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AHAQZH ZYITPAODEA NTYXIAKHZ EPTAZIAZ

O/ H kdtwbt untoyeypappévog MAtiadng KaAAolong,

tou @avn, pe aplBuo puntpwou 24305 doltntig Tou TURKatog Mnxavikwv Autopatiopou T.E. tou A.E.I
MNelpata T.T. mpv avaddPw tnv ekmovnon tng Mtuxlokng Epyaciag pou, SnAwvw OTL evnpepwbnka yla tTa
TIAPAKATW:

«H Mtuylakn Epyaocia (MN.E.) amoteAel mpoidv nveuuatikng LlGloktnoiag tdoo Tou cuyypadéa, 660
KoL TOU 18pupatog Kot Ba TpEmeL va £XEL LOVASLKO XApaKTAPO KO TIPWTOTUTIO TIEPLEXOUEVO.

AToyopeUETAL AUOTNPA OTOLOSATIOTE KOUUATL Kelévou NG va gpdaviletal autoloo A
petadpacpuévo amod kamola GAAn dnuooteupévn mnyr. Kabe tétola mpafn amoteAel mpoiov AoyokAomng
KoL gyeipel Bépa HBKAC TAENG vl Ta TIVEUUATIKA SlKalwpata Tou GAAou cuyypoda. ATOKAELOTIKOG
umevBuvoc eival o cuyypadéag tng MN.E., o omolog dEpeL Kal TRV euBUVN TWV CUVETIELWY, TIOWVLKWV Kol
GAAWV, QUTAG TNG TPAENG.
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TuAuatog pe véa amodaong TnG HETA amd ailtnon tou evllodepOpevou, Tou avaBETEL €K VEOU ThV
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TPETEL VA OAOKANPWOEL eVTOC TOUAAXLOTOV EVOC NUEPOAOYLaKOU 6URVOU amod TNV nuepounvia avabeong
™¢. Katd ta Aouta edappdlovral ta mpoPAenopevo oto dpbpo 18, map. 5 tou Loxlovtog Ecwtepikol
Kavoviopou.»
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TITUXLOKAG gpyaciog mou Slopyavwvetal and 1o Tunua Mnxavikwv Autopatiopol T.E. katd to Eapwvo
E€aunvo tou Ak. Etoug 2018.

O AnAwv Huepounvia

MuAtiadng KaAAolong 25-06-2018



Ztnv Apladvn.



Evxoapiotieg

O@a nBela va euxapotnow Oegpud OAOUC TOUC KABNYNTEC TOU TUAMOTOC
AUTOUOTLOOU YLO TO £PYO KOL TNV YVWOHN TIOU POCEDEPAV TOON XPOVLA O EPEVA KOL TOUC

oupdoLTNTEC LoV,

Méoa amnd tnv napovoa epyacia Ba Bela va euxaplotriow tov kKUpto AAadodnuo

Kwvotavtivo yla Tnv gukatpia mou pou €5woe va aoXoAnbw LLE To CUYKEKPLUEVO BEpa.

ISlaitepa Ba BeAa va gUXOPLOTACW TOV EPYACTNPLOKO CUVEPYATN Kot ¢ilo K.
MNpodpopo Petdatlh yla TNV AUEPLOTN CULMAPACTOON KATA TNV SLAPKELX TNG cUYYPAdNC
NG MTUXLAKN G KaBwg Kal yla tTnv ajoyn ouvepyaoia Katd tTnv SLAPKELA TNG CULUETOXNG
Hou otnVv epeuvnTiki opada. H BonBeta kat r} kaBodriynon tou Atav e€ALPETIKA TIOAUTLUN.
Entiong Ba nBeAa va euxaplotiow TOV EpyactnpLako ouvepyatn K. Kodwva Mavaywwtn yia

TNV cuvepyaoia.

EuxaploTw TOUG YOVELG OV YL TNV AUEPLOTN OTAPLEN TOUG KATA TNV SLAPKELD TWV

omoudwvV Pou.



MuwpO Broypadiko:

FevvnOnka otnv Xuuapa to 1979. To 1991 petavaocteuoa pall e TNV OLKOYEVELA IOV OTNV
KopvBo omou kal tedeiwoa tnv deutepofaduia eknaidevon. Mépaca oto TURUa AUTOUATIOUOU
TO €apLvo g&aunvo 1999 — 2000. Ekmovnoa TNV MPAKTIKA LOU AoKNOoN To £0pLvo e€aunvo 2007 —
2008 oto epyaotrplo TexvoAoyiag MOAUUECSWY TOU TUAUATOG. ZUMMETELXA amd Tov Ampillo Tou
2008 otnv gpguvnTikr opdda tou TEI pall pe tov K. M. Getdatin kat tov K. M. Kodvad und tov K.
K. AAadodnipo cupBdarlovtag oe 5 dnpoaolevoelg Kal kKavovtag o dlo¢ U0 MaPOoUGCLATELS OTO
S1eBvéc emotnuovikd ouveédplo eRA to 2008 kal to 2009 kabwg Kol otV MPOTACH ylo TO
T(POYPOUQ EVIOXUONG EPELVNTIKWY Opadwyv ota TEI APXIMHAHZ I, Anto tov OktwppLo Tou 2009
£€w¢ tov OePpoudplo Tou 2010 mapakoAolBnoa evepyd wWE AKPOOTAC TA LAOAUOTA TOU TTPWTOU
g€aunvou ¢oitnong tou petamtuyLlakol npoypappatog Mikpoouotrpata kat NavoslatdgeLg mou
Slopyavwvel to EMN oe ouvepyaoia pe to EKEDQE Anuokpitog. Ka®’ 0An tnv Sidpkela Twv
omoudwv pou epyalOUOUV O€ TIEPLOTACLOKNA 1 Hoviun Baon otnv Teleperformance wg TEXVLKOG
TNAEDWVIKNC UTIOOTNPLENG VLA SLAPOPEC ETALPELEC TTAPOX G TNAETIKOLVWVIAKWY UTINPECLWYV. Tov
OktwppLo tou 2010 &ekivnoa va epydlopal wg TEXVIKOG OpyavwY PETPNONG KL OVAAUTWY 0TV
etalpeia TEKHM AE. Tov No£puBpro tou 2010 e€eldikeUtnKa oToug avaAUTEC otV Augusta ItaAiog
ano6 tnv Socrate SRL. Ew¢g tov lavoudplo tou 2015 gpydotnka ota mAaiola tng €kkivnong tou
€pyou Elefsina Refinery Upgrade Project (ERUP) kat katomiv ota mAaicla tou cupPoAaiou
ouvtrpnong avaAutwy tou SwAlotnpiov EAsuacivag tou opidou twv EAANVikwy MetpeAaiwy mou
€\afe n etalpeia pouv og cuvepyaoia pe tnv ItaAwkn etalpeia Socrate SRL. Ao tov OePfpoudplo
Tou 2015 £wg Kal onuepa epyalopotl we International Service Engineer oto QvTIKEPEVO TwV
OVOAUTWY Kal opyavwv HETpnong yla tv etalpeia Hobre Instrumnets BV mou edpelel oto
Purmerend tng OMavdiag. Ito SL1AoTNUO AUTO €XW CUUHETAOXEL LETOEL GAAWV OE projects yla
eTalpeieg onwg n BP, Statoil, Shell, MHPS (Mitsubishi Hitachi Power Systems), SBM offshore,

Exxonmobil, Lukoil, Repsol, Nestle k.a. oe S51eBvEc epyaciako meptBAaAAov.



NepiAnyn:

H epyacia autr xwpilletal o T€éooepa PEPN. ITO MPWTO HEPOG (kepaiata 1-2)
yivetal pa Bewpntiki mapouvciacn tng Asttoupyiag Twv GWTOBOATAKWY CUCTNUATWY
Eekvwvtog amo ™V dwTelvr) aktwofoAia oto Sldotnua Kol KATOARyovtog otnv
Aettoupyla Tou avtlotpodéa. Xto Seltepo HEpoC (Kedalaito 3) moapouoidletal n
npooopoiwon &vog Sdtacuvdedepévou oto Siktuo pwtoBoAtalkou avtiotpodéa (PV
Inverter) oto mpoypappa npocopoiwong MATLAB Simulink. 1o tpito mapouoialetal pia
gepyacia oxetikd pe SiKTua UTIOAOYLOTWV HECOW TNG OLKLAKAG NAEKTPLKAG KoAwdilwong.
TEAOC OTO TETAPTO HEPOG (MapdpTnUa) mapatiBevrat ol SnUoCLleVOELS TTou TtapAxBnoav

Kotd tnv Stapkela autng Tt mepLtodou (Ampidiog 2008 — AskepPplog 2010).
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1.1 O 'HAloc

JUpdpwva pe tnv eAAnviKn puboloyia, o 'HAlog Atav ylog tou Titdva Ymeplwva Kot tng
Eupubikng (n Oelag). AdeAdég Tou Atav n ZeAqvn katn Hw (Auyn). And tov 5% m.X. alwva o
‘HAlog &ev eBewpeito autoteAng Bedtnta kat tautlotav pe tov Poifo AnoAwva, didupo
adeAdpo ™G Aptépdo¢ kot yo tou Ala kot tng Antou¢. levwnBnke otn Ao oOmou
SnuloupynBnke évag Heyalog AATPEUTIKOG XWPOG. ZUMPWVA LE OPLOUEVEG HAALOTA EKSOXEC
o 6lokog tou'HAlou mapopolaldtav pe Eva Xpuoo TEBpUUTO GO, TO OTolo €0€pvav TECoEpA
oMOAeuka dloya, o Hwog, o AwBio, o Bpdving kat o Itepomng mou £Ryalav amo Ta
pouBouvia Ttoug dAoyec Kot pwe (IxNua 1.1). Opblog mavw oTo Appa Tou 0 akoUpaoTog Bedg
€€akovTLle yUpw Tou Tidakeg pwtog. OL Podilol blaitepa Adtpevav tov HALO w¢ To Snuoupyo
0e06 ¢ duAng Tous. To kKoAooaotaio Tou dayaApa amd tov Aivdlo Xdpn ATav £va amo Ta enta
Bavpata tou kKoopou. Tov HAlo wg Bedtnta tov cuvavioUpe Kal o€ AAAoug AaoUg tNnG
apxodtnTag pe aAAn BéRata ovopacia. EtolAtav o apag twv Bapuiwviwy, o EA twv Qowvikwy
Kal Twv Xavavaiwv, 0 MoAwy Twv ApPwVITWY, 0 Xipuwy Twv Mwoafrtwy, o Appwyv — Pa twv

apxaiwv Alyumrtiwy, o ZoUpua Twv apxaiwv lvéwv kat o MiBpa Twv apyxaiwv Nepowv [1.1] .

Zxnua 1.1. O HAwog kat To dpua tou o€ kpatipa tou 435 r.X. Ano to Bpetaviko pouvaoeio, Novdivo.

To nAtakd pag cloTNUO amoTeAeitaL and Tov NALO Kal TOUG TAQVATEG, aoTEPOELSELC Kal
KOUNTEC, TOU TeploTpédovtal yupw Tou. H amodotaon tou nAiou amd tnv yn eivat 150
EKATOMUUPLA XIALOMETPA, HE MIKPEC amokAloslg katd tnv Oldpkela tou £€Tou¢ Adyw NG

eMEUTIKAG TpOXLA¢ TNGync. O nAlog sival €vag peoaiou peyEBoug a0TEPAG, UTIAPXOUV OTO
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oUMIaV KOTA TIOAU peyalUtepol, Bepuotepol Kal PWTELVOTEPOL AOTEPEC. H amOoTaon ToU OUWG
Qamod TNV yn OXETIKA HE TNV OMOOTOON TOU KOVTLVOTEPOU HETA OO AUTOV OLOTEPQ TO KAVEL Vol
daivetal peyoAUTEPOG KOl AQUITPOTEPOG OTOV YILVO OUPAVO ard omolovonmote AAAO aoTEPQL.
O nAwog €xel dlapetpo 1.4 ekatoppupla XIAOUETpaA (Zxua 1.2) kat 6nwg OAoL oL AoTEPEG, dev
Bploketal oUTE O€ OTEPEA OUTE O€ Lypn N agpla popodn, Bpioketal o popdr mAdopatog [1.3].
To mMAQoUa €lvaL N TETAPTN KATAOTAON TNG UANG KAl n ouvnBéotepn popdn g O nALog
elval apalog kat oe agpla popdn otnv empAvELX TOU KAl YIVETOL TTUKVOTEPOC TTPOG TOV TTUpRva
Tou Aoyw Baputntag. Anoteleitatl and udpoyodvo (75 % tng palag f 92.1% wv atopwv), nALo
(helium 25% tng palog kat 7.8% twv atopwv), to 0.1% amoteAsitat anod dAAa BapUtepa oTolXEla,

Kuplwg avBpaka, alwto, ouyovo, VEoV, LayvNAoLo, TUPLTLO Kal aidnpo K.a.

Sxnua 1.2. H Stauetpog tou NALou o€ OxEon UE TNV YN Ko TO TAQVNTLKO CUCTNUA.

1.2 Mapaywyn evepyeLag 0Tov NALO

H Stadikacia cupdpwva Pe TNV omola n evépyela Tou nAlou dnuloupyeital eival oxXeTIKA
arAn. Avo ruprveg udpoyovou (H) cuvtrikovtal yla vo oXnUATLOTEL €vag mupnvag deutepiou
(DA H2), éva molttpovio kal €va vetpivo (ZxAua 1.3). O muprvag tou Seutepiou CUVTHKETAL

hHe éva @A\o mupnva udpoyodvou kat oxnuatilovv AAo — 3 (He). Metd amnod auto dU0 MUPAVEC
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nAlou — 3 cuvtKkovTal yla va oXNUATLOTEL €vag tupnvag nAtou — 4 kat SUo muprveg udpoyovou,
mou ekwvouv tnv Stadikacia and tnv apxn [1.4]. H Bgpuotnta kat to pwg tou nAiou mpoépxovral

anod auth TNV avtidpaon ouvtnénc.

Proton Neautrino

Y

- r
. 'I/\\
Wt A0\ S
P % . -+ ENERGY
Deuterium 3
. ; N
o <3 2 \ B
. \
Neutrino Froton

Sxnua 1.3. Zuvtnén 2 mpwtoviwv.

‘Evag muprvag udpoyovou (mpwtdvio) otov HALO TIPEMEL VO TIEPLUEVEL KOTA LECO OPO
TéVie Oloekatoupupla xpovia yla va ouvinyBel. To deltepo Brua, oto omoio to NAlo—3
mapayetal and Sdeutéplo Kot udpoyovo, cupPaivel Katd PLECOo Opo PeTA amo 1,4 SsutepOAenta,
KOl TO TEAWKO PBrAua, n mapaywyn tou nAlou —4 xpelaletal 240000 xpovia. H evépyela mou
ehevBepwvetal Katd TN SLAPKELA TNG OUVINENG UETATPEMETOL O PpwTovia: dwe (ZxAua 1.4).

Otav n avtibpaon mpayuatonownBei, ta dwidovia tou Pwidg Tou €xouv mapaxBel
UIopoUV Karmola pépa va gtacouv otn n, xpetalovrol akoun umopovh. Eva pwtovio Eekva
to taibL yla tn I'n pe tnv taxvtnta touv dwtog, alld oxebov apéows MEPTEL MAVW OE €va
NAEKTPOVLO, TO omoio okedalel To Pwtovio o tuxaia KatevBuvon. Auto cupBaivel Eava kat
€ava. To péoco dwtovio xpelaletal meplocotepa and 20000 xpovia yla vo KAVEL To TaidL Twv
695000 XALOMETPpWY Ao TO KEVTPO Tou ‘HALou péxpL TNV emidAveLd Tou, To omoio petadpaletal
O£ Ul «TaBnTkn» toxutnTa 4 PETPWVY TNV Wpo. META oMo aUTO TO HAKPU KoL AKOVOVIOTO

Ta€idL, To PwTOVIO KAAUTTEL Tl UTtOAouta 149 ekatoppUpla XIALOPETPA MEXPL TN N He TN
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ouvnBlopévn TtoxlTNTA TOU GWTOGC Kol 8 mepimou Aemtd apyotepa GTAVEL TEAKA OTOV

T(POOPLOLO TOU.

positron @

elektron ’%ZL[\

gamma-ray

# fusion reaction
clektron @ positron
-  neutrino
ma-ray.

Zxynua 1.4. MNapaywyn evépyetag otov HALo: 2 mupnveg udpoyovou CUVTNKOVTAL VLA VA CYNUATIOOUV Eva mupnva Seutepiou, Eva
TTOlLTPOVIO Ko Eva VeTpivo. O muprvag Tou SeUTEPLOU TUVTHKETL UE EVa dAAO TTupva udpoyovou yLa va oxnuatioet nAto-3. Sto
TeAko Bnua, SUo muprveg nAiou-3 ouvtrkovtal yla va oxnuaticovv éva mupnva nAiou-4 kat 00 muprveg udpoyovou.

1.3 H ¢uon tou dwtog

To dwg elval evépyela. Auto pmopel va yivel eUKoAa KoTtovonto €dv adprOOUE OTOV
AALO éva HaUPO AVTIKELMEVO. AvaAuTikotepa Ba pmopoUoapE va MOUUE OTL TOo GwE KATA TV
S1adoon Tou meplypadetal cuvhBWE WG NAEKTPOUAYVNTLKA AKTWVOROALQ, EVW KOTA TNV Tapaywyn
N tnv amoppodnon tou meplypddetal ouvnBwWG Ue OLOKPLTEG TTOCOTNTEG EVEPYELOG TIOU
ovopalovrtol pwtodvia, to Kabéva amd ta omola pnopel va BewpnBel w¢ avulo «owpatidloy.
To dwg tou nAlou yivetal avilAnmro omod Ta HATIA HAC WG AoTpo emeldn eival €vag
ouvlUaOoUOC SLODOPETIKWY XPWHATWY TIOU TIApAyouvV TO AeUkO dwc. KaBe pia amod tig opateg
KOlL LOPATEC TIEPLOXEC TOU PACHOTOC TOU NALAKOU dwTtog £l SladopeTIK 0TAOUN EVEPYELAC.
210 0paTO UEPOG TOU pAcpatog (amd to €puBpd oto LWwdeC) To €puUBPO elval xapnAng Kot to
Kol TO WwdoeC uYPnAnNg evepyelakng otabung. 2to umEpuBpo PEPOC Tou pacpatog to dwc dev
elval opatd aAAG pmopei va yivel avtiAnmto wg Bsppotnta [1.5]. H umépuBpn aktivoBoAia €xel
XaUNAOTEPNG oTABuUNG evépyela amod tnv opatr. H umepwwdeg aktivoBolia mou &ev eival
opaty oAAG TPOKOAEL TO HAUPLOUA TOU SEPUATOC EXEL TIEPLOCOTEPN EVEPYELA ATIO TNV OPATH
oktwvoBoAia.

To opatd ¢wg eival éva MOAU UIKPO KOUUATL TOU pacpatog. Meléteg delxvouv OTL O
TPOTIOG L€ TOV OTIOLO pLat aKTiva GWTOC UE piat GAAN 1) LE UALKA QVTIKE{PEVO Umopel va avaAuBetl

gav Bewpriooupe OtL N dwtevn aktvoBolia dtadidetal otov xwpo we Kupa. Mo autd Tov Adyo
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glval xpnollo va Xopaktnplooupe TNV GWTELVA akKTvoBoAla UE TTAPOUETPOUG OXETL{OUEVEC LE
KOpota. OAa Ta KUMATO €XOUV MLOL XOPOKTNPLOTIKY OOOTOON TTOU OVOUATIETOL KOG KUMOTOG.
To pAko¢ KUpatog avtiotoliletal o ouxvotnta. H ouxvotnta eivat o aplOpog Twv
eNMaVOANPEWV KOTA VA CUYKEKPLUMEVO XPOVIKO SLAOTNHA METAS00NG. ZUVEMWG €va KUHO UE
HEYAAN amootacn PeTalL SUo Sladoxikwv Kopudwv EXEL LEYANO UAKOG KUUATOG KOL LKPOTEPN
ouxvotnta amd €va KUMA HE MLKPOTEPEC OUMOOTAOEL (MEPLOCOTEPEG KOPUDEG OTO (6L
Stdotnua). To MAKOG KUMATOC Kol n ouxvotnta eival avtiotpodws avaloya. H gpubpn
aktwoBoAia €xel pnko¢ Kupatog mepimou 0,66 um Kal cuyvotnta mepimou 453 terraherz, n
wdn¢ aktwvoPolia mepinou 0,44 um katl cuxvotnta nepimou 682 terraherz. Ot aktiveg X €xouv
OKOUOQ TILO ULKPO HUNAKOG KUUATOG KOL TIEPLOCOTEPN EVEPYELA. Ta UIKPOKUMOTA (UAKOG KUUATOG
NG TALEWG EKOTOOTWY) HETAPEPOUV TIOAU ULKPOTEPEC TOOOTNTEG €VEPYELAC. H Taxutnta Tou

dwtoC eivat otaBepr Kat toovTal pe ¢ ~ 3*108m/s [1.6].

MaBnuatikol Tumot:
Cc
V== (1.1)

v: n ouxvoTNTA TOU (PWTOG
A: TO UNKOG KUUOTOC TOU (pWTOC
c: n ToXUTNTA TOU PWTOC

E=v=xh (1.2)
E: EVEPYELX KATE pwTOViOU
v: n ouxvoTNT TOU PWTOC

h: n otavepa tou Planck (6.626 x 10-34 /- s)
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Ao tov ouvduaopo Twy eflowoswy (1.1) kat (1.2) €xoupe TNV e€iowon (1.3).

E=— (1.3)

E: EVEPYELX
A: UNKOC KUUATOG

c: n ToxUTNTA TOU PWTOC

Amo tnv oxéon (1.3) pumopoUpe va KataAdPoupe ylatin evépyela ou petadépouv ta
dwtovia HEYAAOU UAKOUC KUMOTOC E€lval HIKPOTEPN amd auTh mou PetadEpouv ta pwtovia

HLKPOU HUAKOUG KUUATOC.

X

M KOG KUWOTOC

Zxnua 1.5. Mnko¢ kUuatog.
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1.4 To nAektpopayvnTko dpaocua
To aBpolopa Twv NAEKTPOUAYVNTIKWY KUUATWY OVOUATETOL NAEKTPOUAYVNTIKO GACHA.

AuTO Slaywpliletal ot akOAouBeg eMPEPOUG TEPLOXEC OUUPWVA UE TO PNKOG KUUATOC:

Aktivegy (10-12 m)

Axtiveg X (10-10 m)

Ynepltwdng aktivoBoAia (10-7 m)
Opato pépog (400 — 700 *10-9 m)
lwdeg

Kuavo

Mpaowo

Kitpwo

EpuBpo

YnépuBpn aktwvoBoAia (10-4 m)
Mikpokupata (10-3 m)

PadlokUpata (1 m)

Kitpivo

400 446 500 542 578600 700

Opatd dpaopa (nm)

Mnko¢ kOpatog (m)

107% 107° 107* 107% 1072 11 10 102 10® 10* 10° 10¢ 107 10%
N Y 2\ Y v
Axtivegy  Axtiveg X Yreprwdeg vrepuBpo  Mikpokvpora Podioxvpara

Sxnua 1.6. To nAekTpouayvnTIKO Paou.
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1.5 AktwvoBoAia Tou HEAQVOG CWUATOG

Me tnv ovopooia péAav ocwuo Xapaktnpiloupe kAaBe UALKO TOU €xel Tnv WOLOTNTA va
amoppodd TEAEIWC TNV NAEKTpOHAYVNTIKY akTvoBoAia omolacdnmote cuyvotntag [1.7].
Eniong anoppodd OAn tnv nmpoomintovca aktvoBoAia avefaptATwE TNG ywviag MpooTTwaong.
‘Eva TETOlO UAIKO Oa mpémel va €Xel HaUpo xpwpo onmwaodnmote. Adou Tto pEAAV CwHO EXEL
Vv duvatotnta va anoppodd OAEC TIG CUXVOTNTEG Ba UMOPEL KL VA TLG EKTTEUTIEL. TUVETIWG Ba
€XEL OUVEXEC daopa ekmopmnc. H cUAANYN Ttou péAavog cwpatog €ival ouowwdng yla tv
HEAETN TG Metadoong evépyelog MECOwW aktwvoPoAiag. Adol amoppodd tedelwg kabe
ouXVOTNTAC NAEKTPOUOYVNTIKN OKTWVOBOAlQ XpnolUoOTOLEiTOL WG HETPO OUYKPLONG yla OAQ Ta
UAKA. Emiong amotelel téela mnyn aktwvoPoAiag Kal pmopel va xpnoldomnolnBbel wg UETPO
oUYKPLONG YLl TIPOYHOTIKEG TINYEG akTvoPBoAiag [1.8]. Auto cupPaivel 8LotL éva pélav cwua
Ba TpEMEL va MOPAUEVEL O BepULKN Looppomia pe To MePBAMOV Tou. Juvenws Ba ekKAVEL

oKpLBWG Oon evépyela amoppoda.

J1a pwroBoAtalkd cuotipota pag eviladEpel n Aettoupyla Tou HEAAVOG CWHOTOG WG
TNy OTO0 0pOTO UEPOC TOU PACHATOC TIOU O KATOLX TIPOCEYYLON UTopel va Bewpnbel wg
HoVTéAO Tou NALoU. H daopatiki aktivoBoAia Tou eKTEUTIETAL O AUTA TNV epimtwon Sidetal
oo tov vopo tou Planck (1.4). H paopatiki aktivoBoAia petaBAANETOL O oCUVAPTNON HE TO

UNKOG KUHUOTOG.

2mhc?
FQ) = (1.4)

25 (exp(7a) — 1)

A TO UNKOG KUHOTOG TOU dwTog (m).

T n Beppokpacio Tou péAavog cwpatog (Kelvin).
F n daopatiky aktwvoBolio oe Wm?pum-.

h n otaBepd tou Planck (Joule*s).

21



c n ToxvtnTa tou pwtoc (m/s).

K n otaBepad tou boltzman (joule/Kelvin).

H ouvoALkr TukvoTnTa LoXVOG POKUTTEL Ao Tov Turo (1.5) [1.9]:

H =0T (1.5)
o] n otaBepa Stefan — Boltzman.
T n Bepuokpaocia tou pEAavog cwpatog os Babuoug Kelvin.

