waveforms of currents and
voltages obtained in test points 5 and 6 (Fig. 5) for the PV
source balanced by the SSR switched load R1 or by the triac
switched load R2 are shown in Fig. 6 and Fig. 7, respectively.
Corresponding waveforms taken in test point 7 are then in
Fig. 3 and Fig. 4. All of the waveforms were acquired if one
block of the system impedance Zj, was in use.

Voltage Tnverter current — — — Line current
16

Voltage

Tnverter current — = — Line current

Current(A)

]
Lo

L L L L L L L L L .
0 001 0.02 0.03 0.04 005 0.06 0.07 0.08 0.09 0.1

Fig. 7.

Time (s)
Line and inverter waveforms — triac switched load
THDy; in test point 5, total magnitude of voltage differential
disturbance in range from 2 to 250 kHz Up is presented,
where:

249950H z

>_Uf.

fe=2000H z

“

being Uy, measured grouped disturbing voltage at each cen-
tered frequency. Table IIL. is also supplemented by results
corresponding to background disturbances level and by values
obtained for separately operated PV source.

TABLE III. SUMMARY OF MEASURED RESULTS
Variant ZL Q) | 7z () | Pt () | THDy (%) | Up (Vrms)
Background — — 0.09 1.9 0.04
1774102 | 033 0.00 K 0.32
PV source | 3.54+2.04 | 0.66 0.01 2.0 -
5314j3.05 | 098 0.02 22 -
T77+1.02 | 033 0.99 22 =
r V;'(gfm 3544204 | 0.66 234 2.0 -
02 53143.05 | 0.98 265 18 -
- T77+1.02 | 033 0.61 35 240
rv;(lgac) 3.5442.04 | 0.66 0.28 55 -
02 53143.05 | 0.98 0.23 72 -
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Fig. 6. Line and inverter waveforms — SSR switched load
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It can be seen that the energy/power balanced state adjusted
by the controller for setup given in Table IL led to one period
on and off state of SSR driven load and to firing angle of 112°
of triac driven load.

Summary of VQ indices in the delivery point for the
operation states being in view is available in Table III., Where
rz is ratio of the employed system impedance (Zy,, 2Zy, or
3Z1) to the estimated impedance in (3). Except short-term
flicker level P,; and total harmonic distortion of the voltage

It acknowledges that flicker is an issue of SSR switched
loads while phase angle controlled loads invoke harmonic and
HF disturbances, as it was preliminary discussed in section II.
At the same time, it is clear, that disturbance in public LV
DS caused by the switched load based energy balance may
reach or even exceed limits for corresponding VQ indices,
Pyt 1im=1 and THDy 1;,,=8%, given by [7]. The tests results
are discussed in details in following subsections organized in
view of each disturbing phenomenon.

A. Flicker

Modulation of firing angle due to regulation process in case
of the triac controlled load may lead in increasing of Ps; above
the background level (Table III.). However the changes are not
normally able to exceed the admissible value.

On other hand, SSR switched load is of evident potential
to achieve noticeably higher P,; values than 1. Resulting
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from chosen active powers in the test system (Table IL.) the
switching frequency adjusted by the controller was mostly 25
Hz. Since the P r; was lower than the double of Pg (see
the line current waveform in Fig. 6), the switch-off time was
time to time extended to balance control deviation, thus the
switching frequency was transitionally decreased and flicker
increased. It could be expected that the measured P,; (Table
III.) would be linearly dependent on the changing test system
impedance Z. Nevertheless it has to be taken into account
that the load power is reduced with decreased voltage within
switch-on period and that the resulting voltage fluctuation
affected power generated by the PV inverter, thus switching
frequency and P,; were changed consequently.

It would be useful, for practical purposes, to estimate
maximal size of switched load for which Pg=1. Py level is
except disturbing switched load size Py, proportional to con-
necting impedance Z;, determining together voltage change
magnitude, and is nonlinearly depending on the switching
frequency fjs, resulting from regulation process if generated
power Pg is changing. Lets consider periodical switching
in 230 V/ 50 Hz system with changing switching frequency
as follows: one period switch-on time followed by a delay
from one to 49 periods to form rectangular voltage changes
from 25 to 1 Hz. It is quite similar, for the supposed voltage
modulation, find out in terms of simulation the voltage change
relative magnitude resulting in Ps;=1 (AU/Ups=1). The IEC
standard flickermeter model from [13] was utilized and the
obtained limiting values vs. modulation frequency are shown in
Fig. 8. Switching frequency of 33.3 Hz was obtained supposing
switch-on for half-period and switch-off state for one period.
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Fig.8. AU/U for Ps;=1 and limiting input active nominal power of switched
single-phase resistive load vs. modulation/switching frequency

Then starting from simplified form for magnitude of the
voltage drop on the line impedance (Ry,+jX1,) due to resistive
load of input power Py, at voltage magnitude U:

Pr
AUL = Ry, - T Q)
limiting input active nominal power of switched single-phase
resistive load vs. switching frequency can be estimated (con-
sidering reference DS impedance):

AU
Pst=1 UIZV (6)
100 RL*N‘ref

P Njim =

Resulting vales are shown in Fig. 8. As it can be seen, the
limiting switched power is much lower in comparison to the
power of readily used boilers or electrical heating systems.

B. Harmonics analysis

Contribution of the SSR switched load to the harmonic
distortion is negligible (Table III). Different situation occurs
when the energy balance is realized by the triac controlled
load. Line current and voltage waveforms from Fig. 7 result
in harmonics spectra shown in Fig. 9. Content of current
harmonics is influenced by compensated real part of the
fundamental current while harmonics of higher order produced
by the phase angle controlled load remain unchanged in the
line current. Since the aim of the power flow control is to
reduce real part of the fundamental current to be ideally equal
to zero, representation of the line current harmonics in absolute
measure seems to be convenient. Obtained voltage harmonics
are set by expressively inductive character of the model system
impedance Z, (one block in case of Fig. 9), which can be in
real system formed by possible resonant circuits.
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Fig. 9. Line current and voltage harmonics of the waveforms from Fig. 7
(inverter with active energy balance using phase controlled load)

Results in Table III. also indicate that THDy does not
increase linearly with inserted impedance Zp. It can be ex-
plained by the resistive load decrease with increased voltage
drop on Zj, and by adaptation in the load current due to
voltage distortion at switching edge (Fig. 7). Dependence of
the voltage distortion on the load power, actual firing angle and
on concrete DS system impedance does not allow to estimate
limiting switched load power directly as in case of the flicker.
Nevertheless, those loads can be classified as loads of Class
A with defined absolute limits for harmonic current emissions
specified in [8], being for even harmonics from 3™ to 13%:
Ip1im= 2.3, 1.14, 0.77, 0.4, 0.33 and 0.21 A. Considering
idealized shape of the phase angle («) driven load current
(Fig. 4)i(wt) = [V2Py-Uy'- sin(wt)]::tj!, magnitudes
(rms values) of individual current harmonics can be obtained
by means of analytical Fourier transform in following form:

I, =Py -Uy' F(h,q) @)

being Py nominal power of phase angle regulated resistive
load at rated voltage Uy and F'(h, «) is determined as:

2 cosTh-
2 cos ah - cos a+
Fiho) = gy '<+h-sinah~sma>+ ®

+1 4 cos® a + h%sin® o
Finally, the limiting nominal power of the phase angle con-
trolled resistive load is possible to express from (7) as follows:
. _ 180°
Pp N iim = min “UN T tim - F7YHR, C’)L:OOJ N 9

Taking into account just 3'¢ harmonic, the Pr, N 1im=1662 W,
or it is 945 W if harmonics up to 13" are covered.
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C. High frequency analysis

Measured conducted differential disturbances in drawn
currents and system voltages (excited on the impedance 17},
in test point 5 - Fig. 5) within chosen test system operations
and in frequency range from 2 to 250 kHz are shown in Fig.
10 and 11. It can be seen, how the inverter or even phase
angle controlled load (a=112°), balancing the inverter active
energy production, contribute over the background level. The
inverter’s switching components and its sinus filter response
can be recognized in range from 10 to 100 kHz, while the
current switching edges and corresponding commutation volt-
age drops (Fig. 7) manifest themselves in frequency domain
up to 20 kHz. The voltage disturbance may be different in
real world because of diverse DS impedance from that used
in the test system. Nevertheless application of the phase angle
driven load to control power flows may lead to interference in
the audio band, which can be suppressed by insertion of large
passive filters and by additional shielding.
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Fig. 10. Comparison of high frequency disturbance in the line current in
case of the background, working inverter and with phase angle regulated load
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Fig. 11.  Comparison of high frequency disturbance in the system voltage in
case of the background, working inverter and with phase angle regulated load

V. CONCLUSION

Regulation of resistive loads by means of SSRs and tri-
acs driven by the proprietary controllers to balance energy
produced by household micro-sources represents relatively
cheap and available solution, mainly in the case of existing
systems. On other hand, it was shown that the PWR may
easily lead to deterioration in VQ exceeding allowed limits for
voltage flicker or harmonic distortion, respectively. In order to
demonstrate severity level, limiting power of resistive loads to
be regulated (like boilers) was assessed. Even if the controllers
support multi-level load control to follow actual production and
maximal loads controlled by SSRs or triacs are defined by the
controllers’ producers to fulfill corresponding standards, it does
not prevent from misusage. It is unfortunately in evidence that
PWR loads are typically in range from 1 to 3.7 kW or more,
for instance one heating element of originally 3f symmetrical
heating system. Comparing to the assessed limiting values,
it can cause dramatic violation of limits in the public DS.

Mainly in a case, when European countries tend to support
“uncontrolled” deployment of the micro-sources potentially
equipped with such energy balancing systems.

Finally, it has to be kept in view that the energy balancing
approach based on fast switch mode control of the AC loads
does not provide direct consumption of the whole amount
of produced energy. In the worst case, 50% is consumed
right locally and the rest is exchanged in terms of very
short term “accumulation” in DS. “Virtual” zero active energy
flow is based on the revenue meters weakness. Taking into
account that the electricity distribution fees are matter of
energy demand in many countries, the situation is pretty unfair
to other costumers. Irregularities in the energy measurement
and the accompanying PQ issues can be notably reduced
changing strategy in controlling power flows integrating, for
instance, fully controllable hybrid converters with an electric
accumulation system [14][15].
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Popis ¢lanku a jeho vyznam pro reSeni dizertacni prace

Clanek prezentovany na mezinarodni konferenci EPE 2016 popisuje koncept rychlona-
bijeci stanice pro elektromobily s podpiirnou akumulaci. Vyzkum v této oblasti souvisi
s fFeSenim projekti spoluprice s primyslem na Ustavu elektroenergetiky. Autor dizertaéni
price byl clenem fesitelského tymu a ¢lanek tak prezentuje dil¢i vysledky predstaveného
konceptu. V ramci ¢lanku je provedena analyza souasného stavu elektromobility v CR
a na zékladé potieby rozsiteni sité¢ rychlonabijecich stanic jsou prezentoviny zdkladni
energetické bilance pro systém kombinujici FV systém o vykonu 20 kWp, rychlonabijeci
stanici o vykonu 50 kW a podptirnou akumulaci o vykonu 50 kW a kapacité¢ 250 kWh.
Predstaveny koncept tak navazuje na dosavadni vyzkum a poznatky s provozem hybrid-
nich systémi. V rdmci ¢lanku je popsdna inovovand vnitini logika fizeni, kterd vyuziva

nabijeni podptrné akumulace primarné v nizkém tarifu.
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Abstract—The urgent need for the development of charging
stations for hybrid cars and electric vehicles (EV) still shows as
important in the context of the current gradual development of
this type of transport. The paper contains an energy analysis of
the concept of charging stations with integrated accumulators
and renewable energy sources. Based on the concept are
developed mathematical models. It was performed energy-
economic analysis in order to verify the possibility of using the
concept in this way to reduce the load of the network at the
connection point.

