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Elayrotomoinon tov Aroiei®v tov Kivntiplov
Yvotipotog evog Hiektpikov Oynpatog

E. PIKOX
Awmlopotovyog Hiektpoidyog Mnyavicog

Hepilnym

2ty mapovoa gpyocia digpevvator n Péltiotn leitovpyia Tov nie-
KIPOKIVATIPIOD GUOTHUOTOS EVOG NAEKTPIKOD OYNLOTOS, TO OTOI0
ATOTEAEITOL OO €vaV KIVHTHPO, GUVELODS PEVUOTOS OVELAPTNTNG
Oigyepong eleyyouevo omd petozpoméa Loveyovs Taons ae Zoveyn.
ITio ovykexpiuévo avoldetar o (e@odog elayioronoinong twv ov-
VOMK®V QTWAEIDY TOV GVOTHUATOS 0vToD, N omoia. Paciletar otny
KOTOAANAN EMIAOYH THG TYWHS THG UGYVHTIKHG PONS THG OIEYEPONS
TOV KIVITHPO, KA1 TOD AGYOV UETAOOGHS TOV KIf(TIOV TOYVTHTWY, i
dedouévn katdoraon lerrovpyiog. Ot féAtiores Tiué Twv dHo ovtdv
TOPOUETPOV TPOKDTTOVY OO TO AVAIVTIKO UOVTELD TWV ATWAEIDY
e ypnon exovalnmrikng uebdooov, diadikacio wov epopucletal yiao
O1GQPOPES TILES TaYDTNTOG Kl OVVOUNG ECOOKODUEVIG GTOVGS TPOYOVG.
O1 mpokdrrovoes féATioTes TIUEG TEAIOV Kai AOYov UETAIOONS OTO Ki-
patio TayvtiTwY YpRooTolovVIaL 6T JLOTOTWON TPOCEYYITTIKNG
oVVGPTNONGS YLo. KAOE Lo 06 TIG 000 AVTEG TOPOLETPOVS, 1] OTOI0.
umopei evkoia vo evewuarwlei oty diadikaoio eAEY oV TS KIVRoNS
00 oynuorog. To amoteléouara g elopoiwons oe NAEKTPOVIKO
vroloyioti emPeforvovy ™y 160 TV GewpnTiKdY DTOAOYIoUDY,
eved mapdlinla deiyvovv ot umopei vo elotkovounbei onuovtiko
OGO EVEPYELOG IUE KATOAANAY EMIAOYY TV TIUDV OVTAOV, DOTE VO
avénbei 6060 10 SVVATOV TEPIGOOTEPO 1] OVTOVOULA, TOV OYHIULATOG.

1. EIXATQT'H

H paydaio kot cuveymg av&avopevn eEdmimon Tov oxn-
HATOV pLe KIVITPEG ECMTEPIKNG KODONG KOTA TIG TEAELTOIEG
dexaeties £xel cuvtehéoel g peydAo Pabud oty emdeive-
o1 dVOo 1BHTEPA CNUAVTIKOV TPOPANUAT®OV TOV OmoITobY
onwodnrote Avor. To mpdTo amd avtd oyetileton pe Tig
TEPPOALOVTIKEG EMTTMOGELG, KUPIOG GTO PEYOAD ALOTIKE KE-
vtpoa. To dedtepo oyetileTon [e TNV EVEPYELOKT] KPIOT KO THV
pocndfelo Tov yivetal, ®ote vo emEABeEL Lo ameEdpTnon
a6 TO TETPEAOLO KOLL TOL TOPAYDYO OVTOV.

H atpoceapikn poAvven, mov veictatol Kupimg ota
OOTIKO KEVTPO, TPOEPYETAL GE PEYAAO Pabpd omd ™ yp1-
on oynubtev pe Mnyavég Ecwtepung Kavong (M.E.K.).
XPpNOUOTOIDVTOS MG KAVGILO TO TOPAYDY0. TOV TETPEANIOV
(BevCivn, metpélato Kivnomg), To OYNUATE OVTA PLTTAIVOLY
™V atUOCEULPO LE 0VGiEG OT®G HoVoEEidlo Kot d10Egid1o
Tov dvBpaka (CO, CO,), o&eidio tov aldtov (NO, ), 510&eid1-

E. TATAKHX
Enikovpog Kabnyntg [Mavemotnpiov [Hatpov

o tov Oeiov (SO,), poivpdo (Pb), ibpopovg vépoyovavipa-

KEG (CXHy) k.6. H Aon oto mpdfAnpa g oTHOGQAPIKNG

POTOVOT|G GTO AGTIKG KEVTPO EIVOL 1] YP1OT NAEKTPOKIVIITOV

oynuédtv Wiaitepa 6Tav AEITOLPYOHV GE GLVOVAGUO LE TNV

TPOPOSOGIN TOVG HECM OVAVEDGILOV TNYOV gvépyetag [1].
To oyfuoto avtd, gite glvat apuymdg NAEKTPIKA gite vPpL-

OKd, Exovv 10 PACIKO TAEOVEKTNLUO TNG UNOEVIKNG 1) TOAD

YoUNANG ekmopmig PAaPepdv ovcidv oty atpoceapa. I't’

aVTO TO AOYO T OXMLOTO OVTO £YOVV EMKPATHGEL d1EBVMG

pe tig ovopooieg “ZEV” (Zero Emission Vehicles) | “LEV”

(Low Emission Vehicles) [2, 3]. [Tapd tor mAeovextipota

OV TOPOLSLALOVY £XOVV Kol VO GNUOVTIKG LELOVEKTNLATAL,

nov oyetifovtat e T Hovada amodKevong TG NAEKTPIKNG

evépyelag (cLGoWPELTEG). AvTd glvat:

* O yopunAdg AdYog TG amodnKeELUEVNC EVEPYELOG MG TPOG
70 Bapog N Tov GYKO TOV CLGCOPELTAOV. AVTO EXEL MG
OTOTEAECLOL TOV TTEPLOPICUO TNG GLTOVOLING TOV O)TLL0-
TOG G€ YOUNAEG TYEG KaL TNV adENGN ToL BAPOLG.

* O peydrog xpovog poptions. Ze avtifeon pe to Pevivo-
KiviTa oYNHaTO 0 YPOVOG AVEPOSIAGHOD EVOG NAEKTPIKOD
oynuatog ivar eEUpeTIKA LeydAog.

E@’ 6c0ov 1 avtovopio evog niekTpicod oxfoTog eivat
Wioitepo pLeydAng onuaciog, To NAEKTPOKIVIITIPLO GUGTHLLO
TOL oYNHaTOoG Ba Tpémet v StoyelpileTol 660 To dSLVOTOV TO
QTOSO0TIKA TNV EVEPYELX TTOL vl ATOBNKELVIEVT GTOVG GLG-
OWOPELTEG, OVTMG DOTE VO EMLTVYYXAVETAL 1] LEYIOTN duvOTN
avtovopia peta&d dvo dadoykdv popticemv. Ta kuplotepa
TN paTe ToL anapTilovy £va GVOTNIA NAEKTPIKOD O)LOTOG
glvat: To GVOTNHA POPTIONG TV GLGCMOPEVLTDV, 1| GLGTOLYI
OLGOCMPEVTAV, 0  MAEKTPOVIKOG (-01) LETOTPOTENG (-E1C)
6oYH0G, 0 NAEKTPKOG (-o1) KivnThpag (-€5) Kot cuvnB®S To
ocvoua petadoong kivnong. Kébe éva and ta mapomdve
HEPT KATAVOADVEL £V SLOPOPETIKO TOGOOTO EVEPYELOG LLE-
TaTPEMOVTAG TN o€ BepUOTNTA VA GLUVOALKE OAal pall kata-
VOA®VOULV €va GNUOVTIKO PEPOG TNG ATOBNKEVUEVIG GTOVG
GLGGMPEVTEG EVEPYELNG.

Yty gpyocio avt) depevvartar po péBodog erayioto-
TOINONG TOV OMOAEIDOV TOL KIVNTHPLOV GLCTNHATOS €VOG
NAEKTPIKOD OYNUATOC, TO OTO{0 OmoTEAEiTAL OO €vav Ki-
ynmpa Xvveyovg Pevpotog (Z.P.) aveldptnng diéyepong
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ereyyopevo amd petatpoméo Xuveyovg Taoemg oe Zuveyn.

To cvompa avtd anewovifetal oto oynua 1. O petatpo-

TEOG TPOPOSOTEITAL OO [0, GLGTOLYICL CUGCOPELTAOV KoL 1|

d1éyepon tov puOpileTal pEcw evOg AAAOV LETATPOTEN 1310V

TOTOV ALY TOAD LUKPOTEPTG LOYVOG. ZVVETMG Ol UTMAEIEG

TOL Pmopovv va apeAnfodv. O KivnTHpag GUVOEETOL pnyo-

VK@ oToV AE0Va TV TPOYDV HEGH EVOC CLGTNIATOSG HETA-

doong (KIPAOTIO TaYVTATOV) Kot TOL SLoPOPIKoV. ZKOTOG TG

TAPOVGAG AVAALGONG €ival 1) SUTOTOOT] GLVAPTHCEMY TOL

TEPLYPAPOVV TIG PEATIOTEG TIUEG TNG HOYVITIKNG POTG TOL

KynTipa Kot Tov AGYou PeTadoons 6To KIBMTIO To LTI IOV,

avaAOYa LE TIC GLUVOTKEG AetTovpyiag TOL oYNUATOG ONAadN

™V ToyOTNTO KOl TN UNYOVIKY GOPTIOT], TOL EAOIGTOTOL-
00V TIC OTMAEIEG TOL OAOV GULOTNHOTOC. XNUELOVETOL OTL
oV aviivon avutn 8¢ AapuPaverol v’ OGPV 1 AVAKTNON
evépyelag, dadikaoia Witepo ToAOTAOKT, oV e&opTdTOL

oo TANOMpa TOPAUETP®Y Kol 1 omoia amattel Eexmplot)

OVOADTIKT PEAETT.

