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All models are wrong, but some are useful. - George Box
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Hepinyn

H moapodoa mruyokn epyocio ekmoviOnke oe ovvepyoocia pe 1o Epyactipilo
Avantoéng Oroxinpopévov Zvotudtov Aepyasiov (EANOZYY) tov Ivetitovtov
Xnukov Aepyaciov kat Evepyslokav [Mopwv (IAEIT) oto E6vikd Kévipo ‘Epsvvag

ko Teyvoroywng Avantuéng (EKETA).

2KOTOG aVTNG NG epyaciog elvar 1 HEAETN OTPATNYIKOV dloyelplong evépyelog o€
NAEKTPIKG OYNUOTO. HE KLWEAN KOLGiHov, Kol 1 VAomoinom &vog PéAtioTov
npoppnrtikov ereyktn (Model Predictive Control - MPC). To cvomua vtd puerétn
amoteleitor amd pio KoyéEAN Kavoipov pe pepfpdvn avtarioyns tpotoviov (PEMFC),
poe protopio w6Oviov Abiov, évav DC/DC petatpoméo Kot vy MAEKTPOKIVIITIPO
ouvdedepévo amevbeiog otov a&ova PETAOOONG TOV OYNUaToS. Me v ypnomn Tov
poONUOTIKOV  HOVTEA®Y oL OEmoVV TO oLGTNUO, WTopel vor LVAomonBel &voag
TPOoPPNTIKOG eAeYKTNG OV Ba StacpaAilel TNV PEATIOTN AglTovPYio TOV GLGTHUOTOC,
Kot tavtdypova Ba dotnpel Ta onueion Asrtovpyiog TOV EMUEPOVS GTOYXEI®Y OV TO
AmOTEAOVV GE OCQOAN EMIMEDO OV EMUNKVOVOLV TNV dtdpkew {ong Tovg. [a v
eMiAVOT TOV TPOPANHOTOG BEATIoTOTTOINON G aEtoTOONKE 1| LEBOSOC TOV LT YPOLLLULKOD
npoypoappaticpod (NLP), vo v popen aiyopibuov Interior Point.

H moapodoa mroyaxn dwapBpdvetar oe 8 kepdiowa. Xto Kepdiowo 1 vmbpyer pio
GUVTIOUN EMOKOTNON NG e€pyociog ota EAAnvikd, omn ocuvéysin m ecaywyn oto
Ayyhkd (kepdAioto 2), 1 BipAoypaeikn avackonnon (kepdioto 3), n TEPLYPOUPN TOVL
GLGTNUATOG GTO KEPAAOLO 4, TO TOPASELYIO TOV EVPICTIKOV EAEYKTH (KEPAAOO 5), 0
BéATioTOG PN YPOPUIKOS TPoppNTIKOG EAEYKTNG OTO KEQAANO 6 Kol TEAOG TO

ovuTEPACHOTO (KEQAAOLO 7) Kol O1 OVOPOPES GTO KEPAALO 8.



Abstract

This Bsc thesis was developed in collaboration with the Process Systems Design and
Implementation lab (PSDI) of the Chemical Process and Energy Resources Institute

(CPERI) at the Center for Research and Technology-Hellas (CERTH).

The purpose of this work is to develop a framework to study the behavior of a Fuel Cell
Electric Vehicle (FCEV) and energy management strategies, and implement an optimal
control theory approach in the form of a Model Predictive Controller (MPC) that
governs both the power split and the operation of the FC. The studied system is
comprised of a Proton Exchange Membrane Fuel Cell (PEMFC), a Li-Ion battery, a
DC/DC converter and an electric motor fitted directly to the vehicle drive shaft. Using
mathematical models that describe the operation of the system and its components it is
possible to study its behavior under various operational scenarios and formulate

advanced control techniques.

In order to solve the optimization problem the method of nonlinear programming was

utilized, in the form of an Interior Point algorithm.

The thesis is structured around 8 chapters. Chapter 1 contains a brief overview of the
thesis in Greek, followed by the introduction in English in chapter 2, the literature
review (chapter 3), the description of the system in chapter 4, the development and
functionality of the heuristics controller (chapter 5), the formulation and operation of
the nonlinear model predictive controller in chapter 6, and finally the conclusions

(chapter 7) and the references in chapter 8.
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X ovropun Emoxkonnon

2KOTOG 0L TOV TOL KEPOANIOL Elval VO EIGAYEL TOV OVAYVAGTN GTOV TPOTO AEITOLPYiOG
TOV GUOTHLOTOG VIO PEAETN, KAOMG Kol TNV O1001KAGTo TS AVATTLENG TOV OYNIATOC

eAEYyov Kat G PeATioTOomOINONG.

1.1 Ewoayoy

Me v cvveyoueva auEAVOIEVT] OVIoLYIO Y10l U1 OVOGTPEYIUN KAOTIKY OAAOy,
yivovtal OA0 KOt 0 EAKVOTIKG EVOAAOKTIKG GUGTIILATO LETAPOPES TOV EIVOL PIAIKA
pog 1o mePPdArov. Ta nAekTpikd oxNUATO KOWEANS KOWGIHOL eVOEYETOL LEAAOVTIKG
VO ATOTEAEGOVY GNULOVTIKO KOUUATL TOV TOEN TG petakiviong. Ot kuyéleg KOLGipov
ToPoVCIALovY TAEOVEKTNHOTA 7OV TS KaB1oToHV 1010iTEPO TOPLACTES Y10 TETOLOL
eldovg epappoyéc, dmmwg ehdylota Kivovueva pépn kat afdpvpn Asrtovpyia. o vo
peretnOel m cLUTEPIPOPA TOL OYNMUOTOS, TO EMUEPOVS VIOCLOTHUATE (UToTapia,
KOYEAN KOvGipov, MAeKTpoKVNTAPAG, OYNMUe) povieAomombnkav og mepPdiiov
MATLAB. T'o va emitevyBei n BEATIOT AgtTovpYio. TOL GLOTALATOS, GTOYOG Elval N
gloyrotomoinon pog cuvapTNoNg KOGTOVG TOV GLUTEPIAAUPAVEL TNV OmOKAMOT TNG
TPOYUOTIKNG POTNG OO TNV OTOLTOVUEVT] TOV YPNOTY, AAAA Kot Evay Opo Tov Kabopilet
oM 1oYVG Ba TapOel amd TV KLYEAN KawGipov kot Tdon omd v purotoapio. [lapopoa
ocvotiuata [1] éxovv peremBel aAld gite AapPavovtag voyy povo v dlayeipion

NG EVEPYELNG EITE YPTOILOTOIDVTOS YPOUUIKOTOUEVE LOVTELDL [2].