Keywords—Charger; battery; accumulation, electromobility;
electricity system

I. ELECTROMOBILITY — PRESENT AND DEVELOPMENT

Electromobility is priority in EU and Czech Republic (CR),
even though its massive development is hindered by an
unavailable technology and insufficient infrastructure.
Alternative technologies — such as Compressed Natural Gas
(CNG) and electromobility are comparable technologies that
limit the CO2 emission and from long-term point of view allow
meeting the strict emission limits applied to the new cars.
Current trends indicate that CNG is gaining more market share,
but is not expected to become one of the main types of fuels.
This assumption is based on fact, that CNG has lower potential
to reduce the CO2 emission. Development of electromobility in
the Czech Republic is hindered by several factors, e.g. limited
offer of electric vehicles, low number of charging stations or
small customer experience.

The Prague office of Roland Berger GmbH has prepared
the analysis titled “The development of electromobility in the
Czech Republic”. The development of the total number of
personal cars in the Czech Republic was compiled in
conjunction with data from the Ministry of Transport, Czech
Statistical Office, and the Automotive Industry Association
(AIA) and the result is the estimation of the number of electric
cars in the Czech Republic in 2030 (see Table I) [1] [2].

According to the AIA, on the 1st January 2016 were
operated 2.440 electric vehicles in the Czech Republic. It
means 790 personal cars, 59 freight electric vehicles and 81
electrical work machines. Number of Registered electric bikes
(electric scooters) and tricycles is 1.495.

The paper was prepared at Centre for Research and Utilization of
Renewable Energy. Authors gratefully acknowledge financial support from
National Feasibility Program I of Ministry of Education, Youth and Sport of
the Czech Republic under project No. LO1210.

978-1-5090-0908-4/16/$31.00 ©2016 IEEE

Most electric cars represented in the Czech Republic are
Nissan Leaf (120), BMW i3 (105), Tesla Model S (104) and
Volkswagen e-Golf, along with Volkswagen e-Up! (154). AIA
expects that during 2016 could total number of personal and
freight EV’s rise to 1.500 pieces.

TABLEl  ESTIMATED DEVELOPMENT OF ELECTRIC VEHICLES IN CR
2015 2020 2030

population 10.5mil. | 10.7 mil. 11.0 mil.
number of passenger cars . . .
(middle development trend) 5.2 mil. 535mil. | 5.85 mil
nun?bcr of passenger electric 500 - 700 14 000 250 000
vehicles
ratio of pass. electric vehicles 0.01% 0.26% 4.30%

Charging stations for electric vehicles may not need much
new infrastructure in developed countries, less than delivering
a new alternative fuel over a new network [3]. The stations can
leverage the existing ubiquitous electrical grid and home
recharging is an option. For example, polls have shown that
more than half of homeowners in the USA have access to a
plug to charge their cars. Also most driving is local over short
distances which reduce the need for charging mid-trip. In the
USA, for example, 78% of commutes are less than 40 miles
(64 km) round-trip [4]. Nevertheless, longer routes between
cities and towns require a network of public charging stations
or another method to extend the range of electric vehicles
beyond the normal daily commute. One challenge in such
infrastructure is the level of demand — an isolated station along
a busy highway may see hundreds of customers per hour if
every passing electric vehicle has to stop there to complete the
trip. In the first half of the 20th century, internal combustion
vehicles faced a similar infrastructure problem.

The battery capacity of a fully charged electric vehicle from
electric vehicle automakers is about 20 - 25 kWh, providing it
with an electrical autonomy of about 100 miles. Tesla Motors
released their Model S with battery capacities of 60 kWh and
85 kWh with the latter having an estimated range of
approximately 480 km. Plug in hybrid vehicles have capacity
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of roughly 3 to 5 kWh, for an electrical autonomy of 20 to 40
kilometers, but the gasoline engine ensures the full autonomy
of a conventional vehicle [5] [6].

As the electric-only autonomy is still limited, the vehicle
has to be charged every two or three days on average. In
practice, drivers plug in their vehicles each night, thus starting
each day with a full charge.

As already mentioned, one of the limiting factors in the
development of electric vehicles is the development of a
network of charging stations. In cooperation with CEZ, Inc., it
was elaborated feasibility study of integral solutions of fast
charging of electric vehicles and additional accumulators. The
aim was to analyze the possibilities of additional accumulators
to reduce the load on the connection point between the
charging stations.

A. Charging Stations

For normal charging (up to 7.4 kW), car manufacturers
have built a battery charger into the car. A charging cable is
used to connect it to the electrical network to supply 230 volt
AC current. For quicker charging (22 kW, even 43 kW and

Individual types of charging stations divided by power are
listed in Table III.

For the analysis of the charging station operation with
additional accumulators support were selected fast charging
stations with outputs of 25 kW and 50 kW. This choice was
based from the assumed system location. Location contains a
shopping center with a petrol station, situated on the outskirts
of a town with a close capable of motorway network range.

In Fig. 1 and Fig. 2 are shown charging stations waveforms
of three-phase power (P) and phase current (Iy) using the
charging station with an output of 25 kW or 50 kW, based on
available data from producers/suppliers [8] [9] [10] [11].
Displayed charging diagrams are valid for cars whose batteries
are fully discharged. The time period defined for the charging
cycle corresponds to charging the EV battery to 80% SOC.

more), manufacturers have chosen two solutions: [7] . wZ
e  Use the vehicle's built-in charger, designed to charge 30
from 3 to 43 kW at 230 V single-phase or 400 V * —pgw) "
three-phase. o — e
10
e  Use an external charger, which converts AC current
into DC current and charges the vehicle at 50 kW or % s 10 15 2 2 30 o
more. time (min)
Fig. 1 Charging cycle for 50 kW fast charging station
In Table II are defined EV’s charging times for different
. . v . . 30 40
types of charging stations. The charging time is defined for e e e EE A
EVs battery capacity from 20 to 25 kWh. » 3
30
TABLE Il CHARGING TIME OF DIFFERENT CHARGING STATIONS [8] [9] 2
25
Charging time for e 2%
100 km of BEV Power of Voltage Current z =
charger
range 10 15
——P (kW)
6 - 8 hours 33 kW 230 V/IAC 16 A — 10
5
3 - 4 hours 7.4 kW 230 V/AC 32A 3
1-2 hours 2 kW 400 V/AC 2A e - & L E e !
20 - 30 minut 50 kW 400-500 V/DC | 100-125 A .
minutes Fig.2 Charging cycle for 25 kW fast charging station
10 minutes 120 kW 300 - 500 V/DC 300-350 A
TABLE III TYPES OF CHARGING STATIONS ACCORDING TO OUTPUT POWER
Charger Type of charger Poc (kW) | Sa(kVA) Iac, max (A) Producer/Supplier
20 kW ADbb Terra 23 CJ 20 23 32 ABB
25 kW FC25K-CH 25 27 39 EVCharger
50 kW ABB Terra 53 CJ 50 55 80A @ 400 VAC ABB
50 kW Andromeda 50 53 76A @ 400 VAC | Andromeda Power LLC
120 kW Tesla Supercharger 120 120 133 160A @ 480 VAC TeslaMotors

Ppc— charging power; S, — input power of charger; 1icmq — maximum current load
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Based on the above diagrams of charging EV’s (0% - 80%
SOC) and estimated usage by the EV’s, estimation of the
charging station daily schedule (see Fig. 6) was prepared with
energy analysis of supply point. The number of EVs used for
the subsequent analysis was based on current developments
and status of EVs in the Czech Republic and from traffic data
defined by the place of installation, i.e. of the statistics
indicated in Table 1.

II. CONCEPT OF CHARGING SITE

The concept of fast charging stations with support of
renewable energy and accumulators assumes maximum use of
electricity during low tariff (LT) stored in additional
accumulators. Photovoltaic system is used to reduce the needed
amount of electrical energy from the public grid.

The basic element of the proposed system (see Fig. 3) is
fast charging station with output power of 50 kW. The working
principle of the system is based on the assumption that
primarily is used energy stored in additional accumulators
(green arrows) for charging of vehicles (EV’s). This energy is
obtained during the validity period of LT.

In the case that the energy stored in the additional
accumulators is not sufficient for all EV’s during the day, it is
possible to charge additional accumulators from the grid (red
arrows). In this concept is also considered continuous charging
of additional accumulators from photovoltaic source (yellow
arrows) — the result of this concept could be a reduction of
power demand from the grid during the validity period of high
tariff (HT).

Photovoltaic panels
(installed capacity by the technical options)
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LiFePo battery - 48V
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Charger
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AC .|
%-‘ DC

— DC

Low-voltage Power Line

Fig.3 Block diagram of charging station with additional accumulators

Two energy sources are powering the proposed system.
Main charging is maintained by charger with constant power

output of 50 kW from the network during low tariff. The
second source is the photovoltaic charging system (PVS) of
installed capacity 20kWp (variable size of installed capacity)
[12]. Due to the variable performance of the PVS throughout
the year and day, the variable power output is estimated from
the long-term averages of solar gains for two borderline cases,
i.e. June and December (see Fig. 4).

In case of insufficient energy gain from PVS for the
charging the additional accumulators, the charging time of the
grid is regulated, so that at the beginning of the each day is the
state an additional battery at 100% SOC. In worst scenarios
will be the energy drained from the grid also during the HT.
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Fig. 4 Estimated waveforms of solar energy for December and June

A. Model of Accumulation System

To verify the properties of additional accumulators was
prepared a mathematical model of accumulators, which is
based on Thevenin model that can be described by the
following equation (1): [13]

1 0 1
| _ [ RiCy . [Vl] : [Cll 1
v, [ 0 _LJ v H )
Ry, G,
Vbar = Voc + V1 + Vo + Ry Ipg;

The basic model parameters are defined as V,. voltage
(open circuit voltage), the voltage at the terminals of the battery
Voa, internal resistance Rs, which describes the battery
polarization, reduced by the internal resistance.

Adding additional parallel RC circuits to the basic scheme
can describe the characteristic behaviors of resources
corresponding to the load changes (see Fig. 5). For battery-type
LiFePO were added two parallel RC circuits that represent
physical properties of the source. Thus assembled
mathematical model does not reflect losses due to self-
discharge of the battery. Assuming fast charge and discharge
cycles, those losses are negligible [13] [14].
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Fig. 5 Basic model of battery [13]

Based on the results of the simulation (performed in Matlab
Simulink) of the storage system have been designed to limiting
parameters of the charging site analysis. The model uses the
described load diagrams and calculates the amount of energy
for the individual subsystems. The mathematical model will be
further extended with different parts of charging stand that
allows overall depth analysis of the behavior of the charging
station during various operating modes (the change in the load
density, size of accumulators and photovoltaic system
parameters).

III. SIMULATIONS RESULTS

In order to simplify the simulation, the EV charging system
assumptions considered in this analysis are:

e  arbitrarily it is considered that 13 EV’s could be
charged during one day (time period from 6 am to 8
pm — see Fig. 6),

e  for each EV charging operation starts from 0% SOC,

e all EVs remain in plug-in position to fulfill the battery
(to achieve the complete charging procedure).

60.00

w] (] 1

40.00

30.00

P (kw)

20.00

10.00

0.00

600 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00
Time (hours)

Fig. 6 Power load curve of charging station for 13 EVs

The design of the accumulation system is based on the total
power at the accumulation interface (Fig. 7 and Fig. 8) the
accumulation parameters are 50 kW/250 kWh. Negative power
indicates discharge of the accumulator a positive value
indicates its charging.

There are present the states of additional accumulator
during day in June on Fig. 7. The power curve is combination
of three different events. It can be seen, that between 7:00 and

19:00 has been drained power from the accumulator to charge
the EV’s. Between 6:00 and 20:00 is also battery charged with
the additional power obtained from PV system. The surplus
energy shortens the time for necessary charging the
accumulator during night. The necessary time that fully
charges the accumulator from the grid with constant power
equal to S0kW, is considered between 20:00 to 23:10.

Next (Fig. 8) is presented the same situation in December.
It can be seen, that the power production from the PV system is
significantly lower and therefore, the time of grid charging is
longer (18:00-23:00). Also the start of grid charging is sooner
than in June, because the missing amount of energy causes the
drop in the remaining energy in the accumulator. This also
means that in case of low PV generation, system will be
working, but the charging setting has to consider this state and
allow this change of start and end of charging time.