Tevikotepa, N EAOYICTOTOINOT TOV OTOAELDV GE NAeE-
KTPOKIVITIPLO. CUGTHLLOTO HECH EAEYYXOV KATOU®V MAEKTPL-
KOV Heyebdv £Yel TOPOVCIACTEL KOl GE TOAQOTEPEG EPYOL-
oleg [4-11] t660 Y0 Kiynnpeg X.P. 600 kot yio kvnipeg
Evailaccopevov Peovpatog (E.P.) To amoteléopoto tov
EPYACIDY QVTAV delyvouv onuavtiky Pektioon tov fabpod
aO000NG TOV KIVNTHPLOL CLCTHHATOS EWOIKG GE YOUNAG
eoptia. Q061600 TO. POVTELD 0VTA de Aapfdvouy v’ oyv
T eENg:

o) Tn ovctolyic cuoowpeLTOY TOL TapPovSLalovy e e&at-
PETIKG PEYAAN KOTOVOA®GOT EVEPYELNG GTNV 1GOOVVOLN
E0MTEPIKN TOVG AVTIOTAGT.

B) Tov MAeKTPOVIKO LETATPOTEN OV KOTAVOADVEL EMIONG
£€va ONUOVTIKO TOGOGTO EVEPYELNG KO

¥) T0 GUGTNHO HETASOOTG KIVIONG HE KIBMTLO TOYLTHTOV TO
omoio pmopei va mepthapPavel to oynua. O Adyog petd-
doong ennpedlel GNUAVTIKG TNV KOTOVOY TOV OTOAEIDV
GTO GUGTI O
H pebodoroyia mov akorovbeitat yia tn datdnmon tov

TPOaVOPEPHEICOY GUVAPTAGEDV TEPIAUUPAVEL To akdAovOa

prpato:

o Apyd, Beopivtag Eva ded0UEVO GUVOVOCUO TOYLTITOG
oxNHOTOG U, Kot dOvaung otovg Tpoyols F , vmoAoyilo-
VTOL Ol OTOAELES GE KAOE VTOCVGTNIA TOV NAEKTPOKIVT]-
THPLOV GLUGTNHATOG TOL MAEKTPLKOV oyNpatoc. Etot dta-
TUTOVETOL [0, AVOAVTIKT E£I0MGT CUVOAMK®DV OTMAELDV,
ot onoieg ekepaloviol mg cuvaptnon 600 PETUPANTOY,
NG HOYVNTIKNG POTIG TOV KIVITIPO KOl TOL AOYOL HETASO-
o1Mg TOL KIPOTIOV TAYVTNT®V.

* And v mpoavapepbeica e£icmON ATOAELDV TPOKVLATEL
OtL vITapyeL Eva (gbyog PEATIOTOV TILOV TNG LOYVITIKNG
PONG KoL TOL AGYOV PETAOOONG, Co_ XOP avtioTolyoa,
Y10 TIC OTOIEG O AMMAELEG EAOYIGTOTOLOVVTOL.

* H mopondve Sodikacio vwoAoyiopod BEATIOTOV TGV
HOYVITIKNG poNG Kot AGyov HETAd00NS ETaVOLOUPAvVETOL
Y éva peyaAo TANB0G GLVILOCUAOY TAYVTNTOG KoL SVVa-
ung (u,, F ). Etot npoxidntel £vag nivaxag BEATIoTOV

TILOV (C<I>Op, Xop), K60e {evyog amod Tig omoieg avTioTOU)E
o’ évo dedopévo (gbyog KPAVTIGUEVOV TIHAV ToYLTITOG
Kot SUVOUNG.

* Xto tedevtaio Ppa yiveror avaltnon Hoviéhmv, onAc-
oM pobnuatik®v eEloMoE®Y, OV TEPLYPAPOLY TN LETO-
BoA TtV BEATIOTOV TYDV Co_ xa kop MG GLVOPTNCEDV
pe avebaptnteg petaPfAntég TV TaXOTNTO TOL OYNLUOTOG
Kat Tn dvvapun 6tovg Tpoyovs. Ot GUVTEAESTES TV dVO
GLVOPTHCEDV TPOGI0PIloVTaL YPNCILOTOIDVTOG L0l E-
0000 eAaYICTOV TETPAYDVOV.
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2y 1: To vo pelétn niektpokivyipio ocdothiLo.
Figure 1: The electromechanical system.

Onwg yivetar avTiANTtd 1 EQAPUOYT TOV GUVOPTINCEDV
QVTOV GTO GUOTNUO EAEYYOV, TOL MAEKTPOKIYNTIPIOL GL-
OTNHOATOG TOV MAEKTPIKOD OYNUOTOS OTALTEL TN YVAOON TG
TOYOTNTOG TOV OYNHOTOG Katl TG duvaung mov efookeitat
61OVG TPpOoYoVG. H pev taydmnta mpokuntel amd LETPNOELS
EVD 1 SUVOT OTOVG TPOXOVS UTOPEL VAL TPOKDYEL DTTOAOYL-
otika [13, 14].

310 onueio avtd mpémet vo Toviotel 6Tt  péBodog, av
Kot avapEpeTol o€ kivnipa X.P., propel katdAAnia va tpo-
oo el Yo va. EQUPLOCTEL GE AEKTPOKIVIITIIPLO GUGTH LN
pe Acvyypovo Kwvnipa. Xtnv mepintwon mov o Kivntipog
EAEYYETOL HEC® UIOG TEYVIKNG JLVUCULOTIKOD EAEYYOV TTO-
povctalel TV idto cupmEPLPOPa Le avTh Tov Kivnthpo X.P.
ave&apmnng diéyepong [12]. Zvvendg 1 dwadikacio e0peog
TOV OTOAELOV gival Tapdoto e avTh Tov Kvntipo Z.P.

2. XYMBOAIXMOI

o YtaBepd avoroyiag.
B, Yvvteleotig g (Nms).
Méyioto payvntikd nedio tov kivneipa (T).
O: Mayvntik pon tov kivrenpa (Vs).
YUVTELECTHG OMOAELDV VOTEPNONG OV Bdpog (W/
Tkgs ).
YUVTELECTIG AMOAEIDV SIVOPEVUATOV avi BAapog
(W/Tkg).
AOY0G KoTdTunomg Tov petatponéo (duty cycle).
Yuvteheothg anmAeldv votépnong (W/V3s).
ZuvTeheoThg OTAEIDV dtvopevpdtov (W/V?).
- Avvapun otovg tpoyovs (N).

Yvuyvotmra petafoing tov mediov kivntpa (Hz).
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f: AwokonTikn cuyvotnta petotponéo (Hz).
L: Pedpo topmavov tov kvnmipa Z.P. (A).
I Pedpa S1éyepong tov kivnpa Z.P (A).
L, Pedpo cvocmpevtov (A).
I Pedpo npuayoywoo dtokomm (A).
k: YVVTELEGTIG OLOKOTTIKMOV ATOAEIDV.
A AObYoG petddoong.
L: Yvvteleotng avtemayoyng oyepong (H).
M _.:  Pom ctov dEova tov kvntipo (Nm).
M Ecwtepiki] mAekTpopayvnTiKy pomn  KwnThpo
(Nm).
Pl mot ATdAELEG KVITRPOL (W).
P con: ATOAEEG NAeKTpOVIKOD pETaTpOmEQR (W).
Pl bt ATOAEEG GUGCOPELTOV (W).
P . Ioy0¢ otovg Tpoyovg (W).
P : SVVOMKEG amdAELES YoAKOD TOL KivnTipa (W).
P, AmdAreleg ToAiypatog TouTavoL Tov Kivnehpa (W).
Pcu:f: Andreteg Todiypatog diéyepong kivntipo (W).
P, YuvoMkég andAieleg o1dnpov atov Kivntipa (W).
P Andreteg votépnong otov kivntipa (W).
Py Andreteg dvopevpdtaov otov kivnipo (W).
P.: Andreteg Tpimv otov kivnripa (W).
R,R: Avtictdoeig toundvov kot Siéyepong (Q).
R Avtictaon aymyng nuoyoyuon dtakomtn ().
" Ecwtepkn| avtictoon cuecmpeutdv ().
T Axrtiva tpoydv (m).
t .t Xpovol évavong kat oBéomng Tov nuaymykos Sia-
KOmY (sec).
V..i Ecwtepkn| 1dom cvcscmpevtav (V).
V.. Tdon 166000V tov petazponéa (V).
A Téon toumdvov tov kivnpa Z.P. (V).
V. .. Taon ayoyhg tov dwokontm (V).
VSV; . TGOM amokomng Tov Stoxomntn (V).
uveh’: Toydmra Tov oypatog (km/h).
Q T'oviakn Taydta kivnmpa (rad/sec).
3. GEQPHTIKH ANAAYXH