1.2 Movtélo XvoTinatog

[Mo v povteAomoinon Tov GLGTHUATOS XPNCLOTOMONKOY HLOONUATIKA LOVTEAD TOV
VTOGLGTNUATOV OV TO amoteAoLV (umatapio [3], KoyéAn kovcipov [4], Kwntnpog,
oymua), to. omoio cuvdedepnéva KatdAAnia ival kavd va Teptypayovy TANPOS TV
Aertovpyia. Tov. ATO TIG €10000VG TOV GLOTNUATOS (POEG AEPO — KOVGILOV, PELLA
umotopiog — K.K.) VTOA0YILETO 1] KATAGTACT] TNG UTATOPioG Kot TS KOWEANG KOLGIpo,
vroAoyiletan 1 dtBEcun 16Y0C TOL TPOPOSOTEITAL GTOV KIVITIHPA KL GTNV GUVEYELL M
pomN TV 6TO HOVTEAO TOV oYNuaToc. H koplo nyn evépyetag 6to chotnua givae 1
K.K., Kot 1 dgvtepevovoa 1 pratopio. [To cvykekpyéva ta Bactkd yopaKTploTikd

TOV GLOTNHHOTOG Elvar Ta akOAovOaL:

o Kvyéln xavoipov pepPpdvne avtarriayng mpotoviov (PEMFEC): kopia mnyn
eVEPYELOG, OVOUAOTIKNG 1oyvog 85 kW kar péyiomn 100 kW. H ovopaoctikn tdon
etvan 288 Vdc pe péon amodotikotnta 58 %. H Aeitovpyia yivetan otovg 75 °C ko
3 bar mieon.

o Mrnatapia 6viov AMbiov: 20 Ah, 288 Vdc, 25 kW.

e X0yypovog kivnthpog povipov payvitn (PMSM): Ioyxdg 100 kW kot péyiotn ponn
256 Nm.

o Hlextpovikd oyvog: Metatponéag DC/DC  (95%  amodotikdtnTa) Kot

OVTIGTPOPENG.

1.3 IIpoppntikog Eieyyoc Baociopuévog o€ Movtéro

[Ipokepévov va kKaAvEOOLY 01 AEITOVPYIKEG OMALTIOEL TOV GLGTHLOTOS KOl TOV
VTOGLOTNUAT®V TOL TO OMOTEAOVV, &lvarl avaykaio 1 aElomoinon KAmolov &10ovg
TPONYUEVOL EAEYKTT, IkaVOD va. ovtame&EADel o€ avutd Ta (ntovueva. Kopla {ntodueva
elvatl kGAvym ™G amoutoVUEVNG POTNG OO TOV XPNOTN, KO 1] SLoTHPNoT TG K.K. GE
KatdAAnAa emimedo opBng Asrtovpyiog. O mpoppntikdg EAeyyog Bewpeiton o
OMUOPIANG TEYVIKT TTpoNYIEVS pLOUIONC XEpN OTN duvaTOTNTA TTOV £)XEL V. XEPileTon
TO EAEYYOUEVO CUOTNUO UE TETOWO TPOMO, MOTE VO IKOVOTOIOUVTOL TOAAOTANL Ko
HETAPOAAOUEVO AELTOVPYIKG KPITAPLO, OKOUN KOl OTOV VRAPYOLV OoAAOYEG oTa

YOPAKTNPIOTIKA TOV 1 VTOKELTOL GE TEPLOPIGLOVC. [I]



To oynua eréyyov BacileTot oTIC TPOPPNOELS EVOG U YPOUUKOD HOVTEAOD KoL £XEL OG
o0T1OY0 Vo odnynoel to cvotnua otn PEATIoT TEPLoyn Aettovpyiag. Eva mpdfinua
BeAtiotomoinong avowtoh Ppoyov emdveton yia Evav opilovta mpdPreymg (7p),
YPNOLOTOUDVTOS TNV TPEXOLGA KOTAGTACT TOV GUOTIUATOS MG aPYIKN TiUn. ATd
Beltiotomoinom mpokvmtel 1 akoAovdia TV OpAcewV EAEYXOV (Uk.. Uk+Ne) YO TOV
opifovta eréyyov (1), 0 0mOi0g TUNUATOTOEITOL G SUGTHLOTO KoL 1] TPMTH dpdom
eAEYYOVL (Uk) Y100 TNV TPEYOVOO YPOVIKN GTUYUN EQAPUOLETOL GTO GUOTN LA TN CLUVEYELD
0 €AeYKTNG HEC® avaTpoPOdOTNONG AauPavel vmOYN TOL TNV OmOKPIoT TOV
GLGTNUATOG OV JOPOHMVEL TNV EKTIUNGN TOL HOVTEAOL YLl TNV VEN EQOPLOYT TOV
kpunpiov Pertiotonoinone. H eniAvon tov tpofinuotog vroroyilet  PérTIOT TIUY
TOV YEPOUYOYOVUEVOV HETAPANTOV OOTE Vo vrap&el N embounty amodKPIoN NG
Otepyacioag amd TG emPoridueves dpdoelg eréyyov. H dwtdnwon tov NMPC

aAyopdpov givat:

mufn] = 2721[(yk+j - ysp,k+j)T Q(yk+j - ysp,k+j)] +

Nc—1

=0 " Aty ROy ()
T.M.:
X = fd(x;u); y = g(x,u) (2)
er = (ypred - ymeas)k» yk+j = Ypredk+j T €k 3

OOV U,,X EIVOL Ol YEPOYMYOVUEVEG, Ol EAEYXOUEVEG HETAPANTES Kot Ot HeTaBANTES
Kataotaong avtiotorya, @, R givor o1 wivakeg Bapdv kot 1o dtavuopa arotereitot omd
ta emBounta onpeia avoaeopds. H dtapopd peta&d g petpodpevng LETaANTNG Kot
NG EKTIHMUEVNG TWUNG o€ Ypovo k Bewpovpe 611 dwutnpeitar otabepn kod’ OAn ™
duwpkelr Tov opilovta mpoPAeymc mov okolovbel EmumAéov m eloyiotomoinom
VTOKELTOL GE PLOIKOVG KOl AEITOVPYIKOVE TEPLOPIGHOVE TWV YELPAYMYOVUEVOV KOL TOV
eleyyOUEVOV HETAPANTOV. XNV Tapohoa epyacio VITEPYOLY dVO HOVTIEAN, TO 1OUVIKO
(LOVTELO GLGTILATOG), KOt Lio VAOTOINGT] TOV GUGTHOTOC LE £VOL 11| 1O0VIKO LOVTELD

nov mepi€yetl afePordreg kot 00pvPo (TPAYHOTIKO GUGTNUA). ZTOYOG TOV EAEYKTY
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elvar va eAéyEet KaTdAANAQ TO U1 WOOVIKO HOVTELD TTOV OVTITPOGMOTEVEL TO TPOLYLOTIKO
OUGTNUO. XTIV TOPOVCH £PYOCIOt TO HOVIEAO TOV GULGTHLOTOS OVOPEPETOL GTO

OL0IGVVOEOEUEVO LOVTELD TV VTTOGVGTIUATMV TOL OYNUATOSC VITO PEAETY).
1.4 Awpopeomon Hpopiuatoc EAEyyov