E i, (kWh)

6:00 800 1000 1200 1400 1600 1800  20:00 2200  0:00 200 4:00
Time (hours)

Fig. 7 Daily diagram of charging state in June
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Fig. 8 Daily diagram of charging state in December

The proposed system configuration presents a working
solution where the accumulators are deeply discharged, (below
30% SOC) but overall time of this state is very short. The
allowed depth of discharge depends on the type of used
accumulator.

Choice of another type of accumulator, than the considered
type (for example VRB), can affect the lifetime of the storage
system (number of cycles). It also affects the maximal depth of
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discharge of the storage system. This fact will affect the overall
distribution of consumption of energy between the network and
accumulation system.

General overview of energy demands of charging station
with additional accumulators and ratio of energy transferred
during HT and LT is seen in Table IV. The amount of energy
needed to operate selected load variant of the charging stand
(13 EVs) is calculated in the table.

Each value listed in Table IV and their mutual relationships
are defined as follows:

E EVs — energy required for charging a defined
number of EVs,

E _PVS — amount of energy supplied by photovoltaic
system based on defined levels of solar radiation,

E_accu_in — amount of energy required for additional
accumulators delivered from the grid (without PVS),

E_accu_in = Egys — Epys

@

Storage Capacity — parameter limited by size of
circuit breaker for charging accumulators (80 A),

duration of LT (8 hours) — max. possible capacity by
defined parameters could be 400 kWh,

Res accu — minimum value of the accumulator
discharge (30% for LiFePO) with respect to its
lifetime,

E LT, E HT — amount of energy supplied during LT
and HT without losses in accumulation system,

E LT Real, E_HT Real—amount of energy by month

with considering energy losses during
charge/discharge cycles in accumulation system
(20%)).

It can also be seen, that even when considering a 20%
losses during charge/discharge cycles of the storage system and
operating losses for PVS (14%), the major part of the energy is
transferred during LT. It is obvious that in the case of reduced
(zero) power from PVS, the share of energy consumed during
HT increases, but despite this fact, it can be stated, that an
integrated accumulation system enables to control load
diagram at connection point to the public grid.

TABLE IV OVERVIEW OF ENERGY DEMANDS DURING YEAR FOR EACH MONTH

month Number of E_EVs E_PVS E_accu_in Storage Capacity ~ Res_accu E_LT E_HT E_LT_Real E_HT_Real
EVs/day  (kWh/day) (kWh/day) (kWh/day) (kWh) (kWh) (kWh/day)  (kWh/day) (MWh/month) (MWh/month)

January 13 261 13.6 247 250 75 175 72 6.5 2.7
February 13 261 25.4 235 250 75 175 60 6.5 2.2
March 13 261 483 212 250 75 175 37 6.5 1.4
April 13 261 71.3 189 250 75 175 14 6.5 0.5
May 13 261 99.2 161 250 75 161 0 6.0 0.0
June 13 261 106.0 155 250 75 155 0 5.8 0.0
July 13 261 97.9 163 250 75 163 0 6.1 0.0
August 13 261 87.6 173 250 75 173 0 6.4 0.0
September 13 261 59.1 201 250 75 175 26 6.5 1.0
October 13 261 349 226 250 75 175 51 6.5 1.9
November 13 261 14.5 246 250 75 175 71 6.5 2.6
December 13 261 10.9 250 250 75 175 75 6.5 2.8

z 76.3 15.1

IV. CONCLUSION

Based on the results of this study it can be concluded that
the additional accumulators are in conjunction with the
charging station significant, especially in terms of stabilizing
the fluctuating electricity consumption from the grid.
Furthermore, brings a contribution in maximizing the use of the
LT for charging EV’s. However, from an economic point of
view it brings minimal financial savings in a reserved capacity
or reserved capacity (size of the circuit breaker).

For the concept of a charging station with an output of
50 kW with additional accumulators of 50 kW/250 kWh, an
additional photovoltaic system, operated with the primary
prerequisite for energy consumption during LT, following
conclusions can be stated based on performed simulations:

e  additional accumulation system can be used to reduce
the negative impacts connected with power fluctuation
at the connection point (voltage fluctuations, non-
symmetric loading, voltage magnitude) - this "benefit"
is always dependent on the site conditions and it is
therefore necessary to assess the contribution the
described concept at each site individually,

e adequately dimensioned accumulation  system
(secured daily operation of charging stations with
minimal charging during HT) can achieve a balanced
load of the grid and the operation cycle

o possible positive effect on the stability of
operation of the network

o possible positive impact on planning
network operating states,
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e  optimal design of accumulation system is based on the
size of the circuit breaker (defines the charging power
from the grid), then can be determined the amount of
energy that can be supplied to the accumulators in the
LT, and it defines the maximum size of the storage
system,

e properly dimensioned accumulation system with
maximum usage of LT has an economic benefit in
saving due to different prices of energy in LT and HT,

e photovoltaic system can help to minimize the amount
of needed energy in HT (see Table IV),

o amount of energy from the photovoltaic
system can only be assessed for specific
locations and is dependent not only on
the size of the PV system, but also on the
climatic conditions of the selected
location,

e reduction of the operation cost due the minimal
operation during HT can be stated as the main benefit
of the proposed concept — economic profit for this
option can be defined as the difference between
electricity prices for LT and HT.
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Popis ¢lanku a jeho vyznam pro reseni dizerta¢ni prace

Clanek byl prezentovany na tuzemské konferenci CK CIRED 2016 a vychézi ze zdklad-
niho konceptu prezentovaného v predchozim ¢lanku. V ramci ¢lanku je prezentovan vy-
tvofeny model v programu Matlab Simulink, ktery umoziuje komplexni nahled na sys-
tém, protoZe kombinuje vlastni matematicky model FV panelu spolu s popsanou logikou
fizeni a nabijeni ze sité dle nastavenych priorit. Exaktni popis validovaného matematic-
kého modelu hybridniho systému byl publikovan v nasledujicim ¢lanku [A.T6 V rdmci
Clanku je také provedena analyza pripojitelnosti systému do distribu¢ni soustavy (DS) na
hladin€ nizkého napéti. Jak je z ¢lanku patrné, pfimé pripojeni rychlonabijeci stanice do
DS by nebylo mozné, ovSem pii vyuZiti predstaveného konceptu lze zohlednit rezervo-
vany prikon a provést simulaci scénéfe s vyuzitim piimo méfenych meteorologicky dat

v dané lokalit€.
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INTEGRACE NABIJECICH STANIC S PODPOROU

AKUMULACE — PROVOZNi CHARAKTERISTIKY

Petr Mastny, Jan Moravek, Michal Vrana, Vojtéch Wasserbauer — VUT v Brné

Clanek je zaméren na problematiku provozu nabijecich stanic pro elektromobily a analyzu provoznich viast-
nosti rychlonabijecich stanic s podporou akumulace a vlivu tohoto celku na sit'v misté pripojeni. Pro provoz-
ni analyzu byl vyuZit sestaveny simulacni model definovaného celku a data z méreni na jednotlivych ¢astech
systému.

1. SOUCASNY TREND A VYVOJ ROZVOJE ELEKTROMOBILITY
V CESKE REPUBLICE

Aktualni vyvoj situace kolem obnovitelnych zdroji v Ceské republice (CR), kdy po masivnim rozvoji fotovol-
taickych systému (FVS) v letech 2009-2012 doslo od roku 2014 k ukonéeni podpory vykupované energie
z tohoto zdroje, zplsobil zménu cilového zaméfeni poptavky na trhu. Jednou z potencialnich rozvojovych
strategii je vyuZiti decentralizovanych zdrojl energie, které naleznou uplatnéni v aplikacni sféfe rodinnych
doml a administrativnich objektl, se zaméfenim na maximalizaci spotfeby vyrobené energie v misté — po-
kud mozno s minimalnimi pfetoky do distribu¢ni sité. [1],[2],[3]

Trend z predchazejicich let, kdy byla u FVS prioritou dodavka energie do distribu¢ni soustavy se tedy, spo-
le¢né se zménou legislativy a eliminaci podpory, zménil a v sou€asnosti se hlavni pozornost zaméfuje na
hybridni systémy (HS) s akumulaci elektrické/tepelné energie.[4] Hlavni vyhodou hybridnich systému s ob-
novitelnymi zdroji energie (OZE) je zvySeni energetické sobéstacnosti a snizeni zavislosti na distribu¢ni sou-
stavé - dusledkem muze byt sniZzeni vykonového zatiZzeni distribuéni soustavy a s tim souvisejici snizeni
ztrat v souvisejicich s distribuci elektrické energie. Pfi optimalnim nastaveni energetického managementu
HS Ize veskerou vyrobenou energii, nebo jeji podstatnou ¢ast, spotfebovat pfimo v daném objektu pfi mini-
malizaci negativnich vlivii na distribuéni soustavu.

Potfeba snizeni odebirané energie ze sité souvisi pfedevsim s pfedpokladanym rozvojem elektromobility. |
pfes skute€nost, Ze rychlejsi rozvoj elektromobility je stale tlumen predevSim technologickym vyvojem a
nedostate¢nou infrastrukturou, zistava elektromobilita jak na evropské, tak na ¢eské urovni prioritou, a to
zvlasté z dlouhodobého hlediska vyvoje v tomto odvétvi (zpfisriujici se limity CO, na nové vyrabéné auto-
mobily v EU jsou hlavni hnaci silou tohoto sektoru). Nejrozvinut&jSimi alternativnimi pohony jsou v soucas-
nosti Compressed Natural Gas (CNG) a elektromotor. Sou¢asné vyvojové trendy ukazuji, ze CNG bude
ziskavat stale vétsi trzni podil, nelze vSak ocekavat, ze se stane jednim z hlavnich paliv. Tento pfedpoklad
vychazi ze skute¢nosti nizsiho potencialu CNG ve vztahu k redukci CO,. Rozvoj elektromobility v Ceské
republice brzdi nékolik faktor(l, jako napf. omezena nabidka elektromobilli, nizky pocet nabijecich stanic
nebo mala zakaznicka zkudenost.

Dle Asociace elektromobilového pramyslu (AutoSAP) k 1. 1. 2016 jezdilo po CR celkem 2440 elektrickych
vozidel (EVs). Z toho pouze v 790 pfipadech $lo o osobni auta, elektromobily. V 59 pfipadech $lo o nakladni
elektricka vozidla, v 81 pfipadech o elektrické pracovni stroje. PInych 1495 kusu tvofily elektrické motocykly
(elektro skutry) a tfikolky.[5]
Vzhledem ke skute¢nosti, Ze dojezd EVs je omezeny a zavisi predev§im na kapacité akumulatori a aktual-
nim vyuziti, musi byt obvykle kazdé 2-3 dny dobijeny. V praxi jsou v8ak nabijeny kazdou noc, aby byly na
zacatku dne pfipraveny s plnou kapacitou.
Pro bézné nabijeni (do 7,4 kW) instalovali vyrobci nabijeCku akumulatord pfimo do EVs. Kabel slouzi
k pfipojeni do sité o napéti 230V AC. Pro rychlejsi nabijeni (22 kW, pfipadné 43 kW a vice) zvolili vyrobci
dva alternativni zplsoby provedeni:

a) Vyuziti integrované nabijecky pro nabijeni vykonem 22-43 kW s tfifazovym pfipojenim.

b) Vyuziti externi nabijecky, ktera usmérnuje stfidavy proud a nabiji EVs vykonem 50 kW nebo i vice

(DC Fast Chargery).

Mastny - Sekce €. 4 / referat €. 7 © CK CIRED 2016 1
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RozSifeni poctu nabijecich stanic klade dodate¢né pozadavky jak na mnozstvi odebirané energie, tak i na
hladinu rezervovaného pfikonu, ktera souvisi predevs§im s rychlonabijecimi stanicemi (FChS) vysSich vyko-
nd.[6]

Nabijeci stanice pro elektromobily vyuzivaji ve svém zakladnim provedeni napajeni z elektrizacni soustavy,
jak ukazuje Obrazek 1. Moznym dalSim technickym feSenim napéjeni dobijeci stanice je vyuziti systému s
obnovitelnym zdrojem energie (fotovoltaicky systém, vétrna elektrarna), at uz jako samostatného nebo koo-
perujiciho (bivalentniho) zdroje.