3.1. Mopadoyés

2ty evotnTa outh mopaTiBEToL 0 OVAALTIKOG VITOAOYL-
oUOC TOV OTOAEIDOV TOV TMAEKTPOKIVITIPLOL GUGTHLOTOG,
He 6TOYO TNV €0PECT) TOV EAYLOTOV TNG GUVAPTNONG TTOL TIG
exkppalet. Topemva pe tn PBProypapio veapyovy 600 S0~
(QOPETIKES KOTNYOPieg EAEYYOL YO TNV EANYLOTONOINGCN TOV
anoAewdv [4, 5]. Eivar ov Eheyktég Movtéhov Amoieidv
(Loss Model Controllers - LMC) kot ot EAeyktég Avaln-
tong (Search Controllers - SC). H mpotewvopevn pébodog
KOTOTAGGETOL GTNV TPMTN Katnyopio, apov Paciletar oto
AVOADTIKO HOVTELO ToV anoieldv. H pébodog avtny axo-
AovBeitat, emedn Bo HTav TeYVIKA SVCKOAO VL EQUPLOCTEL
EAEYKTNG avaliTnong otV TMEPINTOON OV UEAETALE, Yo
dvo Aoyovc: o) H katdotaon @optiong evog oynHatog oA-

AGCetl cuveyms. AvTo onpaivel 0TL 0 epappolOeVog ELEYXOG

Bo wpémel vo givar 660 10 duvatdv TaXOTEPOG, YEYOVOS TOL

oyOEL 0TOVG EAEYKTEG HovTELOL ammAieidv. B) H pvBuion

dV0 J0POPETIKOV PETAPANTOV HES® EVOG EAEYKTN ovalTn-
omng eivat 60oKoAN Kot 1d10iTtepa TOAOTAOKT).

I Tov VTOAOYIGHO TV ATOAEIDV TOL KAOE VTOCLOTN-
HaTog TPETEL VAL YIVOLV 0t akOAoVBEG TapadoyEg, TOL gival
ATOPOiTNTEG 0T OLEVKOAVVGN TNG AVAAVOTG:

* To ovotnuo petddoong kivnong Bempeital 0Tt £yl oTO-
0epo6 Pabpod amddoong. H mapadoyn avtr dev améyet moid
OO TNV TPAYHOTIKOTITO, 0POV Ol OTMOAELES dEV HETAPOA-
AOVTOL ONUOVTIKG LE TN QOPTION TOL OYNLOTOG Kot yU
VO T0 AOYO UTOPODVLE VA TIG apEA|GOoVLE [ 14].

* Ot andAleleg mov ePPaviloviol 6TOV NAEKTPOVIKO LETO-
TPOTEN 10Y00G BE®POVVTAL GUYKEVIPOUEVEG OTO EAEYYO-
pevo nuayoywd ototyeio. Avtd copPaivel emeldn n dio-
d0g eledBepng S1Edevong mapovoldalel TOAD PKPOTEPOLG
xPpOVOLG HeTAPaons oAAG Kot YOUNAOTEPT TTMCT TAOT|G
KOTA TNV ay®yn, 6€ GYEOT] LE TOV TLLOY@YIKO S1oKOTTY.

Ot TopadoyES VTG YMPIG VO AAALOLDVOUY GTLLOVTIKE TO
TEMKO OTOTEAEGLO. OTAOTOOVV KOTA TO duvaTdv TN dtadt-
kacio vroloyiopmv. Ot andieleg Ba VITOAOYIGTOOV MG TPOG
NV 100 TOV OYNLLOTOG, OV SIVETOL ATd TN OXECT):

P, =u F

veh veh™ wh

3.1)
3.2. An@iereg nhekTpikoy KivnTiipo.

IIpokeévon Vo DTTOAOYIGTOVV Ol EVEPYELOKES ATMAELES
TOL KIVNTNPO, TPOYUATOTOOOVTOL O akOAOLOES TapadOYES:
* Ot opKég andAElES OTIC YAKTPES cupmeptAappdvovtol

OTIG GUVOMKEG OMAMAELEG TUUTAVOL TOL KIVITNPO LE TNV

KOTAAANAN TTpocodénoT 6NV T TNG AVTIoTOoNS OL-

T0V.

e Ot andAeleg AOY® TOV OVATEP®V OPLOVIKOV BempolvTal
apenTéeg KabdG TEPUTAEKOVY GNUOVTIKG T1) OO LLOTIKY
avAAVOT| TOL GLGTNHATOG.

o Ol KOTAVEUNEVEG OTMAELEG, O L0 TPMOTN TPOCEYYION
apelovvtat. Ot andAeleg oVTEG 0PEIAOVTOL GTNV TOPO-
HOpewon tov 1ediov 6To SLIKEVO AOY® AVTIOPACNS TOL
OmAMGHOV, 1) oToia yivetal eviovatepn pe v e&acBévion
7oV TedioL, OV EMPAAAETAL Y10 TNV EAAYICTOTOINGT TOV
anoAewmv. Tlpaxtikd m enidpacn TOV KATOVEUNHEVOV
OTOAEWDV YiveTal onuavtiky O6tav ol TIHéEG Tov mediov
e&acbevnoovy mépav Tov 20-30% Tng OVOUAGTIKNG TIUNG.
Onwg Bo amoderyBel kot and To amotedéopata ot BEATL-
0TEG TIES TOL ediov dev AapPdvovv TIHEG YaUnAOTEPES
amd 1o TpoavapePBEY Oplo, e amotédespa va exiePat-
MVETOL M APYIKT TOPOdOYN.

Kotom autdv TpokdmTel 6Tl 01 KOPLOTEPES AMMAELEG TTOV
enpaviCovtar otov kvnipa Z.P. givar tpidyv eddv [5, 15]:

* Andleleg yoAikov P, oto TOMYpO TOL TOUTAVOL KoL
diéyepong.

* Andieieg mopnva odfpov P, , mov opeilovtol ota Svo-

cu’
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PEVLLOTOL KOL GTIV VOTEPT|OT TOV GLONPOVL.
* Mnyavikég amdleieg P, mov ogeilovrar oy tpifi] ko

™V avTicTaon ToV aépa.

Me Bdaon o mopomdve ov covolikés andiewes P
oL NAeKTPIKOD KvnTApa Ba divovtar g to dBpoicpa TV
TPUDV TPONYOOUEVOV OPOV:

P =P, +P, + wa

loss ,mot

(3.2)

Ot ammAglEG YOAKOD TOV KvnTipa divovial oty mepi-
oo Tov kvntpa X.P. and v topakdto eEicwoon:

PCu :IazRa+1;Rf (33)

INo tov vToAoylopd TOV PEVUATOG TUUTAVOD YPNCLUO-
TowovpE TNV €ElI0MON TNG UNYOVIKNG POTHG GTOV AEOVA TOV
Kvntipo:

Mmm‘ = Mel _ﬂmQ (34)

mot

Aopfavovtag vr’ Oytv OTL 1] ECOTEPIKT] NAEKTPOLOYVITL-
K1 PO TOL KIVNTNPO SivETOL Ao TN GXECT:

M, =CdI, (3.5)

KoL OTL 1) POTH KOL 1] TOYVTNTO GTOV AEOVE TOV KIvTHpa
divovtat amod Tig oyéoels:
F,r Q = M

wh” wh

mot == mot 7
ﬂ Ko wh
KOTOAYOVUE OTL Ol GTMAEIEG YOAKOD GTO TOUTOVO KOl

oTN 01€YEPOT] TOL KvNTHpa divovTol amod TIg OYECELS:

(3.6)

2
R F’ }’M' uve ﬂ
P,,=— 2[ phoh B e J (3.7)
(Co) \ 4 i
2
F., :Rf@ (3.9)
us, J aszt

Apa 01 GUVOMKEG AV YUEVEG ADAELEG YOAKOD giva:

2
PCu,mat — Ra : 1 (F:vhrwh + ﬁm uvehﬂ’] (39)
Pveh ( CCD ) EV/I uveh /1 wh
2
R, (co)
aszf F wh uveh

Ot ondAeleg GONPOL TOL KWWNTNPO. €ival YEVIKA TO
4BpOICHO TOV OTOAELDV VOTEPTONG KOl SIVOPEVUATMOV TOL
divovtar amod Tig oyéoeig [15]:

Phyxt = Cthi (310)
L cfsz; (3.11)
OTOVL:
Q
— mot '12
S 27 (3.12)

B =0 S

m m

(3.13)

Yvvdvalovrag tig (3.10)-(3.13) katodnyovpe ot oxéon:

co) 4 22 (Co)
B (COVA a2 (CO) (3.14)
})Veh F wh n wh F wh rwh

Téhog ot amdAetleg TPV Tov KivnTipa divovTot YeEVIKE
and ) oxéon:

P_/w :ﬂmQZ

mot

(3.15)

H oyéon (3.13) Aappdvovtog v’ dyv Kot TG OXECELS
(3.1) xau (3.6), yiveton ion pe:

P, u A
fo_ g tal 3.16
P P F r’ (3.16)

veh wh' wh

To dBpoicpa tov oyéoemv (3.9), (3.14) kot (3.16) odnyel
OTNV TEMKT GXECT YO TIG OVIYLEVEG OTMAELEG TOV KIVITI-
pa:

2
PIOSS,"IDI — Ra 5 1 (Evhrwh +ﬂm uvehﬂ'j
R’eh (C(D) F‘whuveh ﬂ’ wh
R, (COY Co)’ 2
R (CO)  (coya,

272
a L f F whuveh F:vhrwh

(3.17)