O Beitiotomomtig mpoomabel vo HEWOOEL TNV cLvapTNnon Koctovg (4), m omoio
amoteAeiton amd 000 6povs. O TP®TOG AVEAVETAL OGO LEYUAMDVEL 1] ATTOKAION TNG POTNG
amd TNV OmeiTnon TOV YPNOTY, OMOTE OC OMOTEAECUO O EAEYKTNG ME KATOAANAES
aALOYEG OTIC YEWPAYOYOVUEVES UETOPANTEG PEPVEL TNV POT| TOL KWWNTHPO GTNV
emBounm . O dedtepog 6pog eival (o GLYHOEWNG CLVAPTNON N TN TNG OTolag
avéavetal 0tav 10 EMMESO POPTIONG TG HmoTapiog £xel HeYdAN amdkAion and To
emBounTo, AVOALOYIKA LLE TO PEVUOL TG UTATAPIOG KOL TNV POPA AVTOV. ¢ OmOTELEG LA,
T0 eMMEdO POPTIONG TNG UraTapiog TEIVEL TPOG Lo EMOLUNTA TIUN Kot 16Y0¢ amd TV
protopio KOTovoAOVETOL HOVO OTOV LITAPYEL TEPICOIN 1 1] K.K. OEV UITOPEL Vo KOADWEL
TIG amouTNoELS Tov Ypnotr. Kabag to embounto eninedo poptiong eivon pikpdtepo tov
péyiotov, duc@ariletor n amobnkevon evépyelag mov Ba TPokOWYEL amd amdTOUN
eMPPAdVVOT TOL OYNUOTOS (AVOYEVVITIKT TESNOM)).

. N 2 a —
min | = 2j£1 [W1(Tsp - T) T W, (1 + |§_:|(1 —¢ llbl) SOSCO;fSOSCOrZin)]

“

_ (Tc_Tk)
NC o At )
T,—T
N, = ( i\t s ©)
p

Omov J 10 x60T0C, Wiz Bépn, Tsp {nrovpevn pomn, T pomn kwnmpa, I pedpo
unatopiog, SOC xatdotacn @Optiong pmotopiog kot SOCq emBountd emimedo
@oOpTIoNG Umatapiag yu ypovikny otiyun k tov opilovra mpoPreyng Ty, eved pe Te
avamopiotator o opilovtag eléyyov o omoiog vAomoigiton o€ N mEPLOSOVLS

dgtypatoAnyiog.
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Emumiéov, n Owdwocio g €Aoylotomoinong LIOKELTOL GE TEPLOPIGUOVG TMOV

YEPOUYWYOVUEVOV PETOPANTOV:

Ifc min = Ifc k+j—-1 =< Ifc max (7
Iy min < Ip k+j-1 < Iy max (3)
Vair min < Vair k+j-1 < Vair max )
Vfuel min = Vfuel k+j-1 = Vfuel max (10)

Omnov It pevpa k.., Wa, Wr poéc aépa kot Kavsipov avtictorya. AVO GLVOPTNGELS U
ypoppukav meploptopmv (11),(12) xabopilovv to emimedo OV TIHOV TOV AOYW®V
TEPIGGELNG TOV OVTIOPOVTOV Lo2,Am2 (13),(14) Yo v tpootacio g pepPpavng e
K.K. KoL TNV €MUNKVVOT ToL ¥povov (mng. O eleykmg mepropiletl tig Tyég Cr2 610
apvnTikd mueminedo, 6mov kot Ppiokovior Otav ot Adyolr mepicoelng eivar oTo
emrpentd e0pog Aettovpyiag. O Adyog mepicoelag yio Kabe avidpov ekppaletal g o
AOYOC TNG MOGOTNTOG MOV EGEPYETOL 6TO GVOTNUO (Wi, Wo2in) o€ oyéon pe v

TOGOTNTO TOV KOTOAVOADVETOL ard TNV avtiopaon (Wenreacs W reacr).

C; =|1.5— Ay, — 0.2 (11)

C, =[1.9—-1,5,] — 0.3 (12)
W .

A — H2in 13

Hz WHzreact ( )
Wo2in

Aoy = ———— 14

02 Wo2zreact (19

1.5 A&wioynon Xopumeprpopds Tov XvoTHaTog

H mpocopoimon éywve 6e ypovikd mAOIG10 O10KOGI®MV OEVTEPOLENT®V Y10 OEOOUEVO
KOKAO 0dnynong (OmaLToELg PO XPNOTN), HE apy kN eoptTion pratopiog oto 90%,
Kot emBoun T T OpTIoNg 95%. Qg khkhog 0dnynong opiletar To GHVOLO dedopEvav

OV AVTUTPOCMOTEVOLV TIG OTALTIGELS TOL YPNOTN G€ Hiol TVTIKT dtadpour|. O opilovrtog
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TPOPAeYNS (xpOVOGg TOL VIOAOYILETOL 1] LEAAOVTIKT] GUUTEPIPOPA TOV GLGTNUATOG LE

TNV ¥PNOT TOL WaVIKOD HovTEAOV) givar 3 devtepdAenta. Xto Xy. 1 dakpivovior ot

1oY0¢ TV Vo YOV (Umatapia, K.K.), TOV KivnTipo kot n (nrovuevn. Eivor epgovég

0Tl M pmatoapio aélomoteital 6e AmOTOUES OWENCELS TOL POPTIOV, EVED TOV LTOAOLTO

xPOVO M 1o}V TS glvar apvnTik d10TL PopTilet Yo va pTdoel To embountd eninedo.
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210 Xy. 3 dwkpiveton To €mMinedo POPTIONG NG UTOTOPING, TO OTOI0 UEIDVETOL OTIG

TEPLOOOVS YPNONG TNG KO TOV LITOAOUTO YPOGVO POPTILEL ATO TNV KLYEAT KOVGIHLOVL.
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210 Zy. 5 vmdpyovv ot yepaymyovueveg HETOPANTEG (6€000¢ TOV €AeyKTN): pon
KALGIHoL 6€ AMTpa v AemTo, pon 0€pa, peOO pTatapiog o ampere, peOUo KOWEANG

Kowoipov. Avtég eivar ot TIEG Tov €PAPUOLOVTOL GTO HOVTEAD TOV «TPOLYLOTIKOV>

GLGTNHOTOG.
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Zynpa 5: Por vdpoydvov, aépa (Aitpa/dento), pedua pratapiog, K.K.