.
%

\

Charger
AC. b gg
“DC

Obrazek 1 Obecné jednopdlové zapojeni nabijeci stanice

Hybridni energetické systémy prosly za posledni roky znatelnym vyvojem. Zpoc¢atku se jednalo pouze o sa-
mostatné systémy (napf. fotovoltaické s akumulaci) nebo kombinace alternativnich zdroji energie se zdroji
na fosilni paliva (napf. kombinace fotovoltaickych paneld, pfipadné vétrné turbiny s diesel-generatorem). V
dals$i fazi se objevily kombinace fotovoltaickych panell pfimo s vétrnou turbinou doplnéné o akumulaéni
prvek. Tim mohou byt rizné typy akumulator(i, pfi¢emz nejvice zastoupené jsou v sou€asnosti stale kyseli-
novo—olovéné (pfedevsim z ekonomickych diivodll), v posledni dobé je vSak patrny silny nastup technologii
Li-lon a LiFePO4. Dal$i moznosti akumulace predstavuje napfiklad uskladnéni energie ve vodikovém ulozisti
a nasledna pfeména pomoci palivovych ¢lanku nebo akumulatory typu VRB (Vanadium Redox Battery).

Pouziti akumulaéniho prvku je pfitom zakladni premisou pro sobéstaény hybridni energeticky systém. Kli¢o-
vymi parametry jsou:

e kapacita akumulaéniho systému,

e zvolena technologie,

e zplsob provozu — hloubka vybiti a cyklovani.

Optimalné navrzeny akumulaéni systém umoziiuje efektivné vyuzivat energii vyrobenou z obnovitelnych
zdrojli, posunout odbérové $picky do vhodnéjsi oblasti odbérového diagramu a omezit tak negativni vlivy na
sit’ (kolisani napéti, nesymetrie, harmonické zkresleni,...).

2. KONCEPT NAVRZENEHO RESENI

V kontextu vySe uvedenych skute¢nosti byl navrzen technologicky koncept nabijeci stanice s akumulaci
elektrické energie a s podporou napajeni z OZE. Jak znazorfiuje Obrazek 2, koncept je zalozen na hybrid-
nim energetickém systému sestaveného z fotovoltaickych panelll a akumulace na bazi LiFePO. Samotné
vyuziti FVS bylo vybrano v dusledku déale uvedenych skute¢nosti.[7]

Mastny - Sekce €. 4/ referat ¢. 7 © CK CIRED 2016 2
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S ohledem na vé&trné a slune&ni podminky v CR je mozné konstatovat, Ze pro pfipadné vyuziti OZE jako
bivalentniho zdroje napajeni u nabijeci stanice je mozno v nasich podminkach vyuzit pouze fotovoltaické
systémy. Vylouceni energie vétru z konceptu spoluprace OZE s nabijeci stanici vychazi z nevyhovujicich
povétrnostnich podminek na Gzemi CR. V souvislosti s potfebou primérmé rychlosti vétru v misté instalace
nad 5 ms™, by vyuziti tohoto druhu energie bylo znaénym limitujicim faktorem pro lokalizaci jednotlivych
nabijecich stanic.

Jak jiz bylo uvedeno, navrhovany systém je rozSifen o FV zdroj (zluté Sipky) a vysledna koncepce feSeni
vychazi z pfedpokladu vyuziti hybridniho systému pro napajeni dobijecich stanic — primarné je vyuzivana
energie z akumulaéniho systému (zelené Sipky), sit' je vyuzivana pfedevsSim pro podporu dobijeni akumulac-
niho systému (Cervené Sipky). Takto zvolena koncepce vychazi z predpokladu, Ze prevazna cast energie
potfebné pro dobijeni elektromobild bude odebirana v dobé platnosti nizkého tarifu (NT), tzn., bude v tomto
¢asovém pasmu ukladana do akumulace a nasledné bude vyuzivana dle potfeby v pribéhu dne.

Photovoltaic panels
(installed capacity by the technical options)

///,
11/,
/11

" AC | 400viea

i iFePO battery - 4
J LiFePO 8V
‘ (50 kW / 200 kWh)

: AC Charger

50 kW

\ AC -~
¥ l DC
- y

“DC

Low-voltage Power Line

Obrazek 2 Technologické schéma hybridniho systému pro napajeni dobijeci stanice s akumulaci

2.1. MATEMATICKY MODEL SYSTEMU

Simulaéni model hybridniho systému byl vytvofen v prostfedi Matlab Simulink (Obrazek 3) s vyuzitim prvkd
knihovny SimPower Systems. Umoznuje sledovat energetické a vykonové bilance celého systému ale i cho-
vani jednotlivych &asti. Tvofi jej fotovoltaicky systém pFipojeny na DC sbérnici prostfednictvim DC-DC kon-
vertoru, akumulaéni systém, DC-AC méni¢ a zatéz. Dale model tvofi zobrazovaci bloky k vyhodnoceni simu-
lovanych scénari.

Model je tvofen jako parametricky a umoznuje ménit pocet a typ fotovoltaickych panelt dle konkrétnich pa-
rametr( poskytnutych vyrobcem panelu. Obdobné je mozné ménit parametry akumulaéniho systému (typ,
napéti a kapacitu). Vstupni data pfedstavuje hodnota intenzity slune¢niho zafeni a teplota FV panell
v pribéhu simulovaného dne. Diagram zatéZe je mozné naimportovat jako kfivku, pfipadné realizovat pomo-
ci fizeného spinani konkrétnich zatézi. Systém je modelovan s 98% ucinnosti DC-DC regulatoru pro nabije-

Mastny - Sekce ¢. 4/ referat ¢. 7 © CK CIRED 2016 3
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ni z FVS a 95% ucinnost je uvazovana pro DC-AC méni¢, coz splfiuje minimalni pozadavky tcinnosti klade-

né na uvedené ménice.
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Obrazek 3 Implementace hybridniho systému v prostfedi Matlab/Simulink

2.2. VALIDACE MODELU NA REALNEM SYSTEMU

Pro validaci vysledk( sestaveného matematického modelu byl vyuZit realny hybridni systém v laboratofich
Ustavu elektroenergetiky, FEKT VUT v Brné&. Laboratorni hybridni systém je tvofen FVS o vykonu 2,25 kWp,
olovénymi gelovymi akumulatory 48 V, 400 Ah a hybridnimi stfidaci Studer Xtender 2 x 2500 W. Méfeni bylo
zajisténo vykonovym analyzatorem HIOKI 3390S. Proudové a napétové senzory byly umistény na kazdé
dil¢i ¢asti hybridniho systému. Méfenou vykonovou bilanci v pribéhu dne ukazuje Obrazek 4. Kladna hodno-
ta vykonu baterie znamena jeji vybijeni.

2500 T

Measured system data on April 15, 2016
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Obrazek 4 Mérena data na realném laboratornim hybridnim systému pro validaci modelu
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Analogicky k méfenym datiim byla vytvofena vykonova bilance pro simulovany den s vyuZzitim sestaveného
matematického modelu. Vysledny graf zobrazuje Obrazek 5. Srovnani mnozstvi energii pfi méfeni a simulaci
popisuje Tabulka 1. Uvedené procentudlni odchylky jsou vzdy vztazeny k naméfené hodnoté pfislusné
energie. Jak je z vysledkd patrné, prezentovany model vykazuje vyznamnou odchylku v mnozstvi energie
dodané do akumulace, coz Ize vysvétlit absenci implementace realného regulaéniho algoritmu, ktery v bloku
DC-DC regulatoru zajistuje korektni omezeni nabijeciho vykonu s ohledem na aktualni stav nabiti akumula-
ce (State Of Charge — SOC). V prezentované verzi matematického modelu je omezeni nabijeciho vykonu
zajisténo zpétnovazebni smyckou regulovanou na aktualni napéti akumulace, coz zcela nekoresponduje se
skute€nym chovanim systému a je pfedmétem dalSiho zpfesnéni vytvofeného modelu.

Simulation results data on April 15, 2016
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Obrazek 5 Vysledky simulace ziskané s pomoci vytvofeného matematického modelu

Vysledky simulace pfi validaci Namérené hodnoty pfi validaci Poznamka
E1+(kWh) [2,385 A (%) 54,1 | E1+ (kWh) 1,548 Energie dodana do akumulace
E1- (kWh) |[2,591 A (%) 11,1 | E1- (kWh) 2,333 Energie odebrana z akumulace
E2 (kWh) 6,815 A (%) -0,1 | E2 (kWh) 6,823 Energie vyrobena FV systémem
E3 (kWh) 7,021 A (%) 0 E3 (kWh) 7,021 Energie dodana do AC zatéze

Tabulka 1 Vysledna mnoZzstvi energie pri simulaci a realném méfeni na systému

3. ANALYZA PRIPOJENI NABIJECI STANICE DO SITE NiZKEHO NAPETI

V rdmci souc¢asného vyzkumu prezentovaného konceptu feSeni podplrného systému s akumulaci byla fe-
Sena otazka moznosti vhodnosti a vyuZiti pfi pfipojovani rychlonabijecich stanic do elektrizani soustavy
(ES) na drovni nizkého napéti (NN).

3.1. KONTROLA NAPETI V JEDNOTLIVYCH UZLECH SITE

Prvotni provedend analyza spocivala v ovéfeni vlivu nabijeci stanice na napéti v uzlech uvazované sité niz-
kého napéti. Pro tyto U€ely byla uvazovana realna sit venkovniho vedeni, jejiz rozlozeni ukazuje Obrazek 6.
Uvedena sit byla modelovana v programu PSCAD s uvazovanim uvedenych odbérl a potencialnim mistem
pfipojeni rychlonabijeci stanice v uzlu h. UvaZzovana konfigurace a misto pfipojeni rychlonabijeci stanice
v siti bylo zvoleno zamérné jako ,elektricky vzdalené” od distribuéniho transformatoru, tak aby simulace po-
pisovala mezni stav pfipojeni s ohledem na stavajici zatiZzeni soustavy.
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Hodnota impedance vétve modelované sité s pfipojenou rychlonabijeckou je Z=(0,414+j0,1744)Q. Zvolena
vétev vedeni je také prubézné zatizena dalSimi odbéry. Tyto odbéry samy o sobé zpusobuji ubytek napéti
na vedeni, coZz ma za nasledek, Ze v bodé h je i bez pfipojeni rychlonabijecky pokles napéti 3,74% (AU,,) ze
jmenovité hodnoty napéti v siti (U,=230 V).

V ramci simulace prubéhu zatizeni rychlonabijeCky bylo pfedpokladano, Ze po celou dobu provozu bude
charakter zatéze induktivni s ucinikem cos@=0,95. Ostatni odbéry ve sledované vétvi sité byly uvazovany
konstantni s vgkonem 4 kW a induktivnim G¢inikem cos@=0,95. Odbéry ve zbylé ¢asti sité byly uvazovany
bez vlivu na napéti v misté pfipojeni rychlonabijecky.

2200,4 kV Z=0,173+0,0727 Q Z = 0,069+i0,029 Q Z = 0,173+0,0727 Q

s a00'kVA /=0,397 km 1= 0,159 km 1= 0,397 km
\ N e b c P=73kW
\ W/ J LI cosg = 0,95 ind.
NI ¢
7=0,0345+{0,0146 0 7=0,0845+{0,0146 0
/=0,0795 km 1=0,0795 km
; B P=73kW ] P=73KkW
Z=0,1035+j0,0438 O TSKW v 73 kW
Venkovni vedeni [=10,238 km ’7 o5 =0.95 ind cosp =095 ind
AlFe 70/11
R = 0,434 Q/km
X=0,1836 Q/km Z=0,069+j0,029 0 Z=0,69+j0,029Q Z=0,0345+j0,0146 O  Z=0,0345+0,0146 Q
120,159 km 1=0,159 km /=0,0795 km 1=0,0795 km Podiw
d o T f cosg = 0,95 ind
Z=0,0345+0,0146 0 Z=0,069+4/0,029 Q Z=0,069+0,029 Q Z=0,138+0,058 Q
/=0,0795 km 1=0,159 km 1= 0,159 km =0,318 km
v \4 h |
P=4KwW P=4KW P=dkW v v
cosp =0,95ind. cose = 0,95 ind. =
¢ ¢ cosp=095ind | £y CHARGER  EVCHARGER  EV CHARGER

P=0kwW P=19 kW P =50 kW
cos = 0,95 ind. cos@ = 0,95 ind. cose =095 ind.,

Obrazek 6 Topologie uvazované sité na hladiné NN a misto pfipojeni nabijeci stanice (Cervené)

Z analyzy rozlozeni Ubytku napéti v siti (Tabulka 2) vyplynulo, Ze prosté pfipojeni nabijeci stanice do zvole-
ného uzlu h by pfi provozu se zatézi o vykonu Ps=50 kW zpuUsobilo nezadouci pokles napéti v misté pfipoje-
ni a také v uzlech e, f a g (oznaceny v tabulce ¢ervené).