Mta €TUTAEOV GNUOVTLKA TIOPAUETPOC TOU HEAAVOC CWLATOG AV TINYI EVEPYELAG, ELVOILTO KOG
KUMOTOG OTO OTIOL0 N TLUN TNG EVEPYELAG TNG EKMEUTIOUEVNG GACUATIKAG akTvoBoAilag eival
n peyaAltepn Ttou paocpato¢. AnAadny TO HMAKOC KUHOTOC OTO OTOI0 EKMEUTETOL N

HeEyaAUTepn oxUG. AuTo umoloyiletal cUpdwva pe Tov vopo tou Wien:

2900
Ap(um) = 7 (1.6)
Ao TO MNAKOG KUMATOG OTO omoio ekméumnetal n upnAdtepn daopatikr aktivoBoAia.
T n Beppokpacia Tou péEAavog cwuatog oe Kelvin.

Otav n Beppokpacia Tou HEAAVOC CWHATOC auAveTal, N GACUATIKN KATAVON KoL N LoXUG TNG
oktwvoBoAiag petafarietal. e Beppokpacia dwuatiou (300 K) évag avbpwmog n pla Adauma
oBnopévn ekmMEUMEL akTvoPBoAlo o€ UAKN KUMOTOG QPKETA PeyaAutepa amd 1 pum. ApKetd

HOKPLA aTto To opatod HEPOG Tou ¢aocpatoc. Eav to péhav cwpa BepuavOet otoug 3000 K, Ba
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EKTIEUTEL aKTWVOBOALa oTO €puBPO PEPOG Tou pacpatog. Daivetal oto oxnua 1.7 otLto pacua
HETaTOmi{eTalL O WNKN KUUATOG EVTOC TOU opatol pépoug. Eav n Bepuokpacia aufnbei otoug
6000 K, n aktwoPoAio Slaxéetal Kotd HNAKOC TOu opatol dadaopatog. Tote o dwg mou
EKTIEUTETAL YIVETAL QVTIANTITO amd To avOpwrmivo PATL wG Aeukd. To oxnua 1.7 ouykpiveltn
aktwvoBolAia otig 3 autég Beppokpaoieg (300, 3000, 6000 K). Eivar ekabapo OTL TO WUNAKOG

KOMOTOG TNG EKTIEUMOUEVNG aKTVOBOoALaG peTaBAAAETAL cuVApPTAOEL TG Bepuokpaaiag [1.10].

:
1410
1407 )l BRI 6000 K
. /A ™= 3000 K
g1.1[|5 / . = = 300K
(o'} 5 .l *
1410 77 \\
S ot [ ™
o ] |
2 a0 /. N
oo
S 1m0+ N
g i e i
g 1 4 .\'\\
z 0.1 d s
01 Opatd 4 10 100

Mrikoc kOpatoc (1um).

Sxnpa 1.7. To unko§ KUUATOG TNG EKTTEUTOUEVNG akTivoBoAiag puetaBaldetal ouvaptriost tng Bepuokpaoiog.

1.6 Ao to SldoTnua oTNnV yn

Otav n nAwakn oaktwoPoAia eloépyetal otnv ynwvn atpoodalpa €va PEPOC TNG
npooTintovoag evépyelag adatpeital Adyw tng okédaong i tng anoppoddnong amo ta HopLa
Tou aépa Kal ta ouvvedoa. Ot okedaoTEC auTtol gival lte ta popla TG atpdodalpag eite
oegpoAupata (aerosols). H aktivoBoAia mou &ev Siwookoprmiletal kot 8ev avokAAdtoL, GTavel
otnv emdaveld NG yng oxedov oe euBeia ypauun amd tov A0 ovopaletal aueon n
oktwvoBolia &éopung. H Slaokoprmiopévn aktivoBolia mou ¢tavel oto £6adog ovopaletal
Slaxeopevn aktwvoBolia. Eva pépog tng aktwvoPoAiog dtavel otov NALOKO GCUAAEKTN HETA
oo avakAoon oamo 1o £€6adoc. Auth ovoudletal avoKAWUEVN LoXUG amo to £6adoc (albedo).

To cuvoAo Tng aktvoBoAiag amoteAeital amnd ola ta npoavadepOévia otolyeia.
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H moootnta t¢ aktwvoPoAlog mou gptavel oto £6adoc dev eival otabepr. EKTOG amod tnv
NUEPNOLO Kal €TAola MeTaBoAn AOyw tng Kivnong Ttou NALOU UTIAPXOUV Kal aotabuntol
TAPAYOVTIEG ToU TNV emnpedlouv. O KALLATOAOYLKEG KOL KALPIKEC OUVONKEG elval €vag oAU
ONUAVTIKOG Tapdyovtag. Edv o oupavog elval ocuvvedlaopévog TOTE N MOOOTNTA TNG
aktwvoBolAiag oto £6adog Ba eival moAL o xaunAn. Eva péyebog mou kabopilel Tnv enidpaocn
™G atpuéodalpag oto NALako dwg eivat n pala aépog (air mass, AM). Elval kowvn mPakTiky va
xpnotwuornowouvtal SUo SladopeTIKEG KAUMUAEC GAOUATIKAG Katavoung [1.11]. Zto oxAua 1.8 ta
Bubiopata oto pacpa AMI1,5 mpokaAoUvtal KUPLwG amod TV amoppodnon Twv poplwv Tng

atpéodapac.

AMO csival n KOUMUAN GOOUATIKAG KATAVOUAG TNG NALaKNG akTwvoBoAiag £Ew amo tnv
otpuéodalpa. Ixedov  TaUTIlETAL HME TNV KOUMUAN  GAOUATIKAG  KATAVOHUNC TNG

aktwvoBoAiag Tou péAavog cwpatog otoug 5800 K.

AM1,5G eivat n KOUMUAN  GOOHATIKAG KATAVOUAG TNG NAWOKAG aktwofoAlag otnv

empavela tng Oalaocoag.

200

MéAav cwpa
150

100

50

daopamkr akmvoPoAia (mW/cm?pm)

400 800 1200 1600 2000
Mrkoc kOpatoc (nm)

Zxnua 1.8. SUykpLon @aouatikwyv aktivoBoAlwy uédavog owuatog otoug 5800 K AMO kot AM1,5.
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H pala agpog avtiotolel otnv dtadpopur mou Stavuel To dwg PEaa amo v atpocdalpa Tng yne,
KQLVOVLKOTIOLNMEVN WG TIPOG TV (kpoTtepn Suvatn dtadpopr) (6tav o nAtog Bploketal otov (evid).
Otav o AAlog Bploketal katakopuda MAvw oo Tov NALako cUAAEKTN n pala aépog eival on pe

1 (AM1). Atadopetika unoAoyiletal amno tnv oxéon (1.7).

(1.7)

Zxnua 1.9. Mala aépoc 1 (AM1) kat ualo aépoc 1,5 (AM1,5).

1.7 HAwKNA yewpetpla
H yn meplotpédetal yupw amod Tov HALO 0€ EAAEUTTIKA TPOXLA UE TOV NALO 0€ pia amod Tig
g0Tiec TNC. To eminedo tn¢ TPOXLAG OVOAleTOL EKAEUTTIKY. H oXeTIKN B£€0n TOU NALOU KAl TNG YNG

UIOPOUV Va APOUCLAOTOUV WG oupavia adaipa yupw amod tnv yn. To eninedo Tou onuepvol
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TEQVEL TNV oupavio odalpa OTOV OUPAVIO LONUEPLVO KAl O TIOALKOG GA€ovaG 0TOUC OUPAVIOUG
nmoAoug. Hkivnon tng yng yupw amo Ttov AALO UMopEl va avamoapaotabel wg pa pavopevn
Kivnon tou NAtou yUpw amo tnv eAAeuttikr) [1.12]. Auth eival kekAlpévn katd 23,45 poipeg
WG TPOG TOV OUPAVLO LoNUEPWVO. H ywvia HETAEU TNG YPAUUAG TIOU CUVOEEL TA KEVTPA TNG YNG
KOl Tou RALOU Kol Tou emuméSou Tou Lonpeplvol ovopaletal nAtakn amokAion §. H ywvia 6
elvalt pnéév katd tnv OSldpKeEl TWV Lonueplwy. Oegpivr) onuepia 20—-21 Maptiou Kot
XEWWEPLVN onuepla 22-23 IentepuPpiou. Hywvia & peylotonoleital katd to Oeplvo nAlootaclo
(22 — 21 louviou) Kot eAaXLOTOTOLEITAL KATA TO XELUEPLVO NAlootacto (21 — 23 AskeuBplou). H
yn TEPLOTPEPETAL PE puBUO pLag meplotpodnC TNV NUEpa YUpw amo tov atova tng [1.13]. H
nuepnola meplotpodn TNG yng meplypddetal and tnv Kivnon tng oupaviag odaipag yupw
amno tov MoAwkd dfova evw n otyplaio B€on tou nAou meplypddetal and Tnv wplaic ywvia
w. Hwplaila ywvia w eivat n ywvia petall eival n ywvia tou peonuppivol mou StEpxetal anod
ToV NALO KOL TOU PeCNUBPLVOU TNG CUYKEKPLUEVNG TomoBeoilag. H wplaia ywvia eivat pundév
KATA TNV nAlokn peonuPpia kat avéavetal mpog tnv avatoAn (Zxnua 1.10). Na kabe 6éon otnv

erudaveLa tng yng Ke yewypadikod mAdatog @, 1o cUOTNHA CUVTETAYUEVWY TNG OpLleTalL amo pia

HArakn © \f";\
peanuppiac /. et

NoTog Tov

B A > 2
g maparpnTr

TapaTNENTY

Sxnua 1.10. To tomiko oUoTnUa cUVTETAYUEVWY Levid — vadip kat n nuepnoia kivnon tou nAtou.
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peonuppia

Zxynua 1.11. AliuouSio, nAtakn aviogwon kot ywvia {evid.

Katakopudn mpoc tnv B€on ypapur mou TEUVEL TNV oupadvia odaipa os SUo onueia, oto levid
kal oto vadip [1.14]. O uéyLotog KUKAOG Ttou eival kABeTog oTov Katakopudo dfova ovopdletal
opilovtac. H ywvia ¢ dnuioupyeital petafd katakopudou dova kal tou opilovta Tou onueiou
(ZxAua 1.10). H ywvia mou oxnuatilouv n kateuBuveon Tou nAiou, amnd tnv avatoAr otnv duon,
KalTou opilovta eivain avoPwon a. H ywvia 6, eival cuumAnpwpuatikn t™¢ ywviag a. To

adtpouBio P eivat undév otnv nAakn peocnuBpia kot avéavetal mpog TNV avatoAn (Ixnua 1.11).
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KEQAAAIO 2

QwtoBoAtalkd cuotAuaTa
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2.1 lotopikn avadpoun

To dJwrtoPoAtaikd dawouevo avakaAupOnke amd tov dekaegvvidxpovo Edmund
Becquerel to 1839. EkteAwvtag mepapata pe SUo HeTOAAKA NAekTpodia, To €va amod GpuAAO
mAativag kot To aA\o  amo mAativa pe emik@Audn yAwplouxou apyuvpou. [Mapatripnoe tnv
Snuoupyla tdong, 6tav 1o GUANO pe tnv emkaAudn xAwplouxou apyvpou dwtilovtav amnod
NALOKO ¢dw¢. To dwrtoPoAtaikd ¢awvopevo sival n dnuloupyia Stadopdg Suvapikol os Eva
UALKO KaTd tnVv €kBeory tou oto ¢wg. Xtn ouvéxela 1o 1887 o6tav o lMeppavog uolkdg Xeptl
HEAETNOE TO PWTORBOATAIKO DALVOUEVO OE OTEPEA UALKA OTWG TO 2EAAVLO Kal Bprike amob0oeLg
1-2%. To 1937 kotaokeudotnke dwtoBoAtaiko otolxeio amod Belovxo poAuBSo (PbS) amo toug
Fischer & Godden katto 1939 kataokeudotnke dpwtoBoAtaikd otolxeio amo ZeAnvio (Se) ue
BaBbuod amodoong 1l %. To 1941 KATAOKEUAOTNKE TO TPWTO PwTOBOATAIKO oTOLKELO Ao MUPLTLO

(Si).

Itnv Oekaetioa 1940 — 1950 o TooxpdAokt avémtuée tn Sladkacia mapaywyng
HMOVOKPUOTAAAWV Tupttiov uPnAng kabapotntag mou €dptave oe anodoon kovid oto 4 %. Ta
EMOpPEVA Xpovia ol e€eAi€elc nTav paydaieg kal Epepav TNV EMOTALN TWV GWTOROATAIKWY TIOAU
KOVIA otnVv onuepivr) t¢ Katdotaon. To 1954 ou Fuller, Pearson, Chapin avakoivwoov tnv
npwtn kataokeurp OB otolyeiov Si oxnuatilovrag emadn p—n pe diaxuon kot anodoon 6%.
Ekeivn tnv nepiodo ta pwtofoAtaikd “Bynkav”’ ouCLOOTIKA TTO TOL EPYACTHPLO KL APXLOE oLy
olya va Oleuplvetal n xprnion Ttoug. To 1956 é£ylvav EUMOPLKEG KOTOOKEUEG KUplwg amod
KPUOTAAALKO Ttupitio ( ¢ — Si ), QUTEG OL KOTOLOKEVEG gixav pikpn anodoaon tn¢ taéngtou 5 — 10 %

Kol TIoAU pey@Ao kootog, mepimou 1000 S/Wp.

H mpwtn edappoyn twv dwtoBoAtaikwyv oTtolxelwv €yve otnv Téxvn tng dwrtoypadiag
KOl CUYKEKPLUEVA OTNV UAomoinon tou ¢pwtopetpou. To 1958 xpnolpomolOnkav ylo mpwtn
dopa pwrtoPoAtaikd otolxeila yla TNAEMLKOVWVLIOKOUC OKOTIOUG OTOV QUEPLKAVIKO SLACTNULIKO
6opudopo Vanguard. Tnv i6la xpovid ektofeutnke Pwolkog Sopudopog pe povadiki mnyn
EVEPYELOG TA NALAKA OTOolEld. ZAHEPO QUTH N TeEXVOAoyla XPNOLUOMOLELTAL 08 OAOUG TOUG
dopudopoug. To 1959 kataokevdotnke ¢wtofoAtaikd otolxeio amnod CdS pe anodoon 5 %, to

1972 £xoU e TNV KATAOKEUH lwdouc nAtakou otolxeiou Si pe anddoon 14% amo toug Lindmayer
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& Allison kat to 1977 tnVv Kataokeur) nAlakoU otolxelou amd GaAs pe amodoon 16 % amo

tov Kameth.

To 1981 yivetaL n mtion mavw amd tnv Mdyxn tou aegpomAdvou Solar Challenger
efomAlopévou pe 16.128 dwrtoPoAtaika otolxeia Si ouvoAlkng toxvog 2,7 kW kot to 1983
€xoupe TNV €vapén Aswtoupylag pwrtoBoAtaikol otabuol toxvog 1 MW otnv BiktpoBiA tng
KaAipopviag. H xprion ¢wtoBoAtaikwv yevvniplwv avBloe Katd tn SLapKeELD TNG Kplong
netpelaiov to 1973-74, Kal QUTO TO YEYOVOG 08Nynoe €KTOTE OTNV Mopoucia MoAuaplBuwv

EPEVVNTIKWYV KAL AVATTTUELAKWY EPYWV.

2.2 H emadn pn

DwtoBoAtaikd otolxeio kataokeudalovtal KUpiwg amo nuLaywyous mou glval otolxela

TeTpacBevn) pe Tetpadikn KPUoTaAAKN doun Omwe To rupitio (Si). Kavovtag pia mo avaAutiki

TPOCEYYLON, OTa oTolxEla autd dev umtapxouv eAeUBepol GopeilC NAEKTPLKOU pEUOTOC Kol Sev
SL0O£TOUV NAEKTPLKA AYWYLLOTNTO OTNV UTTOBETIKA MEPLTTTWON TOU 0 NULOYWYOC BplokeTal otn
Bepedlwdn evepyelakn kataotacn, dnAadn eival evieAwg untoBabuiopévog evepyslaka. Otav
OUwG amoppodroouV Kamola afLoAoyn EVEPYELQ, TL.X. LE TN Hopdn Bepuotntag i aktvoBoAlag,
TiPpAyUATOTOLETAL pLa pL{LkA HeTaBoAn. H evépyela TTou TOPEXETAL, KATAVEUETAL OTA ATOUA TOU
NULAywyoU Kol TpOoKaAel tTnv ameAeuvBépwon TMoAAWV nAektpoviwv amd toug deopoug. Ta
NAEKTPOVIA 0BEVOUC QmOUaKPUVOVTOL Ao TNV TMEPLOX Tou OEOUOU TOUG OTO KPUOTOAALKO
TMAEYHQ, XAPN OTNV KWVNTLKA EVEPYELO TIOU QTOKTNOAV Kal yivovtal gukivntol ¢opeig tou
NAekTpLOpOU, Sivovtag otov nuLoywyo pla afloAoyn NAEKTPLKA aywyluotnTa. To €VEPYELOKO
Slakevo avapeoa otn lwvn oBévoucg kot otn lwvn aywylpotntoag ekdpalel tTnv €AAxLoTn
QIOULTOUHEVN EVEPYEL Yl TN SlEyepon €vog nAektpoviou 0Bévoug, wWOoTe va UETATPATEL O
eAeVBepo NAeKTPOVLO, HE TOUTOXPOVN SnUoupyia pLoG OmNnG. Av ota NAEKTpOVIA TwWV SECUWV
TOU KpUoTAAAoU TpoodepBel pla moootnta evépyelag Ti.X. av SexBouv pia 6éoun aktivoBoAiag
TIOU amoTeAeiTal amo pwtovia Pe evEpyela hv pLkpOTEPN amo to evepyelako Stakevo (Eg<hv), ¢

UIopoUV va tnv anoppodrioouv Kat pévouv otn {wvn 00évous. Av OHWG TA EVEPYELOKA KBAvTa
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Tou TpoodEpovTal eival (oa | HeyaAUTEPA OO TO EVEPYELOKO OLAKEVO TOU nULaywyou
(Eg>=hv), tote KGBe KBAvTo umopel va amoppodnBel amd €va nAektpovio cBEVoUC Kal va To
Sleyeipel mpog ™ lwvn aywyluodtntag, adnvovrag otn {wvn o6évoug pia omn . Av Twpa o
TeETPa0BeVNC NULaYwyoG Si, voBeutel pe kamolo mevtaoBeveég otolxeio (dwodopog, P) n pe
KAmoLo tploBeveg otolxeio (Boplo, B), Tote £xoupe nULAYwWYO MPOOUEEwWC TUTIOU-N KAl TUTIOU-P

avtiotolya.

Téooepa amod ta mévie nAektpovia 0Bévoug kabe atdpou P, Ba evwBoulv pe nAektpovia
00€vouC¢ TWV VELTOVIKWY atopwv Si kal Ba oxnuaticouv opolomoAlkou¢ deopous. To MEUMTO
nAektpovio (dopéag mAelovotntag) Ba cuykpateital MOAU xaAapd amd 1o BETIKO TUPNVIKO
doptio Tou P KkaL pe Alyn evépyelo UIMOPEL Vol QIMOOTIOOTEL KoL va KWveltal oav eAelBepo
NAEKTPOVIO, adrvovtag €va aviov (P+) mou pével akivnto oto mAEypa. AnAadr) To mevtacOeveéC
Atopo cupmepldpépetal oto MAEypa oav S0TNG NAEKTPoViwY (TUTIOU-N NUIaywyog). Avtiotolxa,
HE TNV MPOoULEn tploBevwyv atouwv B oe mAeypoatikég BEoelg tou Si, SnUoUpyoUVTaL KEVEC
B€oelg nAektpoviwy otoug deopoug. Me tnv amoppddnon Alyng evépyelag, €va NAEKTPOVLO
oo éva YELToVIKO ANpn §eoud pnopel va kaAUeL Tnv kevr B€on, adrvovrag mapdAAnAa otnv
mponyouuevn B€on Tou Lo O KoL PETATPEMOVTOG TO Atopo B oe katwov (B-). _nAadn to
TPLoBevEC atopo ocupnepldépeTal oav amodékTng nAektpoviwv (dpopeic petovotntacg) n 66tng
omwyvV (TUMoU-p NUIAYwWYOG). Otav o€ pLa TEPLOXN TOU NULAywyoU UTIAPXEL dnuLloupyia i €kxuon
dopéwv oe mepilooela, avtol Sdlaxéovral MPog TIG AAAEG TIEPLOXEC TOU NULaywyol Omou N
OUVKEVTPWON Twv avtiotolxwv Ppopéwv eival pikpotepn. Eniong otav éABouv oeotevn emaodn
€Vag NULAywyog TUTIOU p KE Evav NULoywyo TUToU n, SnAadr oxnuUatlotel pla évwon p-n (dtataén
61060U nuLOYywWyoU), TOTE €va HEPOG OO TIC OMEG TOU TEpa)iou TUTOU p SlaxEeTal Pog To
TEMAXLO TUTIOU N OTIOU OL OTEG €lval ALYOTEPECG KAl OUYXPOVWE €val UEPOG Ao Ta eAelBepa
NAEKTPOVIA TOU TEpa)iou TUMOU N SLAXEETOL TTPOC TO TEUAXLO TUTIOU p OToU Ta eAeUBepa
nAektpovia eival moAU Alydtepa. H avapiEn avtr twv opéwv Kal n avénon tng CUYKEVTPWONG
TWV POPEWV HELOVOTNTAG OTLC TIEPLOXEC KOVTA OTN SLoXWPLOTIKA eMLpaveLa (Teploxn apaiwong)
TWV Tepayiwyv TUTIOU p KAL N, AVATPETOUV TNV LOOPPOTILO TTOU UTIPXE TPLV. H amokatdotaon Twv
ouvOnKwv LooppoTtiag yiveTal e EMAVOOUVOEDTELS TV GOpPEWY, HEXPL OL CUYKEVTPWOELG TOUG va

TIAPOUV TIUEC TIOU VA LKAVOTIOLOUV TOV VOHO 8paong Twv palwv. H CUYKEVTPWON TWV KATLOVTWY
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oTa oMol YUETATPATINKAV OL OTIOSEKTEC OTO TUAMA TUTIOU P KOL N, TIAPOUEVOUV OUETAPANTEG
adoul ta Lovta, 6mwe cuvnBwg OAa T ATOUO OTA OTEPEA, HMEVOUV akivnta oto cwua. Etol To
UALKO XAVEL TOTILKA TNV NAEKTPLKN OUSETEPOTNTA Kal oL U0 MAEUPEC TNG Evwong p-n poptilovrtal
He avtiBeta nAektpikd doptia. Anuoupyeital Aoutov pa Stadopd SuVOULKOU, TTOU N TN TNG
elval oxetikd Hikpr, oAAQ TO EVOWHOTWUEVO aUTO NnAekTpooTatiko medio eumodilel tnv
napanépa Slaxuon Twv ¢opEéwv TMAELOVOTNTOG TPOG TO AMEVAVIL TUAMA TG €vwong. To
amotéAeopa eival OtL n 6iodog mou MEPLEXEL TNV EVWON P-n, TTOPOUCLALEL EVTEAWS SLOPOPETIKN

oUUTEPLPOPA OTN PO TOU NAEKTPLKOU PEVUATOG, avaAoya Ue TV dopd Tou.

2.3 To pwToROATALKO PALVOLEVO

To mebio mou Onuioupyeital oe pla emadrn p—n eival oe B€on va  KLWVNOEL TOUG
eAelBepoug nAektplkoug dopeig, toug omoioug Oleyeipel 0 dwe. lNa va udilotatal To
dwtoPfoAtaiko dawvopevo, eival  amapaitntn n  dnuoupyia emadng Suo GwToayYWYLLWY
NULywywv VALKwv. HAektpovia kot omég Steyeipovtal AOyw tng anoppodnong pwroviwy, péoa
o€ KaBe kUTTApo oav Popeic mAelovotntag ekatépwBOev NG emadnc. AOyw TOU NAEKTPLKOU
nedlov NG enmadng oL Gopeic MOPAUEVOUV OE TIEPLOXEG TIOU UTIEPTEPOUV OUOLOL PE QLUTOUG
dopeic (popeic mAelovotnTag) kabwg elval MOAU pikpr) n mBavotnta va cuvavtioouv dopea
HELOVOTNTOC Kol va emavacuvdeBouv. Amo ekel péouv mpog to KUKAwpa. OL umdAoutol Ba
ouvavtoouv avtibeto ¢opéa, pe Tov omoio Ba yivel emavacuvdeon XwWPILC va CUUUETEXOUV
otnv énuoupyia pevpatog. AtéAeleg otnv Soun tou nulaywyou aufavouv tnv mbavotnta
emavacuvdeong, auToC eivat Kat o Aoyog uPnAol Babuol kabapoTnTag yla To NULAYwWYO UALKO
TapaokeUNG. H meploxn TUmou n €xel wg dopeic mAslovotntag ta eAeUBepa nAekTpoOVLA, Kal

ovtiotolya n meploxn TUTIOU p €XEL TIC OMEG OmMoOU yivetol OetikdtEpO.
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Zxnua 2.1. H dtatoun tne Evwong p-n Tou pwTtoBoATaIKOU KUTTAPOU KAl EVOELKTIKI) VAMAPAOTACH SNULOUPYING QWTOPEUUATOC.