Elvar eppavég and ta amoteAéopoto 6Tl 0 EAEYKTNG OV VAOTOMWONKE KOAVTTEL TIG
QMOLTNCELS TOL YPNOTNH OAAG TOLTOXPOVO EMTVYXAVEL KOVOTOMTIKY Olayeipion
evépyelog LETaED ToV dVO TNYDOV, 0AAA Kot AAUPEVEL VTOYIV TV GMOTN AELTOVPYia TNG

KOWYEANG KAVGILOV.
1.6 Xvpmepacpata

v tapovoa epyacio avamtHONKE Evo SUVOUIKO U1 YPOUUIKO LOVTEAD TOV OYNLLOTOG
L€ TO, VTOGLGTHLLOTO AVTOV, Kot VAoTomOnke évag tpoppntikdg eheykting NMPC mov
KOVOTOlEl TOVG AEITOVPYIKOVE TEPLOPIGHOVS TOL GLGTHUATOG. ZLUTEPIAAUPEVOVTOG
OAOVG TOVG OTOYOVS EAEYXOV OTOV 1010 EAEYKTN, SOCQAAILETOL | COGTH AEITOLPYiN
OAOKAN POV TOV GLGTHHOTOG KOt Ol LOVO TMV EMUEPOVS GTOLYEIWV TOVL TO ATOTEAOVV,
OL0TL UTOpEl LOVOUEPMG ATOOEKTEG AVGELS VoL UV glvar oupPatég 6to 6HVoAd Tovg. To
YEYOVOG OTL YPNOLUOTOLEITOL TO U] YPOUUIKO LOVTELO TOV GLGTNLATOG EEAGPAAILEL TNV
TPEMOVGO CLUTEPLPOPE TOV EAEYKTY] GE €va UEYAAO €VPOC Kol Oyl HOVOV OE [
YPOUUIKT TEPLOYN AEITOVPYiNG. AlomoTtdONnKe OTL 1| TPOTEWVOUEVT] TPOGEYYIoN Elvon

SVVATOV VO EQAPHOCTEL € TOAVUETAPANTA U1 YPOUUIKA TPOPAT LT EAEYYOV.
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Introduction

The purpose of this chapter is to introduce the reader to the technology of fuel cells,
their applications and advantages, as well as to the use of hydrogen as an energy carrier
and hybrid vehicles. The importance of control is also highlighted as it is a vital branch

of engineering in the advancement of technology.

2.1 The environment and the future of transportation

As the concerns over climate change increase, alternative environmentally friendly
transport systems and renewable energy systems are becoming more attractive. It is
widely known that the energy demand worldwide is increasing. In order to meet the
increased demand, reserves of fossil fuels such as oil are used, which are gradually
diminishing. On the other hand the use of fossil fuels is a source of greenhouse gasses
and other pollutants that cause global warming with very serious and irreversible effects
on the environment. For example between 1990 and 2010 90 % of the increase in CO2
is attributed to the transport sector. More specifically road transport is responsible for
85% of the CO; emissions. The fact that an average lorry generates six times more CO>
per ton/km than a train raises significant questions regarding the required actions that
will firstly reduce this effect and secondly will decarbonize the road transport and the

energy sector.
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In that context, electric vehicles (EVs) and fuel cell EVs aim to be part of the future
transport sector. The shift towards a low carbon, efficient and secure economy requires
targeted deployment of innovative technologies and increased exploitation of
renewable energy sources. [6] Furthermore, it is recognized that a technological shift
and the development of new clean technologies are vital for a successful transition to a
decarbonized and sustainable future economy. Although a number of diverse
technologies exist that aim at the same target, such as biofuels and carbon capture and
storage, the synergy between the increased use of renewable energy sources, renewable
hydrogen and electricity from fuel cells represent one of the promising ways to realize
sustainable energy. These technologies can simultaneously address the environmental
concerns and the issues of security in energy supply and are considered as key solutions
for the 21st century. Hydrogen and fuel cells can enable the so-called hydrogen
economy and they can be utilized in transportation, distributed power and heat

generation and energy storage systems.

2.2 Hydrogen as an energy source

The endeavor of achieving a low carbon economy can be greatly facilitated by the use
of hydrogen which is not a primary energy source like coal and gas but it is an energy
carrier with zero carbon content. Hydrogen is a very attractive fuel that can be obtained
by a variety of diverse resources which means that it can alleviate the issue of energy
security which is related to the confined production of a fuel at specific regions on the
planet. Since hydrogen can be produced anywhere where there is water and a source of
power, generation of fuel can be distributed and does not have to be grid-dependent.
Thus the long-term use of hydrogen can decouple the link between the energy needs
and the energy supply. It can be produced from all primary energy sources and
generates no CO2 when used to generate electricity in a fuel cell system or alternatively
it can be produced from fossil fuels with CO> capture and storage technologies.
Furthermore, it can be used in a number of applications ranging from devices and
products powered by fuel cells to heat and power generators in stationary systems for
industrial and domestic use. Thus, the use of hydrogen could drastically reduce GHG

emissions from the energy sector.
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Hydrogen as an energy carrier can create links between a multitude of production
methods and sources to various applications including fuel cell systems. But its
usefulness is not limited to those. It offers an interesting solution for both short and
long-term storage in small or bulk quantities. In cases where the supply is more than
the demand, the excess of energy can be transformed into hydrogen that can be easily
transported or remain onsite and serve the needs for power on demand. The
transportation of hydrogen can be achieved by a number of alternatives including
vehicle, ships and pipelines. Thus, the most cost-efficient method can be selected per
case. Also, it can facilitate the integration of renewables in the energy supply system
and offer the opportunity to increase the share of renewable energy. In the case of
intermittent sources hydrogen can act as a temporary energy storage option that utilizes

the excess of energy supply subsequently used to balance the demand upon request.

Overall hydrogen is expected to play an important role in the future low carbon energy
landscape and it can be used to close the cycle of energy generation, distribution and
demand. However, the transition from a carbon-based energy economy to a hydrogen-
based one involves significant scientific and technological challenges for the
implementation of hydrogen in conjunction with fuel cells as a clean energy solution of

the future.

2.1 Fuel cells

Fuel cells are electrochemical devices that directly convert chemical energy stored in
the fuel (in this case H2) to electricity producing water and heat. Since there are no
mechanical parts, they are very reliable (assuming the right operational conditions) and
have a silent operation, a feature that together with the zero greenhouse emissions
makes them very attractive for automotive use. Assuming that the hydrogen to be
consumed by the vehicle is produced from renewable sources, the carbon footprint of

this mean of transportation is minimal.

Humphry Davy effectively demonstrated the concept of a fuel cell in the early
nineteenth century. Pioneering work followed by Christian Friedrich Schonbein in 1838
on what would become fuel cells are they are known today. The invention of fuel cells

is generally credited to William Grove for his series of experiments conducted in 1839
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in what he termed “gas voltaic battery” which proved that electric current could be
produced from an electrochemical reaction between hydrogen and oxygen with the
presence of a catalyst. The term fuel cell was first used in 1889 by Charles Langer and
Ludwig Mond, who researched coal gas fuel cells. The first practical system

demonstrated was an alkaline fuel cell developed by Francis Thomas Bacon.

Between 1950 and 1960, NASA worked in collaboration with other industrial partners
in order to develop fuel cells to be used in manned space missions. As a result, the first
proton exchange membrane fuel cell was constructed with its invention credited to
Willard Thomas Grubb, and later refined by Leonard Niedrach to be used in the Gemini

space program.