Pokles napéti pfedstavuje v nejhor§im pfipadé procentudini zménu -22,57% (AU ,), vi&i nominalnimu napé-
ti sité U, a zménu o -19,56%(AU3 ;) vU&i napéti v uzlu bez zatéze (U;), coz nespliiuje stanovené meze.
Mezni vykon, ktery Ize v daném uzlu pfipojit, aniz by doslo k prekro€eni limitu napéti (U, + 10%) stanovenym
normou CSN EN50160 ed.3 [8] a Pravidly provozovani distribu¢nich soustav [9] je stanoven na hodnotu

P,=19 kW.
P=0 kW P=19 kW P=50 kW
Uzel
Ui (V) | AU (%) | Ua (V) | AUz (%) | AUgn(%) | Us(V) | AUsp (%) | AUs, (%)
a 236,2 2,70 235,9 -0,13 2,57 235,2 -0,42 2,26
b 219,2 -4,70 218,9 -0,14 -4,83 218,2 -0,46 -5,13
c 214,7 -6,65 214,4 -0,14 -6,78 213,7 -0,47 -7,09
d 228,4 -0,70 224,8 -1,58 -2,26 217,1 -4,95 -5,61
e 224,6 -2,35 218,7 -2,63 -4,91 206,4 -8,10 -10,26
f 222,0 -3,48 213,9 -3,65 -7,00 197,0 -11,26 -14,35
g 221,4 -3,74 212,1 -4,20 -7,78 192,8 -12,92 -16,17
h 221,4 -3,74 207,4 -6,32 -9,83 178,1 -19,56 -22,57

Tabulka 2 Zména napéti v uzlech simulované sité v zavislosti na odebiraném vykonu v uzlu h

Mastny - Sekce €. 4 / referat ¢. 7 © CK CIRED 2016 6
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3.2. SIMULACE PROVOZNICH STAVU PODPURNEHO SYSTEMU

Pro ucely simulace hybridniho systému byl pfedpokladan nasledujici scénar (Obrazek 7) se zjednodusujici-
mi predpoklady:

vyuziti stanice pro 13 EV v dobé od 6:00 do 20:00,
energeticka bilance vychazi z pfedpokladu, ze pfijizdé&jici EV maji minimalni hladinu SOC,

nabiti baterie kazdého EV je vzdy do 80% SOC (ukoncéeny nabijeci cyklus u rychlonabijeci stanice)

. ﬂqr‘q q nm N M qf'f'f"/'l

6:00:00 8:00:00 10:00:00 12:00:00 14:00:00 16:00:00 18:00:00 20:00:00

Time (HH:MM)

Obrazek 7 Odbérovy denni diagram pro nabijeci stanici bez podptirné akumulace

Simulovany scénar uvazuje nasledujici predpoklady a parametry systému podptrné akumulace:

FVS o vykonu 20 kWp, tvofeny C&tyfmi paralelné spojenymi fetézci, kazdy o pocétu 20 paneld
s vykonem 250 Wp,

akumulaéni systém o jmenovitém napéti 48V a kapacité 200 kWh (4168 Ah) sestaveny z LiFePO,
akumulatord,

stav nabiti (SOC) na zacatku kazdého dne je uvazovan 100%,

vstupni hodnoty intenzity slune¢niho zafeni v roviné paneld, a teploty FV panelll odpovidaji realnym
klimatickym podminkam dne 15. 4. 2016,

fidici systém zajisti dobijeni podpirné akumulace ze sité primarné v dobé platnosti NT (uvazovan
v intervalu od 20:00 do 4:00),

nabijeni v dobé platnosti vysokého tarifu (VT) je zahajeno v pfipadé, ze SOC podpurné akumulace
klesne pod uroven 40% a trva pouze do Urovné 55%,

simulovany scénar je povazovan za Uspésny, pokud SOC podplrné akumulace neklesne v pribéhu
dne pod 20% a zarover pred zacatkem dalSiho dne dosahne opétovné 100% SOC.

Mastny - Sekce ¢. 4 / referat €. 7 © CK CIRED 2016 7
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Obrazek 8 Viysledky simulace - energetické toky (kWh) v dilCich ¢astech systému

Denni diagram zatéze EVs (Obrazek 7) predstavuje celkovou energii 260,6 kWh (na AC sbérnici). Pri
uvazovani 95% ucinnosti DC-AC ménice je z akumulace nutné odebrat 273,6 kWh (na DC sbérnici)

Z vysledkd simulace provoznich stav(i podplirného hybridniho systému (Obrazek 8) je patrné, ze 82,23 kWh

elektrické energie je mozné ziskat z FV systému, zbylych 192,6

kWh potfebnych pro provoz systému je

nutné dodat ze sité. Pfi konfiguraci systému, kdy ménic¢e maji limitovany vykon odebirany ze sité na 19 kW
(ktery dle pfedchozi analyzy nezpusobi pokles napéti v pfipojném misté mimo stanovenou mez — viz. Tabul-
ka 2), je mozné s vyuzitim podplrného akumulaéniho systému chybéjici deficit energie pro napajeni zatéze

odlozit v &ase a 142 kWh (ij. 73,7% chybéjici energie) odebrat
V simulaci je uvazovéana platnost NT v ¢ase 20:00 do 4:00.

60

ze sité v dobé platnosti nizkého tarifu.
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Obréazek 9 Viybrané provozni parametry systému v prubéhu simulovaného dne

Vysledné simulované ¢asové prabéhy poskytuji detailni pohled na provozni parametry systému (Obrazek 9).
Simulovany scénar splniuje veskeré predpoklady. Hodnota SOC neklesne v prub&hu dne pod stanovenou

minimalni hladinu 20%. Zarover je podplrna akumulace dobita na uroveri 100% v ¢ase 3:28 nasledujiciho
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dne, tedy jeSté pfed opétovnym zahajenim provozu nabijeci stanice. Nepravidelny odbér nabijeci stanice je
systémem z hlediska sité stabilizovan na konstantni hodnotu, pfi¢emz pfevazna ¢ast je odebrana v nizkém
tarifu (kfivka Grid LT).

4. ZAVER

V kontextu s dosazenymi zjisténimi, vysledky matematického modelu a analyzy stavu sité, Ize ziskané po-
znatky shrnout do nasledujicich bodu:

e Prosté pfipojeni rychlonabijeci stanice do sité NN muze byt problematické. Vzdy zalezi na konkrétni
siti a jeji aktualni konfiguraci (véetné odbérll) a zvoleném misté pfipojeni. Samotny prabéh odbéru
nabijeci stanice v ¢ase a souvisejiciho Uc€iniku (induktivni/kapacitni charakter) mGze plsobit jako
kompenzace jalového vykonu v misté pfipojeni a tim zlepSit napétové pomeéry v siti.

e Vyuziti podplrného hybridniho systému s akumulaci mdze mit pozitivni vliv na stabilizaci odbéro-
Vhodné dimenzovana velikost akumulace miZze mit pozitivni vliv na hodnotu hlavniho jisticiho prvku
a s tim souvisejici hodnotu rezervovaného pFikonu v misté pfipojeni. Pfimym ddsledkem je moznost
pfipojeni rychlonabijeciho systému v misté, kde by prosté pfipojeni nebylo mozné z divodu nepfiz-
nivého ovlivnéni napétovych poméra v siti.

e Vyuziti alternativnich zdroju energie pozitivné ovliviiuje mnozstvi energie potfebné k dobijeni pod-
purného akumulaéniho systému — snizeni mnozstvi odebirané energie ze sité.

e Prezentovany koncept se dle uvedenych vysledkd simulace jevi jako realizovatelny, avSak za jeho
znacnou nevyhodou Ize povaZovat zvySené investi¢ni naklady na jednotlivé komponenty, coz ne-
pFiznivé ovliviiuje provozni ekonomiku celého systému.
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Abstract: The paper presents the concept of a hybrid power system with additional energy storage
to support electric vehicles (EVs) charging stations. The aim is to verify the possibilities of mutual
cooperation of individual elements of the system from the point of view of energy balances and to
show possibilities of utilization of accumulation for these purposes using mathematical modeling.
The description of the technical solution of the concept is described by a mathematical model in
the Matlab Simulink programming environment. Individual elements of the assembled model are
described in detail, together with the algorithm of the control logic of charging the supporting storage
system. The resulting model was validated via an actual small-scale hybrid system (HS). Within the
outputs of the mathematical model, two simulation scenarios are presented, with the aid of which
the benefits of the concept presented were verified.

Keywords: electric vehicle; fast charging stations; hybrid energy system; accumulation; Matlab

1. Introduction

The current developments in the situation regarding the renewable energy sources (RESs) in
the Czech Republic (CR), where after the boom in photovoltaic systems (PVSs) in 2009-2012 the
state-subsidized purchase of energy from this source began to be cut back in 2014, are responsible for
the change in the target orientation of the market demand. One of the potential development strategies
consists in exploiting decentralized energy sources that will be made use of in the area of family houses
and office buildings, with focus on maximizing the consumption of generated energy on site, with
minimum overflows into the distribution network, if possible.

Decree No 16/2016 of the Czech Energy Regulatory Office about conditions for connection to the
public electricity grid defines the simplified conditions for connecting the applicant’s microsource to
the distribution system as follows: “an impedance value measured at the point of connection to the
distribution system that does not exceed the limit impedance” [1] and the requirement “a technical
solution of the microsource that prevents supplying electricity into the distribution system at the point
of connection, except for short-term electricity overflows into the distribution system which serve the
reaction of the limiting device but which do not increase the voltage value at the connection point” [1].

The trend from the preceding years, when the priority in PVS was to supply energy into the
distribution system, has thus changed, together with changes in the legislation and the elimination
of subsidies. At present, the main attention is focused on hybrid systems (HSs) with storage of
electric/thermal energy [2]. The main advantage of HSs with RESs lies in increased energy self-reliance
and reduced dependence on the distribution system. Employing these systems can lead to reduced line
loading (reduced transmission losses), postponed investment in the development and maintenance of

Energies 2017, 10, 834; d0i:10.3390/en10070834 www.mdpi.com/journal/energies
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the electricity grid (EG). With an optimally set power management of HS, all the generated energy or
its substantial part can be consumed directly in the given object while minimizing the negative effects
on the distribution system [3,4].

The need to reduce the power taken from the grid is, among other things, related to the expected
development of electromobility. In spite of the fact that the development of electromobility is still
hindered by the state of technology and insufficient infrastructure, electromobility remains a priority,
both on the European and the Czech level, in particular from the viewpoint of long-term development
in this field (the ever stricter CO, emission limits on vehicles imposed in EU are the main driving force
in this sector). A dynamic growth in the area of alternative drives/fuels can today be witnessed in
Compressed Natural Gas (CNG) and electric vehicles. Contemporary developmental trends indicate
that CNG will be increasing its share in the market but cannot be expected to become one of the
principal fuels. This assumption is based on the lower potential of CNG as regards the reduction of
CO,. The development of electromobility in the CR is hindered by several factors such as limited
supply of electric vehicles, low number of charging stations or limited customer experience.

According to the Automotive Industry Association (AIA), a total of 2440 electric vehicles were
in operation in CR on 1 January 2016. Out of them, a mere 790 were electric cars (according to the
latest data there were 992 electric vehicles registered in CR towards the end of 2016), 59 electric trucks,
81 electric industrial vehicles. A full 1495 pieces were electric motorcycles (electric scooters) and
three-wheelers [5].