Kivnon twv ¢wtodnuiouvpyoUpevwv ¢Gopéwv UTO TNV EMISPACH TOU LOXUPOU NAEKTPLKOU
nedilou, tngemadng, amotedel pevpa, pe ¢opd autr) tou mediou Ix.6.1. To pevua autd
ovopaletol pwtopevpa Ii. H TR tou dnuloupyolpevou GwTopelATOC €lval avaloyn Tou
MANBouG Twv pwToviwv Tou amoppodwvtal, Kol OMwe emiong availoyn He to MARBOG Twv
dwtoviwv mou mpoonintouv otnv enidpaveta tng Stataéng. H ouvolikn evépyela Twv dwtoviwy,
ava povada xpoévou kot emiudaveiag, elval n  mUKVOTNTA LOXUOG TNG TPOOTILIMTOUCOS
aktwoBoAiag. Apa n T Tou dwtopevpatog I eival euBEwg avaAoyn TG TUKVOTNTAG LOXUOG
E(W/m2), tng nALOKAG NAEKTPOUAYVNTLKAC OKTWVOPROALQC TIOU TPOOTITEL 0TNV EMIPAVELD TNG
Suataéng kat tou evepyou epPadol tng emadnigTwy Suo NUIAYWYWV TIOU EKTIBETAL OE QUTH.
o tnv povtelomoinon evoc ®/B cuotAUOTog HE NAEKTPOVIKA LoxUog [2.1] slval amapaitntn
wa e€lowon mou meplypddel tnv Asttoupyia evog @/B kuttapou i O/B mavel. Mia tétola
eflowon €xel avamntuxOel o Stadopeg popPEC pe TV xprion ¢ eflowon t™ng 86dou TOU

Shockley [2.2]. Ot §U0o Bacikdtepol TUTOL TNG TAPOUCLAIOVTAL OTNV EMOUEVN Ttapdypado.
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2.4 loodUvapo kUKAwua amAonotnpevou @O/B otolyelou

To Baolkd ocuoTaTKO TWV PWTORBOATAIKWY CUCTNUATWY amoteAel To wToPBoATaikd
otolxeio (ovopaletal kal GpwTOOoTOLXELO | NALOKO KUTTAPO), TO OTIOLO KATAOKEUATETAL WG EVWON
TUTOU p-n KOTAAANAWV NULaywywv (cuxva mupttiov). Onwg eival yvwoTo, €AV n MAEUPA P HLOG
61060u p-n ouvdeBel pe Tov BeTIKO TOAO (+) MNYNAG CUVEXOUCG PEUATOC KAl N TIAEUPA N HE TOV
apvNTKO (-), &nAadn yivel opbr moAwon tng S1odou, diEpxetal Eva peyalo pevpa. AvtiBeta eav
yivel avaotpodn moAwon, dnAadr ouvdeon Tou MOAOU (+) TNG TINYAG KE TNV TTAEUPA N KOLL TOU P
HLE TOV TIOAO (-), TO SLep)OUEVO peVUA Elval TTOAU UIKPO KAl ovoualeTal avaotpodo peupa KOpoU,
lo [2.3]. To amAomotnpévo .ooduvapo KUKAwHO GwToBOATALKOU KUTTAPOU 1} KUKAWUA TECCAPWY
TIPOETPWY (oxNua 2.2) amoteleital and pia tnyn pevpatog (lpn) ouvdedepévn mapdAAnAa pe
pLa 6iodo. To KUKAwHA auto Aappavel umtoPn Tig anMwAELEG AOYW TNG ECWTEPLKI G OVTLOTAONG TOU
kuttapou (Rs). Elvat pLa koA mpoo£yyLon t¢ Aettoupyiog Tou pwTtoBoATalkol KUTTapo Xwpelc va
ELOEPXETAL O€ TOAUTIAOKOUG UTIOAOYLOHOUG. Mo QUTO KOl XPNOLUOTOLE(Tal cuxva otnv
povtelomoinon GwToBOATALKWY CUCTNUATWY YLo TIPOCOUOLWOELS KUKAWUATWY NAEKTPOVIKWY

LOXUOG OAAQ KOLL YLOL OVTLUETWTILON TIPOBANUATWY OE TIPAKTIKEG EDAPHOYECG [2.4].

7 D |4

ph
ID

Zxnua 2.2. looduvapo kUKkAwua piog Stodou ue avtiotaon ewtoBoAtalkoU KUTTAPOU.

V+IRg
I =1Ly —Ip(e % —1) (2.1)
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Orou:

Rs

Vt _ ngAKT (2.2)

N E0WTEPLKN avTioTaon Tou Kuttapou (Q)

TO pevpa kopou (A)

0 aplOuog O/B KuTTdpwVY cuvEeSeUEVWY OE OELPA
10 dpoptio Tou nAektpoviou (C)

n otaBepa Tou Boltzman

0 OUVTEAEOTNC TNC SLOdoU

n Beppokpaocia oe K

0 dwtopeLA

H xapaktnplotik KapmuAn pevpatog — taong (I — V) mapouotaletal oto oxnua 2.3.

[Savikd to pevpa BpaxUKUKAwoNG lsc elval oo pe to pwrtopevpa lph KoL n TAON AvolTtou

KuKAwpatog Sivetal ano tnv oxéon 2.3:

kT I
V,, =—In (1 + p—") (2.3)

H woxug P=IV mou napdyetal anod 1o otolxelo mapouvoidletal oto oxnua 2.3B. H péylotn oxug

Pmax UTTOAOYLZETAL YLO HEYLOTO PEVUA |Im KOl TAON V.
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v m VOC

B)

Zxnua 2.3. a) H yapaktnplotikn koeurtuAn | — V. 8) H kaumoAn P — V.

2.5 To povtédo Twv 6V0o SLodwv

Mua Alyo Stadopetiki mpooéyylon Sivel To povtédo twv dUo §Lodwv. Mag mapéxeL pa
TOAU  KOAN TPOCEyylon TOU TPAYUOTIKOU OCUCTHMOTOC WOTE VA UTTOPECOUME  va
T(POYLALTOTIOL|OOUHE TNV MEAETN TwV O/B KUPEAWV.TO NAEKTPLKO SLAypaLa TOU HOVTEAOU givat

TOo akOAoubo:
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=

Zxnua 2.4. HAektpiko Staypoupia Tou UovteAou Twv U0 Stodwv.

HE paBnuatikn e€lowon tTnv akdAoudn:

I=IPV—ID(8

Orou:
Ipv
Ip1

Ip2

Q1 KOl a2

VT1 KoL VTz

V*[*R
Rp

aVrr — 1) = Ip, * (QM— 1)-

)

V+IRg ) V+IRg

10 Looduvapo ¢wropeva

TO avtiotpodo pelpa KOpou tng dtodou D1

TO avtiotpodo pelpa KOPou tng dtodou D2

TO OUVOALKO pelpa otnv ££060 TG KUPEANG

n wooduvaun napdAAnAn avtiotaon tng KUPEANG
n wooduvaun oe oelpd avtiotaon tng KUPEANG

n taon otnv £€€060 tou MAalciou

ol otaBep£g TIc Wbavikng dtodou

n Bepuikn taon Twv 816dwv D1 kat D2 avtictolya.
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H popdn tnNg KOUMUANG TAONG-peUMATOC £lval 6l e TO MOVTEAO TNG Mg Stodou. Itnv

TIPOYHOTLKOTNTA OPWE SiVEL Lo TTOAU KAAUTEPN TIPOCEYYLON TOU TPAYMOTIKOU CUCTHUATOC.

2.6 O ouvteheotnc minpwoewc (fill factor / FF)

O ouVTEAEOTAG MANPWOEWCG €lval €vag mapayovtag o onoiog emnpealel TNV popdn Ing
KAUTUANG |-V tou kuttapou. Mag Selxvel TOCO «TETPAyWVN» ELvVOL N XOPAKTNPELOTIKN -V Kat
ouvnBwg otnv mpaén Aappavel TpéG amo 0,7 — 0,85 . Eival o Adyog TnG KEYLOTNG LOYXUOG TIPOG TO

YWOLEVOU TNG TAONG avoLXTOU KUKAWHOTOC €L TO pEUHA BPAXUKUKAWOEWS .

pF = —mp_ _ mplmy (2.5)
I/OCISC ]/OCIOC

- P e Vi

= Iue -
Py Ise Voo /

PMAX

FF

> V
Ve Voc

Zxnua 2.5. Mpapikn aneikovion koumuAng I-V yia urtoAoyiouo Fill Factor.
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2.7 Ot eocwtepkn mapdAANAn (Rsh) kat ev oelpd avtiotaon (Rs)

Katd tnv Aettoupyia toug, n anodoon twv O/B kuPeAwv petwveTat AOyw TNG UTIOPENG TWV
E0WTEPLKWYV OVTIOTAOEWV, OL OTIOLEG daivovTal KoL 0TO LOVTEAO TNG piag Kot Twv SUo §Lodwv mou
avadepORKaAUE TPONYOUHEVWE. 2TO LOAVLKO HoVTEAD n mapdAAnAn avtiotaon Ba Adupave tun
TIou Telvel OTO AMELPO €VvWw N €V Oelpd avtiotaong Ba AduPave TR lon pe To UNdEvV pe
QIMOTEAECHO VO UNV UTIAPXEL ETUMAEWY TITWON TAON Kal KOT EMEKTAON AMWAELA LOXUOG OTO
doptio. H petaPoldn twv SUo aviloTAcewv €XOUV EMUTTWOEL otov cuvteAeotn Fill Factor kat

duaolka otnv péylotn anodidopevn woxu. H emumtwoelg paivovtal oto akoAoubo Staypappa.

' W A

Decreasing Rgy

Increasing Rg

Vv
>

Zxnua 2.6. Mpapikn avanapaoctaon enidpaon Rs kat Rsh otnv kaumvAn I-V.

2.8 Ektipnon tng nAlakng aktvofoAlac amo tnv SLapKeLa TNG

nAlodpavelac — povtero JW

‘Eva povtéAo umtoAoyLopoU TG nALoKN G aktvoBoAlag eival amapaitnto yla TV Katavonaon
Twv duvartotAtwy mou mapexel oe kABe tonobeoia n xprion ®B. O Johnson et al. (1995) kat o
Woodward et al. (2001) xpnowuonoinoav tnv Stapkela tTN¢ NALOGAVELAC YLa VA EKTLUNCGOUV TNV
NALakr aktwvoPBoAia. To HovTéNo €XEL TTAPAUETPOUG TO Yewypadko mAAatoc (latitude), tTnv nAtakn
kAlon (solar declination), to péyeBo¢ NG nuépag (day length) kat tv atpoodatlpikn
Slamepatotnta o nueprnola Baon Kot £XeL LOVO TNV nuepnotla Stapketa nAtopavelag (oe wpeg)

oav dedopuévo pog eloaywyn. H oAk nuepriola aktivoBolia (JO) divetat amod tnv oxéon 2.6:

hjy = S]O,s + h]O,s (2-6)
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omnou h n dldpkela tng nuépag S diapkela tng nAtodavelag Jos eivat n aktivoBolia tng ansubeiog
S€0UNG KAl Jo,d OL CUVLOTWOEG TNG SLaxeOUEVNG akTvoBoAilag. H SLapKeLa TNG NUEPAG O WPEG

umoAoyiletal and tnv oxéon 2.7:

24
h = ?cos‘l(—tan/l tand) (2.7)

omou A eivat To yewypadLko AATOC Kal 8 ival n nAlakn anokAlon o€ aktivia. H nAwakr anokAlon

yla KaBe nuépa Tou xpovou Sivetal amo tnv oxéon 2.8:

(2.8)

6 = —0,4084 cos (Zn 6;620)

omou d eival n nuépa Tou xpovou oto louAlavo nuepoAoylo. And tov Campbell (1977), n ar’

guBeiag ocuviotwoa tng d¢oung JO,s divetal amo tnv oxéon 2.9:

2p .
Jos = 1367?Sln(p TSing (2.9)

omou p ival To KAdopa tng aktwvoPBoAiag mAnpouc nAtakou dacpatog (edw
xpnotpormnoloU e To 1) kat 1367 eival n péon TN tng NALakng otabepdg [J*m-2*s-1], T
eival n atpoodatpikn dtadoaon, ¢ ivat n nAtakn ywvia avoPpwaong oto {evib kata to

NALOKO PEONUEPL, OE oipeg amo tov opilovta (oxéon 2.10):

sing = sinA sind + cosA cosd (2.10)
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H Slaxutn ouviotwoa TG oAkNg aktwvoPoAiag cupBoAiletal pe JO,d (amd tnv okédaon Twv
vepwv Kkat and tov yaAdallo oupavo tautdxpova), cVudwva pe tov List (1971), umopel va

UTTOAOYLOTEL amo tnv oxéon 2.11:

Jo,aA = Joplfoiue(1 — ¢) + feiouacl (2.11)

OToU C €ival To KAAopA TG LEONC NUepnotag vepokaAuPng, Omou xpnolgonolwvtag tnv Taylor
Hypothesis (Stull, 1988) maipvoupe: ¢ = 1-(S/h), o adidotatn twun Metagv 0 (mMARPENG
vepokaiupn) kat 1 (kaBoAou vedokdAun). Jop €lval To HECO NUEPAOLO OAKO SUVOULKO

aktwoBoAiag tou kabapol oupavol (oxéon 2.12):

1
Jop = 1347 Esing(1 + 7579) (2.12)

Ot tipég Twv fblue kau fcloud avamaplotolv TNV oXeTkn dtadopeTikn Evtaon aktwvoPoAiag ot

ouvOnkec kaBapou oupavou kat vedpokalung, avtiotolya (oxéon 2.13):

1 — Tl/simp

fblue - 1 + 71/sing (213)

MNa va nepypadei n mapapetpog F (e€lo. 2.11) yia kABOes mepLoyxr, oL TLUEG Ba TIPEMEL val £X0UV
npooapuootel (fitted) yla kaBe pépa tou xpovou wote va dwoouv tnv BEATIoTN nuepnoLa TLun F
(LADSS, 2005). O Woodward et al. (2001) kaB06ptoe pia tiun F tng ta€ng tou 1,11 yia tnv Néa

ZnAavdia. MNa to Hvwpévo Bacilelo umtdpxel éva eUPOG oTNV HEoN TN Tou F avaueca oto 0.69
kal to 0.87 (yla €va €toc Kot eploxn €Vpog tne taéng 0.391-1.047, kot péon T 6Awv 0.688).

210 HOVTEAO JW [2.6] emIBAAAETOL LLO KATWTEPN TTOCOTNTA Ao Staxutn aktvoBoAia, petaBAntn
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UE To h, £TOL WOTE aKOUN Kal €va UNdevIKO §edoUEVo eloaywync yla tnv Stapkela nAtodavelag,

Ba mapadyel pLa moootnta aktvoBoAiag yla SeSopévn nUEPA TOU €TOUG.

2.9 Katnyopleg dwtoBoAtaikwy cuoTnUATWY

Avaloya pe tnv Slaxelplon tng mapayopuevng evépyetag ta @/B cuotipata dtakpivovtal
o€ Suo peyaleg katnyopieg: dtacuvdedepeva O/B kat autovopa O/B cuotrpata.

Yta Staouvdedepéva O/B cuotipata HE TO SIKTUO, N MOPAYOLEVN NAEKTPLKN EVEPYELQ,
SaBiBaletal kot mwAeitat oto Siktuo ouvABwWG pe embOTOUUEVN TN aUTH TNV Tepiodo. Ot
OVAYKEC ylot KatavaAwon KoaAurtovtal amo 1o Siktuo onwg kot xwpic ta @/B. Etol ota
Slaouvdedepéva cuotipata umapxouv U0 UETPNTEC NAEKTPIKNG evépyelag. O €vag yla va
HUETPA TNV EVEPYELO TIOU TIOPAYETOL KAl SlaxEeTal oto SIKTUO Kal 0 AAAOC TNV EVEPYELA TIOU
TIAPEXEL TO SIKTUO OTLG EKACTOTE KaTavaAwoels. Emiong otn mepimtwon twv dtacuvbedepévwv
OUOTNUATWY O&V amalTelTal XPrHon CUCCWPEEUTWY, YEYOVOC TTOU EAOTTWVEL TO OPXLKO KOOTOG
NG EYKATAOTAONG KOABWE KAl TO KOOTOG GUVTPNONG.

Znuepa umapxel mMAnBwpa pikpwv O/B CUCTNUATWY OE KEPALEG TNAETILKOWWVLAKWVY
otaBuwy, €€oxlKA OTTIA, CUOTAUATA AVIANONG VEPOU, XLOVOSPOULKA KEVIPA, TPOXOOTILTA,
ddapoug, HeETEWPOAOYLIKOUC oTaBuoug, umaiBpla GwTLOTIKA cwuata, okadn kot dAAa Ta omoia
KaBlotavtal €vepyeldkA QUTOVOMA. € OUTA TO OUCTAHUOTO UTIAPXOUV Ol OUOTOLXIEG
OUOCWPEUTWY, OL OToLlEC amoBnkelouV TNV TAPAYOMEVN NAEKTPLK EVEPYELD, EVW OF
TEPUMTWON TOU £€Xoupe ¢optia eVAAAOOOOUEVOU PEUPOTOC UTIAPXOUV OVTLOTPOdELS OTO
oUOTNUO Ol OTOLOL LETATPETIOUV TNV CUVEXN O€ eVOAAOGGOUEVN Taon. Otav ta autovopa O/B
ocuotnuata ocuvbuacBouv Kal pe GAAN aVAVEWGCLUN I} CUUPBATIKN TNyl NAEKTPLKAG EVEPYELOG

(avepoyevvntpla, nAektpomapaywyo evyog, K.A.Tt.) TOTE xapaktnpilovtal oav uBpLdLKa.

2.10 PuBulotéc poptiong prataplwy anod QwtoBoAtaikd
To KaBe cUOTNO EXEL CUYKEKPLUEVEG OVAYKEC YLaL TNV OULAN AELTOUPYLO TOU Kall N ETAOYN
TWV TEXVOAOYLWV TOU POoPTLOTH avAAUETOL CUVTOUA TAPAKATW. Ot GOPTLOTEG UmaTapLwy amno

dwtoBoAtaika prmopouv va katnyoplomotnbouv pe Stddpopoug TPOMouG. XTo onpeio auto Sivetal
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HLOL KATIWG YEVLKA KaTnyoplomoinon aveéaptntn anod ta SlatiBéuevo CUCTAOTO OTNV ayopQd, amno
TO £160¢ TWV UmatapLwy, ToV TUTIO TNG EPAPHOYNG, TNG TOCOTNTAC TOoU PopTiou Kot avaAvovtal

ouvtopa ta Bactka i6n.

2.10.1 AmAol puBpuioteg dpoptiong amd O/B pe apeon ouvdeon

To o amAé cuotnua puduLoTh ¢OpPTIONG Elval eKElvo 0TO omoio cuvdéstal tan pnatapia
apeoa pe to O/B navel. Evag tétolog GopTlotr¢ Uopel va popTIoEL LKAVOTIOLNTLKA UIATOpieg
KATW oo TiG mpolmobEaoelc:

a) H tdon mou napadyet to O/B aveA va pnv untepBaivel tnv taon $optiong tng pnatapiog ala
KOlL VO NV €lval PLKPOTEPN OO AUTHV.

B) to pelpa mou Slappéel TNV umatapia katd tnv GopTion ¢ va elval péca ta Opla Tou
KOTOOKEUQOTH Yl TNV CUYKEKPLUEVN Umatopia oe kABe mepimtwon nAlakng aktwvoPoAiog —
Bepuokpaciag aAAd kat pOpToU TNG Hmatapiag.

Yrdpxel évag yevikog kavovog tou C/10 &nAadn 10 ¢popEg pikpotepo pevpa(A) amd auto mou
T(POKUTITEL ATTO TNV XWPNTIKOTNTA TNG Katapiag (Ah). O@a npénel va emonuavOei n peyain aia
Tou £xeL n dlaotacloAoynon otnv cuvdeopoloyia tTng apeong ouvdeons. H koumuAn |-V tou
Tiavel Ba PEMEL va TALPLATEL TIPOKTIKA UE TNV KAUTIUAN dopTLonG TNG unatapiag. To maveA mou
ouvdéeTal otnv pmnatapio Ba mpémnel va ival to KatdAnAo. Ta MAEOVEKTAHUATA QUTAG TNC
pneBodou eival To €AAXLOTO KOOTOC KAl Ol HNOAULVEG aMWAELEG. AOyw TOU OTL SeV UTIAPYXOUV
oTolXEla EAEYXOU TIOU VA KATAVOAWVOUV EVEPYELA, OL AMWAELEG TtEpLopilovTal HOVo OTO Katd
OO0 TO oUOTNUA AELTOUPYEL KOVTA OTO onpelo péylotng Loxvog (MPP).

Zuvoyilovtog UmopoUpe va OUUE OTL €Xouv ebAPUOY OE CUCTAMOTO OOV TO XAUNAS
KOOTOG €lval ONUOVIIKOG TAPAYOVTOG Kol T cuoThpata ¢optiong 8ev mMpoodEpouv KATL
TIEPLOCOTEPO, KAl KUPLWG eKEL OTIOU OL KATAVAAWOELS €lval MPOKABOPLOUEVEG KAl VUKTEPLVEG.
Akoun elval xpniowo va avogepBel OTL n Aoylki NG AUEONG ouvdeopoAoyiag UTopel va
epapudletal kal oe cuvbuacopud pPe autopatoug dpoptiotég. Kamoiwa amd ta €idn pubulotwy

$OpTIONG IOV UTTAPXOULV Elval :
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- PuBpotég poptiong pe EAeYXO pEUMATOG.

- PuBpotég poptiong pe €Aeyxo mooootou poptTLonG.

- PuBuotég poptiong tumov PWM.

- PuBpotég poptiong onpeiov peyiotng toxvog (MPPT).

2.10.2 PuBuiotnc doptonc evpeonc (MPPT) yia ©/B

OL pubuiotég dpoptiong evpeong onueiov peylotng woxvog sivat PWM (Pulse Width
Modulation) ¢optiotég oL omoiol cuvnBwg mepAaUBAVOUV TOV QTIALTOUUEVO EAEYXO WOTE OL
umnatapieg va pnv unepdoptilovrat kat anoteAovvrtal ano DC-DC converters oL omoiot eAéyyovtal

HEow aAyopiBuou yla tnv evpeon Tou MPP.

Increase v Decrease
Operating Voltage Operating Voltage

YES YES

Py = Cument power value
Py = Previously acquired power value

Sxnua 2.7. Aaypauua pong yta ooptlotes ue MPPT ue adyopiduo Perturb and Observe.

AAyOpLOHOG LE TOOOOTO

Av Kkdrmolog yvwpileL tnv koumOAn I-V tou @/B mdavel pnopel va KAveL tnv ektipnon étLto MPP
Bploketal mepinou o€ €va mooooto (ocuvRBwe yUpw oto 75%) TN TAoNE AVOLKTOU KUKAWUOTOGC.
Autn n mpooéyylon dev eival aplotn aAAd Sivel éva amotéAeopa amodekTd OTAV TO TIAVEA
Aettoupyel pe apket NAlodavela. To HELOVEKTNUO AUTAG TNG HEBOSoU BploKeTal 0TO OTLTO MAVEA
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Ba MpETEL va BPLOKETOL YLOL L. ONUOVTLKY XPOVLKA SLAPKELO EKTOC AMOCUVEESEUEVO Ao TNV
TPod0d0ooia ToU CUCTAHATOG WOTE VA YIVETAL N LETPNON TNG TAONG OVOLKTOU KUKAWLATOG.

AAyopLOpog Pertube & Observe

O aAyoplBuog autog otnpiletal otnv PETPNON TNG TAONG KAl TOU PEUMATOG. Z€ QUTH TNV
avappxnTiki HEBodo o eAeyktr¢ alAdlel Tov KUKAO Asttoupyiag (duty cycle) SnAadni aAdalel
HEON TAON KATA €va UIKPO TIOCOOTO amo Tn cuotolyia. AKoAoUBwG péTpa LoxL, av n wxug
au&avetal mPo¢ autn TNV kateuBuvon ouvexilel va auvfdavel KUKAO Aeltoupyiog otnv dla
KatevBuvon HUEXPL IOV N LoxUG Sev aufavel aAlo. Auth eival n mo ouxvr LEBodog kat o
oAyoplBuog dpaivetal oto oxnua 6.2 MoUPACTOTIKA.

AAyop1Bpog Incremental Conductance

H nébodoc tng otoxelwdouc aywylpotntog (Incremental Conductance) untoAoyilel to onueio
HEYLOTNG LoXVOC ouyKpivovTog TNV oTolXelwdn aywytpotnta (81/6V) pe tnv aywypotnta (1/V),
oxnua 6.3. Otav avta ta dvo sival ioa (I/V = 61/8V), n taon e€66ou gival n taon MPP. O eAeyKTng

Slatnpel auth TV taon pExpL va aAlaget n aktivoBolia kat n Stadikacio emavalapBavetal.

VB

Is AL/AV = -IfV? Is Al = 0?

Is AI/AV > -1/V? T Is &1 > 07

Increase Decrease Increase Decrease
Operating Voltage | Operating Voltage J| Operating Voltage [ Operating Voltage

Zxnua 2.8. Awaypauua ponc yla poptloteg e MPPT ue adydptduo Incremental Conductance.
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2.11 O avtiotpodeac (inverter)

Onwg €xeL olyoupa yivel avtAnmto 10 GwTOROATALKO GALVOUEVO KOL KATA CUVETIELD TA
dWTOPOATAKA OTOLXELQ TTOPAYOUV CUVEXI TAON KL CUVEXEG PEVA. H CUVTPUTTIKY MAELOVOTNTA
TWV NAEKTPLKWY CUOKEUWV AELTOUpPYEL €xovtag w¢ Tpododoaia evallacoouevn taon. Mevvatat
AOUTOV N aVAYKN YLOL VOL UTTOPECOUE VA XPNOLLOTIOL|CoUE Ta pwTtoBoAtatkd va Bpebel évag
TPOTOG VA UETATPATIEL N CUVEXNC TAON Ot evaAAaooopevn. Autr Tnv Asttoupyla emiteAel o

avtiotpodEag (de to ac inverter.)

2.11.1 Eidn avtiotpod£wyv Tou xpnotpomnolovuvtal ota O/B

OL avtiotpodeic xwpilovtat oe SV0 Heyaleg katnyopleg. Toug avtiotpodelg taAoNG
(vcoltage source inverters, VSI) kot Toug avtiotpodeic pevpatog (current source inverters, CSI).
Kat ot 6Uo TtumoL avamtuxbnkav Kol xpnowlomowndnkav apxlkd ylo tnv Ttpododooia
nAgktpokvntipwy. OL VSI €xouv w¢ onpa elcodou pa otabepn taon DC kat ot CSl éva otabepod
pevpa DC. Itnv €€060 ol VSI xpnolpomololv €vav PEYAANG XWPNTIKOTNTAG MUKVWTA yla va
otaBepomnotijosl tnv tdon (DC link capacitor) evw ot CSI xpnolgomolouv €vav TUKVWTH yla
otaBeponoinon tou pevpatog (oxAua 2.9) [2.7]. Ou avtiotpodeic TAONCG £lval OXETIKA TILO

OLKOVOLKOL KOl XPNGOLULOTIOLOUVTAL EUPEWG 0TA GWTOBOATALKAL.

PV — J |: PV

VSI CSlI
(a) (b)

Zxnua 2.9. a) Movo@aotkoc avtioTpopEeag mnyr¢ taong. 8) Movopooikog avTioTpoPEAC TNYNG PEULATOC.
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2.11.2 Avtiotpodeic mnyrc taonc (voltage source inverters)

OL avtiotpodeic Taong xwpilovtal o Suo katnyopieg. Toug aVTLOTPODELG TETPAYWVLKNG
KUMOTOMOP®NG Kot Toug avtlotpodeig kabapou nuitévou (sinusoidal i pulse width modulation
inverters, PWM). Ztoug avtlotpodei¢ TETPAYWVIKAEG KUHATopopdng n taon tpododoaiag sivatl
lon pe tnv taon €£68ou Kal 0 avtloTpodEag eAEyXEL LOVO TNV oUXVOTNTA TOU TAong e€6dou. H

taon e€060u eival mapopoLla e TETPAYWVLKN Kupatopopdn, €€ ou kal n ovopacia tng.