2 (Co) 2
k (C ) +ﬂm uvehﬂ’2

/ F i F r

wh' wh wh' wh

veh

u

€VO TO peLLOL KOt 1) TAoT TOV KvnTipa. gfvor:

F r

1 u A
[ (CD ) =——| uhwh | g Zveh™” 3.18
(CO.2) Cq)[ s, J (3.18)

A

wh

V,=I1,R,+COQ (3.19)

mot

3.3. ATt®Ae1eg NAEKTPOVIKOD PETATPOTEN,

Ot evepyelokés andAreleg mov eppavifovtal otov nAe-
KTPOVIKO UETATPOTEN 10YDOG TPOEPYOVTAL KATA KOPLO AOYO
oo TIG OMMOAELES AYOYNG KOl TIG SLOKOTTIKEG AMMAEIEG OTO
eAeYYOLEVO MOy@YKO oTotxelo Tov petotponén. Ot amm-
Aeteg mov epoavifovtar otn diodo eledBepng Siédgvong
Bepodvtal yioo AOYOLG AmAOTNTOG OUEANTEES, KAOMG avo-
AOYIKG e TO SLaKoTTIKO oToLEl0 10Y00G 1) 810d0g EYEL TOAD
YAUNAOTEPOVG YPOVOVG EVOLGTG KOl GBECTG AAAGL KOIL YOLLLT|-
AOTEPN TTMOGN TAONG KOTA TNV 0y@YT]. ZUVETMG 1] TOPOUTAVED
Tapadoyn OeV amEYEL OO TNV TPOYUATIKOTNTOL.

e pia dtokonTikn mepiodo vrodétovpe 6Tl TO pEHLLO TOV
NAEKTPOVIKOD SLOKOTTN EXEL TETPAYDVIKT LOPPT, OTMG Pai-
VETOL GTO GYNLOL 2. ZUVETMG LEGO GE LLL0L SIOKOTTIKY TEPLOJO
TOV LETATPOTEN Ol OTMOAELEG TOV LETATPOTEN EIVAL:

=V T +R I’

on,sw’ sw SWTSw,rms

P

loss ,conv

+kl V

SW,max’ sw,max

(3.20)
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O ocvvtereoc k €ival 0 cLVTELEGTIG SLOKOTTIKAV OT-
AELDV KO 1500TOL LLE:

1
k =E(t(m +tq/f)fs (321)
Emumhéov 1oy0ovv o1 oyéoelg:
]xw,rmx = ﬁla 9 wa = d[a 9 Va = dV;n (322)

Xpnowonowwdvtag 115 . (3.21) kot (3.22) o oy. (3.20)
TPOKOTTEL OTL:

P/OSS,CO)IV = I/on,sw dla + RSW dlaz + kla V[n (3 23)
i
Tk | |
- dT - {1-d)T - |
| —
‘1-':"‘- " -
1
v, r
o -

2yniua 2: OcwpnTikéS KOUATOUOPPES TAOHS KOl PEDUOTOS OTOV Nl-
OYWYIKO OLOKOTCTH.

Figure 2: Theoretical voltage and current waveforms on the
controlled switch.

H tdon V, vroloyiletar amd TNV £6®TEPIKN TAUOT TOV
GLGGMPEVTAOV APAPDVTOG TNV TTMOGCT TACTG GTNV ECOTEPL-
K1 avTioTOGT TOVG. LVVERMG elvat:

I/in = I//)at _I}mt Rhat (324)
OToV:
1, =1, (3.25)

¥t oyéon (3.23) o Adyog xatdtunong (duty cycle)
AmOTEAEL [0 AYVOGTN TOCOTNTO TOV TPEMEL VO VITOAOYIOTEL
GULVOPTIACEL TOV PEVUATOG Kal TNG Tdong 50600V ToL peTa-
tpoméa. Xvvovalovtag Tig o). (3.24) ko (3.22) mpokdmtel 1
ax6A0v0T devtepofaba e&icwon yia to d:

d* IR, —dV,, +V,=0

bat

(3.26)

at

A7 T1g 500 ADGELG TTOL TPOKVILTOLV LOVO [Ld. atd TIG SO0
diver amodektég Tyég (0<d<1). Avt givau

V, —JV. —4I R V.
d: bat bat a”“hat” a (327)

21,R,

at

TN Adyovg amdotntog pmopovue va Bécovpe:

V(CD,2) =V 41, (CD,A)R,V,(CO,A) (328

bat” a

Avtikabiotdvtog Tig oy. (3.26) kot (3.27) o oy. (3.23)
KoL S1opAOVTAG HLE TNV 10Y1 TOL OYLLOTOG TPOKVITTEL 1] TEAMKT|
OYE0T) TOV OTOAELDY TOV HETUTPOTEN:

loss ,conv Vv{m sW vala Cq),l
e o[y, p(co, ]+ e CBAL 5 o)
Pveh 2 Rbm th u veh 2 Rbal E1’h u veh
1, (CD, )|V,
[V, -V(CO, 2]+ 1oL ){ bV (C‘M)}
whuveh 2 2

3.4. ATt®)e1£g 6VGGMPEVTAOV

I Tov VTOAOYIGUO TOV ATOAEIDY TOV GLGCOPEVTAOV Yi-
VETOL P1ION TOL 160dVVOLoL Kotd Thevenin poviélov, OT®g
npokvntel and ™ Proypagia [16, 17]. Ot andreleg Tov
GLGCOPEVTAOV AVA TACA ¥POVIKY oTiyun Ba givat:

P,=R,I

bat bat ™ bat

(3.30)

Avtikabiotdvtog Tig oy. (3.25) kot (3.27) o oy. (3.30)
KoL S1p@OVTOG [E TNV 100 TOL OYNILOTOG TPOKVTTEL OTL:

2
Eo.s‘s,bat — [V;"” —V(C(D,ﬂ)] (3 31)
})wzh 4RbatF whuveh .

3.5. ZuvoMKEG OTMAELES TOV CVGTNOTOG

Ot GUVOMKEG OV YUEVEG ATMAELEG TOV GLOTNUOTOG Eival
10 dOpoopa v oy. (3.17), (3.29) kar (3.31). Ankadn:
P P P P,

loss loss ,mot loss ,conv loss ,bat

= + + (3.32)
Rfeh P P P

veh veh veh

Onwg eivor pavepd amd TIG OYECELS OVTEG Ol OTMOAELES
TOV CLGTNUATOG EEUPTAOVTAL TOGO OO TN HOYVNTIKY POT) TOL
kwntpa CO 660 kot amd T0 AOYo HETAd0ONG A 0TO KIBMTIO
TOYVTATOV. LVVERADG TIOETOL TO EPMOTNO OV KOL Y10 TOLEG
TIWEG TOV TOPUTAVEO OVO0 TOPOUETP®V ETTVYYAVETOL ENOYL-
GTOTOINGT TOV ATOAELDV.

4.AIEPEYNHXH THX EEIXQXHX TQN
AIIQAEIQN

IIpokepévou vo amOKTNGOLLLE [l GOPT ELKOVA Y10, TOV
TPOTO TOL PETAPAALOVTOL Ol OTMAELIEG (O TTPOG TN POT| KOt
T0 AOYO HETAOOONG, Y10, GUYKEKPLUEVT] KOTAGTOOT AELTOLP-
ylag Tov oyfuortog (Sedopéva u , ko F ), etvol amapaitnto
va epapudcovue v e&icwon (3.32) og évo GUYKEKPLUEVO
oOGTN IO TOV 01010V YVOPILOVLE TIG S1APOPES TAPAUETPOVG.
To ovykekpylévo cvoTpa givol amid £va Topadelypo Tov
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dtevkolbvel ot delaymyn g pedég. H idw dadikacio
UTOpEl Vo EPOPLOCTEL KOl GE OTO0ONTOTE GALO GUGTNO
pe omolovonmote kwvntipa X.P. To arotedéopato aAlalovv
poévo mocotikd Kot Oyt mowotwkd. Katd cvvéneio epappo-
Covpe Vv eElcmon TV anOAEIOV 6€ Eva GOOTNUO UE TO
aKOAOVO0 YOPAKTNPLOTIKG:

ARE
B A
A=l
HT] ARl
[
e

e __‘_'_,_,—'—
Ed
& AD i AN L1 AN B LN L BP AT LT 45 A i A
(=
e
(o)
1 L e g
| & F b w4
: CRICHm=D
w3 CCameDS
| B B —d
| FRdC s
L I S CENCEr=l |
. .'I - L LT
N -"lll
Pioes £l
Fush ’
" i .
E e =
R e o r"'#
an s e
1
L ] 1 1 L | 1 1 4 an L} !
&
®B)

2ynuo 3: Oewpntikés Koumdleg TV axwleimy yio. toydTnro. 20
XA /opo. kar dovaun atovg tpoyovs 200 N.

Figure 3: Theoretical curves of the losses for a speed 20km/h and a
force on the wheels 200 N.

Konmmpag: Ioydg P, =12.1kW, taydtnra n,=1090rpm,
pom} M, =106Nm, Babuog omddoong n,=83%, 1oxvg Oié-
yepong P,=380W, pomt| adpdvelag J=0.14kgm’, avtictoon
toundvov R =1.42Q, avtictacn nediov R=464Q, avtena-
Yoy tourdvov L =23mH, avtenaywnyn Siéyepong L =3.6H.