In view of the fact that the driving range of EVs is limited (usually only up to 250 km) and depends,
above all, on the accumulator capacity and particular utilization (partially on climatic conditions too)
it is necessary to ensure that they are charged up such that they can meet the user’s needs and
requirements. It is usual for EVs to be charged in the evening or at night so that in the morning they
are operation-ready with full capacity.

For regular charging (up to 7.4 kW), the manufacturers install an accumulator charger directly in
EVs. A cable is used for connection to 230 V AC mains. For faster charging (22 kW or 43 kW and more)
the manufacturers have chosen two alternative charging versions in compliance with the IEC 61851
Standard [6]:

e Application of integrated charger for charging with 343 kW power, with one-phase or
three-phase connection.

e  Application of an external charger which rectifies alternating current and charges EVs with a
power of 50 kW or more.

In any case, expanding the number of charging stations places additional requirements on both
the amount of consumed energy and the level of reserved input power which is related to the fast
high-power charging stations.

In their basic version, charging stations for electric vehicles employ feeding from the electricity
grid, as shown in Figure 1. Another potential technical solution of feeding the charging station is to
use a system with RES (PVS, wind turbine), either as a separate or as a cooperating (bivalent) source.
Such a concept of the solution leads to setting up a hybrid energy system with a complex energy
management that allows maximizing the exploitation of individual energy sources.

Hybrid Energy Systems—State of the Art

Hybrid energy systems have recently undergone a considerable evolution. Initially, separate
systems were only concerned (e.g., PVSs with storage) or combinations of alternative energy sources
with fossil fuel sources (e.g., combinations of photovoltaic (PV) panels or wind turbines with diesel
generator). In the next stage, there appeared combinations of PV panels directly with a wind turbine,
supplemented with a storage element [7]. This element can be some kind of accumulator; currently
the most frequently used is the lead-acid accumulator (mainly for economic reasons) but the Li-Ion
and LiFePOy technologies have recently been on the increase. Further storage possibilities can be seen,



218 PRILOHA A.16

Energies 2017, 10, 834 3of 24

for example, in storing energy in a hydrogen storage and subsequent conversion via fuel cells or in
accumulators of the type of Vanadium Redox Battery (VRB) [8].

Employing a storage element is the basic premise for a self-reliant hybrid energy system. The key
parameters are:

e  Capacity of the storage system.
e  Chosen technology.
e  Method of operation—depth of discharge and cycling.

An optimally designed storage system can increase the effectiveness of exploiting the energy
generated from renewable sources, move the energy consumption peaks to a more appropriate area
of the consumption diagram and thus limit the negative effects on the grid (line voltage fluctuation,
asymmetry, harmonic distortion, ... ) [9].

Charger

AC gg
DC

Figure 1. General one-phase connection of charging station.

2. Concept of Proposed Solution

In connection with the trend of electromobility development in CR and the related development
of charging stations, the concept has been proposed of a HS with supporting storage which is used to
ensure the feeding of EV charging stations [10].

With regard to the solar and wind conditions in CR, it can be said that in our conditions it is only
the PVSs that can be used for a potential exploitation of RES as a bivalent charging source in a charging
station. Excluding the wind energy from the concept of RES cooperating with the charging station is
based on the unsatisfactory weather conditions on the territory of CR. In view of the required average
wind velocity in excess of 5 m-s~! at the installation site, the exploitation of this kind of energy would
be a considerable limiting factor when localizing individual charging stations.

The proposed concept (Figure 2) has been broadened to include a PV source (yellow arrows)
and the resulting solution conception starts from the assumed exploitation of a HS for the feeding
of charging stations. Primary use is made of energy from the storage system (green arrows) while
the grid is used, above all, in support of charging up the storage system (red arrows). The chosen
conception is based on the assumption that most of the energy needed to charge up EVs will be
drawn in the low-tariff (LT) period, i.e., it will be stored into accumulation during this period and
then utilized as necessary during the day in high-tariff (HT). Energy in the accumulator for EVs can
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also be used in periods of higher grid loading, which will relieve EG and thus reduce losses related to
electricity transmission.

Photovoltaic panels
(installed capacity by the technical options)

— DC —

“ AC | 400vi7ea

t.

LiFePO battery - 48V
5 ry
i (50 KW / 200 kWh)

AC Charger

50 kW

Low-voltage Power Line

Figure 2. Concept of a charging station with renewable energy source (RES) support and accumulation [10].

For the purpose of checking the energy balance of the designed system, the operating states of
integrated accumulation and the effect of the power parameters of individual subsystems, a simulation
model was made in the Matlab Simulink programming environment, which was subsequently
validated on a laboratory HS, using data from real measurement.

3. Description of Mathematical Model

The HS model was made in the Matlab Simulink programming environment (Figure 3), using
elements of the SimPowerSystems library. The model allows predicting not only the energy and power
balances of the whole system but also the behaviour of its individual parts. The system is formed by
the PV field connected to the DC bus-bar via a DC-DC converter, storage system, DC-AC inverter,
and load. In addition to blocks that simulate these physical elements, the model also contains display
and calculation blocks for graphic representation of the results of simulated scenarios. After the
model was made, its validation was performed; it consisted in comparing the results with measured
data on the experimental HS in Brno University of Technology, Faculty of Electrical Engineering and
Communication (FEEC BUT) laboratories.
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Figure 3. Implementation of a hybrid system (HS) in the Matlab Simulink programming environment.

3.1. Photovoltaic Panel
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In the PV power plant, the basic energy source is the PV panel made up of series-interconnected
individual cells. The PV panel is modelled on the basis of a general one-diode equivalent circuit
(Figure 4). A detailed description and the possibilities of determining equivalent parameters are

thoroughly discussed in [11-15].

Ty R, Iw
. — 5
lls llsh
R, 1%
o)

L 2

W4

Figure 4. Equivalent schematic of one-diode model of photovoltaic (PV) panel acc. to [11].

The output current from the PV panel can be described by Equation (1):

¢ (V+Ipo Rs) V + IR
zpvzl,,hfls-(e 71) Y im R
sh

where:

Iy is the input current of PV panel (A),

Ly, is the current generated by photodiode (A),
I;  is the saturation current (A),

g s the electron charge (g = 1.602 x 107 C),
V  is the output voltage of panel (V),

N;  is the number of panel cells in series (-),

k  is the Boltzmann constant (k = 1.38 x 10~ J.K~1),
T  is the cell temperature (K),

A is the diode ideality factor (-),

Rs  is the series resistance of panel (),

Ry, is the shunt resistance of panel (Q2).

O]
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The parameters Rs and Ry, can be determined analytically (on the assumption of choosing the
parameter A) from the values given in the data sheet for the particular panel, using the Lambert
W function [11]. Another possibility of determining the required parameters is the application of
the numerical Newton-Raphson iteration method [15]. In this case it is not necessary to choose the
parameter A but the method is strongly dependent on the chosen initial approximation. In case
the initial condition is not chosen suitably, divergence will occur in the calculation. The PV panel
parameters considered for the simulation are given in Table 1.

Table 1. Parameters of simulated photovoltaic (PV) panel. Standard Test Conditions (STC); MPP:
maximum power point.

Parameter Value Note
Short circuit current at STC Isc =8.66 A from datasheet
Open circuit voltage at STC Voe =379V from datasheet
MPP current at STC Lnpp =8.14 A from datasheet
MPP voltage at STC Vinpp =311V from datasheet
Number of cells in series N =60 from datasheet
Short circuit cur?e.nt a=0.0051 A-K™! from datasheet
temperature coefficient
Ideality factor A=1.102 Calculated using the Newton-Raphson iteration method
Series resistance Rs=0.277 Q) Calculated using the Newton-Raphson iteration method
Shunt resistance Rgp, = 1600 O Calculated using the Newton-Raphson iteration method
Series resistance Rs=0.228 Q) Calculated using the Lambert W function
Shunt resistance Ry, =625Q) Calculated using the Lambert W function

A comparison of the results of model simulation with the measurement performed on a physical
panel can be seen on the shape of I-V curve (Figure 5). In the region of short-circuit current, the
deviation (Xyg, X1) of the measured values (Isc ) from the simulated ones is due to the overall
impurity shading of the panel during measurement, which shows in the decreased value of short-circuit
current against the value given in the manufacturer’s datasheet. As is obvious from Figure 5, the
differences between the results for simulated panel values and the parameters obtained using the
Newton-Raphson iteration method and the Lambert W function are minimal and they can be used to
determine the required parameters (A, Rs and Rgy,).

9
8 —
7 loo =850 A
= 6 Xygq=-0.158 A
:C: 5 X,=-0.157 A
e
8 4
3
2
—— Simulation Newton—Rapshon=—— Simulation Lambert W = Measurement result
0 5 10 15 20 25 40

Voltage (V)

Figure 5. Comparison of measured I-V curve and simulation results.

Other input parameters are the panel temperature t (°C), intensity of solar radiation G in the
panel plane (W-m~2) and the particular voltage on the panel output, i.e., the reference voltage Ve
determined by the maximum power point tracker (MPPT).

For the PV panel and for individual strings, a mask was prepared in the model that enables
changing the input parameters and the connection configuration. The PV field is then formed via a
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series-parallel interconnection of panels (always according to the requirements on the system’s voltage
and current.

The modelled system used in the validation was formed be three parallel-interconnected strings
(Figure 6). Each string consists of three series-interconnected panels. In the validation, the panels
were oriented towards south at a slope of 35°. Input values for the simulation (daily profile of solar
radiation intensity and panel temperatures) correspond directly to the particular orientation.

Figure 6. Topology of PV field model in Matlab programming environment.

3.2. DC-DC Converter

The block which simulates the behaviour of a DC-DC controller was only modelled from the
viewpoint of power flow and the respective control functions; switching processes and transient events
were not considered. The input value for the block is the output power of PV field. This power is
subsequently multiplied by the control coefficient Q, which respects the current state of accumulation
and, depending on the particular voltage of the storage system, controls charging power in the range
of 0-100%. The dependence of the control coefficient on the accumulation voltage (Figure 7) was
determined experimentally, it does not fully respect the charging cycle of the DC-DC controller, which
may consist of several different phases for the purpose of optimizing the accumulator lifetime. But for
the description of the system’s energy behaviour in the course of a day this dependence is sufficient.
In the next step, the constant converter efficiency #pc.pc = 96% is considered.

o o o
IS o =3

Charging coefficient Q (-)

S
¥

46 47 48 49 50 51 52 53 54
Battery voltage (V)

Figure 7. Dependence of control coefficient on instantaneous battery voltage.
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Using the current value of accumulation voltage, the controller output current is then calculated
from the output power of the DC-DC controller and employed to charge the accumulator or supply
the connected load. Within the frame of the controller model the threshold value of the input power is
then defined at which the controller starts working. In the model validation this value was found to be
80 W. The behaviour of a DC-DC controller can mathematically be described with the aid of Equations
(2) and (3):

if Py,pc-pc <80 W : Pyyypc-pc =0W 2

if Pin,pc-pc >80 W : Pout pc—pc = Pin,pc—pc-Q 3
where:

Piywpc.pc  is the controller input power (W), i.e., the output power of PV field P, py (W),
Poutpc-pc s the output power of DC-DC controller (W),
Q is the control coefficient (-).

In addition to the above functions, the DC-DC controller contains the function for tracking
the maximum power point of the PV field (MPPT) for the purpose of achieving higher operating
efficiency. Because of the climatic dependence of the parameters that describe the pattern of the I-V
curve, the maximum power point (MPP) is constantly changing and at any time there is a voltage
value V,, i.e., PV field loading, at which the maximum power can be drawn [13,14]. This fact is the
consequence of the non-linearity of the I-V curve. Present-day algorithms for finding MPP differ mostly
in the speed and accuracy of finding MPP and also in the demands made on the implementation.
The tracking algorithms can generally be divided into three types: Perturb and Observe (P&O),
incremental conductance (IC) and Temperature gradient techniques, the first two being the most
widely used [16-18].

In the assembled model the Perturb and Observe (P&O) method is selected. Operating voltage
on the primary side of the controller (power point of PV field) changes in certain fixed steps and the
respective change in output power is registered. In case the power increases due to the change in
voltage, the controller continues changing the voltage with the same sign. If due to the change in
voltage there is a drop in power, in the next step there will be a change in voltage with opposite sign.