OL avtlotpodeic kabBapol nuitovou €xouv pla otabepry tdon ewodou. Omdte o
avtiotpodEag eAEYXEL TO HEYEDOG KOL TNV oUXVOTNTA TNG EVAAAACGOOUEVNG TAoNnG e€060U (oxAua
2.10). AUTO ETUTUYXAVETAL PE Mia TEXVLKA ToU ovopdletal Stapopdwaon eVpous MoApwy (pulse

width modulation, PWM).

M I T
' Yq As Dg,
2 f
A el
Va ° +
+
v T v

N

Sxnpo 2.10.AvTLOTPOPENG EUPOUG TAAUWY EVOS OKEAOUG.

2.11.3 Aettoupyla avtiotpodea eUpoUC TAAUWY

MNna va dnuioupynBel pia taon €€66ou kataAAnAou evpoucg (230 V AC) kot KOTAAANANG
ouxvotntag (50 Hz), éva nuitovoeldeg onpa eAéyxou T0 Veontrol, OTNV €MBUKNTH ouxvotnta (50
Hz) ouykplvetal pe pia TpLlywvikn Kupatopopdn, TNV Vii (oxnua 2.8). H cuxvotnta tTng TPLYWVLKAG

kupatopopdng (fs) elvat kat n cuxvotnta evaldayng KATAOTACNG TWV SLOKOTITWY
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Zxynua 2.11.Atoapuoppwaon eUpous maAuou.

tou avtlotpodéa (insulated gate bipolar tranzistors, IGBTs) kat eival otaBepr). Itabepd
TIAPAUEVEL KAL TO €VPOG TNG Viri [2.8]. To onua eAéyxou Veontrol £XEL cUXVOTNTA f1 N omola eival n
ouxvotnta mou BéAoupe yla tnv taon €6dou. Elval onpavtiko va moupe otL n taon e€66ou dev
Ba elval TEAELO NULTOVLKO orjpa aAAG Ba €xel kal BOpuBo oTIG apUOVIKEG cuxvotnteg tng f1. O

ouVTEAEOTAG SLapopdwong evpoug Sivetal anod tnv oxéon 2.14:

V
my = control (2.14)
Vtri

O ouvteAeotn¢ Slapdpdwong divetal amo tnv oxéon 2.15

me == (2.15)
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J I

no UAo, tundamental = (YAo)1
1 r— iy — p— | M r e o
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b ~ 2
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N

et e -

\f
NEREER Tt £
- Lo

{ Veantrol < Yri } _4 |-_

Ta_:0n, Taq,: off

A A+ — Veontrot > ver
Tas: on, Ty off

Sxnua 2.12. EAeyxoG ToU QVTIOTPOQEN UECW Veontrol KAL Vi,

210 oxNpa 2.12 oL Stakomreg Tas kot Ta- (oxrApa 2.7)eAéyxovtal BAoeL TG oUYKPLONG Veontrol KO Viri.

H taon g€060u Vao:

- Otav Veontrol > Vi, 0 Slakomng Tas+ evepyomoleital kot €Xoupe Vao = (1/2) Vg pe dopa
peVHATOC BETIKNA.
- Otav Veontrol < Vi, 0 Slakomtng Ta- evepyomoleital kat EXoupe Vao = —(1/2) Vg ue dopa

PEVHATOG OPVNTLKA.

Adou oL 0o Slakomrteg dev eival moTé Tautoxpova otnv bla katdotaon n taon €£68ou Vao
Kupoivetot peta€l (1/2) Vg kat —(1/2) Vg4 6mwg amewkoviletal oto oxfipa 2.12. To péyloto eUPog
NG taong €€080u Vao eival (1/2) V4. Auto pmopet va yivel eUKOAa KOTOVONTO GV BEwpPHooUpE
€va o EAEYXOU Veontrol 0TABEPO (oxNpa 2.13). Tote n Vao Ttailpvel povo Vo Tuég (1/2) Vg kot
—(1/2) Vq). Na pa xpovikn mepiodo Ts = 1/fs (oxnua 2.13) kot dedopévn taor €c6dou Vg n

evaAlaoodpevn taon e€66ou Vao Silvetal amo tnv oxéon 2.16.

Vcontrol E

Ll (2.16)
Vtri 2

Vao =
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Ny

fa)
Vtri

STV

b)

Sxnua 2.13. HuttovoeLdnc avtiotpopeas eUPoUS MOAUWY.

2.12 NapaoLTky XweNTIKOTNTA Kal peVupa SLapPoNnG ota
GWTOPOATALKA CUOTAUATA XWPLC LETAOXNUATLOTH).

Ta dwtoBoAtakd mavel meplkAsiovtal oe  €va PETAAAKO TAQLOLO, TO OMOi0 OTIC
TIEPLOCOTEPEC XWPEG N vopoBeoia emiBarAel va eival yelwpévo yla Aoyouc aocdaleiag. To
YELWUEVO TTAALOLO YiveETAL LEPOG EVOG TTUKVWTN TO GAAO NAEKTPOSLO TOU omoiou amoteAeital and

o pwtoPoAtalkd KUTTAPA. H XWwpNTIKOTNTA TOU MUKVWTA £€aptdtal amno :

e Tn emnudpavela Tou GpwToBoATalkoU TTAVEA KoL TOU YELWUEVOU TTAALGiou.
o T atpoodalplkeég — mePLBAANOVTIKEG CUVONKEG.
e Tnv oKOvN KL TNV UYPOCLA TTOU UITOPOoUV va UEROOoUV TNV NAEKTPLKA Ay WYLLOTNTA

™G eMIPAVELOG TOU TTAVEA.

Ao UETPNOELC TIOU €Xouv yivel oe Sladopoug TUTOUG TAveEN £xel SamotwBdel mwe n
XWPNTKOTNTA £lval TNG Ta&ng Twv 150 pF [2.9]. Avdloya Ue T CUVOAKEC N TLUA QUTH UTTopEL va
oauénOel dpapatikd. e MAVEN KAAUUUEVO PE OTACLUO VEPO €XOUV MAPATNPNOEL XWPNTIKOTNTEG

€wg kat 9 nF [2.10]. H mapaottiki Xwpntikotnta eival mapovoa oe kaBe dwtofoAtaikn
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gykataotoon. To eav Ba odnyrnoet n OxtL os pevpa SLaPPONG mPog TV yn €aptatal anod to eav

udlotatal KAELoTO KUKAwHA (Zxnua 2.14).

Cearth ®QTOBOATAIKOZ METATPOMEAZ AIKTYO
i \
Inverter i \
MANEN DIATPO ®INTPO \
DC AC \
N

KYKAQMA
ZYNTONIZMOY

'siapporic

Sxnpe 2.14. KbkAwua ocuvtoviouou pevuartog Stapporic oe @/B maveA.

2.12.1 Pevpa Stapponc oe O/B cuOTALATA XWPILC LETAOYNUATLOTH

Mua TomoAoyia mou dev meplAapBAveL peTaoXNUATLOTr) oUVOEEL yaABavika To SiKTuo UE
10 pwroPoAtatko maveA (Zxnua 2.14). Auto onUailvel OTL UTTAPXEL EVa KAELOTO KUKAWHUA yLO VOl
KukAodopnoet to pebpa Slappong. Atadopég duvapikou mou eivat duvato va dnuloupynbouv
OTa OKPA TOU «TUKVWTN» aUTOU Omo TNV HETaywylkn &pdcn tou inverter, ¢optilouv Kal
ekpoptilouv Tov MUKVWTH. TOTE, N XWPNTIKOTNTA LETAEL TOU TtAveA Kal TnG yelwong, Cearth YIVETAL
HEPOC EVOC KUKAWMOTOC CUVTOVIOHOU TIou TieptAapBavel to mavel, ta ¢pidtpa DC kat AC, Kal TV
NAEKTPLKNA eumédnon tou Siktuou. Adyw Twv napeppaccwy yla tnv BeAtiwon tng anoddoong tou
dwWTOPBOATALKOU CUCTHUATOC O CUVTEAEOTNC AMOOBECNC TOU KUKAWHOTOC UIMOPEL val elval TIoAU
HLKPOG e amotéAeopa va AapBavoupe pevpata Slappong oe emimeda MOAU MAvw amod ta
ovWTEPA ETUTPENTA. Mepetaipw n ouxvotnta ouvioviopoU 8ev eival otabepry Adoyw TtNg
SlabopomoloUeEVN G XwPNTIKOTNTAG KETAEL TNG YNG Kal Tou dwTtoPfoAtatkol mavel. H teAevtaia
efaptartal and nepBalAoviikol TapAyoVTEeG, amnod tnv To PEyeO0C Tou MAVEA Kol TO PAKOC TNG

KaAwdiwong otnv DC mAeupd Tou KUKAwpAToC [2.11]. AvaAdywc TG TomoAoyiag, TNV KATtaotoon
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TWV HETAYWYIKWY SLOKOTITWV Kot TIG EPLBAANOVTIKEG CUVONKEC TO XWPNTIKO pevp Yelwong
elval duvatd va mpokaAEoEL NAEKTPOUAYVNTIKEG TTOPEUPBOAEG, Slatapax Tou PEVUATOC TIOU
TIAPEXETOL OTO OIKTUO KoL EMUTPOOOETEC AMWAELEG 0TO oloTnUa. To MPOBAnua pmopel va
TIEPLOPLOTEL e TNV LAOTIolNoN L8IKWY TEXVIKWYV gAEyXou. H TpoaBrikn madnTikwy oTolyeiwv oTo
KUKAWHO HEYOAWVEL TNV oTaBepd amooBeong KoL CUVEMWG PEATIWVEL TNV CUUNEPLPOPA TOU

[2.14].

Onwg nmpoavadpEpBnKe To EUPOC TNG XWPNTLIKOTNTOG e€apTATAL AMO TO MEPLBAAAOV Kall
a6 tnv Soun tou PpwtoPoAtalkol MAveA Kal Umopel va ektiunBel ovudpwva pe TG GUOLKEG
SL00TACELG TOU TTAVEA KAl TO YELWMEVO TAaiolo Tou. To éva NAEKTPOSLO TOU TTUKVWTH amoteAeital
arno to pwToBOoATALKA KUTTOPO EVW TO AAAO OO TO YELWUEVO TTAALCLO. ZTNV XELPOTEPN MEPLTTWON
OAOKANPO TO TMAVEA KAAUTITETAL ATIO UL OyWYLUN ETIOTPWON, TIX OXNUOTIOUEVN Ao vypaoia n

oKOVIN, aufavovtag TNV eMLPAVELA TOU YELWUEVOU NAekTpobdiou (IxAua 2.15).

MAgigio TraveA

Aywyiun eTIAaveld

|

,,,,,,,,,,, B PWIOBOATHIKG
. KUTTapo

T

Aywyiun emipaveia

Sxnpe 2.15. O/B mavel CUUNIEPLPEPETAL WG TUKVWTIG.
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2.12.2 EAaxlotomoinon Tou pevpatog SLappong

H ouxvotntag xpoviopou twv IGBTs yia tnv dtapopdwaong elpoug maApou (pulse width
modulation, PWM) ennpealel kat 1o pevpa Stapponc. Eivatl yvwoto OtL katd tnv Asltoupyia tou
avtiotpodéa €vag amo Toug TPel¢ kKAadoug Slappéetal amd peUPO OvVA XPOVIKO KUKAO. Av
BewpPrOOUUE OTL N XWPNTIKOTNTA METAEU TOU TIAVEA KOL TNG yNng €ival lon pe pndév, edv
ETUAEEOU E HLa XA UNAR CUXVOTNTA AVOLYO — KAELoIHATOC TwVv IGBTS KoL CUVENWG apyn evaAlayn
TwV KAASWV obnyel otnv dnuioupyla peyding Stadopdg Suvaplkol ota AKPA TOU TIUKVWTH.
AvTIO€TWG n emthoyn uPnAng ouxvotntag PWM €xel w¢ amoTEAECUA ULIKPOTEPEG TAOELG KOl

amodeKTn¢ otabung pevpa Stapporg ONwE anelkovileTal mopakatw (IxAua 2.16) [2.13] .

using MFS
/ using SCZ

Ixnua 2.16. H emidoyn ugnAng cuxvotntag PWM éxel we amoTEAECUN ULKPOTEPEC TAOELG KAL AITOSEKTNG OTATUNG PEUUA
Stappong.
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OpLlopog

Peuua dtapporc ovoualetal To pevua mov Yo MEPAOEL UECH QO TO CWUX EVOG avIpWIToU IPo¢ THY yn N
Kamoto aAAo oneio av autog EATeL o€ emapn UE Lt NAEKTPLKN ouokeun [2.14].

2.13 MopaAAayEeC TOMOAOYLWY OXETIKA E TO peU A SLAPPONC
OL Sadopeg mapalhayég tomoloywwv D/B avilotpodewv Xwpig UETACKNUOTLOTH,
pmopouv va taflvoundouv wg e€ng [2.15]. OL opadomnoinon twv aviotpodpéwv Paciletal ota

XOPOAKTNPLOTIKA YVWPLOHOTA TOUG OXETLKA LE TNV SLaxeiplon Tou pevpatog SLapponc.

- TomoMoyieg zero state de-coupled
o TomoAoyia H5
o TomoAoyia HERIC
o Tomoloyia H6-type MOSFET
o BeAtwwpévn tomohoyia H6

o TomoAoyia HRE

- TomoMoyieg zero state mid-point clamped
o TomoAoyia H6
o TomoAoyia HB-ZVR
o TomoAoyia oH5

o TomoAoyia PN-NPC

- TomoMoyigg solidity clamped
o TomoAoyia NPC three level VSI
o TomoAoyia ANPC
o TomoAoyia dual parallel buck
o TomoAoyia Virtual bus

o TomoAoyia flying capacitor
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2.13.1 TomoAoyia H5

Mua tomoAoyia mou mpoteivetal oto [2.16] ovoudletal tomoloyia H5 kat ¢aivetal oto
Ixnua 2.15. H tomoAoyia amnoteAel matévra mou katéxel n SMA solar technogy. tnv tonoAoyia
mAnpoucg védupag (H4) npootiBetal éva emutAéov IGBT. H uébodog SPWM £xel edbapuootel yla
va Aettoupyel o avtiotpodEag o 3 enineda taong e€660u. ITnV BTN NUL-TieploSo oL SLaKOTTEC
D4, D5 (oxnuata 2.17, 2.18) eival og ocuxvotnta avolyo-KAELoipatoc, o Stakomntng D1 dyel poviua.
H katdaotaon pndevikng taong e€68ou emtuyyavetal otav ol D4, D5 Sev dyouv KoL TO TAPAUEVOV
pevua (freewheeling current) péeL péow tou D1, mou ayel povipa, kot tnv napaAAnAin &iodo tou
D3 (oxAua 2.17) . Auto dnuioupyet Evav Bpoxo "anooBeong” yLo To MAPAUEVWY PEULA TO XPOVLKO
Staotnua rou ot dtakomteg D4 kat D5 dev dyouv. Ta avtiotolya cupBaivouv otnv apvnTkn NUL-
neplodo pe toug dlakonteg D2, D5 mou eival o€ cuXVOTNTA AVOLYO-KAELGILOTOC EVW O SLOKOTITNG
D3 dyel povipa kat to mapapévov pevpa (freewheeling current) péel péow tou D3, kat thv

napAdAAnAn &iodo tou D1 .

i
D5

V5 v

Rlast

V2 _ZS V4| § I

e e () L2

Ixnua 2.17. H tomoAoyia H5 os Asttoupyia Oetikic nut-teptodou, D5, D4 o cuyvotnta avolyo — kAstoiuatog kat n D1 avowyti,
aro natévra [2.15]
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— Cclc

Zxnua 2.18. H toroAoyia H5 ano natévra [2.15].
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KEQAAAIO 3

Mpooopoilwon dtacuvdedepevou pwtofoAtalkol avtiotpodpea (PV
Inverter) tpuwv paocewv oto MATLAB Simulink
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3.1 Elocaywyn

Y& 0UTO To KepAAalo peAeTatal n cupnepldpopd evog tpidpaacikol Sltacuvdedepévou oto
Siktuo avtiotpodéa pe kavotnta va tpododotel poptia TnG tafewd twv 10 KW. AutA n TLur tou
doptiou emiAéxBnke SLOTL TaLpLAlEL OTO HECO OPO TNG EVEPYELAKNG TLUNG TTOU XPNOLUOTOLE(TaL
and éva volkokuplo. H tpododooia tou aviotpodéa ulomoleital anmd o eélowon Tou
pooopolwvel tnv €€odo tnG dwrtoPfoAtalkic cuotolyiag. To cuotnua UAomoleital oto

TpOypappa pocopoiwaong Simulink tou MATLAB.

3.2 Ta mpoypaupata mpocopoiwong

Ta mpoypdupata mpooopoiwong eival €va TMoOAUTIHO epyaleio yla Tov oxedSlaouod
edapuoywVv NAEKTPOVIKWVY LoXUOG, Omw¢ ot ¢wrtoPfoAtailkol avtotpodeic. Mapéxouv tnv
Suvatotnta va eAeyxBel n Suvapikr cupunepldopdc EVOG CUCTILATOG MIPLV AUTO UAOTIONBEL £ToL
waoTe otav TeAKA uAomotnBouv va Bpiokovtal Nén oe pLa kataotaon KaAng Aettoupyiog. TETola
npoypappota eivatto MATLAB / Simulink, Orcad Pspice k.ATt.. H Blopnyavio $pwtoBoAtatkwy €xet
NV avaykn BeAtiwong Twv UTAPXOVIWY UTIOCUCTNUATWY CUUNIEPIAOUBAVOUEVOU TOU yLa TNV
BeAtiwon T™NG AELTOUPYLIKOTNTAG TOUG, TNV HELWON TOU KOOTOUG KOL TNV UAOTOINON VEWV

TEXVOAOYLWV.

3.3 H ¢pwtoPoAtalkr) cuotolyia

Mua pwtoPoAtatkn cuotolyia cuviotatal ano évav aplduo O/B KUTTApwV cuUVEESEUEVWY
o oslpa Kot mapaAAnAa. Eva @/B kUttapo avamapiotatal cuvhBwe oo To OAOTOLNUEVO
tooduvapo KUKAwpa (oxAua 3.1). OL Baolkég mapdpeTpol ou ennpedlouv TV anodoon evog
dWTOPBOATALKOU KUTTAPOU KOL KATA CUVEMELA TNG GWwTOBOATALKNG cuoTolxiag eival n nAlokn
aktwvoBolia katl n Bspuokpacia. H taon €€66ou elval pa cuvaptnon tou pwTtopeUATOC TIOU

efaptartal apueca amnod tnv nAwakn aktwvoBoAia (oxéon 3.1) [3.1][3.2].
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Sxnpa 3.1. ArtAomnotnuévo tooduvauo kukAwpoa @/B kuttdpou.

AKT, Lyp + 1y — 1
Vc_ cln<ph 0 c

_ - ) _R.IL 3.1)

e

Otav n nAtakn aktwvoBoAia ) katl n Beppokpacio tou meptBailovtog petaBailovral, TOTE
KOl N TAon Kal to pevpa £€66ou Tou kuttdpou emnpedlovrtol. Emiong n Bepupokpoaocia tou
KUTTApOU emnpedletal anod tnv Bepuokpacia tou meplBdAlovtog Kat TNV nAlakn aktvofoAia.
JUVETIWG O€ £€va OALOTLKO POVTEND mpooopoiwong tou @/B kuttdpou Ba mpémel va AapBdavovtal
umoyPn auTtéG oL oxéoelg. Mia tétola pEBodog €xel uAomownBel amd tov Buresch [3.3].0L

ouvteAeotég S16pBwong Bepuokpaaciag umoAoyilovtal cUpdwva e TIG oXEoELS 3.2, 3.3.

Crv =1+ Br(T, — Ty) (3.2)

YT
Crp=1+ S_,BT (T, — Ty) (3.3)
C

Ol ouvteAeoTég S10pBwaoNC yLa TNV nALokr aktvoBoAla amo tic oxéoelg 3.4, 3.5.
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Cov =1+ Brar(Sy—S.) (3.4)

1
Csp=1 +S—(5x —Sc) (3.5)
c
Ornou:
doptio nhektpoviou 1,602*10° C A: 0 OUVTEAECTHG MPOCAPHOYHG BEWPNTLKAG
otaBepd tou Boltzman KapmoAng 1=V oty netpapiatik
Br: ouvteleotrc S10pOwaong
y o B ) A , ,
pedpa e€o8ou O/B kuttapov, VT ouvteAeoTC S16pBwang

. A ’ ’ ' ’
bwropevua, os: KAlon petafoAng Bepuokpaciag Adyw

peLUA KOPOU petaBolic tng nAtakric aktvoBoliog, Km?/W

, , , Tx: i ) , K
avtiotaon oelpdg O/B kuttdpou Beprokpacia nepyariovog

, , o T ta, W/m?
STC Bepuokpacio @/B kuttdpou, K > STC aktwoBohia, W/m

. A ! 2
Téon 66500 O/B KUTLAPOU, V Sk MetaBAntr aktwvoBoliac W/m

Edv umoloyiooupe To €K VEOU TO dWTOPEVUA lph KaL TNV TAon €§0dou Ve cUudwva PE TOUG
ouvteAeotég SLOPOwaoNG TOTE £XOUUE TIG OXEOELS 3.6, 3.7. Autég Sivouv tnv petaPfolAn Ttoug os

ox€on He TNV nAtakn aktivoBolia kat tnv Beppokpacia.

Vex = VeCryCsy (3-6)

Iphx = phCTICSI (3.7)

Av ouvbudooupe TI¢ oxéoelg 3.6 kat 3.7 pe tnv oxéon 2.1 umopoU e va urtoAoyioou To onueio

Héylotng oxvoc (MPP).
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3.4 MNpooopoiwon TnN¢ dwtoBoAtalkrnc cuoTtolyiog

H dpwtoPoAtalkn cuotolyia €xel mpooopolwOei oto Simulink pe dedopéva Bepuokpaaciag
Kal NALAKNAG akTvoBoAlag yla XPoviko dldotnpa evog £€touc. Exouv XxpnotpomolnBel HeTtproeLg
oo UETEWPOAOYLKA Sedopéva amo Eva IPOYPOUO TIOU EXEL avamTuXBel amd To MAVETLOTAULO
Tou Ailvixodev [3.4]. OL MOPAUETPOL TOU TPOYPAUHUATOC E€vOL O TPOCAVOATOALOUOG TNG
dwtoBoAtalkng cuotolyiag (votlog) kat n kKAion t¢ cuotolyiag (36° votia) kot n enmtpavela Tng
(72 m?). H ouvoAIKn eVEPYELQ TTIOU UTIOAOYIOTNKE OTTO TNV TIPOCOUOIWON Lo £VOL £TOC OUVEXOUG

Aettoupyliog eivat 8501 kW. OL TpOCOUOLWHEVEG SLOKUUAVOELG HE TNV Bepokpaaia, TNV NALAKN

aKTwoBoAia Kal tnv wpa TG NUEPAG amnewkovilovral ota oxipota 3.2 — 3.5.

Zxnua 3.5. HAtakn aktivoBolia katd tnv Stapkela eVog EToUC (aplotepa) kat SUo nuepwyv (Seéia).
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O afovac X ota oxnuoata 3.2 — 3.5 eival oe deutepoAenta. Ot povada tou afova Y avadepetal
oe KAOe ekova exwplotd. EAv Ta mopatnprosl KAVELG TPOCEKTIKA Ba Sel mwe n anddoon
HUELWVETAL OE OX€on Ue TNV Bepuokpaocia. To amotéAeopa eival va PHELWVETAL N anodldouevn

EVEPYELA.

3.5 levikn meplypadnn TOU CUOTAUATOC
To oxnua 3.6 amewkovilel to PMAok Slaypappa cuvdedepévou oTo SIKTUO TTAPOXAG

NAEKTPLKOU peUOTOC avilotpodéa. AmoteAsital amo:

Tnv dwrofoAtaikn cuctoryia (PV array).

- Tov otaBepomnownty tadong (Stabilizer) mou puBuilet tnv tAon ewodou ToU
avtlotpodEa Kol UAOTIOLEL TNV EUPEDH TOU CNUELOU UEyLoTNG Loxuog (MPPT).

- Twv avtotpodpéa Tplwv PACEWV TOU HETATPEMEL TtV ouvexr taon (DC) oe

evallaooopevn (AC).

- To ¢iAtpo xapnAwv cuxvotTtwV LC TOU HELWVEL TG APHUOVIKEC SLATOPAXEG.

Tov Bpoxo kAstbwparog paong mou cuyxpovilel tTnv pdaon tng t@ong €€66ou TOU

avtiotpodEa pe auth Tou SlKTUou.

Tov eAeykt Stapopdpwong ebpoug naApov (PWM) nou xetpiletal ta IGBTs.

Pv array > Stibilizer Y S—— ?neLxratse(: » Filter » | Transformer » Grid
3
Logical
aperation
PWM |« PLL <

Battery
system

Sxnua 3.6. MrtAok Staypaupa StacuvSeSeUEVoU PwWTOBOATALKOU CUCTHUATOG.
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3.5.1 O otaBepomnointrc ocuvexouc taonc (DC stabilizer)

2to oxnua 3.7 amnelkoviletal To umAok Staypappa tou otabepornownti oto Simulink. H
taon €£0dou tou pwtoPfoAtaikng cuotolxiag eival ota 700 V kat otabepormnoleitatl ota 650 V
(oxAua 3.8). O otaBeponointr¢ amoteAeital and 4 IGBTs kat duo Slakdmreg ouykplong. O
SlaKOmTEG OLYKPLONG CUYKPLVOUV TNV TAon €£08ou pe To emBuUNTO set point twv 650 V kot
Xelpilovtal ta IGBTs péow TOU oNUATOG cuyxpoviopol. H €€obog tou otabepormolnt ivat

ouvoebepévn otV €l0060 TOU avtloTpodéa HECw VoG GiATpou LC XOUNAWY CUXVOTTWV.

il =
| s ’[TM—F:I
v i o
o T bl
| g e { [ _]‘vL
| R

Sxnua 3.7. MrAok Siaypaupo otadeponolntr) cuVeEYoU S TACNC.