(To YopOKTNPIOTIKA TOL KWVNTHPO TPOKLATOLV ONO TNV
avapopa [18]).

Metatponéac:  Avrtictoon — mpoy®yuov
R_=0.1Q, tdon ayoyng V=3V, k=0.005.

2voompevtéc: Tdon Gubcmpsmo'w V., =320V, avticta-
on cvecopevTOv R, =1Q.

T 16 Tpég TV TaPAUETPOV VTOV YIVETOL oL Ypopt-
KT] 0EIKOVIOT TOV ATOAEIOV Yo TovTnTa u, = 20km/h ot
dovaun otovg tpoyovg F  =200N. ITio cuvykekpipéva, cto
oyfuo 3.0 ometkoviCovTot ot v YHEVES OTOAELEG TOV GLOTI-
LLOTOG MG GUVAPTNON TNG LOYVNTIKNG PONG TOL KIVITHPA LIE
TAPAPETPO TO AOYO HETAOOCNG OTO KIPAOTIO TAXVTNT®V. XTO
oyfuo 3.p anewovifovial ot id1eg AmMMAEIEG G GLUVAPTNON
TOL AOYOL LETASOONG LE TOPAUETPO T LOYVNTIKI] POT| TOL
Kvnmpo. Ao TG YPOPIKES AVTES TAPACTACELS Elval GaPEG
OTL Ol amdAeleg peTafGAlovTal GNUAVTIKG ovaAoyo e Tig
TIWEG TNG HOYVNTIKNAG PONG KOL TOV AGYOV HETASOGNG TOL
KI®TIOv ToyLTHTOV.

Ynueldvetot Og 0Tt KAOE TAPAUETPIKT KOAUTOAN TOPOVGL-
alel éva eEAd10TO G TPOG TNV AveEAPTNTN LETOPANTY], EVA
TapdANAa and OAEC TIG TOPOUUETPIKES KOUTOAEG LTAPYEL
[ Tov TOPoLGtdleL T YapnAotepn T, Me aAda Aoy
vrapyetl €va {evyog TV Yo To omoio 1 amddocn Tov G-
OTNUATOG PEATIOTOMOLEITOL OTN CUYKEKPLUEVT] KATAGTAON
Aertovpyiog. Tlapdpolo amoTEAECUATO TPOKVLATOLV Yo
OTOLEGONTOTE TIHEG TaYDTNTOG U, Kot SVvapmg F .

Xe kd0e (ehyog TYMV TayOTNTOG Kot SOVOUNG AVTIOTOLYEL
éva Levyog TAY HLoyvTIKNG pong Kot AOYoL HETAdooNS, TO
omoio EAOYIOTOTOIEL TNV OTOLTOOUEVT] EVEPYELD OO TOVG
oLGOMPEVTEG. 'EYovTag YvadoT TV GUVIPTNCEMY TOL divouv
T1g PéATIoTEG TIEG TOL CD KOt TOV A PTOPOVLE VO EPAPUO-
OOVLLE £Vav KATAAANLO EAeYYXO GTN AELTOLPYIO TOL OYLLOTOG.
O éheyyog avtog Ba Paciletar ot péTpnon TG TayLTNTG
KOl GTOV DTTOAOYICHO TNG SVVOUNG.

Me Bdon Tig Tipég ovtdv Ba yivetar katdAAnAn phouon
NG LOYVITIKNG POTG KOl KOTAAANAN €TAOYN TOL AOYOL GTO
KIBOTIO TOYVTNTOV, MOTE VO EYOVUE TNV €AAYIOTN duvath
evepyelokn Kotoviiwon. Ta amoteréopata o givar axdpo
KOADTEPO OTNV TEPINTM®GT TOV 0 AOYOG PETAOOCTG LETOPAA-
AETOL YPOUUIKA, OTT®G Y10, TOPASELYLO GTNV TEPIMTTOOT] TOV
Ipappkod Kipotiov Toayvritov (Continuously Variable
Transmission - CVT) [21].

Y11 emdpeveG mapaypaeovg avordeTol dteEodikd 1 do-
dwkacia evpeong Tov BEATIOTOV TIHdV ToL CO KO TOL A, TTOVL
EAUYLOTOTOLOVV TIG CUVOAMKES OTMAELEG.

otoryeiov

5. YIIOAOTIEMOZX. BEATIETQN TIMOQN
C®,, KAIA,,

Mia cuvaptnon dvo petafAnTedv Topovctalel akpOTOTO
o€ éva onpeio, 0TaV o1 TPAOTES LEPIKES TOPEY®OYOL TNG GL-
vaptnong oto onpeio ovtd gival ioeg pe undév [19]. Aniadn
oTNV TPOKEWEVN TePinToT Ba Tpémet va 1oyYvEL OTL:
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Pveh

o(Co)

F)veh

oA

Uy F

=0 (5.1)

Uy s F

Ko

Me Bdon ™ oy. (2.32) n TpdOTN HEPIKN TAPAYOYOS MG
npog to CO Bo 1oovTON pE:

a (l)lgssj a [ P[OSS,”IO[ J a [ })IOSS,COHV ] a ( PIOSS,bal j
})veh })Veh R’eh })veh
= + + 5.2)
a(cod)  a(co) | o(co)  o(cawy ¢

OToV:

U, A
+ ﬂ veh
l " rwh

2

uvehl

€r F 2
wh rwh

a I)lass,mot

R/eh —_ 2Ra [F wh rwh

a(Cq)) thuveh (Cq))3

R, 1 a

— +c, +
F.r

veh wh' wh

J + (5.3)

2
a” F,u

2(Cq>)[

EVO:
P
o(CD)
a1, (CD,2)
{ o(co)

k|l (CD,2)
2F, g, 0 (C(D)

Po ) Vo OV(COA) R,
s e (54)

2R Fptt e

(Voo =V (€0, 2))~1, (€0, 2)

(Ve +V (CR,2))+1,(CD, 1)

1 (V v (Co,2)
2R, Fott, a(co)

bat ™ wh

-V (Co,2))

O pepucéc mapaywyor Tov pevpatog I kot g mrocomtog
V Sivovv otu:

alﬂ (Cq)’l) 1 F:vhrwh uvehﬂ’ j
=- +
o(Co) (CCD)Z( 7 B, . (5.5)
4R R,.I,(CD, z)w
ov(Cd,2) o(C®)
a(Cd) v (CD. ) (56)

Me 6010 Tpomo VTOAOYILOVLE TIG TOPAYDYOVG MG TPOG
A.’Etot éyovpe otL

a loss ,mot
( Rzeh ] _ 2Ra ﬂriufeh/lz _ Ef‘hrjh +
al ﬂ' (C(I))Z thuveh r"fh 22 (57)

2 Co)’
20— e, (COY + B, | ve, (co)

2
wh rwh wh rwh

Eniong:

th conv. Pluxx.ba!
0 : 0| —=2%
[ P, j+ [ P, )__ Vpu  V(C®A) R,
o4 04 - 2Ry F oty o4 2R, F ., (58)
[ (CD, A V(Co, 4
[M(me 7V(CCD,/1))71“ (CQ)J_)M}+
oL oA
k {761“@@"1)(%+V(Cc1>,/1))+1u(ch,A)L(CCD’A)}
2F, 1, oA oA
;(th _V(Cq)’ﬂ))w
2Ry F ity o4
omov:
ol, (CCD,l) _ L[ Fun y u,, (5.9)
oA col 2 o '

V(CPA) 4Ry | g1 (ca,z)delCRA) 2 Bl] (510)
o V(Co,2) oz V2

wh

Y10 onpeio avtd a&ilel vo Toviotel 0Tl 1 diepegvvnon
TOL TPOGNHOV TMV SEVTEPMV UEPIKDOV TOPUYDY®OV Ol Vel
ot ta {nTodpeva onpeia omoTELOVV TOMIKG EAAYIOTO TNG
GLVAPTNONG.
Onwg givor Tpopavég amod tig oy. (5.3)-(5.10) mpokdmtet
éva ocvomo e£lodocemV TO 0moio, AOY® TNG TOAVTAOKO-
mtag tov, dev pmopel va Avbel avodlvtikd aAAG povo pe
emavoAnmtikn pébodo. H emavolnmtikn pébodog mpémet va
EPAPUOCTEL S10d0YIKE Y10 SLAPOPEG TIHEG TNG TOYLTNTOG
Kot TG Svvapung. Amd TNV EQPAPUOYN TNG EMOVOANTTIKNG
peBddov yuo ta ddpopa {evydpla TIH®V ToHTNTAG-O0VOL-
Ung mpokvITovy 60 Tivakeg avalTnong T®V [Cd)ﬂp]
Ko [ Ay ] Xty mopovoa epyacio n emavainmtikny pEHod0g
EPAPUOOTNKE o€ €va g0pog Timv dvvaung (10-800N pe
Brpo 10N) kot o€ €va gbpog Timv Toyvtnrag (1-30 m/sec
pe Prpa lm/sec). Etot mpokvmtovy dH0 mivakes dlactdoemy
30X80. Xto oynpa 4 anckovileTol og TPLGIAGTATO YPAPT-
po M petafoin Tov BEATICTOV TIL®V TNG HOYVNTIKAG POTG
OVNYUEVIG OTNV OVOUOOTIKY) PON TOL KVNTNPO, EVO GTO
oyfuo 5 arewovietal o Tpomog petafoAng tov BEATIOTOL A,
®G GLVAPTNOT TOV dVO PETARANTOV (TayVTNTAG-OOVAUNG).
SOpUe@V LE ToL SLOYPAILATO, TG PONG KoL TOV AOYOL UETE-
d0GNG TPOKLITOLY OPIGHEVO YPTOLULO CUUTEPAG AT
* Ocov apopd oTr Loyvn Tkt por| TopaTpOVUE OTL Y10l YO -
AEC TWES opTiov 1 BEATIOTN TN PpiokeTot TOAD YounAo-
TEPQ OO TIV OVOLOCTIKY. To amoTédesiia ot eivan Aoyikd
KOLL OVOLEVOLLEVO KOBMS Yol YOUUNAG GOPTIO. 1) pOT| TPETEL VL
HEWOEL GNULOVTIKG OVTOG DOTE VOL EMITOYOVLE LEIDON TV
OTOAEIDOV TUPTVO. AVOIAOYQ OTOTEAEGHOTA OVOPEPOVTOL
KOl GE TTPOTYOVpEVEG £pYOGieg [4, S]. A&ilel €dd va tovioTel
OTL AOY® TOL TPOTIOV AELTOVPYING EVOG OXILATOC ) POPTIOT
TOL PETOPAALETOL SPOPOTIKG OO TOAD YOUNAEG LEXPL TOAD
VYNAEG TYWES. ZVVETMG OAEC Ol TEPUTTAOCELG ToHTNTOG Kot
dvvopng mov eEeTalovTat £X0VV TPAKTIKO VO L.