The main disadvantage of this method consists in the power point oscillating around the MPP
value, a consequence of which is the loss of a small amount of energy due to inaccurate setting [19].
The oscillations correspond to the size of the step in which the change in voltage is made. The accuracy
of setting the power point can be increased by reducing the voltage step but at the expense of the speed
of search algorithm. This disadvantage manifests itself, above all, when meteorological conditions are
changing rapidly. As regards our model, the voltage step was set at the value AV =1V.

The flow chart giving the essence of the P&O method is shown in Figure 8. Due to the fact that the
MPPT is implemented in the model, the simulation step was set to 1 s. With the use of the MPPT, the
maximum output power of the PV system is always ensured. The maximum available energy from the
PV system (E_PV) is calculated in the model, and this value represents the energy potential of the PV
array. The difference between this energy (E_PV) and the energy at the controller output (E_DC_DC,
sim) does not indicate a physical energy loss on the DC-DC converter. This is an unused energy that
cannot be delivered to the system due to the battery voltage limits.
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READ Voy (K, Iy (K)

Poy (K) = Vi (K) Ty (K)

Yy

Pey (K)-Ppy (k-1)=0

Ppy (K)-Ppy (k-1)>0

if
Ve (K)Vipy (k-1)>0

/
[Vt = v teny -1 | [rto = vitien +1] [V 09 = Vewtreny -1 V() = VO D) 4 1

e

Figure 8. Basic P&O algorithm, according to [16].

3.3. Battery Energy Storage and Control System

For the simulation of the storage system the accumulator model from the SimPower Systems
library was used, which represents the parameterized model of the common accumulator.
The simulation is based on the principle of controlled voltage source with internal resistance.

For model purposes and in connection with the battery used, it was necessary to define the system
states and thus describe the behaviour of the hybrid state—its internal logic, so that it would be clearly
defined under what circumstances and priorities energy can be fed into or drawn from the battery.
The algorithm of the control logic of the system is shown in Figure 9, where the meaning of individual
quantities is as follows:

Poutpc-pc  is the output power from DC-DC converter (W),

Pioad,nc is the input power into DC-AC inverter for load feeding (W),

SOCput is the state of battery charging (%),

Pyt is the power on accumulator interface-positive value means battery discharging (W),
Poyia, L1 is the power drawn from grid in LT periods (W),

Peyig pr is the power drawn from grid in HT periods (W).
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READ Py, pcoci Poadi Pyiai LT; SOC

= p, =P p p
Pyig, i1 = Pgria H Pyast = Pioag, oc = P, pepe= Pori 11 }_‘i\
p -p &
I grid, HT ~ E grid H Py = Py load, DC = P out, DC-DC H\

if
50C,,, = 100

Pratt = Pioad, e = Pout, pene

if Y
Pload, pcS Pout, pene Pratt = Pload, e = Pout, pe-ne ‘\

Phate = Pioag, o = Pou, pc.oc - P, grid, HT

if
SOCp =30

Figure 9. Control algorithm for charging up supporting storage.

Constructing the control logic algorithm was based on the following principal assumptions:

e  The system will primarily use the available power P, pc.pc to charge the battery and feed the
load Plaad,DC-

e In the case the SOCy, drops below the value of 20% and the load power Py, pc exceeds the
available power P,,; pc-pc, the system is charged up from the grid by a constant power P4,
which is an optional simulation parameter.
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e InHT periods, the power drawn is registered as Pg,;g yr and the charging stops when the limit of
30% SOCy,; is reached.

e In LT periods, charging begins independently of the value of SOCy,;. Power from the grid is
registered as P,y ;7 and charging only stops when the limit of 100% SOCyy is reached.

Power drawn from the grid is continuously integrated and the result saved in two separate
variables in dependence on the currently valid tariff. This provides for separate monitoring of the
amount of electric energy drawn in the HT (E_GRID_HT) and LT (E_GRID LT) periods.

3.4. DC-AC Inverter

The inverter function (the inverter itself) in the assembled model can be defined as a device that
inverts dc energy to ac energy at a given constant efficiency. Thus the input quantity is the power
Poad pc and the output quantity is the power Py, ac. In practical applications, the converter efficiency
changes in dependence on the current load; for the assembled model the DC-AC inverter efficiency
was at 17pc.ac = 95%. The simulation block is formed by a three-phase voltage source which generates
voltage for the connected load and is supplemented with voltage and current measuring blocks. Similar
to the DC-DC converter, no switching processes were considered.

3.5. Load

The model offers two possibilities of making a load diagram. The load development can be
defined with the aid of several electrical devices being time-switched. This method is implemented
using three-phase RLC (Resistor-Inductor-Capacitor) blocks and elements for load switching. The
drawn power is measured and entered into the system’s control logic. The other possibility is the direct
loading of the required variable, for example via importing the measured or calculated values. For the
purpose of simulation, the latter method was used: the load diagram is known in advance and enters
the model as an input variable. The load profile for the validation is given in Figure 10 (red curve).

4. Validation of Assembled Model

The functionality and internal logic of the model assembled were validated using data that
were measured on the experimental HS in the laboratories of the Department of Electrical Power
Engineering (Brno University of Technology, Brno-stfed, Czech Republic). A 3390-10 power analyser
(Hioki, Nagano, Japan) was used for the measurement conducted on 15 April 2016. Currents were
measured using current sensors as follows:

e  AC current on the DC-AC inverter output, using the Hioki 9272-10 clamp probe, range 20 A.
e  DC current on the DC-DC controller output, using the Hioki 3274 clamp probe, range 150 A.
e  DC current on accumulator interface, using the Hioki 9709 pull-through sensor, range 500 A.

Voltage was measured directly, via voltage inputs on the analyser. The mean values of individual
measured quantities were registered every 30 s, which from the viewpoint of the validation of energy
flows represents sufficient accuracy. The chosen sampling rate is not suitable for the recording
of transient events and the model was neither assembled nor validated for the simulation of
transient events.

The laboratory system (Figure 11) is formed by a PV array with a power of 2.25 kWp, consisting
of nine panels with a power of 250 Wp, interconnected in three parallel-connected strings, each with
three panels in series. The accumulator system is made up of lead-acid accumulators with a nominal
voltage of 48V and a capacity of 400 Ah. The power section contains two Xtender inverters (Studer
Sion, Switzerland), working in the Master-Slave mode to reduce stand-by losses), each of a nominal
power of 2600 W (the complete system is described in detail in [20]).

Within the operating measurement, power was measured on the DC-DC converter output
(CH1—Figure 11), on the interface of battery system (CH2—Figure 11) and on the DC-AC inverter
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output (CH3—Figure 11). As mentioned above (part 3.5.) the profiles measured are given in Figure 10.
For the power profile on battery, a negative value indicates battery charging while a positive value
indicates battery discharging.

Measured system data on April 15, 2016
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Figure 10. Power profiles measured on physical model of HS.
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Figure 11. Schematic of experimental HS, with measuring points marked.
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Simulation Results for the Day Measured

13 of 24

To check the results of assembled model, a simulation was made with input parameters measured
the same day the measurement was performed of the power flows given in Figure 10.

The input variables used in the simulation (module temperature, intensity of solar radiation) stem
from actual measurements and their profiles are shown in Figure 12. The intensity of incident solar
radiation in the panel plane was measured with a CMP21 secondary standard pyranometer, with the
panel temperature being measured with a PT100 resistance temperature sensor on the rear side of the
panel. The values measured describe the time profile of the quantities on 15 April 2016.
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Figure 12. Intensity vs. time profile of solar radiation incident on PV field and PV panel temperature.

PV panel temperature ( C)

The resulting profiles for individual quantities that constitute the simulation output are given
together with the resulting energy amounts given in Figure 13 and Tables 2—4.

Simulation results data on April 15, 2016
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Table 2. Energy comparison during validation—measured values.

Name Quantity Designation Value
Energy drawn by load on AC side E_AC_LOAD,meas 7.021 kWh
Energy fed into system by DC-DC converter E_DC_DC,meas 6.823 kWh
Energy drawn from battery E_battminus,meas 2.333 kWh
Energy fed into battery E_battplus,meas 1.548 kWh

Table 3. Energy comparison during validation—simulation results.

Name Quantity Designation Value
Energy drawn by load on AC side E_AC_LOAD,sim 7.021 kWh
Energy fed into system by DC-DC converter E_DC_DC,sim 6.818 kWh
Energy drawn from battery E_battminus,sim 2.361 kWh
Energy fed into battery E_battplus,sim 1.789 kWh

Table 4. Energy comparison during validation-percentage difference.

Name Quantity designation Value
Energy drawn by load on AC side AE_AC_LOAD 0%
Energy fed into system by DC-DC converter AE_DC_DC —0.07%
Energy drawn from battery AE_battminus +1.2%
Energy fed into battery AE_battplus +15%

As is obvious from the results given above, the assembled model exhibits for energy fed into
accumulation a 15% deviation (AE_battplus—Table 4), which is primarily due to the choice of a
different method of charging the lead-acid battery, where the function of three-stage charging (bulk
stage, absorption stage, float stage) is not implemented in the model as is usually the case with
lead-acid accumulators [21] but, for simplicity, the one-stage charging system was chosen. It can be
assumed, however, that in the case of using a Li-Ion accumulator the three-stage charging will not be
applied and the model error will be smaller. For simulating the scenarios of the proposed concept
of employing a supporting storage system for fast charging stations for EVs, the model accuracy is
sufficient in the context of the employed measurement facility (Hioki) and thus the designed model
can be utilized in the simulation of individual scenarios and of the effect of the setting of individual
parameters on the results (e.g., changes in the size of PVS, changes in the battery size).

5. Simulation of Results of Concept of Supporting Storage System for Fast Charging Stations
for EVs

To enable implementing the simulation of an electric circuit or a device represented by means of
special block from the Simscape Power Systems library, it is necessary to insert the Powergui block into
the model. It is used to save the equivalent Simulink circuit which represents a set of inputs, outputs
and state variables (state space) [22]. Relations between them are described by differential equations.
The Powergui block offers choosing from several integration methods for solving and simulating
electric circuits and devices in the designed model, specifically the continuous, discrete and phasor
methods of solution [23]. When simulating dynamic systems, the solution proceeds by successive
steps (time intervals in which the calculation of individual states of the system takes place) until the
total simulation time is reached [24]. The simulation step can be of fixed or variable length of time.

The continuous integration method employs for simulation an integration algorithm with variable
step. Its advantage consists in its greater accuracy when simulating small systems with a small number
of non-linear elements and also in the shorter time necessary for the simulation of model results
because the number of steps necessary for the solution is lower. A disadvantage is that the speed
of simulating extensive systems containing a great number of non-linear elements decreases rapidly
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due to the inaccuracy of the method. In the case of simulating large systems containing more than
50 electric states of more than 25 electronic devices it is of advantage to use the discrete integration
method with fixed step [22]. This method is primarily designed for strictly discrete models and it
calculates their state in the nearest time step. The phasor method of solution is advantageous in cases
when it is necessary to know just the magnitude and phase of voltages and currents (e.g., when solving
problems related to electric grid stability), i.e., in cases when it is not necessary to solve a complete
set of differential equations and the state space is substituted with the so-called reduced state space,
which results in greatly increased calculation speed.

In order to simulate the behavior of the proposed system of supporting storage system for
fast charging stations for EVs, it was necessary to simulate/determine the load diagram of a one
station during charging an electric vehicle. Based on performed analysis and the data provided by
the distribution system operator, the diagram shown in Figure 14 is considered. This AC network
load diagram represents one electric vehicle charging with a 50 kW fast-charging station (FChS).
The charging cycle lasts 30 min, including a 5 min service interval in the end of the cycle. The charging
cycle corresponds to the charging of the one EV with a total capacity of 25 kWh. The presented cycle
considers the charging from 0% SOCgy to 80% SOCgy of the one EV’s capacity.

60

Load active power (kW)
w
o
T
1

0 Il 1 1
0 5 10 15 20 25 30
time (min)

Figure 14. Load active power vs. time for one EV charging cycle.