Increasing environmental awareness in the 1970s prompted concerns over air pollution
which eventually led to clean air legislation in the United States and Europe, mandating
the reduction of harmful vehicle exhaust emissions. Together with the fact of zero
emissions operation of fuel cells, this increased the attractiveness of FC technology for
vehicular applications and several manufacturers followed the initiative of General

Motors which was already experimenting with a fuel cell car, the 1966 Electrovan.

A more recent concept FCEV was introduced in 2008, the Honda FCX Clarity. The
lack of hydrogen infrastructure though did not allow broad adoption and as such it was
only available for lease. It would not be until 2015 that a fuel cell electric vehicle would
be commercially produced with the Toyota Mirai (Japanese for "future"), with about
3000 unit sales worldwide with Japan being the top selling market closely followed by
the United States. Subsequent production models include the Honda Clarity and

Hyundai Tucson FCEV, both only available on leasing agreements.

A more widespread use of fuel cells in vehicles can be seen in forklifts, and

experimental deployment is being trialed in buses, boats, trains and even airplanes.

The power output of the FC depends on the partial pressures of the fuel and oxidizer in
the anode and cathode respectively, which in turn depend on the air compressor and
manifold filling dynamics, and as a result there is a time delay induced in sudden power
demand variations. Furthermore, such abrupt variations drive the fuel and air excess

ratios (lambda) in undesired values that hasten the degradation of the membrane of the
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FC and can even lead to its destruction. The need for a supplementary power source
with faster dynamics arises, which can provide the needed electric current to satisfy the
demand on abrupt changes without unnecessary stress on the FC. This need is often
satisfied with the addition of a battery, which can provide power during fast transients
and has the added benefit of being able to store excess energy recovered from the motor
while decelerating (regenerative braking). With this addition the complexity of the
system is increased and the problem of power management between the two sources is
introduced. Because of the presence of two power sources, the vehicle can now be

classified as a hybrid.

2.2 Hybrid electric vehicles

The first design attempts for a hybrid electric vehicle can be traced as early as 1889,
with a gasoline-electric hybrid rail car patent application filed by William H. Patton. A
generator driven by a gasoline engine charged a battery connected in parallel to the
driving motors, making the vehicle a series hybrid. A subsequent prototype named
Armstrong Phaeton was developed by Harry E. Dey in 1896 which was significantly
innovative, featuring a gasoline internal combustion engine whose flywheel was
connected to a motor capable of charging its battery, starting the engine, providing
additional power alongside the engine or even harvesting part of the otherwise lost
energy during braking. Other examples of primitive series hybrid electric vehicles
include the Mixte developed in 1900 by Ferdinand Porsche or the Dual power hybrid
(1915) produced by Woods Motor Vehicle.

Development of hybrid electric vehicles continued throughout the 20" century with the
notable work of Victor Wouk, Audi and Volvo experimental vehicles which would

become the predecessors to modern hybrids.

In 1997, Toyota launched Prius, the first mass produced hybrid vehicle, capable of
operating either only with the combustion engine or the electric motor, or even with
both at the same time, classifying it as a series — parallel (full) hybrid. The first
commercial success of a hybrid vehicle marked the start of an era. Other manufacturers
followed, most notably Honda with Civic hybrid, Ford with the Escape hybrid and

Lexus with GS 450h. Since then, a multitude of manufacturers offer hybrid vehicles as

20



a response to the increasing demand, with more than 12 million sold since their 1997

appearance.

2.3 The importance of control

Systems and process control is an important area both from scientific and technological
point of view, able to facilitate the improvement of the response and overall behavior
of systems, processes and end-user applications. Thus, it is important for the control
technologies to be built upon a rigorous sensing, modeling, decision making and
optimization basis as in many situations, the subsystems of a process have high degrees
of autonomy and heterogeneity. Therefore, a continuous research effort is imperative
for the realization of system-level goals for performance, predictability, stability, and
other properties through appropriate analysis, design and implementation. In this
context, the proper control structure and methods can function as a catalyst that
transforms technological innovation to systems engineering and process novelties. At a
wider context, control engineering tools and platforms are used to facilitate the analysis
and modeling of the system and explore its response and behavior. Besides that, control
is necessary to overcome the limits of ad hoc solutions as it is a highly scalable
technology. Nowadays, control is present at various levels of a system or a process,
initially it is applied to individual sensors and actuators, then on multivariable systems,
and finally at plant wide scale. The impact of control technology is evident in a wide
range of application areas, including fuel cells, as it is the necessary facilitator for
achieving desired objectives and fulfilling application-specific goals. Fuel cell systems
exhibit fast dynamics, nonlinearities and uncertainties that constitute challenges
requiring appropriate control in order to be confronted effectively. The use of efficient
control strategies would not only increase the performance of these systems, but would
increase the number of operational hours as their lifetime is preserved by operating at
optimal levels and also reduce the cost per produced kilowatt-hour. Overall control can
be considered as a key enabling technology for the deployment of fuel cell systems as

well as renewable energy systems.

The importance of expanding the use of clean hydrogen energy in the transportation

sector makes studying the control of fuel cell applications in vehicles worthwhile.
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Literature Review

For accurate simulation, it is imperative that the mathematical models used have a high
degree of precision. Reproducing the characteristics of a fuel cell as a function of the
load current is not a simple task and multiple approaches are present in literature, such
as dynamic models of a PEM FC derived from material and energy balances as well as
electrochemical and semi-empirical equations [7] or models that foresee the FC stack
performance in situations commonly encountered in electrical power generation
systems, like insertion and rejection of loads, efficiency, and power characteristics,
which also incorporate the essential physical and electrochemical processes that happen
in the cell during its operation. [8] Other implementations along with the physical
principles of the system include stack polarization data, dynamics of the air compressor,
manifold filling dynamics and time-evolving reactant mass, aiming at a model more

suitable for control oriented studies. [9]

For such applications and specifically model predictive control implementations, for
the design and simulation of the system a simple but realistic and accurate model is
desired that can reproduce the characteristics of the FC system with minimal
computation time and tuning parameters so that the development of several control

techniques will be possible.

A generic FC model able to represent the behavior of most FCs fed with hydrogen and
air that requires only a few variables from the manufacturer’s datasheet is presented in

[4]. Apart from the immediate advantages a non-linear model has regarding the
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accuracy, the ability to extract the parameters needed for the formulation of the model
from the datasheet without the demand of experimental tests for each FC stack is
favorable because of the ease of application it provides on real systems. This particular
model offers acceptable performance both in behavior and execution time, a crucial

factor when it is to be used in an MPC control scheme.

Formulating an exact battery model is a complex endeavor that requires extensive
electrochemistry knowledge, although the use of such an involved model in not
necessary for transport related applications. It is more important that the model provides
the general behavior of a battery regarding the state variables of interest, such as the
deviation of the open-circuit voltage according to the state of charge. Equivalent electric
circuit models provide sufficient accuracy in representing the electrical characteristics
and behavior of batteries, and experimental validation concludes that there is an
adequate representation of the behavior of a real battery. [10] A less involved version
of this model is presented in [3], which also has the benefit of easy parameter extraction
from the datasheet of the battery. Using the state of charge of the battery as a state
variable of a controlled voltage source in series with a resistance, there is an accurate

representation of four different battery types.