o T vymAég Tpég poptiov 1 BEATIOTN T TG HAYVNTL-
KN pong Kupoiveror o€ TIHEG TAVM A TNV OVOUOCTIKY.
Kétt tétoo opmg dev eivor dvvatd oty mpaén Adyw
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LYV TIKOD KOPEGHLOD.

ZUVERMOGC, Y10 TIG TIUEG PONG AV TNG OVOUOGTIKNG TO GV-
oTNUa EAEYYOL Oa TPENEL VOL ETIAEYEL TIV OVOLLOGTIKN TLUN.
Emumiéov mapatnpodpe 6tL 1 BEXTIOT TYW TG pong eivat
o€ OAEG TIG MEPUTTAOGELS LEYOADTEPT OO TNV OPLOKT TN
(20-30%) két® omd TV ool N EMIOPACT) TOV KOTAVEUN-
HEVOV OTTOAEL®V gival oNUAVTIKY. Apo TO TPOTEWVOUEVO
povtéro eakolovbel va 1oyveL.

* ‘Ocov apopd 610 LOY0 HETAS00TG TOPATNPOVLE OTL TTaip-

VEL PeYOAEG TIHEG KO WO10ETEPA Y10 YOUUNAEG TOYDTNTES KoL
VYNAEC SUVALELS.
Avto d10TL pe peydAovg Adyovg petddoong to onpeio
Agttovpyiog Tov KivnTipo Teivel va petapephet o kovid
GTO OVOUAGTIKO 6oV gpupaviletar kot o fEATIOTOG Babog
mOd00MNG.

—Tm 400 600 MO0

Fian = (M}

2ynua 4: Tpiodiaotarn ameikovion Twv PEATIOTOV TIUOY THS 1ayVH-
TIKIS PONS WS GUVAPTNON THS TOYVOTNTOS KOl THG ODVOUNG
QOPTIGNS TOV OYNUOTOG.

Figure 4: Three-dimensional representation of the optimal flux as a
function of the speed and the force on the vehicle.

e _—

Fo0  4b0 SO0 BN

Faty = (]

Zynua 5: Tpiodidototy ametkovion Tty PEATIOTWV TGV T00 A0Yov
HETAOOONG G TVVGPTNON THG TOYVTNTAS KoL THG OOVOUNG
QOPTIOHS TOV OYHILOTOG.

Figure 5: Three-dimensional representation of the optimal gear-

box ratio as a function of the speed and the force on the
vehicle.
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Zynua 6. Hopouetpireg koumdleg e PEATIOTHS pong GOVAPTHOEL THE
POPTIONG LUE TOPCLUETPO TNV TOYVTHTO.

Figure 6: Parametric curves of the optimal flux as a function of the
force with the speed as a parameter.

=]

F_iH)

2ynua 7: Ipocéyyion v Ty [og TopouETPIKNG KOUTOANG THS
poric ue Becwpnriky exbetiky coviptnoy.
Figure 7: Approximation of one parametric curve.

6. EKTIMHXH ITPOXETTIXTIKQN
XYNAPTHXEQN I'TA C® KAIT A

6.1. I'evika

H ebpeon tov twov tov mvikeov [CCDUPJ Ko [/10,,]
elvar apket) o0TOG DOOTE VO EPUPUOCGTOVV OVTEG GE £val
Tpoypatikd cvotua. Opmg n amrodfKevon TV GE HopeT|
TVOKO GTO VTOAOYIGTIKO GUGTNLO EAEYYOV gV Eival TOGO
gdypnot 660 o MTav 1 XPNOoT LOG CLUVAPTNONG TOV VO,
TEPLYPAPEL TIG TOPATAVED TLLES.

311G 000 EMOUEVEG TOPOYPAPOVS YIVETOL AVOAVTIKT TTEPL-
YPOAQY| TNG TPOGEYYIONG TOV dVO TAPAUETPOV LE TIG KOTAA-
ANAEC GLUVOPTICELG.
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6.2. Zvvaptnon BErTIoTNG pOyVNTIKNG PO C(I’.,p

IIpokeévour va EKTIUNCOVUE MO GLVAPTNON YloL TN
HayVNTIKY por}, Bempolpe apykd tn petafoin e og Tpog
N SOVOUN HE TOPAUETPO TNV TaXVTNTO. XTO GYNU 6 aTmeL-
KovifovTol Ol TOPAUETPIKEG KOUTVAESG TNG ponG. Ot KapUmTOAEg
QVTEG UWTOPOVV VO TPOGEYYIGTOVV LLE TOAD PEYAAT akpifea
He pio eKOETIKT GUVAPTNON TNG LOPPNG:
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10 oynua 7 omewovifovTon Ta onpei [oG TOPOUETPIKNG
KOUTTOANG 0t OAES GE GUVOLOCHO LE TN BEMPNTIKY KOUTOAN
g oy. (6.1). H dwdicacio mov axolovdeiton eivor 1 e€ng:
lNa «66e Ty g ToyvTTag TPOGEYYILOVUE TIG TIWEG TOV
CUVTEAEGTOV a, b, ¢. Ot TIHEG OVTES, TOL EIvall GLUVAPTNON TG
Tov TG, anckovifoviol oto oyfua 8. Xto ido oy, emi-
ong, amewoviletal 1 GuvapTNON e TNV omoia Tpoceyyilovue
™ petafoin tovg. Ot Tpelg cLVAPTHGELS TOL TPoceYYilovv e
peydAn axpifelo Toug TAPATAV® GUVTEAECTEG €IVl OL:
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Yuven®dc m cvuvaptnon mov mpoceyyilel kaTdAAnio T
Bértiotn poyvntikn pon givat:
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Io tov akpifn TPOCSIOPIGUO TOV GUVTEAEGTMV TNG OY.
(6.5) mpémet va axorovbnbei emavoinmtikn pébodog Pacilo-
pevn ota gAdyota TeTpdymva. Adyw® Tov OTL 1] GLVAPTNON
givar 600 peTafANTdV Kot pn YPORUKT 1 KOTOAANAOTEPN
1é€B0SOG Yo TNV €VPECT TV CLVTELEGTAOV gival 1 péBodog
tov Levenberg-Marquardt [20]. Kpupio ovykiiong g
pneBddov €ivarl 1 OVTIKEWEVIKT) GLUVAPTNGON GQAALOTOS, T
omoia divetot amod T oxéon:
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T wov vroloyiletarl og kdBe emaviinyn g dtadikaoi-
ag mov akoAovbeitar, oto onpueio i. o v epappoyn g
EMOVOANTTIKNG SLOOIKOGTI0G OTOLTEITOL 1] YVDOT TOV TPOTOV
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2xnua 8: Ipodéyyion twv coviedeotv a, b kai ¢ yio to CQDW.
Figure 8: Approximation of coefficients a, b and c of C® .
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6.3. Zvvéptnon pérticTov Adyov petddoong kop

Epyalopevol 0mmg vopitepa mpoceyyilovpe ) HeTaforn
TOV A ®G GLVAPTNON TNG SVVAUNG HE TAPAUETPO TNV TOYL-
ra. H eicmon g cuvaptnong avtrg ivat dta e ) oy.
(5.1). Ot ouvtereotéc a, b, ¢ petafdiroviat e S10POPETIKD
Tpomo o€ oxéon Le mponyovpéveg. Ilpoceyyilovtar de and
TI§ GUVAPTNCELG:
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Table 2: First order derivatives of )Lop.
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H petafolr] T@v GUVTEAEST®OV Kol 1 TPOGEYYION TOVG
LE TIG aVTIOTOLYEG GLVOPTHGELS amekovifovtal 6To oy
9. Tlpokeyévov vo vroloyicovpe TG oKPPEiG TIHES TOV
OLVTEAECTOV TV Y. (6.7)-(6.9) ypnoonoteitan kot whAL o
aAyopiBpoc Levenberg-Marquardt. O wivakog 2 mepiéyet tig
TPAOTES LEPIKEG TTOPOALYDYOVG TNG GLVEPTNONG TOV kop.
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2xnua 9: Ipodoéyyion twv coviedeotav a, b kai ¢ yio to /lnp.
Figure 9: Approximation of coefficients a, b and c of lup.
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7. ATIOTEAEEMATA EEOMOIQXHX

INo myv emPePoioon t@v BeopNTIKOV VTOAOYICUOV
TpoypoatomoOnkay Sokipég pécw e&opoimong o€ NAEKTPo-
vikd voloyiot]. Me ) ypnon tov tpoypdappatog Simulink
e&opoindnie N Aertovpyia gvog Kivntpa Z.P. 1po@odotov-
HEVOL atd Lot GLGTOLYI0L CLGGMPEVTAOV LEGM EVOG LETATPO-
néo Z.T/Z.T.
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Zynua 10: AwoteAéouora eCopoimwaong tov nAEKTpOUNYOVIKOD OVOTH-
unorog yio toyvnra 20 yAu./opo kar dovaun 200N.
Figure 10: Simulation results for 20 km/h and 200N.
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Zynua 11: AwoteAéopara elopoiwons yia tayvtnra 40 yiu./wpo kor
ovvaun 200N.
Figure 11: Simulation results for 40 km/h and 200N.