Zxnua 3.8. Taon e€66ou otadepormotntr) CUVEXOUC TAONG.
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Mua Siadopetikr) cuvdeopoloyia eivatl auty tou otabepomnointr unofipacpol taong (buck
converter) [3.5]. H amodoon tou otabepomolntr| TAoNG £lval oNUOVTIKA yla TNV Asltoupyla tou
avtiotpodéa. Autod LoyxUeL l8IKA og Tieplmtwaon mou n nAtakn aktwvoBolia dev eival otabepn aAld £xel

Slokupavoelc A n anodoon g dwWToPOATALKAG cuoToLiag eival xapnAn.

3.5.2 O avtwotpodeac (inverter)

O avTLoTPODENG UETATPEEL TNG CUVEXT TAON O EVOAANOGGOUEVH. AUTO ETUTUYXAVETOL OTO
Simulink pe to KUKAWPO TOU oXNUATOG 3.9. 2 AUTO aMELKOVI(ETAL £vag avTlotpodEag Ue Tpla
OKEAN KAOe €va ek Twv omoiwv kabe éva mephapPBavet 2 IGBTs. Ito (610 oxfUa UTTAPXEL KAl N
povada eAéyxou tou avtotpodéa. H povada autrn eAéyxel Tnv Asttoupyia ¢ Stapopdwong
g€Upoug TaApoU (PWM) kol HEOw QUTAG TNV oUXVOTNTA avolyo — KAELoipatog Twv IGBTs omwg
autn €€nyndnke oto kedpalato 2.11.3. H cuxvotnTa QUTH TNG OTNV CUYKEKPLUEVNG TIPOCOMOLWONG
eivat 1 KHz. H Aettoupyia tou avtiotpodéa pag divel Tig e€66oug mou amneikovilovrol oto oxnua

3.10.

(] () (&)
IGBT1_2 L 1GBTZ_2 L 1GaT2_1 L

o

o}

[&1_R]
[e2_R]
[‘33_8]‘
[4_5]
[GS_Ti

Disorete
Puvkd Gereraior
G pulses

[ZE_T]

Zxnua 3.9. KukAwua avtiotpopéa ato Simulink.
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Sxnua 3.10. Taon €£060U aVTIOTPOYEX (Paan UE PAON APLOTEPT, PAOoN UE OUSETEPO SEELT).

3.6 KUkAwpa eAeyxou, doptio, piktpo

To kKUKAwPO eAEyxou emuteAel Eva mMARBog AsttoupyLwn:

- EAéyxeLta IGBTSs yla tnv Asttoupyia ¢ Stapdpdpwonc evpoug moApwyv (PWM).

- JuyxpovileL Tov avtioTtpodEa e To SikTuo OTOo omolo eivat cuvdedepévoc.

- Neltoupyel to oloTNUA OTO ONUELo HéEyLoTtng Loxvog (MPPT).

To onueio péylotng toxvog (MPPT) umtoAoyiletal péow tn¢ ox€ong 3.1. Eva oOAOKANPWUEVO
KUKAWLLO TTOU UITOPEL VAL TIPAY LATOTIOLR OEL AUTEG TLG Aettoupyieg elvatto TMS320F2812 tng Texas
Instruments [3.6]. To Simulink €xeL éva 8o Tou olotnua eAéyxou To omoio Asttoupyel tov
avtlotpodéa. To doptio elval amapaitnto ywa va AdPoupe peaAloTikd amoteAEéoparal.
XpnOLUOTOLE(TAL E6W PLO LILKPT ETIAYWYN KAL Lot LEYAAN avTLOTAoN yla va YiVEL | TTipocopoiwaon
€vog doptiou 10 KW. To ¢piltpo LC mou xpnoiuomnoleital yla tnv mpooopoiwon ivat t¢ taéng L
= 20 mH, C = 35 pF. To ¢doptio, To PiATpo KABwWG Kal OA0 TO KUKAWUA TNG TPOCOUOoiwaoNng

napovuatalovral oto oxnua 3.11.
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Zxynua 3.11. KUkAwua npocouoiwaong ato Simulink.

3.7 AnoteAéopata mpooopolwonc

Y10 oxnua 3.12 mavw arnewoviletal n taon e€6dou (paon pe oudétepo) petd to dpiAtpo
LC kot katw mpv to ¢idtpo LC. Mpiv T0 PpiATpo pmopoUl e va SLaKPIVOUE OTO SLAypappa TNG
TAONG TNV €MLppon TG Asttoupyiag twv IGBTs. Avtiotolya n tdon €66ou dadon pe ddon mpLv Kat
HeTA To PiAtpo LC anetkovilovral oto oxnua 3.13. Kot 6w mpwv 1o ¢piktpo LC BAémoupe tnv
emuppon twv IGBTs. H cuumnepidopd tou cuotuatog os WOavikéG ouvOnkeg kal xwpig doptio
eival e€atpetikn. Otav npootiBevral Opwc doptia PAEMOUE TA NULTOVOELSH XOPAKTNPLOTIKA Val
yivovtal xelpotépa. Emiong edv mPooouOLWOOUUE KABE KOUUATL TOUG CUCTUATOG EEXWPLOTA, N
ouuneplpopad tou eivat bavikn. Aev cuppaivel to dLo 6tav To CUCTNUO TIPOCOUOLWVETAL OAO

padi.
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Sxnua 3.12. H taon eodou (paan ue oudétepo) ueta to @iAtpo LC (mavw) kat mtptv to @iAtpo LC (katw).

Zxnua 3.13. H taon eéodou (paon ue paon) peta to @idtpo LC (mavw) kat rtptv o @idtpo LC (kdatw).
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‘Exel mpooopolwOel emionc kat n Vrus. To amotéAeopa eival 230 Volt (+- 5 Volt), (oxnua
3.14 katw ypadnua). H cuvolikég appovikeg dtatapayeg (Total Harmonicc Distrortion, THD).
Elvatl tng taéng tou 2,2 %, (oxnua 3.14 navw ypadpnua). To anotéleopa tng THD pmopel va eivat
KAAUTEPO €AV epapUOOTOUV TEXVLKEC BeATiwong tng [3.7].

Zxnua 3.14. H taon eéodou VRMS (katw) kat n THD (mavw).

3.8 Zuumnepaopata — NPOOTMTIKEC

H mpooopoiwon ¢ PwtofoATtalkng cuotolyiag yla to Slaotnua evog €Toug £€XeL
npayuatonolnBbei oe autd to kepaAalo. Emiong ol §lowoELS yla TNV €UPECN TOU OnUElov
peylotnc toxvog €xouv ypadtel. H Stacuvdeon oto Siktuo Kal To KUKAwHa eAEyxou xpetalovral
nepetaipw PeAtiwon. Zto péMov Ba pmopouoe €va TAPOUOLO cUOTNUA va UAomolnBel.
Evéexopévwe va xpelalovtal TEPETALPW MPOCOUOLWOELG KAl 08 AAaAd TPOYPAUUATA OMWE TO

Pspice pe okomo TNV GUYKPLON TWV AMOTEAECUATWV.
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KEQAAAIO 4

AtloAOynon SIKTUOU UTIOAOYLOTWY HECW TNC OLKLAKAG NAEKTPLKNAC
EYKATAOTOONG
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4.1 Eloaywyn

Katd ta mponyoUpeva xpovia emiteUxOnke afloonuelwtn mMpoodog oTov TopEd TwV
SIKTUWV PEON TNG NAEKTPLKNG OLKLAKAG eyKataoTtacnC. MoAAEG eTalpele MPOODEPOUV CUOKEUEG
SIKTUWONG, E&VW Ol TIAPOXOL UTNPECLWY TNAETUKOWWVIWY €EETAlOUV TNV  TIPOOTITIKN
xpnolwgomnoinong autng tng texvoloyiag. Mia peydAn €AANVIKA €TOLPELD TNAETUKOWVWVLWV
XPNoLlomnolouoe Nén tnv texvoloyia auth yla v mapoxn unnpeocwwv IPTV oe éva uBpldiko
6iktuo Ethernet — nAektpikng eykataotaong. Emouévwg, umdpyel E€va oplopévo evdladépov yla
TOV TPOMOo Asltoupyiag Twv SIKTUWV TOU XPNOLUOTIOLOUV TIEPLOCOTEPEG QMO Hia peBodoug
npoéoBaong. O KUPLOG OKOMOC QUTAG TNG Epyaociag eival n eykatdotaon Kat n e€€taon €vog

TETOLOU SKTUOU.

4.2 lotoplkn avadpoun

Ta MPWTA CUCTAMATA ETMLKOWWVIAG HECW TOU SIKTUOU TNG NAEKTPLKNAG EYKOTAOTAONG
(Power line communications, PLC) elorixfnoav otn dekaetia tou 1950. H xprion Toug ATav yLa tov
€Aeyxo Tou €fOMALOMOU TWV ETOLPELWV NAEKTPIKAG €VEPYeElag. Tautoxpova avamtuxodnkov
ocvotnuata tnAedwviag PLC yla toug pnxavikoU¢ mou epyalovtov otnv TomoBEtnon twv
NAEKTPLKWYV KaAwbSiwv. Ztn dekaetia tou 1970 éva cvotnua PLC mou MEPLELXE L0 CUCKEUN UE
HkpOodwvo Kal £va Buopa tpodpodociag Kal pLo CUCKEUN HE Eva nXelo ouvOedepévo PECW TOU
NAEKTPLKOU pelpatog Bynke oto eumoplo. H Baotkn Wéa Atav va akoUTE TL CUVEBALVE OE €va
aA\o Sdwpdtio tou omitiol. Opwg, OAEC QUTEG OL EPOPUOYEC AMALTOUCAV PMOVO ML ToXUTNTA
uetadopac dedopévwyv ava 1 kbps. Apyotepa 1o 1999 otn Meppavia katd tn SLAPKELA TNG
€kBeong CeBit mapouocldotnke €va Oiktuo PLC. MepllauPave €va backbone tayvtntog
6ebopévwy 2Mbps ouvOeSEUEVO e VOl LOVTEU LLE TTEVTE LOVASEC OE €val KTipLO SLAUEPLOUATWY
o€ anootaocn 380 HETPWV.

Afloonpelwtn mPoodog £xel onUelwOEL Ta TEAEUTALO XPOVLO OTOV TOUEN TWV ETILKOLVWVLWV
XoUNANG taong (LV, katw amod 1kV) pe onUaviiko aplBud ETALPELWY TTOU OVATITUCGOOUV OXETIKEG
TeXVoAoyiec. To yeyovog OTL Ta TeAsuTaia TNAETILKOWVWVLAKA pPovortwAla otnv Eupwrnin éAnéav to
1998 euvonoe pla tétola €€EALEN. H onuavtikotepn amd autég NTav n dpuon tng cuppaxiog

homeplug powerline tov Maptio tou 2000 [4.1].
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4.3 TEXVIKA XapAKTNPLOTLKA NAEKTPLKNC KaAwdlwong

H owiakn nAektpikn kKoAwdiwon €xel éva TEPAOTIO TAEOVEKTNUO Otav e€eTaleTal WG
KavaAL emikowwviag. Kabe omitt €xel mpileq dlabéolueg oe kaBe SwHATIO, EMOUEVWS N
ouvdeolpotnta eival e€atpetikn. Amo tnv AAAn mAeupd, Ta NAeKTPLIKA KaAwdia dev oxedlaotnkav
oUTe Snuioupyndnkav TNAETKOWWVLIAKOUG OKOTIOUG. AOyw aUTOU TOU YEYOVOTOG KAl TNG
BopuBwdouc dpuonc tng dlag TnG NAEKTPLKAG EVEPYELAC, ATtOTEAOUV €va OKANPO eplBaAlov. Mwa
ypOUN Ttou cuvbEeL SU0 Tiplleg, Umopel va EXEL pLa TTOAU TTEPUTAOKN cuvaptnon KeTtadopag nmou
Ba punmopouvoe va emnpeaotel and tov B0puPo MoOU TAPAYETAL OO CUOKEUEG TTOU cuvdEovTal I
O TO OLKLAKO SIKTUO NAEKTPLKAG eVEPYELag [4.2]. Eva TUTILKO OLKLAKO SIKTUO YPaUUWY NAEKTPLKAG
EVEPYELAG EXEL TA XOPAKTNPLOTIKA EVOC SIKTUOU ToTtoAoylag aotépa (star network topology). Ot
TIOUTIOSEKTEG UMOpOUV va BpilokovTal o omolodnmoTe amo Ta SWHATLA KAl AOyw AUTAG TS SOUNAG
onuata vPnAng ocuxvotntag umodépouv amno Sladopeg avravakAacelg [4.3]. Eva kataAAnAo
LLOVTEAO TIOU ETUTPETEL UL PEAALOTLKN TTEPLYpadN TOU PETOU ExeL MpoTaBel amo tov Phillips [4.4].
Meplypddel TNV amMOKPLON Tou KavoAloU emikowvwviag wg unmépBeon N maApwv Dirac. KabBe
TIOALOC QVTLUTPOCWIEVEL TNV UTEPBEDON TWV ONUATWV amo KAaBe kateUvBuvon. ITn CUVEXELQ,
ToAAamAQOLAZEL TIG ATIOKPLOEL UE Evav TTOAUTTAOKO OUVTEAEOTH OTABULONG pi KAL ELCAYEL ML

XPOVLIKN KaBuotépnon Ti. TOTE TO KAVAAL ETILKOWVWVLOG TieplypadeTal anod tnv oxéon (4.1).

N
H(P) = ) pixe iz (4.1)
i=1
Ormou:
pi ouvteleotn otabuong
Ti Xpovikn kaBuotépnon
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Mia Stadopetiki tpoaéyylon mou AapBavel umoPn tn cupmneptdpopd Tou SIKTUOU OTLIC
XOUNAEG ouXVOTNTEG £XEL TtpoTtabel amd tov Zimmerman [4.5]. MeplapuPavel évav emutAéov
ouvteAeotn e€aoBévnong kal Tnv unEpBeon Twv onuatwy and N Siadopetikég Stadpopéc. To
UAKOG TNG dLadpoung emkovwviog di Kot Evag cUVIEAEOTHG oTaBuLoNnG gi AapBdavovtal umoyn
yla kaBe orua podl pe tv taxvtnta dtadoong Vo. OL TapAUETPOL Ag, a1 KAt k xpnoluomnotovvtatl

yla va Stapopdwbel n e€acBévion mou e€aptatat anod tn cuxvotnta (oxéon 4.2).

N -
HP) = ) gixeCorardi e ™ 42
i=1
Onou:
o, 01 ouvteAeotég e€aoBéviong
i av&wv aplBpog Stadpoung
k €KOeTIKOC Seiktng SLadpounG (TuTkEG TIUEG 0,5 kat 1)
g ouvteAeotnG otdBuong (Umopel va BewpnBel wg cuvBUACUOG TWV CUVTEAECTWV
pHetadoong Kal avakAaong Tou cAUATo )
di unkog dtadpoung
Ti XPOoVIKN kaBuotépnon dtadpoung

4.4 E(6n BopUBou 0TNV NAEKTPLKA EYKATAOTOON

Ye avtiBeon pe AAAQ LEoA TNAETILKOLWVWVLWY, 0TNV NAEKTPLKA KaAwdiwaon ta (6n BopuBou
glval paAAov mepimhoko pe Stadopoug TUTouG Tuxaiwyv datapayxwv mou cupPaivouv. Ot Tumot
BopuBou mou cuvaviwvtal ota Siktua HECW TNG NAEKTPLKAG EYKATAOTAONG WMOpoUlV va

taflvounBouv oe mévte Katnyopieg [4.6], [4.7]:
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‘Eyxpwpog 06pupog (coloured noise):

AUTOC 0 BOpUPOC £XEL GACUATIKN TTUKVOTNTO OXETIKA XAUNANG LoXVUOC, Kal HeTaBAAAeTOL

o€ ox€on e tnv ouxvotnta. O B6puPog mpokaAeital and mMoAEG tnyEG BopuBou xapnAng Loxvog.

OopuPog neploplopévng {wvng ocuxvotntag (narrow band noise):

Autog o BopuPog amoteAeital and nuitovosldn onuata pe Stapopdpwpéva mAdatn. Ot

ninyEcg BopuBou eival otabpol ekmopmnig kot o eninedo BopUBou MoLkIAAEL KaTd Tt SLAPKELA TNG

NHEPQ.

NepLodiko¢ mMaApLkog 00puBog nou eivat aclyxpovog otn ocuxvotTnTa SLKTUou:

Ot maApol €xouv pubuo emavainng yevika amo 50 kHz €wg 200 kHz. O B6puPog

TPOKAAE(TaL KUPLWG Ao TNV Aettoupyia Twv TPodPoSOTIKWV.

MNepLodiko¢ MAAUKOG B0pUBOG IOV Eival CUYXPOVLOHEVOG ME TN OUXVOTNTA SLKTUOU:

Ot maApol €xouv puBud emavaAndng 50 Hz 4 100 Hz kal elvol CUYXPOVIOUEVOL PE TNV
ouxvotnta tou SIKTUou. H SldpKela TwV TMAAMWY €lvol ULKPH, YEVIKA TN TAENG Twv psecond.
AUTOGc 0 BopuPBog mpokaAeital and TPododOoTIKA TIOU AELTOUPYOUV OE CUYXPOVIOUO HE TNV

ouxvotnta tou Slktuou.

AcUyxpovog naApkog 66pupog:

O 0B0opuPog¢ mpokaAeital amd tnv oAlayn twv doptiwv oto Siktuo Stavoung. Ot
TIAPOPUNOELS €XOuV SlApKela amd HeEPLKA msec €wg Alya xAlootd tou SeutepoAémrtou. H
dAoUATIK TTIUKVOTNTO LOXUOG AUTOU Tou TUTIou BopuPBou pmnopet va €xel enineda avw twv 50 dB

TIAvVw oo to BopuBo tou meplBailovtoc.

81



4.5 H texvoloyla

Evag aplBpdg TEXVIKWY XPNOLUOTIOOUVTOL YL OVILMETWTILON TWV TIPOKANCEWV TOU
TepBAAAOVTOG TOU OLKLAKOU SIKTUOU NAEKTPLKAG EVEPYELOG. To oxnua 4.1 ametkovilel To eUPOC
{wvng Tou KavaAloU HETAS00NG TNG OLKLAKAG NAEKTPLKAG gykataotaong péxpl ta 30 MHz. Ta
onuata xapnAng cuxvotntag onwc to X10 ota 120 KHz kat n tdon evOAAQGGOUEVOU PEUUATOC

ota 50 f 60 Hz amokomTovTal HECW EVOG TaBNnTIkoL ¢iAtpou.

HomePlug AV spectrum

| | |
50/60 120 kHz 1.8 MKz 30 MHz
X10 signals Frequency spectrum not to scale

Sxnua 4.1. To aoua cuyvotNTwV TG NAEKTPLKNG TTAPOXNS, TwV onuatwy X10 kat EUPOG CUXVOTHTWYV TTOU XPNOLUOTIOLE(TAL YLa TX
SlkTua UECW TNG NAEKTPLKIC EYKATAOTAONC .

H Twvn cuyvotntwyv ano 1,8 MHz éwg 30 MHz Staxwpiletal o 1.155 dopeic (ZxAua 4.2)
oe amnootaon 24,4 KHz. Na va eniteuxbel autd xpnotpormnoleitat n opBoywvia Stapdpdwon
noAanAwv pepoucwv (orthogonal frequency division multiplexing, OFDM). H OFDM eival plo
LOXUPN TEXVLKH TIOU XPNOLUOTIOLELTAL EUPEWC O POVTEU DSL Kal acUpuates edapoyES. NMPaKTIKA
xpnotgomnotwovvrat 917 ¢opeic yia va petadobolv onuoata (oxnua 4.2). Kabe ¢opéag
Stapopodwvetal eite pe xprnion dtadopwv texvikwy dtapopdwong onwg BPSK, QPSK, QAM), 16-
QAM, 64-QAM, 256-QAM 1} 1024-QAM avdaloya He TNV moLoTNTA Tou KavaAlol petadoong. H
Stapopodwaon 1024-QAM xpnoipomnolel Tov uPnAdtepo aplBuod bits ava dopéa 1024 povadika
avaloyikd paopata / e0pn oxnuatilet cupBoAa ou avtutpoowrieouv 10 Pndia. Te nepintwon
mou kat ot 917 ¢opeic dtapopdwbOouv pe Stapopdwon 1024-QAM, n taxvuInta petadoong
6ebopévwy Tou KavaAlol Ba mpooeyyioel To 0plo tou Shannon, ¢tavovrag ta 197Mbps [4.8].

ITnv Mpafn HUETA amd HLa EKTIUNON TNG TOLOTNTOG Tou KoavaAwol petadoong kabe dpépouoa
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Slapopdwvetal pe TN HEYLOTN ToocotnTa SeSOUEVWY TIOU ETUTPETEL N TOLOTNTO TOU UECOU

uetadoong [4.9].

HomePlug AV spectrum

71’ L L
1.8 MHz 1,155 carriers spaced at ~24.4 kiHz 30 MHz

—

—-‘ |-—24_4 kHz

Sxnua 4.2. To paoua cuyvotitwy tn¢ opBoywvias Stauopewaons moAdamAwy pepovowv (OFDM).

4.6 Metadoon dedouevwy amno ¢aocn os daon

O KEVTPLKOG OLKLOKOG TIIVAKOG TNG NAEKTPLKNG EYKATAOTAONG amoTeAel éva onpelo evéng
yla tnv petadoon Sedopévwyv amo ¢acn oe daon. Aoyw tng mapdAAnAng Stadpoung mou
okoAouBoUv ta kaAwdla KaBe daong péxpL va ocuvdeBoUv OTov TtivoKa oXnUATETAL €vOg
TUKVWTAG (oxApa 4.3). 2 auto o onpeio KABE aywyog XpnoLUeVEL WG TTAAKA ard MukvwTh. Otav
ol aywyol Oladopetikwv ¢acswv PBplokovtal oe kovtvy amootoaon, epdaviletal pia
XWPNTLKOTNTA HETAEL TOUG, ouvbéovtag TIG U0 PAoeLS. AUTO UIMOPEL v YEVIKEUTEL O OAEG TLG
daoelg Tou SIKTUOU NAEKTPLKAG EYKATACTAONG. ITIG UPNAEG CUXVOTNTEG N avtioTtaon PETAED TwWV
aywywv (Z), ye ™ popdn nAeKTPIKAG EUMESNONG, eivat xaunAn. Autr dev emnpedletal anod twv
0pLOPO TWV NAEKTPLKWY CUOKEUWV TIou TIBaVOV va Asttoupyouv. Otav pLa NAEKTPLKI) CUOKEUN
ouvdedepévn oe MEPLOCOTEPEC Ao Uia PpAoelg TiBeTaL 0€ AetToupyia, N AvtioTaon Tou KavaALloU
petadoong pmopel va HeElwBOel akoOpa MePLOoOTEPO. T KABOe mepinmtwon, n ocuvOetn avtiotaon
TOU KOWAALOU HETAS00NG Zpus ELVAL TTAVTA APKETA XAUNAN WOTE va LNV mapeunodioel yepupwoel
Vv petadoon debopévwy and ¢aon oe dAon. ITIG UETPAOELS amodelxtnke OTL SeV UTTAPXEL
Slapopa taxuTNTOG HETAEL SIKTUWV TIOU XPNOLUOTIOUV pia paon Kal SIKTUwV Kavouv cUeuén

ddaocewv.

83



house cir
Breaker

OUTLET PHASE 1 OUTLET FHASE 2

Zxnua 4.3. AUo @aocelc SnULoUpyoUV Evay TTUKVWTI) OTOV OLKLOKO TTIVOKA.

4.7 H gvvola Tou uBpLdkou SiKTtuou

O 0pog uPBpBIkO meplypddel €va SIKTUO TIOU XPNOLUOTIOLEL TEPLOCOTEPEG amd uia
texvoloyieg diktuwonc [4.10]. Onwcg mpoavadEpOnke n Soun Tou eVpWTAIKOU SIKTUOU XAUNANG
TAONG UTOPEL va xapaktnplotel wg éva diktuo TomoAoyiag actépog. Q¢ EMEKTAON OE AUTAV TNV
16€a, UMOpPOUUE VO UTIOBECOUE OTLTO OLKLOKO SIKTUO NAEKTPLKAG EVEPYELAC ATIO TOV KEVIPLKOU
Tiivaka pEXPL TIc dtadopec mpileg mapoxng akoAouBouv tnv dla apyitektovikn [4.3]. Alo tnv
GAAN AgUpA, Eva acUPUOTO SIKTUO XPNOLUOTOLEL Ula OELpA oo TomoAoyleg avaloya e Tov
oplOuo Twv onueiwv mpooPacnc Kal Toug SEKTEG o eival ouvdedepévol ekelvn T otyun. Ta
aocUppata Siktua sival eatpetikd eupeéwg dtadedopéva. MNevika, petadidouv kat AapBdavouv
Sebopéva pe TN popdn NAEKTPOUAYVNTIKWY KUUATWY 0T CUXVOTNTO UKPOKUMATWY 2,4 GHz. Ta
Slktua HEoW TNG OLKLAKAG NAEKTPLKAG KOAWSIwaoNG ekUeTaAAevovTalL TNV UTtdpxouoa KaAwdiwon
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TIOU XPNOLUOTOLETAL Yl TN Slavoun eVEPYElOC O €val OTTL yla Tn petadoon kot ARYn
Sebopévwy [4.9]. Mia olvdeon Hetal SU0 1) IEPLOCOTEPWY TIOUTTOSEKTWY, UTTOAOYLOTWY OE QUTH
TNV MEPIMTWON, EMITUYXAVETAL LECW TPOCAPUOYEWV TtoU £ival ouvbedepévol otig mpileg. Kabe
T(POCAPUOYEQG CUVEEETAL E EVav UTIOAOYLOTH HEow KaAwdiou Ethernet. Tuvenwg, oxnuatiletal
6iktuo tumou Ethernet péow TwV YpAUUWY HETADOPAC NAEKTPLKNG EVEPYELAC. XPNOLULOTIOLEL TN
{wvn ouxvotNtwv 1 - 30 MHz yia t petadoon onuatog. Ta BaoIKA TAEOVEKTH LOTO EVOC TETOLOU
Siktbou eival otL Sev umapyxeL avaykn yla mpocBetn kaAwdiwaon kal n texvoloylia ivat plug and
play, mpayua mou onpaivel 0tL Sev amatteital £61KO AOYLOULIKO 1) ipoypappata oérynong yua
owoTtn Asttoupyia. H Siktuwon ¢ YpapUng peUUATOC MPoodEPEL Lo EVAAAAKTLKA TeEXVoAoyia
SIKTUWONG TIOU UIMOPEL val AELTOUPYEL CUUMANPWHUOTIKA HE acupuata, Ethernet i kat ta dvo.
Eldlkd ta acuppata onueia mpocPacng €xouv Meploplopévn eUPEAEL KOl QVTIPETWITI{OUY
TpoBANUaTA LE TOUG Tolxoug Kal tn cuvdeon Hetaty StadopeTikwv opodwv. Eva uBpldiko Siktuo
OTWC AUTO MOV amEeLKoVIleTaL mapakATw (oxnua 4.4) Ba pmopoucoe va AUCEL AUTO TO TTPORANUA.
JuuneplhapBavel €va oaolppato onueio mpooPaong pe SUo GopnTOUC UTIOAOYLOTEG

ouvbebepévoug.