There has been a multitude of propositions for the energy management of fuel cell
hybrid vehicles, with approaches ranging from low level current control using
frequency management techniques to adaptive MPC controllers. Frequency energy
management is based on satisfying energy and power constraints of each source given
its specific power/energy capability. It ensures compatibility between the frequency
components of the mission and the intrinsic frequency capacities of the different sources
[11]. Other examples include voltage control loop energy management [12], and PI
controllers [13][14]. In a voltage control loop setup, the fuel cell charges the battery
and the battery in turn charges the supercapacitor to which the load is connected, using
voltage setpoints. The energy management strategy based on dynamic classification
aims at distributing the required power of the vehicle among the sources in a way that
each source is used optimally. PI energy management implementations include
controlling the State of Charge of the battery together with FC efficiency terms, or

current control derived from a heuristic energy management algorithm.
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Although the aforementioned methods are suitable for applications with uninvolved
requirements, when multiple operational targets are present then there is a growing need
for more sophisticated or complex techniques that are deployed for the optimum control

of the hybrid FC powertrain for vehicular applications.

Examples of innovative implementations include fuzzy logic controllers [15] and
optimal solutions with Markov chain prediction capabilities [16]. Fuzzy logic control
is a non-linear control method that gives robust performance without the need of a
mathematical model of the plant. The basis is straight forward and is expressed in
natural language. Fuzzy logic is adaptable and can deal with imprecise data. The
incorporation of Markov chains in optimal control is an attempt to predict future
conditions in order to improve the performance of the controller. A Markov chain is a
stochastic process that satisfies the Markov property, i.e. can make predictions for the
future of the process based solely on its present state, without the information of the

process’ history.

Besides the aforementioned methods, the use of optimization-based techniques are
employed for the multi-variable nonlinear energy management problem of the FCEV.
The optimal operation of such systems has been studied [17] and is a very promising
solution to the presented problems. Adaptive optimization techniques [18][19] have
also been suggested that take into account the variations in the performance of the FC
due to degradation over time or different operating conditions. An adaptive optimal
control energy management system (AOC-EMS) is able to fabricate an optimal EMS
using reinforcement learning. In case a neural network is utilized, a pretraining

procedure is required to obtain convergent weights.

To apply such optimal control solutions to a physical system in real time, Model
Predictive Controllers are utilized, which apart from guiding the system to an optimal
operating point under various conditions, also take in account multiple constraints and
control objectives. Existing MPC implementations have been studied such as ref. [2]
with a linear model implementation of a similar system and a hybrid predictive
controller in conjunction with a piecewise affinity model (explicit MPC). The main
argument for explicit formulation is to reduce the computational time by performing

the optimization when the controller is off-line and search for the solution when on-
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line. The use of an MPC controller for the energy management [1],[20] has been

validated experimentally [21] and is proven to be effective in practice.

A significant advantage of MPC controllers is the ability to integrate multiple control
objectives by manipulating various aspects of the system in order to reach a universal

solution.
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System Description

This chapter deals with the characteristics of the specific system under study, its

topology and specifications of the subsystems.

4.1 System Topology

In order to study the behavior of the FCEV, the mathematical model of the system is
developed. Each subsystem is individually modelled and tested using data available in
the literature in order to verify that the behavior is characteristic of the specific

component.

Figure 1 shows the three subsystems: the fuel cell, the electrical and the motor
subsystem. The supervisory controller is responsible for the power split between the
two power sources and the fuel — oxidizer input flow rates of the FC. The main energy
provider is the fuel cell and the secondary is the battery.

Fuel Cell Subsystem Electrical Subsystem Motor Subsystem
)

<
22/02 -»| Fuel | | DC/DC 1

upply Cell Converter v
— Battery

A4 Y

( Model Predictive Controller ]

y

A\ 4

<€-----

Figure 1: System overview
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More specifically the FCEV is comprised of the following components: a Polymer
Electrolyte Membrane (PEM) fuel cell stack which acts as the main source of power; a
Lithium-ion Battery — the secondary power source; a Permanent Magnet Synchronous
Motor (PMSM) which is tasked with the conversion of the stored energy in order to
achieve propulsion and the power electronics (DC/DC converter and 3-phase DC/AC
inverter) required in order to couple the various components. The specifications of the

subsystems can be seen in Table 1.

TABLE 1: SUBSYSTEM DETAILS

Component Specifications

Power: 85 kW (nominal), 100 kW (maximum)
Voltage: 288 Vdc (nominal)
Efficiency: 58 % (average)
PEMFC Temperature: 75 °C
Pressure: 3 bar
Fuel consumption: 374 I/m (nom.)
Air consumption: 1698 1/m (nom.)
Power: 25 kW
Li-Ion Battery Capacity: 20 Ah

Voltage: 288 Vdc
Power: 100 kW
Torque: 256 Nm

DC/DC converter Efficiency: 95 %

PSM Motor

Table 2 shows the variable classification for the complete FCEV system.

TABLE 2: FCEV VARIABLES

Input Variables State Variables Output Variables

FC current Battery SOC Vehicle speed
Battery current Motor torque
FC Fuel flow FC fuel excess ratio
FC Air flow FC air excess ratio
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4.2 Proton Exchange Membrane Fuel Cell

A semi-empirical model for the fuel cell is used [4]. Table 3 presents the input and

output variables of the fuel cell model.

TABLE 3: FUEL CELL MODEL SPECIFICATIONS

Inputs  Outputs

Air flow rate/pressure Excess Hz (lambda)

Fuel flow rate/pressure Excess Oz (lambda)

Percentage of H2 in the fuel mix Voltage

Percentage of O2 in the air mix

Operation Temperature
Stack Current

At first the rates of conversion (utilization) are calculated for the anode (15) and the
cathode (16), which are in turn used to calculate the partial pressures of the reacting
gasses (19),(20). Then the Nernst voltage is computed (21) and the voltage constant at
the nominal condition (22), in order to derive the open circuit voltage (23) and the
controlled voltage source voltage (24). Finally the final FC voltage is a function of the

controlled voltage source, the internal resistance of the FC and the stack current (25).
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Poy = (1= Uso2)YoPair (20)

_ 1
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Eoc = K Ey (23)
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E=E, — NAln (lf—o) 24)
Vfc =FE - Rohmifc (25)
Where

Up: utilizations, R: gas constant (J mol! K1), z: number of moving electrons, F: Faraday
constant (A s mol ™), P,: partial pressures (atm), Vi: flow rates (I/min), x%: percentage
of hydrogen in the fuel, y%: percentage of oxygen in the air, A,: excess ratios, Wxi:
entering mass flow rate, Wyeacr: rate of reacted mass, T: operation temperature (K), K.:
voltage constant at nominal operation, Eocnom: nominal open circuit voltage (V), Eunom:
nominal Nernst voltage (V), Eoc: open circuit voltage (V), E: controller voltage source
voltage (V), N: number of cells, A: Tafel slope (V), ir.: fuel cell current (A), io: exchange

current (A), Vi: fuel cell voltage (V), Ronm: internal resistance (€2)