T ™ datfpnon TG TayLTNTAG TOV CLUGTHHATOS OTIG
emBupNTéC TWEG Eyve ypfon KAeloToD Ppdyov pe ypron
avaroytkov-olokAnpmtikov eieyktny (PI). T ™ petafo-
M NG HayVNTIKAG PONG TOL KWVNTHPO YPToyLomomonke
po petafAnTi Iy Tdomng N onoia TPoPodoTEL TO TOAYL
déyepong. Téhog, Yo To peTOPANTO AOYo peTddooNG £Yve
YPNON EVOG GLOTNHHOTOG TOL TOAAATAOGIALEL T POT TOL
KivnTipa Kot Stopel TNV TayvTnTé TOL HE EVOV GUVTEAECTN
7oV avTIoTolYEl oToV emBupnTd Adyo petddoongc. Ot e&opot-
MDOELG AVTEG TPOYUATOTOWONKAY GE £V GUGTILLOL [LE TO (0L~
POKTNPIOTIKA TTOL avoeépnkav otny evotnta 3. Ot dokipég
neplehappavay KatdAANAeg LETOPBOAEG TOGO TG LOYVITIKNG
PONG TOL KIVNTHPO. OGO KOl TOV AOYOL HETAG00MG OTO Ki-
Boto tayutTev Yo otabepn TodTTA Kot dvVOT. XTO
oyquo 10 mapatiBevrot To anoTEAECHOTA VIOl LU0 KATAGTAOT
tayvtntag 20 km/h kot dvvaung 200N eved oto oynua 11
vy oo 40 km/h ko dvvapn 200N. Zvykpivoviog ta
amoteAéopato e&opoinong Tov oypatog 10 pe Tig Kapmoreg
TOL GYNHUOTOG 3 TOPUTNPOVUE OTL Ol BEPNTIKOL VITOAOYL-
opoi Tpoceyyilovv pe apkeTd peydAn akpifeia Tig amdAgleg
TOL CLCTHUATOG Kot Tr peTaPoAn tovg t6c0 w¢ mpog CD
600 Kot ©¢ Tpog A. EmmAéov to amoteléopoto eEopoimong
emPePardvouvv v vrapén PEATIOTOV TIL®V Yo TG SO To-
POUETPOVE, M ETAOYT T®V OTOI®V PTOpel Vo 001 YNOEL GE
EAUYLIOTOTOINOT TOV ATOAEIDV TOV GUGTALOTOC.

8. XYMIIEPAXMATA

Yty mopovca epyacio yiveror puo Bempntikny dieped-
VNOT TOV OTOAEWDV GE £VO, GUGTILO. NAEKTPOKIVIIONG Yo
NAeKTPIKO Oxnua pe Kvnripa Z.P. [Mapdiinio npoteiveton
pio peBodoroyio EAEYYOV YO TNV EAOYICTOTOINGCT) TOV OTTI®-
AELDV OVTOV.

H peBodoroyia Puciletor otnv KatdAAnAn emloyn g
HOYVNTIKNAG PONG KOl TOV AGYOV HETAOOONG OTO KIPDTIO
ToyutTeV. [0 ToV TPOocdlopIoHd TV PBEATIOTOV aUTOV
TIL®V YIVETOL OVAAVTIKOG TTPOCIOPIGLOG TG e&lomong TV
OTOAEIDV TOV GUOTHUOTOG KOl GTI GUVEYELL Yo, SLUPOPES
TIHEG TOYDTNTOG Kot Suvapng Bpiockoviotl ot BEATIOTEG TUEG
pong kot Adyov petddoong. Ot TYéG aUTES XPTGLLOTOL0-
VTl 6T STVTOGT dVO GLVAPTHCEMV TOV TEPLYPAPOVY TIC
BéLTioTEg TIHEG TV dVO TOPAUETPMY MG TTPOG TV TAYVTITO
Kot TN dOVOu.

Ot cVVaPTNGELS AVTEG LTOPOVY VO EPAPLOGTOVY GTT| GL-
véyewo o€ €vo oG EAEYYOL pécm pikpogleyktn 1| DSP,
70 omoio avdioyo pe TNV TOXOTNTO TOL OYNUOTOS KoL TN
duvapn eoptiong mov eENCKEITOL GTOVG TPOYOVG EMAEYEL TIG
TIUEG TTOV EAAYLOTOTOLOVV TNG OTMOAELEC. Mg TOV TPOTO 0VTd
Ol OMTMAEIEG LEWDVOVTAL GTO EAGYIOTO KOL 1) UTOVOUIO TOV
oynpatog peyiotonoleitatl. Ta amotedéopata e&opoimong
nov wapovclalovral enPefardvovy TV oYY TV BemprTi-
KOV VTOAOYIGU®V Kot Ogiyvouv OTL TO TOGO NG EVEPYELNG
nov pmopei va e&owovounBel pe v mpotewvopevn péBodo
elvat apkeTd LYNAO.
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Minimization of Loss in the Electromechanical
System of an EV

E. RIKOS
Electrical Engineer

Abstract

This paper investigates the optimal operation of an
electromechanical system of an EV, consisting of a separately
excited DC motor which is controlled by a DC/DC converter. More
analytically, a method for total loss minimization is proposed. This
method is based on the selection of optimal values for the motor flux
and the gear box ratio for an operation point. The optimal values of
the above two parameters are deduced from an analytical loss model
by using an iteration method. The latter is performed for different
values of the speed and the force on the wheels. The optimal values
derived for the flux and the gear-box ratio are used in order to form
an analytical formula which can be used in the control system of
the vehicle. The simulation results of the proposed method validate
the theoretical analysis, while proving that a significant amount of
energy can be saved with the proper control of the aforementioned
parameters, leading to a greater autonomy.

1. INTRODUCTION

The increasing number of vehicles that use internal
combustion engines has contributed considerably to
atmospheric pollution, especially in the urban environment.
An important improvement of the present situation can be
achieved by using electric vehicles in combination with
renewable energy sources. The most important advantage of an
EV is the zero emission of dangerous fumes. As a result, EV’s
are usually referred to as “ZEV” (Zero Emission Vehicles).
However, they exhibit two important problems related to the
batteries. The first one is the low energy density. As a result of
this the driving range of the vehicle is limited while the weight
is increased considerably. The second important problem is
the long recharging time of the batteries. The autonomy of
the vehicle is obviously a very important issue. Hence, the
propulsion system should operate properly in order to manage
the energy stored in the battery as efficiently as possible and
increase the diving distance.

In the present study, a loss minimization method for
the vehicle is presented. The analysis was performed in a
system consisting of a separately excited DC motor, which
was controlled by a DC/DC converter (fig. 1). The system

E. TATAKIS
Assistant Professor University of Patras

was supplied by a battery bank. Additionally, the motor was
mechanically connected to the wheels through a gear-box
and a differential. The basic aim of the proposed analysis was
the production of two analytical functions which describe the
optimal values of the motor flux and the gear-box ratio for
which the total losses are minimized. In contrast to previous
studies, in the proposed analysis three important factors were
taken into account. These are:

a) The battery bank, which appears to have important energy
losses through the equivalent internal resistance.

b)The electronic converter, which consumes a significant
amount of energy

c)The existence of a transmission system, which drastically
affects the energy consumption of the system.

The proposed analysis can be separated into the following
steps:

* The total losses for a speed u , and a force F , are firstly
calculated. Thus an analytical expression of the losses as a
function of the flux and the gear-box ratio is derived.

* The next step of the analysis includes the search for the
values Co and Xop for which the losses are minimized.

* The first two steps are repeated for different values of
speed and force. Thus, two tables which contain the
aforementioned optimal values are produced.

* The above tables are used in order to estimate two
analytical functions.

2. THEORETICAL ANALYSIS

2.1. Assumptions

According to the literature, there are two general control
methods that minimize the losses in electromechanical
systems. These are the Loss Model Controllers (LMC) and
the Search controllers (SC) [4, 5]. The proposed method
is based on the loss model and hence belongs to the first
category. This method was followed due to the difficulties
of using a search controller in our system since there are
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two variables that had to be controlled during the operation

and also the operating conditions of the vehicles varied

continuously.
In order to calculate the losses in each subsystem, the
following assumptions must be made:

* The efficiency of the transmission system is considered
constant since, the losses of this part do not vary
considerably [14].