%@V\ERLINE

ADAPTER

OWERLINE
ADAPTER
POWERLINE POWERLIN
ﬁ ADAPTER
~l

Zxnua 4.4. YBpidiko diktuo.

INTERNET

3) ADAPT]

a9 ¥3Imod
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4.8 MEeTpNoELg

Mapakdtw napatiBevial SUo SladpopeTikeG opades LeTPoewV. H mpwtn opdada €yve e
mv xpnon &Uo UTOAOYLOTWV OUVOESEUEVWY PEOW €VOC OIKTUOU HECOW TNG NAEKTPLKAG
EYKATAOTOONG EVW N SUTEPN EYLVE WE TNV XPron evog UBPLSIKOL Siktuou Tou teplhappave éva
SlKTUOU PEOW TNG NAEKTPLKAG EYKATAOTOONG KOl €va acUppato Siktuo. Ma tnv Slevépyela Twv
HUETPNOEWV Xpnowlomowibnke ta mpoypapupa aflohoynong OSwktvwv IxChariot 6.50 and
Performance Endpoints 6.60 [4.11].

4.8.1 Metproelc SIKTUOU PECW NAEKTPLKNC KaAwdlwong

Ol PETPAOELG TpayUaTonotOnkav oto gpyactnplo Blopnxavikwyv EykaTtaotdoswv Tou

TUNUatog AutopatiopoU tou TEI Netpatd. MNa tnv Slevépyela Toug xpnoLonotnkay:

‘Evag popntog umoloylotric HP Compaq nx9010 pe enetepyaotn Intel Pentium 4 CPU 2.8
GHz, 448 MB pviung RAM, pe kapta Siktvou National Semiconductor’s 10/100 kat
Aettoupytko cvotnua Microsoft Windows XP Professional.

- 'Evag otaBepog umoAoylotn¢ e enefepyoaotn Intel Core2 Duo CPU 2.2 GHz, 1GB RAM,

Atheros L1 Gigabit Ethernet 10/100/1000Base-T Network adapter.

- Two Netgear HDX101 AV Powerline adapters.

- Ta npoypappa afloddynong Siktuwv IxChariot 6.50 and Performance Endpoints 6.60.
Ma va yivouv oL HETPNOELG 0 $opNTOG UTIOAOYLOTAG HETaKLVvoUTav o Stadopa onueia Tou KTipiou.

Ztov nivaka 4.1 mou akoAouBel mapouaotaletal pia cuvoyn TWV HETPACEWV KAl TOV TOTIOAOYLWV.
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Hivakag 4.1. XOvoyn peTpnocmv
TCP UDP 7
KaBetn iﬁgggz’wmg
, Xpovog IPTV anéoTaoct. ,
g;lxgo)s()g revan amorpions | Hopoyetevon | (m) (excipunon)
P (msec) (Mbps) (m)
T .
010 9Uon OT0 | 54 \pps 1.8 3.747 5 8
1010 dopaTIo
A -
VHPOPETUEES | 45 Mbps 1.9 3.747 9 15
Qacel
Idw @aon og
OLIPOPETIKE | 51 \hps 5 3.747 17 29
dopdato

AkoAouBouv ta Slaypdappata yla Kabe PETpnaon Tou avw mivaka.

Teppatika ouvdedepéva o€ npileg mov Bpiokovral otnv idta paon pRkog KaAwdiwong ~ 9 m:

bps

59.450

S5.000 —
53.000
s0.000 —
47 000 —
44 000 —
471.000 —
32,000 —
35.000

32.000 —

29,000

O: 0000

0:00:00.3 0:00:00.6 0:00:00.9 0:00:01.2 0000 5 0:00:01.7
Elap=sed time (h:mm:s=s)

Zxnua 4.5. MNapoyétevon TCP ue tepuatika otnv (St paon, unkoc kaeAwdiwaong ~ 9 m.
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Mbps

Witos

53.450
56.000 —
53,000
50,000 —
47.000 —
44.000 —
41.000
38.000 —
25.000

3z.000

29,000 T T T T T
0: 0000 0000032 00000 & 000009 000072 000015 o007

Elapsed time (himmiss)

Zxnua 4.6. Xpovog anokpiong TCP ue tepuatika otnv (Sta aon, unkog kaAwdiwang ~ 9 m.

28050
28000 -

27300 H
3.7800 H
37700 H
2700 H
3.7500 —/‘,\/\\/\,/\/\/\/\/\/L/\/\w/\,_/\/\/
27400 H
37300 H
3.7200 H

27100

27000
00000 00040 0:07:20 0.0z:00 0:0z:40 00320 0:04:00 0:04: 20

Elapsed time (h:mm:ss)

sxnua 4.7. Mapoxetevon UDP ue tepuatikd otnv (Sta paon, punkog kaeAwdiwong ~ 9 m.

Teppatika ouvéedepéva oe npileg nou Bpiokovran o Stadopetikn paon, pRKoG KaAwdiwong

Mbps

~15m:

55750

Gz 000 —
49 000 —
4000 —
43 000
40000 —
S7. 000 -
24 000 —
31 000 -
000 -
25 000
22000

15 000
O:00:00 O:00:00.3 O:00:00. & O:00:00.9 o:00:01 .2 o:00:01 .5 000018

Elapsed time (h:mmiss)

Zxnuo 4.8. MNoapoyxetevon TCP LE TEPUATIKA OE SLAPOPETIKESC PAOELC, KOG KaAwSiwanc ~ 15 m.
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o.00z1

3
00016
000 00 000007 0:00:01.4 000021 000028 000035 0:00:04.2 0000465
Elapsed time (h:mm:ss)
Sxnua 4.9. Xpovog amtokpiong TCP LUE TEPUATIKA OE SLOPOPETIKES PATELS, UNKOC kKaAwdiwang ~ 15 m.
00021
=
oome T T T T T T
OO0 00 O:00:00.F O:00:01_4 0:00:02.1 00028 00035 0:00:04 2 O:00:04. 6

Elapsed time (h:mm:ss)

Sxnua 4.10. Mapoyétevon UDP LE TEPUATIKE O SLOPOPETIKES PATELS, UNKOG KaAwdiwang ~ 15 m.

Teppatika ouvéedepéva oe npileg nou Bpiokovrat otnv idta paon oe dtadopeTikd Swuartia,

HAKOG KaAwdiwong~ 29 m :

24,700
24,000 —

22000

20,000 —
= 18,000
=

16.000 —

14 000 —

12000

10.000
0:00:00 0:00:00.6 0:00:01.2 0:00:01.8 0:00:02. 4 0:00:03.0 0:00:03.8

Elapsed time thimm:ss)

Zxnuoa 4.11. Moapoyetevon TCP Ue TEpUATIKA OTNV (OLa don O€ SLAPOPETIKA SwUATLa, UKoG KaAwbdiwang ~ 29 m.
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Seconds

0.0zo9
001397 —

00177

00157 —

00137 —

00117 —

00037 —

00077 —

00057 —

00037 —

00017
O:00: a0 O:00: 02 O:00: 04 OO0 08 O 00 S oo 0012 o013

Elopsed time thimm:ss)

Zxnua 4.12. Xpovog anokpiong TCP e TEPUATIKA O€ 0TV (Ol paon o€ SLaPOPETIKA SWUATLA, UNKOG KaAwdiwong ~ 29 m.

28050
3.2000

3.7300
3.7200
37700

3. FEO0 —

Wbps

3.7500
3.7400
3. 7300
3. 7200

3. 7100

3. 7000 T v T T T T
0:00: 00 0:00:40 0:01:20 0:02:00 0:02:40 0:03:20 0:04:00 0:04:20

Elapsed time (h:mm:ss)

Sxnua 4.13. Mapoyetevuan UDP ue tepuatika otnv (Sta paon o€ SLapopeTIKA SWUATLA, UKo kaAwdiwanc ~ 29 m.

Consecutive Lost Datagrams histogram of timing records

108,00
100,00

90,00
80.00
70,00
E0.00

50,00

% of total

40,00
30,00
20,00
10,00

0,00 T T T T
1 23 4-5 E-10 11+

Datagrams

Sxnua 4.14. NMakeéta Sedouévwy mou Sev moapadodnkav Ue TEPUATIKA oTNV (Sla pdan oe SLoPOoPETIKA SWUATLA, UNKOG
kaAwdiwong ~29 m .
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4.8.2 AvaAuon PLETPNOEWV SLIKTUOU EOW NAEKTPLKNC KaAwdiwong

Me toug umoloylotég ouvdedepévoug otnv Bla ¢Aaon Kal pio amootacn KovaAlou
Tepimou 9 pETpwy, n ouvdeon mapExet pia taxutnta TCP 50 Mbps. Mapd Ti¢ Ta okapmaveBapota
nou &ev pmopouv va amnodevxbBolv Adyw tnG dpuong tou kavaAlou, to Siktuo ¢aivetal va
Aewtoupyel pe kavomowntika. H anddoon ¢ mapoxéteuong UDP, yia petadopad apxeiwv IPTV,
elval emiong kaAn kat otaBepn) ota 3.747 Mbps.

Me toug uTtoAoyLoTEG cuvdedepévouc o€ SLadopETIKEC GACELG KAL LE TNV AOCTACN TOU
KavoALloU va avepXeTal o€ mepimou 15 pétpa, n amodoon tou Siktuou TCP médtel Alyo kot
otaBepomnoleital pe ota 45 Mbps. H mapoxétevon UDP mapapével ota 3.747 Mbps kal dev
napatnpouvtal anwAele¢ SedoUEVWY, WOTOCO OE OPLOMEVA ONUELD UTIAPXOUV QUEOUELWOELG
otnv TaxuTNTA Tou SIKTUoU.

‘Otav ot urtoAoyLoTEG eival cuvdedepévol oe SladopeTIKoUC XWPOUC KAl N ArmdoTacn Tou
KavaAlol avépyetal o€ mepimou 29 pétpa, n anodoon tou TCP nmédtel onpavtika ota 21 Mbps.
H napoxétevuon UDP mapapével ota 3.747 Mbps, wotdo0 0TNV MEPIMTTWON QUTH UTIAPXEL EVAC
0pLOUOC SLASOXIKWV XAUEVWY TIAKETWY dedopévwy (oxNua 4.11).

KabBwg n amootaon avéavetal, n anodoon PEWWVETAL Kal GUOLKA O XPOVOC OTOKPLONG
av&avetal. Auto odeiletal oto aufavopeVo UAKOG TOU KavaAloU Kol oTov aplOpod Twv KOpBwv
HETAEL Twv SUO TepUOTIKWY. QOTOCO, QKON KAl N XAUNAOTEPN TN TIOPOXETEUONC TIOU
HeTPAONKe (21 Mbps) elval TeplooOTEPO A0 EMAPKNG YLa va KOAUWPEL TLG AVAYKES EVOG OLKLALKOU

SktUOoU. TEVIKA OL LETPHAOELS KOAUTITOUV TIG OIVAYKEC EVOC OLKLOKOU SIKTUOU.

4.8.3 Metpnoelc uBpLdLkou dikTtuou

‘Eva uBpLSLko diktuo oTBNnKe 0TOV MPWTO 0POPO TOU KTLPLOU TOU TUAHOTOC AUTOUATIOOU
tou TEI Mewpatd. O KOKKLVES KOUKLSEC (oxnua 4.15) eival Ta onueia ota onoia tonoBeTnBnKav ot
UTTOAOYLOTEG KOTA TN SlApKeld Twv UETPoswv. To onueio acuppatng mpooBaong (wireless
access point), Bploketal oto onueio 1. Apxikd, otBnke éva SIKTuo PEOW TNG NAEKTPLKAG
gyKaTAoTOONG METAEL 2 UTIOAOYLOTWY, £VOC OO TOUC Omoioug Bplokotav oto onpeio 1 kat o
beltepOC oTo onpeio 2. It ouvéxela SeVTEPOG UTIOAOYLOTAG LETOKLVAONKE oTo onueio 3. Metd

amo auto, dnuloupyndnke éva UPPLOIKO SIKTUO ACUPUATNG YPOUMNC — SIKTUOU NAEKTPLKOU
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PEVHATOG TIOU OUVOEEL aoUpUaATa £VOV UTIOAOYLOTH HE TO Onpelo mpooBaocng Kal To onueio
MpooBaocnG HEOW €EVOC TPOCAPMUOYEN OTL YPAMUEG NAEKTPKNG &evépyelag. O Seltepog
UTtOAOYLOTHG akoAouBnoe tnv dla Stadpoun OnMwe mponyoupévwe. TEAOG, dnuloupynBnke éva
aocUppato diktuo yla ta dla onueia. Mo kabe tomoAoyila kal péBodo cuvdeong UETPLETAL N

amnodoaon. To AoyLoUIKO TIou Xpnaotpomnotndnke yia tn die€aywyn twv petpnoswv ntav IxChariot

6.60 kot Performance Endpoints.

pr— o fe—— | B
o .4 -
=3 . 7 ~'r — T
B . 7 3o
i Point 1-4-5 i | =
distance test, | (L2 O “ o
measurements/ ||

3 |, Phase test
"measurements

Sxnpoa 4.15. Katoyn ktipiou kat onueio petprioewv uBptdikou Siktuo.

Teppatika ouvéedepéva oe npileg nmou Bpiokovral otnv idla pdon ota onpeia 1 — 2, pRKOG

kKaAwdiwong ~ 15 m, kaBetn andotaon 8 m:

ApXLKA tapoucLalovtal oL HETPACELG LETAEL TwV onueiwv 1 kat 2 (oxAua 4.15). To LAKOG
ToU KOAWSIoOU NAEKTPIKNG gykataotaong eival mepimou 15 m evw n kabetn amdéotaon sival
nepimou 8 m. Onwc¢ daivetal oto oxnua 4,16 n mapoxétevon ival nepimouv 45Mbps. Avtiotolya
yla to uBpldiko epdaviletal méptel ota 31Mbps (oxAua 4.17). ESw 0 UMOAOYLOTAG KOl TO

aolpupato onueio mpoéoPBaong cuvdéovtal otnv Wbla paon. To tpito ypadnua Seiyxvel tnv
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TIOPOXETEUCN TIOU HETPATOL HE TOUG OUO UTOAOYLOTEG OuvOeSEUEVOUC aoUpUOTO KOl

TomoBetnuévoucg ota idla onueia. H mapoyxétevon eivat mepinmouv 29Mbps (oxrua 4.18).

Throughput

57.350
565000 —|

52.000 —
50,000 —|
47000 —|

44,000 —

Wbps

41,000 —|
3s.000 |
Z5.000 —

3z.000

239000
o:00:00 0:00:30 0:01:00 0:01:30 o:0z2:00 0:02:30 0:03:00

Elapsed time (himmiss)

Zxnua 4.16. Mopoxeteuan SIKTUOU UECW NAEKTPLKIG EYKATAOTAONC UE TEPUATLKA OUVOESEUEVX O€ Mpilec mou Bpiokovtal oTnv
(6t aon ota onueia 1 — 2, unkog kaAwdiwong ~ 15 m, kadetn anootaon 8 m. Méon tiun 45 Mbps.

Throughput
50_9E5

45 700
41700 o
7. 700 o
F3.700

29700 —

Wbps

26 700 —
21.700
17 700 —

13 700 o

8700
o:00: 00 O:00:40 o:ol:20 O:02:00 O:02:40 0:03:20 O:04:00 O:04:20

Elapsed time (h:mm:ss)

Zxnua 4.17. Mopoyetevan uBpLdikou SLkTUoU UE TEpUATIKA oUVOESEUEVL O Mpilec mou Bplokovtal otnv (Sla paon ota onueia
1-2, unkog kaAwdiwaonc ~ 15 m, kadetn andotaon 8 m. Méon twun ~ 31 Mbps.

Throughput
54,100

50,000 —
46.000 —
42,000 —
32.000 —
34.000 —

Ibps

30.000 —
26.000 —
22.000 —
12.000 —
14.000 —

10,000 T T T T T T
0:00:00 0040 o:01:Z0 o:0z:00 o:0z:40 0:03:20 0:04:00 0:04:40

Elapsedtime (himm:iss)

Sxnuo 4.18. MopoyETevan aoUPUATOU SLKTUOU UE TEPUATIKA oTa onueia 1 — 2, kadetn anootacn 8 m. Méon tiun ~ 29 Mbps.
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Teppatikad ouvdedepéva o€ pileg mou Bpiokovral og dtadopetikég dpaocelg ota onpeia 1 -3,

uRKkog KaAwdiwong ~ 30 m, kaBetn andotaocn 8 m:

JTn OUVEXELX, O €vag UTIOAOYLOTNC PeTadEépBnke amod to onueio 2 oto onueio 3. H
NAEKTPIKA KOAWSlwon €xeL otnv Teplmtwon auth pnkog mepimouv 30 m evw ot dUo mpileg
Bpilokovtal oe dladopetikéC dpaoelg. Eival mpodaveég and ta anoteAéopata OtL n ocuvdeon o€

Sladopetikn daon TNG NAEKTPLIKAG apoxn G Sev enmnpedlel TLG TaxUTNTEG peTadopag Sedopévwy.

Throughput

55.500
54,000 —

51.000 —
42.000 —
45,000 —

42.000 —

Ibps

F9.000 —
36,000 —
33.000 —
Z0.000 —

27.000 —

24000 T T T T T
0:00:00 0:00:20 0:07:00 0:07:30 0:0z2:00 0:02:20 0:03:10

Elapsed time (himm:ss)

Zxnua 4.19. Mopoxetevaon SIKTUOU UECW NAEKTPLKIG EYKATAOTAONG UE TEPUATLKY OUVOESEUEVA O€ Tipile¢ Tou Bplokovtal o€
SLOPOPETIKES paoelc ota onueia 1 — 3, unkoc kaAwdiwang ~ 30 m, kadetn andotacn 8 m. Méan tiun 43 Mbps.

Throughput

52000
S0.000 —

45 000
42000 —
38,000

34,000 —

Mbps

20,000 —
ZE.000 —
22.000 —
18,000

14,000 —

10000 T T T v T T
0:00: 00 0:00: 30 0:07:00 0:01:30 0:02:00 0:02:30 0:03:00 0:03:40

Elapsed time (h:mm:ss)

Zxnua 4.20. Mopoyxetevan uBpLdikoU SLKTUOU LE TEPUATIKA OUVOESEUEVH O MPi{ec mou Bplokovtal o SLAPOPETIKEG PATELS
ota onueia 1 — 3, pnkoc kaAwdiwaong ~ 30 m, kadetn anootacn 8 m. Méon tiun ~ 36 Mbps.
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Throughput
45,700

432.000
40000
F7.000
Z4.000 —
1 .000
28,000

Mbps

25.000
22.000
19.000
1E.000 —

132.000

10,000

0:00:00 0:0d:4n 0020 0:02:00 00240 00320 0:04:00

Elapsead time (h:mm:ss)

Zxnuoa 4.21. NNopoyEtevon aoupuatou SIKTUOU UE TEpUATIKA Tou Bplokovtal ota onueia 1 — 3, kadetn anootaon 8 m. Méon
riun ~ 30 Mbps.

4.8.4 Avaluon petpnoewv VRPLOLIKOV SKTUoU

‘Eva TpWTO CUUMEPACHA ELvaL OTL yLO TETOLEC ATIOOTACELG TO SIKTUO HEOW TNG NAEKTPLKNG
gykataotaong £xel anddoon ton 1 kat KAAUTEPN amod To acUPHATO SIKTUO. ZUVETIWG Elval pia
a€LOTLoTN EVOANAKTLKN Yo OLKLOKA Siktua. To LEYLOTO UNKOG TNE KOAwSiwaong petaL Suo nmpulwv
o€ éva omitt ev Eemepva tav 30 £wg 40 pétpa. Ta mpdodata KATAOKEVOCHUEVQ OTILTLA TIOU £XOUV
KaAn kaAwdiwon eival katdAAnAa yla tn dSnuoupyla evog TEToou SIKTUOU TIoU AELTOUPYEL Ue
€€ALPETIKA LKAVOTIOLNTLKOUG pUBUOUC avtaAlayng dedouévwy. H péylotn taxutnta Internet otnv
EAAASa gival 24Mbps kat Ta anmoteAéopota urtepPfaivouv Katd oAU QUTEG TIC TIMEC. EmutA£oy,
1o UPBPLOIKO SikTuOo cuvepyaleTal KAAA e TO acUpuato Siktuo kat Sev uTtdpyxouv mpoBAfuata

ouvdeolpotntac. H pubpuion sivat e€alpetikd eUKOAN.

4.9 Yuykplon pe Ta dedopeva tou 2018 — MPOOTTTIKEC

OL LETPAOELG TTOU TTOPOoUCLAIOVTaL OE AUTH TNV €pyacia MpayUaTonol}Onkayv TG XPOVLEG
2008 -2009. zAuepa ootomo tn¢ Homeplug.org pia anod tig Baoikég StadbnuUioelg ou TPEXOUV
£€XOUV va KAVOUV HE €va UBPLELKO SikTuo akpLBWE OMWC auTo Mou mapouctaletal edw. Autd oe

€va Babuo amnodelkvuel OTL N epyacia EYLVE O EVaV TOUEQ PE EEALPETIKEC TIPOOTITLKEG.
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Abstract

In this work we address the Design Simulation in Simulink, for a 3-Phase grid connected system of a
Photovoltaic Inverter, in order to analyze the system’s behavior and lead the design process. Initially we
use a formula that emulates the output of the PV Array. This simulation defines the output from the
hypothetical solar array in order to constitute the input for the simulated Inverter. The basic parameters
of this are the Date, hour during the day, temperature, solar potential, etc. Secondly, the main system has
been virtually created in order to actualize the conversion from DC to AC. The basic components of this
are a stabilizer a 6 IGBTs 3 arm bridge, and a Filter LC and a 10KW load. At third, the control circuit, is
discussed and has been designed in Simulink, results to sinusoidal characteristics which are a priory
defined. The main theme of this contribution is the architecture of the virtual circuit and the components
that are being used in a holistic approach. At last combining the above parts, we take the voltage, the
current of the inverter via the time and the THD. The final results are extracted after optimization of the
system. New control methods are discussed in combination with the simulation conclusions.

Keywords: Simulation, PV Inverter, Simulink, 3-Phase, THD.

1. INTRODUCTION
A huge problem in many countries is the pollution and the energy generation, has a very large

influence in that. The air quality can be very low in some areas. The more carbon dioxide we pump into
the atmosphere, the greater the effect of air pollution and global warming becomes. By making the
renewable energy easy to use and economically profitable, we can reduce the use of the fossil fuels. The
PV arrays can give us cost effective solution for industrial and domestic applications. The topical air
pollution and the global warming are of crucial importance and the way for the resolution goes through
spatial efforts from scientists, engineers in accordance with social acceptance and institutional funding.

In the design procedure of the inverters for PV/grid systems convert, the DC voltage generated at the
PV array, to a suitable AC voltage. Also tracking the Maximum Power Point enables the maximization of
the exploited energy. The current that injects to the grid should obey the regulations, such as the EN61000-
3-2 and the IEEE1547, which state the amount of injected harmonics and other parameters ref.[4][18].

Since the task is the design of power electronics applications, such as PV inverters, simulation
programs are a useful asset. They provide the option to control and visualize the system’s dynamic
behavior. Such programs are Matlab/Simulink, Orcad PSpice etc.. Simulink has the basic advantage of
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being especially built to develop and control continuous - discrete time systems and use transfer functions
ref.[2][3].

The PV industry has the need of more sophisticated inverter design to enhance their functionality,
reduce cost and suit to new proposed topologies ref.[5][12]. In this paper we will study the simulation
behavior of a 3-phase grid connected P-V inverter which has the ability to feed a load of 10KW ref.[17].
This value of load has been chosen because it fits to the average energy value used from an ordinary
household and in other professional buildings. We assume that the surface that the P-V array will virtually
cover about 72m?2. Such a size can be accommodated and installed on a roof, as well as provide to the load
the appropriate amount of energy.

2. PV ARRAY
2.1 PV Array Parameters

The major factors that affect the efficiency of a PV module are the temperature and the solar radiation.
The PV cell output voltage Vc is a function of the photocurrent that is determined by a load current
depending on the solar irradiation level during the operation. However an exact description of a PV cell
has been done at the University of South Wales and lead at a software, PC1D, which is commonly used
and is can be obtained through the web ref.[16]. The solution that is given at this program is numerical
and provides lots of parameters. An analytical approximation, that can give us an overview of major
importance parameters is mentioned in Ref.[6][13] and is as follows:

Electron charge

k: Boltzmann constant,
V. — AKT, In I+ 1 — 1 CR.1.(21) I Cell output current, A
C e |0 s'c loh:  Photocurrent, A

lo: Reverse saturation current of the diode, A
Temperature correction factors for voltage and current Rs:  Series resistance of one cell, Q

respectively: Te:  STC temperature, K
Ve:  Cell output voltage, V

Cry =1+ ﬂT(Tc _ Tx) 2.2 A:  Curve fitting factor
Br: Correction coefficient, 1/K
yr:  Correction coefficient, W/Km?
Slope of change in the cell operating
Cri=1+ ﬁﬁT(Tc _ Tx) 2.3 ) temperaturedue to a change in the solar
Sc irradiation level, Km2/W
Tc: STC temperature, K
Tx: Ambiance temperature (variable), K
Sc:  STCirradiance, W/m?
Sx. Variable irradiance, W/m?
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Irradiance correction factors for voltage and current respectively:

Cov =1+ Bra: (S, =S¢)  (24)

CSI =1+ i(Sx _Sc)
Sc (2.5)

Applying the correction factors to Iph and Vc the temperature-irradiance relationship was obtained.

(2.6)
ch = VCCTVCSV

Iphx = IphCTI Cq (2.7)

By combining the equations 2.6, 2.7 with the 2.1 we can extract the MPP. The tracking of the MPP can be
done, if the microcontroller at the control unit has a feedback procedure for the tracking that has the
appropriate frequency.

2.3 Simulation of the PV array

According to the market of the PV panels, in order to succeed an output voltage of 700V and an output
current of 15A, we have to connect 60 modules of monocrystaline silicon in three rows of 20 panels series
connected in each row. The PV module that we have in mind is FVG 72-125, model FVG 185M-MC, of the
FVG ENERGY company from Italy, with power peak 185W, cell efficiency 17,5% and module efficiency
14,6%.