The calculation of the intermediate state variables required by the fuel cell model is
separated in three virtual blocks of operations, as depicted in Figure 2. After the final
output values from the blocks have been computed, the emulation of the fuel cell

electrical circuit takes place and all the model outputs are then available for further use.
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Figure 2: Detailed fuel cell stack model

The FC model response was validated in comparison to the literature model, as

presented in Figure 3.
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Figure 3: FC models I-V curve comparison
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In Figure 4 the value of two outputs of the fuel cell model (stack voltage and hydrogen
excess ratio) is shown in respect to three of the inputs (stack current, fuel flow rate and

oxidizer flow rate).
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Figure 4: Stack voltage and hydrogen excess ratio

4.3 Li-Ion Battery

The battery model [3] consists of a voltage source Vi, in series with an internal
resistance R;. The battery current I, is the input of the model, and the voltage V} is the

output. The state of charge is a state variable. Model equations:

v _ Q _p(t
Vere = Vo KQ—f(fzbdt + Aexp( B [, Ibdt) (26)
Vo = Vare — Rilp 27)
t
Soc = 100 (1 _ %) 8)

K = (Vfull ~Vnom+A(exp(—=BQnom)— 1)) (Q—Qnom)

(29)

Qnom
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Where

Visar: fully charged voltage (V), Viaom: nominal voltage (V), Vo: battery constant voltage
(V), K: polarization constant (V Ah™"), A: voltage drop at the exponential zone (V), B:
charge at the end of the exp. zone (Ah™"), Qyom: nominal capacity (Ah) and Q: maximum

capacity (Ah).
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Figure 5: Non-Linear battery model

To verify the validity of the battery model, its response was compared to typical
operation of this subsystem according to the literature model [10] with a nominal
discharge current of 6.04 A. The depicted deviation in Figure 6 becomes significant

only outside the nominal operation zone and is thus irrelevant for the application.
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Figure 6: Battery models nominal discharge curve comparison
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4.4 Vehicle

The vehicle is modeled as a single point with three acting forces, the driving force
coming from the motor, aerodynamic drag and friction losses. Using Newton’s second
law, we can compute the acceleration and thus the speed and position of the vehicle on
one dimension. The input is the torque at the motor shaft and the outputs are the motor

shaft angular velocity, the vehicle speed, acceleration and the traveled distance.

Fdrag 7 Froll Fmot
m @

_O

Figure 7: Vehicle model diagram

V=_[adt (30)
_ Fmot_Fdrag_Froll
a = a3
m
Frot = ? (32)
Firag = 0.5pA,C4V? (33)
Fron = (CO + G|V + C2V2)mg (34)
Where

m: vehicle mass (kg), ©: motor torque (Nm), r: wheel radius (m), n: gear ratio, p: air
density (kg m?), g: gravity acceleration (m s2), A,: vehicle frontal area (m?), Cy:
coefficients, Fo: force induced by the electric motor (N), Fae: force of the

aerodynamic drag (N), F.u: rolling resistance force (N).
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4.5 Sensitivity Analysis

In order to assess the validity of the FCEV model a sensitivity analysis was performed
with regard to fuel cell power limitation. The presence of a controller capable of
matching the motor torque with the desired torque was assumed, and the current
requirement of the motor is fulfilled with the fuel cell as the primary source, utilizing
the battery only when the fuel cell cannot meet the demand. Four different fuel cell

power limit scenarios were simulated: No limit, 60kW, 30kW, 10kW.

The effect of the power limiting can be seen on the power sources currents and the

battery state of charge.
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Figure 8: Sensitivity analysis - No fuel cell power limit (1)

In Figure 8a the lack of limit in the fuel cell power availability is evident, as nearly all
of the requested power (without accounting the electrical losses) is being drawn from

the fuel cell. The speed of the vehicle varies in a smooth way, directly related to the

provided torque.
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Figure 9: Sensitivity analysis - No fuel cell power limit (2)

In Figure 9a the desired torque is depicted, which correlates to the motor torque due to
the absence of a controller. In 9b the state of charge of the battery can be seen decreasing

when the battery power is positive, and increasing when it is negative (during braking).
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Figure 10: Sensitivity analysis - No fuel cell power limit (3)

Figure 10a presents the currents of the fuel cell, motor and battery and 10b the speed of

the motor, to which the vehicle speed is directly related.
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Figure 11: Sensitivity analysis — 60 kW fuel cell power limit (1)

In Figure 11a the upper power limit is now evident, as the fuel cell stops providing

power above 60kW and the battery takes over in order to cover the demand.

Desired Torgue

0 100 200 300 400
Time

Figure 12: Sensitivity analysis — 60 kW
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Time

fuel cell power limit (2)

Figure 12a depicts the same driving cycle, and in 12b the effect of the power limiting

can be seen as a decrease in the minimum value of the state of charge, as a direct result

of the increased battery utilization.
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Figure 13: Sensitivity analysis — 60 kW fuel cell power limit (3)

In Figure 13a the limiting of the fuel cell current is visible and the substitution of the
missing portion with current from the battery. The speed of the motor appears in relation

to the motor current, verifying the validity of the motor model operation.
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Figure 14: Sensitivity analysis — 30 kW fuel cell power limit (1)

In Figure 14a the limiting is noticeably more aggressive, leading to a big increase in the

battery power but the vehicle speed still correlates with the torque requirements.
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Figure 15: Sensitivity analysis — 30 kW fuel cell power limit (2)

In Figure 15b the decrease of the battery state of charge is even more apparent, with the

harvested regenerative power now unable to bring the battery state of charge in pre

operation levels.
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Figure 16: Sensitivity analysis — 30 kW fuel cell power limit (3)

Figure 16a presents the substantial increase in the battery current.
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Figure 17: Sensitivity analysis — 10 kW fuel cell power limit (1)

In Figure 17a now can be clearly seen that nearly all of the required power is provided
by the battery, with just a small portion filled in by the fuel cell, while the vehicle moves

as expected.
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Figure 18: Sensitivity analysis — 10 kW fuel cell power limit (2)

In Figure 18b the immense reduction in battery state of charge is indisputable, with the

value reaching as low as thirty percent, a value the can greatly reduce its lifetime.
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Figure 19: Sensitivity analysis — 10 kW fuel cell power limit (3)

In Figure 19a the battery current is greatly elevated, and the fuel cell current limited to
a very low value. The speed of the motor is again as anticipated.