¢ The converter losses come from the control switch, as in
the following paragraphs.

2.2. Motor losses

In order to calculate the total motor losses, the following
assumptions must be made:

* The brushes’ friction losses can be considered as a part of
the total friction losses with suitable modification of the
coefficient value.

* The losses due to the high order harmonics are ignored,
since they complicate the mathematical analysis.

* The stray losses in a first approximation are ignored. As is
well known, these losses come from the armature’s current
effect on the field, which becomes considerable especially
for low flux values. In fact these losses become important
when the flux ranges are lower than 0.2-0.3 pu. As it is
shown in the following paragraphs the quantity Co takes
values higher than 0.3 pu, proving that the assumption is
correct for practical purposes.

Based on the above assumptions, the total losses of the
motor are as follows [5, 15]:

* Copper losses P, on the armature and excitation
windings.

* Core losses P_, due to the eddy currents and the
hysteresis.

* Mechanical losses P, due to the friction and the windage.

Based on the above, the total motor losses Pt will be
the sum of the three different parts (eq. (3.2)).

In the case of a DC motor the copper losses are given
by eq. (3.3). In order to calculate the armature current,
the equation for mechanical torque is used (eq. (3.4)).
Considering that the electromagnetic torque is given by
eq. (3.5), and also that the mechanical torque and the motor
speed are given by eq. (3.6), dividing by the total power eq.
(3.7) is derived.

The core losses of the motor are the algebraic sum of the
eddy current plus the hysteresis losses [15] and are described
analytically by eq. (3.10)-(3.13). Combining the above
equations the final relationship for the core losses is derived
(eq. (3.14)).

Finally, the mechanical losses are given by eq. (3.15)
which in combination with eq. (3.1) and (3.6) yields the
relationship (3.16). Thus, the total motor losses are given
by eq. (3.17).

2.3. Converter losses

The energy losses in the power converter are due to the
conduction and the switching losses of the control switch.
The diode losses are neglected because they have small
transition times as well as a lower voltage drop in contrast to
the control switch.

In order to calculate the losses, the current through the
switch is considered as a square wave form, as depicted in
fig. 2. Within a switching period, the converter losses are
given by eq. (3.20), where the coefficient k is the switching
losses coefficient and is given by eq. (3.21). Additionally,
the unknown quantities in eq. (3.20) are given by eq. (3.22).
Combining the relationships (3.20)-(3.22), eq. (3.23) is
derived, where V., is calculated from eq. (3.24) and (3.25).
Additionally, the duty cycle, d, is calculated as a function
of the output current and voltage. Thus, from eq. (3.24) and
(3.25) a second order equation for d is derived (eq. (3.26)).
Considering that the duty cycle is always positive and less
than 1, the solution given by eq. (3.27) is derived. Finally,
using eq. (3.26) and (3.27) in (3.23) the relationship (3.29)
is derived.

2.4. Battery losses

The calculation of the losses in the battery is made by
assuming Thevenin’s equivalent circuit [16, 17]. Thus, the
losses will be described by eq. (3.30). By substitution of
(3.25) and (3.27) in (3.30) the final equation (3.31) for the
battery losses is derived.

2.5. Total losses

The total losses are the sum of eq. (3.17), (3.29) and
(3.31). Clearly, the losses are a function of the motor’s flux
C® and the gear-box ratio A.

3. INVESTIGATION OF THE LOSS
EQUATION

In order to investigate eq. (3.32) under different operating
conditions, a system with the following parameters was
studied:

Motor: Power P =12.1kW, speed n =1090rpm,
torque M, =106Nm, efficiency n,=83%, excitation power
P,=380W, moment of inertia J=0.14kgm’, armature
resistance R =1.42Q, excitation resistance R=464CQ,
armature inductance L =23mH, excitation inductance
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L=3.6H [18]).

Converter: Resistance of the controlled switch R =0.1Q,
conduction drop voltage V. =3V, k=0.005.

Batteries: Battery Voltaige V,, =320V, internal battery
resistance R, =1€.

For the above parameters a graphical representation of
the losses foru = 20km/h and F  =200N. More analytically,
in fig. 3a the total losses are depicted as a function of the flux
with the gear-box ratio as a parameter. In fig. 3b the same
losses are represented as a function of the gear-box ratio with
the flux as parameter. From these graphs it is concluded that
the losses are strongly dependent on these two parameters
and that by choosing them appropriately a minimum loss can
be obtained.

Similar results are derived for every pair of values of u
and F .. Thus, for any operating condition there is a pair of
values CO_and A which optimizes the efficiency. Based on
this, a control strategy can be implemented in the system in
order to improve its efficiency. This control method is based
on speed measurement and force calculation. According to
these values proper regulation of the motor flux and proper
selection of the gear-box ratio can be applied.

The next paragraphs show the calculation of Co and Xop.

4. CALCULATION OF THE OPTIMAL
VALUES C®_, AND A,

The criterion of minimization of a two variable function
is that the first order derivatives must be equal to zero [19].
Equations (5.1)-(5.10) represent the calculation of these
derivatives. It is worth mentioning that the study of the
second order derivatives shows that the examined point is
not a maximum of the function.

As it is clear from eq. (5.3)-(5.10), an equation system
results. This system cannot be solved analytically due to its
complexity. In order to obtain a solution, an iteration method
is used. The implementation of this method for different pair
values of u , and F , results in two search tables [CCDO,,]
and [/1“]7} In the present study the iteration method was
implemented over a range of force values 10-800N with 10N
as a step and over a speed range 1-30 m/sec with 1m/sec as
a step. Thus, two tables with dimensions 30X80 resulted.
These tables are depicted in the three-dimensional diagrams
of fig. 4 and 5. According to these diagrams the following
conclusions may be drawn:

» Concerning the rotor flux it is clear that for light load
conditions the optimal flux is lower than the nominal.
This is due to the core losses of the motor. This result is in
accordance with those of [4, 5].

* The optimal flux becomes higher than the nominal for
heavy load conditions. However this is not able to happen
due to the saturation of the core. Additionally, it is clear
that the flux values are always higher than the limit

value (0.2- 0.3pu) under which the stray losses become
important.

» Concerning the gear-box ratio it is clear that it takes high
values for low speed and high force values. This happens
because the high ratio leads the motor close to its nominal
operation point.

5. ESTIMATION OF THE C®_,AND A,
FUNCTION

5.1. General

Though the values of the tables [Cq)oﬂ ]and [/1,,,) ]can be
used directly in the control system in order to achieve energy
saving, the estimation of a function that will represent these
quantities is very useful, especially when further analysis is
needed. In the next paragraphs, the analytical procedure for
the estimation of these functions is shown.

5.2. Optimal rotor flux C(I)op

In order to estimate a function for the flux, the diagrams
of fig. 6 and 7 are used. In fig. 6 the parametric flux curves
are depicted as a function of the force. These curves can be
represented with accuracy by using the allometric function
of eq. (6.1). In fig. 7 the points of one curve in combination
with the theoretical curve given from eq. (6.1) are shown.
The procedure that is performed is the following: For all
speed values the coefficients a, b and ¢ are approximated.
These values are depicted in fig. 8. The same diagram also
showns the theoretical curves that properly approximate
the above coefficients. These curves are described with eq.
(6.2)-(6.4). Finally, eq. (6.5) is produced.

In order to calculate the coefficients of eq. (6.5) an
iteration method based on the least squares must be
followed. The best iteration method for a non-linear and
multivariable function is that of Levenberg-Marquardt
[20]. The convergence criterion of this method is the error
function given by eq. (6.6), where E is the error, NM is the
number of measured points, Y, is the measured value of
the function at the point i and Y, is the calculated value. In
order to implement the algorithm the first order derivatives
are necessary. These are shown in table I.

5.3. Optimal gear-box ratio A

Following the same steps as in the previous paragraphs
the function which describes A is estimated. This function
is the same as eq. (6.1). The coefficients a, b, ¢ can be
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represented by eq. (6.7)-(6.9). In fig. 9 the change of
these coefficients as well as the approximating functions
are shown. As with the flux, the first order derivatives are
necessary in the implemented algorithm. These derivatives
are given in table II.

6. SIMULATION RESULTS

In order to prove the theoretical analysis, simulation
tests were performed. With the use of Simulink, a
system consisting of a D.C. motor supplied by a battery
bank through a DC/DC converter, was tested. During
the tests, the speed was kept constant by using a PI
controller. The changes of the flux were performed using
a variable voltage source which was properly controlled.
The characteristics of the system have been previously
reported. The tests included suitable changes in C® and A
for constant speed and force.

7. CONCLUSIONS

In the present paper the theoretical analysis of the losses
in an EV propulsion system with DC motor is presented.
Additionally, a control method for the loss minimization is
proposed. The methodology is based on the proper selection
of the magnetic flux and the gear-box ratio. In order to
determine these values a loss model of the system was
constructed. Using this equation in different speed and force
values the optimal values of the flux and the gear-box ratio
were calculated. The latter were then used in order to find two
functions which describe them. These functions can be used
in a control system via a microcontroller or DSP which can
select these quantities appropriately for any values of speed
and force. In this way, the total losses are minimized and
the driving distance of the vehicle increase. The simulation
results were in accordance with the theoretical analysis and
prove that a significant amount of energy can be saved by
using the proposed strategy.
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