The P-V array according to measurements, with a time interval of one hour, of temperature, and solar
irradiance for a one year period has been simulated in Simulink environment. The measurements we use
are meteorological data and have been used from the simulation program. This program has been
developed by the Technical University of Eindhoven ref.[7]. We have use it as it can be obtained from the
web and the parameters that we set are the direction of the PV Array which is South, the angle to the
South 36°, and the array surface at 72 m2. The total energy in one simulated year was 8502 kWh. The P-V
array’s output characteristics fluctuate depending on the temperature, solar irradiance levels, time and
are illustrated below in fig.[1].
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Figure [1] PV Array simulation results.

The above graphs at the x axis have the value of time in seconds. The y axes values are mentioned at
each graph. The left graphs correspond to one year period and the right ones the period of two days. It is
very clear from the graphs that the temperature of the cells is a parameter which reduces the efficiency
and as a result the total energy captured. A useful approach in the prediction of the expected values from
a PV array is discussed in the ref.[8] which can be combined with morning measurements. The estimation
of the total energy that generates a system is based on such simulations. Very important role in the
utilization of the solar radiation has the Maximum Power Point Tracing from the control circuit. This is
based, on keeping the DC current, flowing from PV array, to the point that maximizes the power and is
calculated by the microprocessor, at the control circuit, from a Function like eq. 2.1 ref.[20].
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3. Simulation of the inverter
3.1General

The block diagram below in fig.[2] presents the proposed design for the grid connected P-V inverter
system. It is consisted of: 1. P-V array that simulates the P-V module voltage and current output, depending
on the temperature and solar irradiance, 2. the stabilizer which regulates the P-V array voltage at an
acceptable rate in order the inverter to be fed and actualize the MPPT, 3. a 3-phase inverter which converts
the generated DC power into a 3-phase AC, 4. the Filter which is an LC low pass filter reducing the harmonic
distortion by cutting off the high frequency harmonics, 5. the control unit in which a PLL synchronizes the
output phase of the inverter with the phase of the grid and the PWM synchronizes the IGBTs.

3 phase : 0
Inverter * Filter # | Transformer 1 Grid

Pv array Stibilizer  w——

A

Logical
aperation

Battery
system

Figure [2] Block diagram of the topology we use.

3.2 Stabilizer

The block diagram of the stabilizer we use, in simulink environment can be seen in fig[3]. The output of
the P-V module about 700V is being stabilized at about 650V. The stabilizer is consisted of four IGBTs bridge
and 2 switches. The switches compare the output voltage to the desirable value of 650V and consequently
turn on or off the IGBTs through the synchronization signal.

Figure [3] Block diagram of stabilizer and the stabilizer output voltage(V).
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The output of the stabilizer is connected to a low pass filter (LC) and is the input for inverter. This is a
preliminary MatLab Simulation that is based on the regulator (stabilazer) which can be seen in fig[3].
Another test have been used which is a step down (buck) convert ref.[1]. We have to enhance the
stabilizers functionality in order to be able to regulate the voltage regardless of the solar irradiance, the
efficiency of the cell and the voltage that is extracted from the MPPT equation. All these parameters affect
the generated power from the panels and at last give us some variations to the voltage that the array
generates. This affects the AC power that is generated and results to variations of the amplitude of the
voltage. Such regulator can be combined to the control at the PWM and maximaze the total efficiency.

3.3 The inverter

The main circuit is the part where the DC electric power is converted to AC. This is virtually implemented
with the one that is shown at the Fig.[4]. In this circuit we use a 3 leg inverter for 3-phase conversion which
is composed of 6 IGBTs and the control unit. The last generates control pulses to drive the IGBTs. The pulse
generator gives a digital signal to the IGBTs. When the signal from the pulse generator is not zero then it
reacts as a switch and opens. This consists the basic operation in order to convert the DC to AC, with the
technique of the Pulse Width Modulation (PWM). The frequency of the IGBTs we use is 1 KHz. For the time
interval the IGBTs are open, we get a pulse at power circuit, which has the same amplitude of source, as it
can be seen at the fig.[4]. The RMS time integral give us the output values. The on-off is determined by a
control unit which is analysed below. The modullation factor m, can be used as a parameter for the
dynamic control of the system. When m, is changing we can control the voltage outpout and correct the
voltage fluctuations due to the pv array and MPPT. The losses will be analoge to the change over the m,.
A useful reference for cascated multilevel converters which discuses the control circuit of new topology
Ref.[9]. A three phase inverter has the basic advantage that generates power in 3-phase and is working
without a hitch.

Figure [4] Simulation of the inverter and the pulse generator and the output Voltage(V) Phase to Phase
and Phase to Neutral respectively in Simulink GUI .
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At one node of the circuit, supposing we have an input voltage v.i(t) an LC filter, L inductance and C
capacitance and the r. resistant Load as it can be seen at Fig.[4] and at fig.[8], if we apply the Kirchhoff’s
laws and if we consider that the IGBTs at an open state, we get:

ryiy+ LS+ v, = vy (B) (3.1)
. dv, c
lL—Cd—vt—";=0 (3.2)

And if using the matrix formulation:

diy, o 1] 1
d 1 =
d_vtc = lL _i [VI;] + [(]3] voi(t)  (3.3)
dt C CR
Which can be simplified to the:
2O = Ax(t) + bg(t) (3.4)

1

. — L 1 !
With: x(t) = [‘1,];], g® =vu(0),A=| " r|b= [B]

C

The above problem is depending on the output of the PV array and in order to have a simple solution we
consider only the switching part of the circuit that is in fig.[4] one obtain the solution ref.[19] which is:

« 4V nmn .

Vieny = E n=1,5,7,11_3“” (cos? + 1) sinn(wt) (3.5)
*© 4V nm . °

Ven = E n=1’5'7'113n—n(cos? +1)sinn(wt —120°)  (3.6)
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V. :z — | cos—+ 1) sinn(wt — 240° 3.7
W= Gam(cosT 1) sinnC ) 37)
The equations (3.5-7) above correspond, each one of the 3-phases to neutral voltage, the 1, 5, 7, 11 are
the harmonics appearing and w=2nf the basic frequency at 50Hz. The MathLab/Simulink using the
numerical methods is solving the problem, taking into account not only this part of the system, which is
describing by the eq.(3.5-7), but the total circuit as it can be seen at fig.[8].

4. Control Circuit, Grid utility, Load, Filter
The control circuit combines a number of functions. At first, it provides the appropriate pulses to the

IGBTs for the PWM technique. Secondly, it synchronizes the inverter generated phases to the grid and
finally trucks the Maximum Power Point (MPPT) of the PV array. The MPPT is calculated by the equations
which mathematically describe the PV array behavior equation 2.1. For the implementation of the control
unit an IC that can perform the above described functions is the TMS320F2812 of Texas Instruments as it
is presented to the Ref[14]. A low cost method is proposed in ref[10], where a common circuit, the D class
amplifier, can be control used for the control unit. Matlab/Simulink has a default control system that
enables the inverter to extract sinusoidal waveforms. The clocking is the result of the comparison between
a sinusoidal reference waveform and a sawtooth, which is the basic idea of the PWM ref.[1] The m, is the
driving voltages amplitudes ratio and give us the ability for dynamic control ref[15]. The control circuit has
been developed in Simulink. We have to enhance the functionality of the control circuit with the use of
dynamic control.

In order this simulation to give us realistic and accurate output data for each day, of the simulated
days from the PV array, we have to simulate the grid utility and the load. We use a small inductance and
high resistance for a preliminary house load estimation of about 10KW. The load we use at the simulation
can be seen at fig.[8]. Grid utility can be simulated using impedance estimation. Such values have been
experimentally measured in ref.[11]. The Grid utility is not presented in this contribution. The idea to have
a simulation that will work for each day and give us data for such a system has been studied and will be
fulfilled at the future. The LC filter we use can be seen at fig.[8], with L=20mH and C=35pF.

5. Results and discussion
In the graphs that we take from the output scopes, it can be initially seen at the waveforms of the

voltage from phase to neutral fig.[5], upper diagram and this value before the LC filter which corresponds
to the pulses from the IGBT’s fig.[5], down diagram. From the Last diagram, it is obvious that the system
has some variations. We try to understand the behavior of the system under various Loads, varying from
1kW to 10kW. When the Load is getting bigger the variation follows up and the sinusoidal characteristics
are becoming worse off. The holistic consideration of the grid tied inverter system results in the mentioned
variations, whereas if each part of the system was considered separately the behavior would seem to be
ideal.
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Figure [5] Inverter output voltage (Phase-Neutral) after (up) and before (down) filtering.

Secondly the phase to phase output voltage which illustrates these waveforms, fig.[6] corresponds to the
sinusoidal profile. The same behavior as mentioned above, considering the variations, appears to the
pulses too.

N

AN

R R
1%l
|

Figure [6] Inverter output voltage (Phase-Phase) after and before filtering.

We have also measured the Vrus which can be seen at the fig.[7] down diagram and by the results we
observe that we have a value of 230V15V. This result complies with regulations mentioned above. The
Total Harmonic Distortion (THD) measurement was at low values such as 2.2% fig.[7], upper diagram as a
result of the systems optimization, which is coherent to the IEC standards.
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Figure [7] Inverter output voltage THD and Vrus phase to neutral respectively.

The results we get are in accordance with the regulations, but they appear to have a strong influence from
the load we use. The THD factor can be better if use harmonic reduction techniques ref.[19]. The
transformers can be used for in order to achieve in accordance with other topologies ref.[1] better results
in THD but they case problems from the losses, from the cost and the total volume and weight growth
ref.[18].

Figure [8] Total circuit in Simulink.

6. Conclusions & Prospects
The PV array has been simulated at one year period and other code sources are been discussed. In

order to extract the voltage deviation from the array, we intent to apply the formula of the MPP to these
codes. Our approach, considering the hole system, has not been totally implemented in Simulink. The grid
utility and the control unit should be promoted in future work. The real implementation of the system is
an issue that has been mentioned and should be analyzed while the simulation procedure exalts. Other
simulation programs such as PSpice should be used to compare their results. The inverters need to develop
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in order to be more efficient and up to date, to new topologies that are proposed, for the PV plant
arrangements, and to alternative applications such as fuel cells, while single phase PV inverters have very
good perspectives.
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Analysis and Simulation of a 3-phase Transformerless PV Inverter

P. Fetfatzis*a, P. Kofinasa, M. Kallousis, K. Alafodimosa

Abstract

A transformerless 3-phase grid connected photovoltaic(PV) inverter’s simulation is being presented in this paper. The
simulation model of the inverter has been developed in Matlab/Simulink. Transformerless topologies can improve the
efficiency of the system. There are however issues such as the leakage current phenomenon that have to be dealt with. We
analyze the parts of the model that are: the PV model we use, the MPPT algorithm by the means of a DC/DC converter, the
inverter’s control circuit, the LC filter, and the connection to the AC electrical grid. We analyze the passive filter’s
performance that is used in the model. We also discuss the use of a Kalman filter in order to reduce the total harmonic
distortion. The connection to the grid is performed and the discussion is focused on the leakage current, the earth’s parasitic
capacitance and the total harmonic distortion. The analysis and the results we extract, arise from a whole system simulation,
taking into account all the parameters.

1. Introduction

In a world that energy demand is growing and the risks of climate change have to be encountered, we should consider using
ways of environmentally friendly energy production. Energy generated from replenished natural resources can be used and
in combination with state of the art technology in order to cover the energy demands of domestic consumers. During the last
years photovoltaic cogeneration and microcogeneration systems have been developed. Grid connected PV systems can be
hosted at nearly every building covering to minimum their power consumption. Therefore, we are capable to the built efficient
building, which not only save energy, but also produce, reducing the emissions of greenhouse gases as much as possible,
contributing greatly to the environmental protection.

1.1. PV system simulation overview

The system that we describe, consists of five basic parts as shown in fig. 1, the PV array is in parallel connection with a
Dc/Dc converter,

Sokor modiance

E Controller Controlier

DC-DC 3-Phase Hamonic | 2 |

PVA"ay § \ s 4
Varicble
Fig.1 System Overview Load

Fig .1 System overview Block diagram

the inverter that converts the dc power to ac. The LC low-pass filter for cutting off the high frequencies that the inverter
produces and lastly the electrical grid. The 3-phase load is variable. Two controllers are used, one to control the current and
the voltage of the PV array to maximize the power produced. The second is responsible for the phase, frequency and
amplitude of the ac power which is produced from the inverter in order to achieve the synchronization and power management
between the electrical grid and the inverter.

2. PV Array

By implementing the PV Array’s mathematical model in Matlab for constant solar irradiance, we take the characteristics V-
I and P-V, PV curve of the cell fig.2 ref[1].
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Fig.2 Left: Simulink Model for the PV Cell, I-V PV Cell Characteristic, Right: P-V PV Cell Characteristic, the arrow indicates the MMP.

We use the eq.(1), ref.[1] in order to simulate the PV array current. The equation corresponds to SolarCellHellas cells and
their characteristics can be seen in table(1) and the simulation graph is in fig.2.

@
. KTA,
|pV:anSC—npls{e —1}

Where the ipy, isc, isat are the PV array, sort circuit, saturation currents respectively, the np,ns are the number of parallel and
series connected cells, q the elementary electric charge, k the Boltzmann constant, T the cell temperature, A experimental
constant, vpy the PV array voltage. The isc has strong dependence from the temperature ref[1].In order to realize the array,
we can choose the appropriate number of solar cells in parallel and in series connection.

Table 1, PV cell data.

Electrical Mechanical Characteristics
Characteristics

Average SCH6P-50 Dimensions: 156mm x 156mm + 0.5mm
n [%] 144 Thickness: 180um £ 40um

Pmax [Wp] 3.50  Front (-): 2 busbars, 2mm wide each, silver,

Isc [A] 7.85  Silicon Nitride (SiNx) antireflection coating

Voc [V] 0.594 Rear (+): 2 busbars, 5mm wide each,
Current @  >6.80 silver/aluminium, continuous
0.5V [A]

3. DC/DC for MPPT

The DC/DC boost converter used firstly steps up the voltage and secondly maximizes the power that is injected from the
PV array, using a Maximum Power Point Tracking(MPPT) algorithm.

= I o - ] :

Fig 3 Boost Converter, Simulink Model

The usage of the boost converter in fig.3 is to rise the voltage from the PV array to a higher level, appropriate for the grid
connection. This topology allows the PV voltage to be in a lower level (about the half of the inverter’s output peak
voltage). The Maximum Power Point(MPP) can change due to temperature variations at the PV panels and also the variable
solar irradiance during the day. The MPPT algorithm that is used at the control of the DC/DC is the Modified Perturb and
Observe (MPO) ref[2]. The control of the boost converter calculates the duration eq.(2) of the pulses according to the MPO
algorithm using the Pulse Width Modulation(PWM) technique. The algorithm has been implemented in Matlab/Simulink
environment via an embedded Matlab function as fig.3 illustrates and generates the reference voltage Vrer for the PWM.
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Table 2, MOSFETS, IGBTSs, Microprocessor data

Power Transistors Microprocessor

MOSFET 771- IGBT 512- LM3S8962
PSMNO035-150P127  FGH40N60SFDTU

Data Bus Width: 32bit

Transistor Polarity: N Continuous Collector  Program Memory Size:
channel Current Ic Max: 80A 256KB

Continuous Drain Collector- Emitter Data RAM Size: 64KB

Current: 50A Voltage VCEO Max:
600V
Drain-Source Maximum Gate Maximum Clock
Breakdown Voltage:  Emitter Voltage: +/- Frequency: 50MHz
150V 20V

Resistance Drain-Source Maximum Operating Number of Programmable
RDS (on): 30mOhms  Temperature: + 150°C 1/0s: 42

To avoid the use of a DC/DC converter we can use higher voltage from the PV array or a CSI (Current Source Inverter) topology
ref[3][4].

D=1- Vi (2)
Vo

Vi : input Voltage of the DC/DC
Vo is the output Voltage of the DC/DC

Such topologies may have an even better efficiency at an order of magnitude 2-3%, which corresponds to the converter
internal loses[5][6]. The output of the converter fig.3 (red legs) is connected to an LC filter before the connection to the
inverter. The technical characteristics of the IGBTs, MOSFETs and microprocessors that are illustrated in table 2 will be
used for an experimental prototype DC/DC converter that will be developed.

4. Inverter

4.1. Basic circuit

The model for the inverter is a 3-phase Voltage Source Inverter(VSl) fig.4. This simulink model converts the DC voltage to
the appropriate AC voltage fig.5.

Fig .4 Inverter basic circuit, Simulink Model

The control circuit consists of a PWM generator from the SimPowerSystems pallet in Simulink, controlling the voltage at
the value of 230Vrms@50Hz and performing the syncronization to the 3-phase grid. The grid is simulated by three ideal
voltage sourses of 230V, 50Hz and phase difference 120°, an impedance of 1mH-10mH ref[7], an one to one three phase
transformer and an internal resistance.

The system is grid connected and it is functional only when the grid is active. The sinusoidal waveforms are injected to the
PWM control circuit, to the second controller, in order to drive the IGBTS. (In a real implementation of the inverter the grid
waveforms should be filtered properly in a way that the grid’s noise is rejected. Although in this simulation grid noise
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characteristics are not performed so there is no need for such subsystem). In this way the sinusoidal voltage that is produced
from the inverter has the same frequency as the grid and the correct phase difference. In the control process and filter the
circuit induces a time delay corresponding to approximatly 189 relative to the grid’s reference. This difference can be found
by comparing the reference and the produced waveforms or can be estimated. In this model we feed the PWM with a
complementary phase difference to overcame this. In the inverter an algorithm can control the amplitude of the modulation
V'ret, in order the output voltage variation to comply with the regulation limits while the input can change due to MPP changes.
However this algorithm has not been implemented in this simulation.

The total output performance of the system ref [8] can be seen in fig5. In the two upper graphs is the phase-phase voltage
Vpp(t) waveform and the rms value Vi(t) of the voltage to neutral. The voltage has the expected amplitude and the waveform
is very close to a clear sinus. The two curves below them indicate the current phase to phase Ipp(t) waveform and the current
phase to neutral rms l1(t), indicating very low phase difference between the voltage and current and also stable characteristics.
The most important parameter is the Total Harmonic Distortion(THD) which is at the lower graph in fig.5 which shows a
THD value of 1.8% which complies to every standar regulation.

Vonlt) (V)

Va(t) (V)

Ios(t) (A)
L(t)(A)

THD

I t(s) =
Fig. 5 Simulation result graphs from top to bottom: (A) phase-phase voltage Vpp(t), (B) V1(t) rms phase to neutral voltage, (C) phase-phase
current Ipp(t), (D) V1(t) rms phase to neutral current, (E) THD.

Our team is at the point of experimental development of this model using IGBTs or MOSFETs table2. The harmonic
distortion of such systems can be eliminated using the appropriate low pass filter. Supposing that the IGBTSs are functioning
as ideal switches, the circuit can be simplified to the filter. An analytical solution for the Kirchhoff’s equations in the time
domain ref[9] for the filter gives the graph illustrated in fig.6.
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Fig.6 The graph that corresponds to the relative amplitude (V)(vertical axes) for the filter’s performance towards the time (s).

This graph can guide us to the choice and physical understanding of the value of the inductance at the LC filter that is used
at both at the boost as a DC Link and at the inverter as a low pass filter of the inverter. The response of such a filter can be
seen in fig.6 for an example of: R =10Q, Vo =600V, r=0.02Q, L =0.05H, C =0.0005F and can have diferrent form for other
L,C values. Active filtering techniques can be used in order to improve the filter performance and to reduce the high values
of the inductance, capacitance that are usally nesecary.

4.2. Discussion - Leakage Current

An element that reduces the efficiency of a PV system is the transformer. As new topologies are tested in order to achieve
higher efficiency, transformerless systems have prevailed. In such systems galvanic coupling is induced ref.[1]. The
transformer of a grid connected PV inverter delivers galvanic isolation. In the transformerless systems the earth’s parasitic
capacitance phenomenon apears betoween the earth and the PV panel(inverter). A resonance circuit, is formed due to the
high frequency of the IGBT’s switching mode, with low dumping coefficient leading to hight leakage currents. The parasitic
capacitance is formed among the PV cells, the metallic frame, and glass or other non conductive materials of the panel (due
to dust and humidity eth.) and earth. The resonance frequency and the parasitic capacitance of this resonance circuit is not
stable but varies due to the environmental conditions ref[10].
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Fig. 7 At the left fig there is a transformerless grid tied PV system showing the earth’s parasitic capacitance, at the right fig we can see in
detail the points that the module forms this capacitance, both figures from ref[10].

The transformless topology results to relatively high leakage current due to the capacitance that is formed between the ground,
the PV panels and the inverter’s components. A value for a PV array is Ce-pv=100nF, parasitic capacitance. This is
obviously a disadvantage of the topology that adds losses to the system. In addition to that there are also safety issues.
Several techniques[11], different topologies[4] and a variety of modulation strategies[3] have been used to minimize the
ground leakage current through the parasitic capacitance of the PV array[12][13].

4.3. Harmonic Distortion - Kalman Filters

The total harmonic distortion (THD) that we obtain from our Inverter model in Simulink is 1.8% fig.5. Although, active
filtering techniques can improve the output performance of the inverter, reducing the needs for high values at the capacitance
and inductance of the LC output filter, also reducing the cost and increasing the stability. A Kalman filter is an optimal
recursive data processing algorithm. It processes all available measurement and also takes into account the knowledge of the
system and measurement dynamics along with the statistical description of the system noises and uncertainty in dynamic
models in order to estimate the current value of the variables of interest ref.[14]. This data is processed in the form of state
equations eq.(3) of the system.

X'(t) = A-x(t) + B-u(t) + w(t) 3)
y(t) =C - x(t) +v(t)

Where x(t) are the states, u(t) the inputs, in these equations, y(t) the outputs and w(t), v(t) the noises of the system and that
related to the measurement [15].

5. Conclusion-Prospects

In this paper we analyse and implement the simulation of a PV array, a boost converter in combination with a VSI and the
grid utility. The control of the boost and VSI has been proceded now and in previous works. We also analyse the passive
filter performance. In such systems the key role of the system is the passive filter characteristics that performs the power
quality. When the system is moving from a point of power production to another the filters may inject distortion. For these
reason we propose active filtering such Kalman filter which can perform high power quality even when the system is moving
rapidly.

The CSI topology can be very effective and we plan to proceed in a simulation to compare the VSI and CSI topology.

The VSI with a boost converter, for realizing the MPP, has been implemented adequately and the use MPPT algorithm has
to be tested for different solar irradiance scenarios. The leakage current has been discussed and is going to be part of the
future simulations.
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Abstract

A transformerless 3-phase grid tied solar inverter’s simulation is being presented in this paper. Transformerless
topologies improve the efficiency of the system. The inverter’s simulation model has been developed in Matlab/
Simulink. There are however issues such as the leakage current phenomenon that need further discussion. We analyze
the parts of the model that are: the PV model we use, the MPPT algorithm through a DC/DC converter, the inverter’s
control circuit, the LC filter, the connection to the grid and the passive filter. We also discuss the use of a Kalman filter
in order to reduce the total harmonic distortion. The analysis and the results we extract, arise from a whole system
simulation.

1. Introduction

In a world that energy demand is growing and the risks of climate change are raising, we should consider using ways
of environmentally friendly energy production. Energy generated from replenished natural resources can be used in
combination with state of the art technology, in order to cover the energy demands of domestic consumers. During the
last year’s photovoltaic cogeneration and micro-cogeneration systems have been developed. Grid connected
photovoltaic (PV) systems can be hosted at nearly every building covering to minimum their power consumption.
Therefore, we are capable of constructing efficient buildings, which aren't only save energy, but also produce, reducing
the emissions of the green-house gases as much as possible, contributing greatly to the environmental protection.

1.1 PV SYSTEM SIMULATION OVERVIEW

The system that we describe, consists of five basic parts as shown in fig. 1, the PV array is in parallel
connection with a DC/DC converter, the inverter that converts the dc power to ac, the LC low-pass filter
for cutting off the high frequencies that the inverter produces and lastly the electrical grid. The 3-phase
load is variable. Two controllers are used, one to control the current and the voltage of the PV array in
order to maximize the produced power.
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Fig.1. System overview Block diagram.

The second is responsible for the phase, frequency and amplitude of the ac power, produced by the
inverter in order to achieve the synchronization and power management between the electrical grid and

the inverter.

2. PV Array

By implementing the PV Array’s mathematical model in Matlab for constant solar irradiance, we take the
characteristics |-V and P-V, PV curve of the cell fig. 2 [1]. We use the eq. (1) [1], in order to simulate the
PV array current. The equation corresponds to SolarCellHellas cells and their characteristics can be seen
in (Table 1) and the simulation graph is in fig. 2. Where the iy, is, isat are the PV array, sort circuit,
saturation currents respectively, the np, ns are the number of parallel and series connected cells, g the
elementary electric charge, k the Boltzmann constant, T the cell temperature, A experimental constant,

Vo the PV array voltage.

Fig. 2. Left: Simulink Model for the PV Cell, I-V PV Cell Characteristic, Right: P-V PV Cell Characteristic, the arrow
indicates the MMP.

The isc has strong dependence from the temperature [1]. In order to realize the array, we can choose the

appropriate number of solar cells in parallel and in series connection.
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Table .1 PV cell data

Electrical Characteristics Mechanical

SCH6P-50 (STC) Characteristics

Average n [%] 14.4 Dimensions: 156mm x 156mm x 0.5mm
Pmax [Wp] 3.50 Thickness: 180 4 m 40 um

lsc [A] 7.85 Front (-): 2 bus bars, 2mm wide each, silver,

Silicon Nitride (SiNx) antireflection coating

Vee [V] 0.594 R_ear (+):2 _bus bars, 5'mm wide each,
silver/aluminum, continuous

3. DC/DC for MPPT

The DC/DC boost converter firstly steps up the voltage and secondly maximizes the power that is
injected from the PV array by using a Maximum Power Point Tracking (MPPT) algorithm. The usage of
the boost converter in fig. 3 is to raise the voltage from the PV array to a higher level, appropriate for the
grid connection. This topology allows the PV voltage to be in a lower level (about the half of the
inverter’s output peak voltage). The Maximum Power Point (MPP) can change due to temperature
variations at the PV panels and also the variable solar irradiance during the day. The MPPT algorithm
that is used at the control of the DC/DC is the Modified Perturb and Observe (MPO) [2].

g

J

Fig.3. Boost Converter, Simulink Model.