The technical solutions that can be used for the proposed concept are currently being implemented
by ABB (Energy Storage System), Schneider Electric (Energy Storage System), Siemens (Siestorage),
but the usable area is generally aimed on supporting network services and improving the quality of
electricity. The specific technical solution in cooperation with the fast-charging station for EVs and the
PV system is not known to the authors.

5.1. Operating Scenario A—Description and Assessment

The simulated scenario employs meteorological data for the first week of September 2016. The load
diagram represents a charging cycle of 13 EVs in the course of each day (the same for each day) using
one 50 kW fast charging station. The charging of an EV with an accumulator capacity of 25 kWh is
considered, with each EV-charging cycle considered in the 0-80% SOCEgy range of the EV accumulator.
One charging cycle thus represents ca 20 kWh of electric energy and takes about half an hour [10].

Graphical outputs from the simulation of scenario A are given in Figures 15-17. Figure 18 gives
a detailed view of the green-marked region in the week survey (Figure 15), specifically the 4th day
of simulation. The operation of the EV-charging station considered is only in the period from 7 a.m.
to 7 p.m. and this is reflected in the time distribution of EV-charging cycles, which is, moreover,
concentrated into the morning and evening peaks (red curve in Figure 18).
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The chosen maximum power drawn from the grid was 50 kW (this value is derived from

the 3 x 80 A protection element used—prescribed protection for operating one fast charging station).

If a LT period of 8 h per day is considered—this mode is valid for the duration of LT (8 h during time
periods between 6 p.m. and 8 a.m.), then up to 400 kWh can theoretically be drawn from the grid
during the LT period. This value represents the maximum capacity of supporting storage that is worth
considering from the economic point of view.
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Figure 15. Resulting profiles in simulation of individual states—overall survey, scenario A.
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Figure 17. Resulting profiles of simulation of operating states of photovoltaic system (PVS), scenario A.
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Figure 18. Power profiles in simulation of individual states, scenario A-detailed view of 4th day.

The voltage considered for the Li-Ion storage is 48 V, capacity 5208 Ah (250,000 Wh/48 V), which
represents a nominal capacity of ca 250 kWh. For the beginning of simulation the fully charged
supporting accumulator is considered.

The PVS is formed by 4 parallel-interconnected strings, each made up of 20 panels, 250 Wp power
each. These are PV panels of the same parameters as those used in the model validation (Table 1).
The total power of the installed PV panels is thus 20 kWp.

In view of the priority to maintain the operability of fast charging station, the grid charging of the
system is considered such that with the SOCy,; of the support accumulator decreasing to 20%, the
charging should start irrespective of the low /high tariff. As is obvious from the algorithm of internal
logic given in Figure 9, if grid charging takes place in the HT period, the charging is terminated when
30% SOCgy is reached and the full charging of the system is preferentially performed in the LT period.
For every day, the considered LT period in simulation is from 8 p.m. to 4 a.m., in keeping with the
valid regulations of the operator of the electricity grid of CR.

As is obvious from the profiles given above, the chosen capacity of supporting storage (250 kWh)
is sufficient for the operation of charging station, with the charging performed preferentially in LT
periods. The 6th simulation day is an exception, when due to the drop of SOCp, to the stipulated level
it was necessary to start charging even in the HT period (Figure 15). As expected, HT charging was
terminated when 30% SOCj,; was reached. Thus the indispensable reserve is provided for completing

the charging cycle of EVs in case the station is unexpectedly disconnected from the grid. The minimum
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20% SOCp,y was chosen with a view to accumulator lifetime and also as a reserve for supplying the
system’s own consumption.

The plotted profiles of simulated quantities correspond with anticipated results. In Figure 17, an
increase in PV Array Voltage during night hours can be seen, which relates directly to the input data
of the measured intensity of solar radiation. In data sets there appears the value (2-W-m~2) for night
hours, which may be due to a measurement error but it is probably the effect of ambient illumination
and moonlight. The model thus responds to input values while MPPT tries to set the value of operating
voltage. But because of insufficient irradiation, no current is generated and the power of PV field
remains zero.

Overall energy balances of the simulated scenario are given in Table 5. As can be seen, the total
energy drawn from the grid (E_GRID) amounts to 1333 kWh, from which amount 1289 kWh, i.e.,
96.7%, were drawn in the LT period (E_GRID_LT), which from operation viewpoint represents an
economic benefit.

Table 5. Resulting energy balances for scenario A.

Name Quantity Designation Value

Overall energy drawn from grid E_GRID 1333 kWh
Energy drawn from grid during LT _GRID_LT 1289 kWh
Energy drawn by load on AC side E_AC_LOAD 1824 kWh
Energy drawn by load on DC side E_DC_LOAD 1915 kWh
Energy potential of PV system E_PV 630 kWh
Energy fed into system by DC-DC converter E_DC_DC 590 kWh
Energy fed into battery E_battminus 1698 kWh
Energy drawn from battery E_battplus 1687 kWh

Balance of stored energy E_batt 11 kWh

5.2. Operating Scenario B—Description and Assessment

The simulated scenario B differs from scenario A in the load diagram; there are again 13 EVs
under consideration but the time distribution of individual EV arrivals is different, spread over the
whole day. The other simulation parameters remained the same, with a view to the possibility of
a direct comparison of results. The simulation results for scenario B are shown in Figures 19-21.
The different distribution of EVs (red curve) in the course of the day compared to scenario A can be
seen in Figure 22. As can be seen from the results given, SOCy,;; does not drop to the 20% level and
HT charging is not applied. The different load diagram thus has a direct impact on the ratio of energy
amount E_GRID_LT to E_GRID. From the viewpoint of reduced SOCy;, a more uniformly distributed
load diagram is more favourable.

The results presented confirm the assumption that with the load diagram uniformly distributed,
the supporting storage system represents a limited contribution because part of the system capacity is
not used. Scenario B results thus satisfy the assumptions. Energy balance results are given in Table 6.

Table 6. Resulting energy balances for scenario B.

Name Quantity Designation Value
Overall energy drawn from grid E_GRID 1303 kWh
Energy drawn from grid under LT _GRID_LT 1303 kWh
Energy drawn by load on AC side E_AC_LOAD 1824 kWh
Energy drawn by load on DC side E_DC_LOAD 1915 kWh
Energy potential of PV system E_PV 630 kWh
Energy fed into system by DC-DC converter E_DC_DC 600 kWh
Energy fed into battery E_battminus 1408 kWh
Energy drawn from battery E_battplus 1420 kWh
Balance of stored energy E_batt —12kWh
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6. Evaluation—Advantages and Disadvantages of Proposed Concept

The proposed concept of a HS with storage that serves as support for charging electric vehicles
was prepared as part of current research in the area of storage systems with support from RESs.
Based on the measurement performed on the experimental HS at FEEC BUT, a simulation model was
assembled with optional parameters which was subsequently modified to fit the requirements of the
simulation of scenarios of the proposed concept. Presented model allows simulating longer time range
(month, year) with different input parameters. The calculation time of the simulation depends directly
on the length of the simulated time period and the computational power of the computer.

Calculation of a detailed simulation of one week takes approximately 7 min with average personal
computer. Matlab Simulink is a robust tool for data calculation and processing and therefore was
chosen as a simulation tool even though there are similar simulation tools (HOMER) that can also
provide the basic energy balance of the system. The assembled model needs to be further improved
especially in DC-AC converter and EVs chargers. This task is the aim of follow-up research in the field
of energy systems realized at the Department of Electrical Power Engineering, at the Brno University
of Technology.
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Figure 19. Resulting profiles for simulation of individual states—general overview, scenario B.
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Figure 22. Power profile for simulation of individual states, scenario B, detailed view of 4th day.

In connection with the integration of charging stations into the electricity grid, an increased
interest is expected in facilities that can limit the reverse effects on the grid. The proposed concept of a
charging station with supporting storage can in dependence on the specific locality reduce the negative
reverse effects on the grid (voltage fluctuations, asymmetry, voltage magnitude). Analysis of voltage
changes during FChS operation has been realized, but is beyond the aim of this paper. An optimally
designed storage system (ensuring minimum HT drawing from the grid) stabilizes drawing from
the grid with respect to accumulation cycling, and this has a positive effect on grid stability and,
consequently, also a positive effect on the planning of electricity grid. The capacity of the accumulation
system cannot be designed only with the emphasis on the maximum capacity. It is necessary to
consider the number of charging/discharging cycles and the discharging rate with respect to the
required technological reserve. Other aspects that define the size of accumulation are the size of
system’s circuit breaker in combination with the LT duration so that the system is ready for the next
working cycle.

The main economic contribution of the proposed concept can be seen in reduced operating costs
due to minimum HT power drawn from the grid (difference between HT and LT electricity price),
with PVS reducing still further the required amount of energy drawn from the grid (in HT periods,
in particular).

The main disadvantage is the purchase price of supporting storage and converters. Based on the
analyses conducted up to now, a price ranging between Euro 200,000 and 250,000 can be expected for a
system with one 50 kW fast charging station, hybrid converter, LiFePO-based supporting storage of
250 kWh capacity and 20 kWp PVS.

As documented by the simulation results obtained and by data from physical measurement,
the designed model can be used to simulate scenarios with different parameters and thus test the
chosen configuration of individual parameters of the concept presented. Following up on the current
cooperation with and requirements of the industry (the CEZ (Prague, Czech Republic) and the E.ON
(Ceské Budgjovice, Czech Republic) companies) it is expected that research will further continue in
areas related to the application of storage systems with the aim of limiting potential effects on the
electricity grid.
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Nomenclature

A
E_AC_LOAD,meas
E_AC_LOAD,sim
E_battminus,meas
E_battminus,sim
E_battplus,meas
E_battplus,sim
E_DC_DC,meas
E_DC_DC,sim
E_GRID
E_GRID_HT
E_GRID_LT
E_PV

G

Impp

Lo
Is

ISC

Ns

P batt

P grid

P grid, HT

P grid, LT
Piy,pc-pe
Pioad,ac
Pioad,nC
Pout,pc-pe
P out,PV

Q

Rs

Ry
SOChpast
SOCgy

AE_battminus
AE_battplus
AE_AC_LOAD
AE_DC_DC

4

IDC-DC

IDC-AC

diode ideality factor (-),

measured value of energy drawn by load on AC side of inverter (Wh),
simulation result of energy drawn by load on AC side of inverter (Wh),

measured value of energy drawn from battery (Wh),
simulation result of energy drawn from battery (Wh),
measured value of energy fed into battery (Wh),
simulation result of energy fed into battery (Wh),

measured value of energy fed into system by DC-DC converter (Wh),
simulation result of energy fed into system by DC-DC converter (Wh),

total amount of electric energy drawn from the grid (Wh),
amount of electric energy drawn in the high-tariff (Wh),
amount of electric energy drawn in the low-tariff (Wh),
energy potential of PV system (Wh),

intensity of solar radiation (W-m~2),

maximum power point current of PV panel at STC (A),
current generated by photodiode (A),

input current of PV panel (A),

saturation current (A),

short circuit current of PV panel at STC (A),

number of panel cells in series (-),

power on accumulator interface (W),

power drawn from grid—max. limit (W),

power drawn from grid in high-tariff periods (W),

power drawn from grid in low-tariff periods (W),

DC-DC converter input power (W),

DC-AC inverter output power (W),

DC-AC inverter input power (W),

DC-DC converter output power (W),

PV field output power (W),

control coefficient (-),

series resistance of PV panel (),

shunt resistance of PV panel (Q2),

system’s battery state of charge (%),

electric vehicle’s battery state of charge (%),

PV cell temperature (K),

output voltage of PV panel (V),

maximum power point voltage of PV panel at STC (V),
open circuit voltage of PV panel at STC (V),

reference voltage determined by the MPPT (V),

deviation of results obtained using Lambert W function (A),
deviation of results obtained using Newton-Raphson method (A),
Boltzmann constant (k = 1.38 x 10~2 J.K—1),

PV panel temperature (°C),

electron charge (q = 1.602 x 10~° C),

difference of energy drawn from battery (%),

difference of energy fed into battery (%)

difference of energy drawn by load on AC side of inverter (%),
difference of energy fed into system by DC-DC converter (%),
short circuit current temperature coefficient (AK™Y,
DC-DC converter efficiency (%),

DC-AC inverter efficiency (%).
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