The control of the boost converter calculates the duration (2) of the pulses according to the MPO
algorithm using the Pulse Width Modulation (PWM) technique where V;and V, is the input and output
Voltage of the DC/DC.
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The algorithm has been implemented in Matlab/Simulink environment via an embedded Matlab function
as fig. 3 illustrates and generates the reference voltage V..t for the PWM. Single stage topologies may
have an even better efficiency at an order of magnitude 2-3%, which corresponds to the converter
internal losses [5][6]. The output of the converter fig. 3 (red legs) is connected to an LC filter.

4. Inverter

4.1 Basic circuit

The model for the inverter is a 3-phase Voltage Source Inverter (VSI) fig.4.

Fig .4. Inverter basic circuit, Simulink Model.

This Simulink model converts the DC voltage to the appropriate AC voltage fig. 5. The system is grid
connected and it’s functional only when the grid is active. The sinusoidal waveforms are injected to the
PWM control circuit, to the second controller, in order to drive the IGBTs. (In a real implementation of
the inverter the grid waveforms should be filtered properly in a way that the grid’s noise is rejected.
Although in this simulation grid noise characteristics are not performed, so there is no need for such
subsystem). In this way the sinusoidal voltage that is produced from the inverter has the same frequency
as the grid and the appropriate phase difference. In the control process and at the filter, the circuit
induces a time delay corresponding to approximately 18°, relative to the grid’s reference. This difference
can be found by comparing the reference and the produced waveforms or can be estimated. To
overcome this, in this model, we feed the control of the PWM with a complementary phase difference.
In the inverter, an algorithm can control the amplitude of the modulation Vi, in order the output’s
voltage variation to comply with the regulation limits while the input can change due to MPP changes.
However this algorithm has not been implemented in this simulation. The total output performance of
the system [8] can be seen in fig. 5. In the two upper graphs is the phase-phase voltage V,(t) waveform
and the rms value V1(t) of the voltage to neutral. The voltage has the expected amplitude and the
waveform is very close to a pure sine. The two curves below them indicate the current phase to phase
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Ipp(t) waveform and the current phase to neutral rms I11(t), indicating very low phase difference between
the voltage and current and also stable characteristics. The most important parameter is the Total
Harmonic Distortion (THD) which is at the lower graph in fig. 5 which shows a THD value of 1.8%
complying in every standard regulation.

Vislt) (V)

Fig. 5. Simulation result graphs from top to bottom: (4) phase-phase voltage V,,(t), (B) VI1(t) rms phase to neutral
voltage, (C) phase-phase current L,p(t), (D) VI(t) rms phase to neutral current, (E) THD.

The harmonic distortion of such systems can be eliminated using the appropriate low pass filter.
Supposing that the IGBTSs are functioning as ideal switches, the circuit can be simplified to the filter. An
analytical solution of the Kirchhoff’s equations in the time domain ref[9] for the filter gives the graph
illustrated in fig.6.
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Fig. 6. The graph that corresponds to the relative amplitude (V)(vertical axes) for the filter’s performance towards
the time (s).

This graph can guide us to the choice and physical understanding of the value of the inductance at the LC
filter that is used both at the boost as a DC Link and at the inverter as a low pass filter. The response of
such a filter can be seen in fig.6 for an example of: R =10Q, V, =600V, r=0.02Q), L =0.05H, C =0.0005F and
can have different form for other L, C values. Active filtering techniques can be used in order to improve
the filter performance and to reduce the usually necessary high values of the inductance and
capacitance.
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4.2 Discussion - Leakage Current

An element that reduces the efficiency of a PV system is the transformer. As new topologies are tested in
order to achieve higher efficiency, transformerless systems have prevailed. In such systems galvanic
coupling is induced [1]. The transformer of a grid connected PV inverter delivers galvanic isolation. In the
transformerless systems the earth’s parasitic capacitance phenomenon appears between the earth and
the PV panel (inverter) fig. 7.

Module Frame

Conducting Surface ’,l’ ¥ 2000
Coartn PV Converter
iL
| inverter
PV DC AC
Array Filter %} Filter
© Resonant Conducting Surface
i jeakage Circuit

= ® ® " Fig. 7. At the left fig. there is
a transformerless grid tied PV system showing the earth’s parasitic capacitance, at the right fig. we can
see in detail the points that the module forms this capacitance, both figures from ref[10].

A resonance circuit is formed due to the high frequency of the IGBT’s switching mode, with low dumping
coefficient leading to high leakage currents. The parasitic capacitance is formed among the PV cells, the
metallic frame, and glass or other non conductive materials of the panel (due to dust and humidity etc.)
and earth. The resonance frequency and the parasitic capacitance of this resonance circuit are not stable
but vary due to the environmental conditions [10]. The transformless topology results to relatively high
leakage current due to the capacitance that is formed between the ground, the PV panels and the
inverter’'s components. A value for a PV array is CGPV=100nF parasitic capacitance. This is obviously a
disadvantage of the topology that adds losses to the system. In addition to that there are also safety
issues. The topology that is used seems to inject larger leakage current as the switching frequency is
going higher from experimental results [5]. The solution to this is to use a combination of 3 NPC legs [5].
Several techniques [11], different topologies [4] and a variety of modulation strategies [3] have been
used to minimize the ground leakage current through the parasitic capacitance of the PV array [12], [13].

4.3 Harmonic Distortion - Kalman Filters

The Total Harmonic Distortion (THD) that we obtain from our Inverter model in Simulink is 1.8% fig. 5.
Although, active filtering techniques can improve the output performance of the inverter, reducing the
needs for high values at the capacitance and inductance of the LC output filter, also reducing the cost
and increasing the stability. A Kalman filter is an optimal recursive data processing algorithm. It
processes all available measurement and also takes into account the knowledge of the system and
measurement dynamics along with the statistical description of the system noises and uncertainty in
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dynamic models in order to estimate the current value of the variables of interest [14]. This data is
processed in the form of state equations eq. (3) of the system.

X' (t) = Ae x(t) + B eu(t) + w(t)
y() =C o x(t) +v(t) 3)

Where x(t) are the states, u(t) the inputs, in these equations, y(t) the outputs and w(t), v(t) the noises of
the system that related to the measurements [15].

5. Conclusions and Prospects

In this paper we analyze and implement the simulation of a PV array, a boost converter in combination
with a VSI and the grid utility. The control of the boost and VSI has been processed now and in previous
works. We also analyze the passive filter performance. In such systems the key role of the system is the
passive filter characteristics that perform the power quality. When the system is moving from a point of
power production to another the filters may inject distortion. For these reason we propose active
filtering such Kalman filter which can perform high power quality even when the system is moving
rapidly. The CSI topology can be very effective and we plan to proceed in a simulation to compare the VSI
and CSI topology. The VSI with a boost converter, for realizing the MPP, has been implemented
adequately and the use of MPPT algorithm has to be tested for different solar irradiance scenarios. The
leakage current has been discussed and it is going to be part of the future simulations.
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Local network data transmission via the power line grid.
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Abstract

In this paper we intend to evaluate a data transfer system through the 3 phase low voltage power
grid. Measurements will be conducted with PCs located in the same room, after that, one PC will
be connected to a different phase of the power grid and finally one PC will be moved on a different
floor of the building, remaining at the same phase of the power grid. Ixia’s [1] network performance
benchmarks IxChariot 6.40 and Endpoint 6.60 will be used to incarnate the software part of the
measurements. Three scripts of the benchmark (Throughput, Response Time and IPTV) will be
run. The results will be presented in order to evaluate the technology and its usability.

Keywords : Homeplug Alliance, Power Line Communications (PLC), dLAN.

1. INTRODUCTION

Power line communications have always been behind the mainstream of the public attention.
Despite the fact that the idea of using the power lines as a telecommunication medium has been
around for a long time, the vast progress of Ethernet and wireless technologies have somehow
impeded it from being widely used. As a result, quite a few publications on the subject exist [2].

The first PLC' systems were introduced in the 1950’s. Their use was to control the power
line companies own equipment. At the same time PLC telephony systems were developed for
engineers laying the electricity cables. In the 1970°s a PLC system that contained a device with a
microphone and a power plug and a device with a speaker connected through the power mains. The
basic idea was listening to what was happening in another room of the house. However all these
application only demanded a kilobit per second rate of data transfer. Later in the 1999 in Germany
during CeBit exhibition the PLC demonstrator was presented. It implemented a 2Mbps backbone
connecting a master modem to five units in an apartment building 380 meters away.

A remarkable progress has been noted the latest years on the domain of the low voltage
(LV, below 1kV) power line communications with a significant number of companies developing
technologies on hardware and software, especially devoted on home power line
telecommunications. The fact that the last telecommunication monopolies in Europe were ended
in 1998 has favored such a development. The most significant of them was the foundation of
homeplug powerline alliance on March 2000 [3]. The main task of this paper is to evaluate a power
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line network between two computers and examine if this technology can offer an alternative to
Ethernet or wireless.

2. CHANNEL CHARACTERISTICS

Home electricity cables have a huge advantage when examined as a communication
channel. Every house has a number of plugs available in each room, therefore no connectivity
matters can arise. On the other hand, electricity cables were neither designed nor set up to support
telecommunications. Due to this fact and the noisy nature of electricity itself, this is a harsh
environment. A line connecting two outlets, might have a really complicated transfer function that
would be effected by noise generated from devices being plugged in or out from the home power
network [4]. A typical home power line network has the characteristics of a star shaped network.
Transceivers may be located in any of the rooms, and due to this structure high frequency signals
suffer from various reflections [5]. An appropriate model that allows realistic description of the
channel has been proposed by Phillips [6]. It actually describes the channel impulse response as a
superposition of N Dirac pulses. Each pulse represents the superposition of signals from each path.
Then it multiplies the impulses by a complex weighting factor pi and poses a time delay Ti.
Therefore the following transfer function (1) describes the channel.

N
H(P) = ) pyxe iz &

p; . Weighting factor
T; . Time delay

Another approach that takes into account the low pass behavior of the network has been
proposed by Zimmerman [7]. It includes an additional attenuation factor and the superposition of
signals from N different paths. The signal length di and a weighting factor gi are taken into account
for each signal along with the propagation speed Vp. Parameters a0, al, and k are used in order
frequency — dependent attenuation to be modeled. This results to the following equation (2).

N

H(f) = z gi * e~(@otaiff)edi 4

i=1

, d;
_]anv_;

(2)

a, : Offset of attenuation
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a; : Increase of attenuation
k : Exponent of attenuation
v, : Propagation speed

d; : Signal length

gi : Weighting factor

In contradiction with other telecommunication channels, the power lines do not represent
an additive white Gaussian noise environment (AWGN) [8], [5]. The noise scenario is rather
complicated with various types of impulsive disturbances occurring. According to [9], [8] the noise
types encountered on power line networks can be classified in five categories :

. Colored background noise:

This noise has a relatively low power spectral density, which is frequency variant. The noise
is caused by numerous weak noise sources. The power spectral density of this type of noise varies
in terms of minutes or hours.

. Narrow band noise:
This noise consists of sinusoidal signals with modulated amplitudes. The sources of the
noise are broadcast stations and the noise level varies within the daytime.

. Periodic impulsive noise that is asynchronous to the mains frequency:
The impulses have a repetition rate generally from 50 kHz to 200 kHz. The noise is mostly
caused by switching power supplies.

. Periodic noise that is synchronous to the mains frequency:

The impulses have a repetition rate of 50 Hz or 100 Hz and are synchronous to the mains
cycle. The duration of impulses is short, generally in the order of microseconds. This noise is
caused by power supplies that operate synchronously with the mains cycle.

. Asynchronous impulsive noise:

The noise is caused by switching transients in the distribution network. The impulses have
a duration from some microseconds up to a few Milliseconds. The power spectral density of this
type of noise can have levels of more than 50 dB above the background noise.
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3. TECHNOLOGY

A number of techniques are engaged to overcome the power line environment challenges.
Figure 1 illustrates the power line channel bandwidth up to 30 MHz. The low band signals such as
X10 at 120 KHz and AC Voltage at 50 or 60 Hz are being cut off through passive filtering.

HomePlug AV spectrum
| | I

6060 120 kHz 1.8 MHz 30 MHz
Y10 signals Frequency spectrum not to scale

Figure 1. %AC, control signals and HomePlug A% spectrum.

Consequently the bandwidth from 1.8 MHz to 30 MHz is separated in 1.155 carriers (Figure
2) spaced at 24.4 KHz using. In order this to be achieved orthogonal frequency division
multiplexing (OFDM) is employed. OFDM is a robust technique widely used in DSL modems and
wireless applications. Then, carriers that interfere with legacy services are being turned off through
a tone mask. Practically, 917 carriers are used in order signals to be transmitted. Each carrier is
modulated using either binary phase shift keying (BPSK), quadrature phase shift keying (QPSK),
8-quadrature amplitude modulation (QAM), 16-QAM, 64-QAM, 256-QAM or 1024-QAM,
depending on channel condition. 1024-QAM provides the highest bit rate per carrier because each
of the 1024 unique analog phase/amplitude forms symbols that represent 10 digits. In case all 917
carriers are modulated with 1024-QAM, the channel bit rate would approach Shannon’s limit
achieving a channel rate of 197Mbps.

HomePlug AV spectrum

4 LELLEL E— sl 1111111

‘?’f 1.8 MHz 1,155 carriers spaced at -24.4 kiz 30 MHz

—24.4 WHz

‘

Figure 2. OF DM frequency spectrum spreading.

Practically after a process called channel estimation each carrier is loaded with the
maximum number of bits that prevailing line conditions allow [10].
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4. EVALUATION PRESENTATION

As it was referred above the main task of this paper was to evaluate a simple network
consisted of two computers connected through the power lines and decide whether such a network
offers a third solution to the already wide spread Ethernet and Wi — Fi. Therefore the following
parts were used :

. One laptop HP Compag nx9010 with Intel Pentium 4 CPU at 2.8 GHz, 448 MB of ram,
National Semiconductor’s  10/100 Network adapter and Microsoft Windows XP
Professional.

. One desktop pc with Intel Core2 Duo CPU at 2.2 GHz, 1GB of RAM, Atheros L1 Gigabit
Ethernet 10/100/1000Base-T Network adapter.

* Two Netgear HDX101 AV Powerline adapters.

* Ixia’s (www.ixiacom.com) network performance benchmarks IxChariot 6.50 and
Performance Endpoints 6.60.

Throughout the evaluation the laptop was being moved from plug to plug in order the
appropriate measurements to be taken. The following array presents an overview of the protocols
used, the topologies and the measurements. Also the graphs taken from IxChariot 6.50 are being
presented.

Evaluation overview

TeP ubP Vertical Wire  length
IPTV distance. (approximatel
'(I'I\k/llgousg)]hput $?r;20(rrlsgec) Throughput | (meters) y) (meters)
P (Mbps)
Same phase. 50 Mbps 1.8 3.747 5 8
Phase to phase. | 45 Mbps 1.9 3.747 9 15
Same phase,
different 21Mbps |5 3.747 17 29
rooms.
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b) TCP response time.
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c¢) UDP throughput.

With the computers connected on the same phase and a channel distance of approximately
9 meters the connection gives a TCP throughput of 50 Mbps. Despite the variations that cannot be
avoided due to the nature of the channel, the network seems to function at a good rate. The UDP
throughput that the system chose to perform an IPTV file transfer is pretty stable at 3.747 Mbps.
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4.2 Phase to phase

55750
52,000
43.000
46.000
43.000
40.000

= 37.000 |
34.000
31.000 —
25.000 —
25.000 —

=2 000 -

19.000
0:00: 00 0:00:00.3 0:00:00.65 0:00:00.9 0:00:01.2 0:00:01.5 0:00:01.8

Elopsed time th:mm:ssl

a) TCP throughput

0.o0o021

Seconds

0.oo1s
0:00:00 0:00:00.7 0:00:01.4 0:00:02.1 0:00:02.2 0:00:02.5 0:00:04.2 000046

Elapsed time thimmiss)

b) TCP response time.
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c¢) UDP throughput.

With the computers connected in different phases and the channel distance rising at
approximately 15 meters the TCP throughput drops a little and is being stabilized at a middle value
of 45 Mbps. The UDP througput remains at 3.747 Mbps and no package losses are observed,
however at certain points variations are noted.
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4.3 Same phase, different rooms
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c) UDP throughput.

When the computers are connected in different rooms and the channel distance rises at
approximately 29 meters, TCP throughput drops significantly at a middle value of 21 Mbps. UDP
througput remains at 3.747 Mbps, however in this case there is a number of consecutive lost
datagrams (d). This would simply mean that the user of the receiver would miss a couple of frames
from the video he would be watching.
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d) Lost datagrams histogram.

5 CONCLUSIONS AND FURTHER WORK

As the distance is growing, the throughput drops and of course the response time is rising.
This is due to the growing length of channel and the number of nodes between the transmitter and
the receiver. However even the lower measured value of throughput at 21 Mbps is more than
adequate to cover the needs of a home network. When the task is file or internet connection sharing,
the values measured cover the needs of a home network. Certain security issues can be raised as
the power line network extends in a wide area that surpasses the limits of a house. However there
are cryptography options [11] that can restrict access to the network. The idea of setting up and
evaluating a PLC local area network that will be extended in a wider area has been studied and will
be promoted to further work along with the simultaneous measuring of the channel attenuation
levels and the calculation of the signal to noise ratio.
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Abstract

The low voltage power grid is an environment that can be utilized in order to provide an alternative
medium of networking. In this paper we present the setup of a small local area network through the 3 phase
low voltage power lines and measure throughput for various topologies. Furthermore a hybrid local area
network consisted of a power line and a wireless network will be examined. We intend to compare the
characteristics of each part of the hybrid network and investigate whether such a topology has the ability to
function as a unit. The software that we use is Ixia’s network performance benchmarks IxChariot 6.40 and
Endpoint 6.60. The main purpose is to examine the functionality, while this net is in full operation
combining both types of networking. We also study, the power line networking as a complementary solution
for wireless small range networks and Ethernet that due to installation difficulties, fail to cover certain areas.

Keywords: Power Line Communications (PLC), hybrid network, Wi-Fi.

1. Introduction

During the previous years a remarkable progress has been achieved in the domain of
home power line communications. A number of companies offer power line networking devices,
whereas telecommunication vendors are examining the prospect of utilizing this technology. In
fact a major Greek telecommunications vendor already uses power line communications
technology to provide IPTV service [1] in a hybrid Ethernet — power line network formation.
Therefore there is a certain amount of interest in the way that networks using more than one
access method function. The main purpose of this paper is the setup and examination of such a
network.

The term hybrid, as referred above, describes a network that uses more than one topology
or access method [2]. The network presented here is consisted of a power line and a wireless
network. According to [3] the structure of the European low voltage access network can be
characterized as a star shaped network. As an expansion to that idea, we can assume that the
home power line network, meaning everything that is located at the inner side of the main circuit
breaker panel follows the same architecture. On the other hand a wireless network employs a
number of topologies depending on the number of access points and the receivers that are
connected at the time.
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Wireless networks are extremely wide spread and the way they function is behind the
scope of this paper. In general they transmit and receive data in the form of electromagnetic
waves, in the microwave frequency of 2.4 GHz. Power line networks exploit the already existing
wiring used for power distribution in a house in order to transmit and receive data [4]. A
connection between two or more transceivers, computers in this case, is achieved via adapters
that are plugged into the power sockets. Each adapter is connected to an adapter through an
Ethernet cable. Therefore an Ethernet type network is formed via the power lines. It uses the
frequency band 1 — 30 MHz for signal transmission. The main advantages of such a network are
that there is no need for extra cabling and the technology is plug and play, which means that no
special software or drivers are required for proper function.

Power line networking offers an alternative networking technology that can function
complementary to wireless, Ethernet or both of them. Especially wireless access points have a
limited range and encounter problems with walls and floor to floor connectivity. A hybrid
network like the one that is illustrated in the picture below (fig. 1) could solve that problem.
There is a wireless access point and a couple of laptops connected wirelessly to it. On the right

INTERNET — e ne

POWERLINE

POWERLINE
TER

Qi¥9 ¥amMod

Figure 1. Hybrid network.

side of the picture there is a network via the power lines. The two of them are interconnected as
the access point is also connected to the power lines through an adapter and enables file and
internet connection sharing for both sub networks.

2. Measurements
In this paper we intend to investigate whether such a hybrid network is feasible and

evaluate its functionality. In order to do that a hybrid network (fig. 2) was set up on the first floor
of the automation department building at the TEI of Piraeus.
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Figure 2. Evaluated network.

The red dots are the points where the computers were located during the measurements. The
wireless access point, which is also used for the Automation department wireless network, was
located on point 1. First of all a power line network was formed between 2 computers one of
them was located on point 1 and the second on point 2. Then it was moved to the points 3, 4, 5.
After that a hybrid wireless — power line network was setup connecting a computer wirelessly to
the access point and the access point via an adapter to the power lines. The second computer
followed the same route as before. Lastly a wireless network for the same points was setup. For
each topology and connection method throughput is measured. The software used to conduct the
measurements was IxChariot 6.60 and Performance Endpoints [5] .
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Figure 5. Wi — fi only Throughput 29 Mbps.

First the measurements between these two points are presented. The power line channel
distance is approximately 15m whereas the physical distance is about 8m. As it is illustrated
above (fig. 3), the throughput between the computers connected at the same phase of the power
lines network is about 45Mb/s. At this point it would be useful to specify that throughput is
quantity that specifies the amount of data that are being transmitted through a channel during a
second. Respectively a throughput of 31Mb/s is shown (fig. 4). Here the computer and the access
point are connected to the same phase too. The third graph shows the throughput measured with
two computers connected wirelessly and located at the same points. The throughput here is about
29Mbps (fig 5). Then the computer was moved to point 3. The power line channel in this case has
a length of approximately 30m. These two power outlets are connected to different phases. It is
obvious from the results that different phase connection does not affect the data transfer rates.
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Figure 6. PLC phase to phase Throughput 43Mbps.
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Figure 7. Hybrid PLC and Wi — fi phase to phase Throughput 36 Mbps.
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Figure 8. Wi —fi only Throughput 30 Mbps.

A first conclusion is that for such distances the power line network corresponds equally to
the wireless. Consequently power line networking is reliable for home networking. The
maximum distance between two sockets in a middle house is about 30 to 40m. This means that
recently built houses that have a good quality of wiring are suitable for setting up such a network
that functions at extremely satisfactory data exchange rates. The maximum internet speed in
Greece is 24Mbps and the results exceed by far such values. Furthermore power line cooperates
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well with wireless network and there are no issues of connectivity. The setup is extremely easy. It
is important here to underline that phase to phase data exchange rates as mentioned above
appears to be the same as the same phase results.

3. Phase to Phase connection

Figure 9. Phase to Phase connection without physical coupling.

The circuit breaker panel is the point of convergence for the cross-phase coupling. Most
of the coupling is provided by the paralleled connection of poly-phase cables that lead to major
household appliances, and of course the incoming mains. At this point each conductor serves as a
capacitive plate. When conductors of different phases, are in a close distance, a capacitance
between them appears, coupling the two phases. This can be generalized in all phases at the
mains of the electrical installation. At frequencies in the HF spectrum, the resulting inter-wire
impedance (Z), in the form of capacitive reactance, is low. The low bus impedance exists
regardless whether a major appliance is actually turned on. With a polyphase appliance turned on,
the bus impedance may drop even lower in the form of a complex impedance. In any case, the
bus impedance, ZBUS, is always sufficiently low to bridge PLC signals across phases without
significant attenuation. There is no difference between same phase and phase to phase. This
means that phase difference does not affect the PLC system. This scheme explains (fig. 9) why
this is so. The phases are not physically coupled however they are brought in parallel in the house
circuit breaker panel.

4. Long distance measurements

Then the computer was moved to point 4. The power line channel distance is
approximately 60 m. The physical distance is about 20m. The first two graphs show respectively
only power line and a hybrid power line wifi network throughput whereas the third shows the
wireless network throughput for the same distance. It is obvious that the results are significantly
lower, at the rate of 1 Mbps where the power line participates. On the other hand the wireless
network seems to preserve its rates.
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Figure 12. Wi — Fi only Throughput 38Mbps.

Now the computer was moved to point 5. The first attempt for data transfer failed as there
was no connectivity between the two terminals. The power line channel distance is about 75m
whereas the physical distance is only 25m. After that a third power line adapter was connected at
the point 4. The third adapter acted as a repeater. The connection between the point 1 and 4 was
achieved and so did the connection between point 4 and 5. An indirect connection between points

1 and 5 had been established.

In the first and the second case (fig 13,14) the throughput is very low, at the rates of
0.5Mbps.However the prospect of connecting interval power line adapters to extend the network
is a great advantage. By connecting consequently adapters the network can cover great distances,

with lower data transfer rates. In the third case (fig 15), the wireless connection functions

satisfactory as the speed remaining in high levels.
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Figure 13. PLC long distance Throughput 0.54 Mbps.
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Figure 14. Hybrid PLC Wi —Fi Iong dlstance Throughput 0.68 Mbps.
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Due to the structure of power distribution lines signal propagation is mainly influenced
by 3 factors. Attenuation caused by cable losses and length, this means as the cable length is
growing, the signal is weakening more and more which makes data exchange rates drop.
Multipath propagation caused by branching. What happens is that as the signal is passing from a
number of central panel breakers, it is divided in many branches, which also increases signal
attenuation. Specifically in our case of measurements the signal passes from 6 central panels
which means a great number of branching. Furthermore due to transmission and reflections a part
of the signal interferes with the original signal. This phenomenon also causes losses. So it
understandable why such results appear at the distances of 60 meters with multiple branching.

5. Conclusions and further work

This scheme (fig.16) is a possible scenario based on power line adapters. An effort was
made to connect power lines adapters floor to floor. In other words three adapters, each one in
different floor. This effort was made in order to connect the floors via power line communication
technique and then with one wireless access point in every floor to distribute wireless internet all
over the building. This method is tested because the attempt of connecting the wireless access
points directly failed. But this scenario also failed because of the complex structure of the wiring
of the building. However such a connection was successful when attempted in a house. For small
companies that are placed in two or more floors and a wireless connection cannot be carried out,
the use of power line communication could be a solution.

To sum up, the PLC achieved high data transfer rates in small distances however in long
distances the data transfer rates are decreased. A network based on PLC has the ability to increase
its range by using interval adapters in a function of repeater. It is a reliable solution in small
complexity wiring buildings however in buildings with high wiring complexity and long
distances the connection between two networks is problematic. Also it functions very well in a
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corporation with wireless networks without any compatibility matters. A really interesting
application of PLC is the industrial equipment monitoring and control via Ethernet type power
line networks [6]. A work towards that direction is underway, as that is a field our team would
like to be involved with.
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Figure 16. Floor to floor hybrid network.
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