The results of this sensitivity analysis show that limiting the power that the fuel cell can
provide has a direct result in the battery state of charge without affecting the movement
of the vehicle because the requested power is provided. Thus the problem of power
management can be studied and techniques to tackle the issue can be formulated.
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Heuristics Controller

This chapter deals with the formulation of the first control method assessed, the
Heuristic Controller (finite state machine). After an introduction to the nature of

operation of the controller, the results are presented.

5.1 Description of Operation and States

A simplistic approach to the energy management system is initially implemented in the

form of a heuristics rule-based controller (finite state machine) with five states:

Discharging (SOC higher than desired SOCaq)
Discharging - maximum /, reached

Discharging - maximum /. reached

Charging (SOC lower than desired SOCy)

A

Charging - maximum /. reached

The transition between the states occurs when a specific condition has been met as can

be seen in the state diagram of the heuristic controller in Figure 20.

The controller has a fixed power split ratio between the two sources when discharging
the battery and a charge mode during which the FC covers both the power demand of

the user and the power required for battery charging.
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Figure 20: Heuristic controller state diagram

The performance of the heuristic controller was evaluated using a demanding driving
cycle designed to demonstrate the response of the system in onerous situations such as

abrupt accelerations and decelerations.

The duration of the simulation is 200 seconds with a simulation step of 1 second.
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Figure 21: Heuristic controller — torque

The controller appears to provide the requested torque in a satisfying manner, both in

steady state and in fast transients (abrupt accelerations and decelerations).
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Figure 22: Heuristic controller — vehicle speed

The speed of the vehicle (Figure 22) varies in a smooth way, directly proportional to

the torque provided by the motor.
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Figure 23: Heuristic controller — power
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In Figure 23 the fixed power split of 60/40 (battery - FC) is evident with the controller

being on the state of discharging (SOC > SOCq4). When enough power is drawn from

the battery and the SOC reaches the desired value, the controller switches between two

states (one and four) in a way that not only is inefficient, but puts the system under

unnecessary stress. The effect of this drawback of the controller is also noticeable in

Figure 24 as ripples on the SOC of the battery when it nears the desired value.
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Figure 24: Heuristic controller — battery state of charge

Another major drawback for this approach is the inability of the controller to regulate
the fuel and air flow rates of the fuel cell (Figure 25) to keep the excess ratios in the
acceptable operation range, requiring extra controllers in order to be usable. Figure 26
depicts the lambda values as a result of the uncontrolled flow rates which indicate

inefficient operation and high risk of FC membrane deterioration.
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Figure 25: Heuristic controller — lambda values
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Overall, the performance of the heuristic controller is deemed unsatisfying, not only

because of the lack of optimality and unnecessary stress but also because of the inability

that the heuristic controller presents in including the control of additional aspects of the

system.
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Model Predictive Controller

This chapter deals with the description of the operation of a model predictive controller,
the principles of operation and problem formulation, the optimization problem, and the

adaptation of model predictive control methodology to this specific problem.

6.1 Introduction to Model Predictive Control

In order to fully cover the operational requirements of the system and implement the
proposed control scheme, the need of a more advanced controller arises. The proposed

control method is a model predictive controller.

Model predictive control (MPC) or receding horizon control (RHC) is considered as an
advanced control method capable of providing on-line optimal operation for each
timeslot while keeping in consideration future behavior of the system. It is part of a
family of optimization-based control methods, which solves online an open loop finite
horizon optimal control problem for the determination of the future control moves and
is based on the fact that past and present control actions affect the future response of
the system. The main objective is to obtain a control action by minimizing a quadratic
cost function related to selected objectives or performance indices of the system. As the
conditions of the system and the dynamics change and evolve through time, the
optimization problem has to be solved online at consecutive sampling intervals. At each

sampling time a finite horizon optimal control problem is solved over a prediction
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horizon T}, using the current state of the process as the initial state. The optimization
yields an optimal control sequence ux ... ux+ne over a control horizon 7. and only the
first control action u for the current time is applied to the system. At the next time
instant the horizon is shifted by one sampling interval and the optimization problem is
resolved using the information of the new measurements acquired from the system [6].
The concept of receding horizon adds a feedback to the whole approach that enables
the compensation of disturbances affecting the system or modeling inaccuracies. This
methodology makes explicit use of a process model to optimize the predicted future
behavior of the system. Thus, the first step in designing an MPC system is the
development or selection of a suitable for control purposes mathematical model.
Depending on the nature of the model, linear or nonlinear, we refer to MPC or
Nonlinear MPC (NMPC) formulation. For the rest of this thesis we will use the NMPC
approach as we are interested on nonlinear processes. A process model always includes
some assumptions or simplifications with respect to the system which is represented,
that may lead to minor inaccuracies. Also, the effect of disturbances to the process may
add some extra uncertainty compared to the response of the developed model.
Deviations of the model predictions from the actual process response are calculated at
each sampling instance and considered as the error of the process model. This error
defines a bias term which is used to correct future predictions and it is considered

constant for the entire prediction horizon step.

The mathematical representation of the MPC algorithm subject to nonlinear inequality

constraints C(x) is as follows:

muln] = Zyzl[(yk+j - YSp,k+j)T Q(yk+j - ysp,k+j)] +

Mo Augy RAuy (35)
st X = fy(x,u), y=gk,u) (36)
ek = (ypred - ymeas)k» yk+j = Ypredk+j T €k (37)
Clx) <0 (38)
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The minimization of functional J is subject to constraints on the manipulated u# and
controlled y variables. y;, denotes the desired reference trajectory, while f; are the
differential equations and g denotes the equations of the output variables. The
difference ex between the measured variable yneqs and the corresponding predicted value
Ypred at time instance k is assumed to be constant for the entire number of time intervals
N, of the prediction horizon 7, T. denotes the control horizon reached through N, time
intervals. Tuning parameters of the algorithm are the weight factors in the objective

function (Q, R) and the length of the prediction and control horizon.

r}SP Manipulated Measured
: Variables Outputs
Desired Vehicle
trajectory u
e,
Vehicle Y ¢
Model Predicted
Outputs

Figure 27: Model Predictive Control scheme

In order to simulate the “real” system to be controlled, the non-linear mathematical
model is used but with various uncertainties introduced in the form of random value
fluctuations, both in the state variables, the input variables but also in the measurements

of the outputs by the controller.

6.2 Scope of the Optimization Problem

In both cases of MPC, linear and nonlinear, at the core of the control problem lies an
optimization problem. The solution of this optimal control problem involves an
optimization procedure that aims at the determination of the best solution for a given
system considering physical and operating constraints. For this purpose various

elements are necessary to formulate an optimization problem:

e A model that represents the behavior of the process and it is formulated by a set of

equations and constraints.
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e An objective function or performance index that defines a quantitative measure that
need to be minimized, usually the tracking of a desired trajectory for the MPC case.
e A set of decision variables that are appropriately adjusted to satisfy the constraints
and achieve the minimization of the predetermined objective function. These

variables are the degrees of freedom of the system.

In order to systematically determine the optimal solution of the problem using these
elements various methods and algorithms are available. Thus, the selection of the

appropriate method is based on criteria derived by the nature of the system:

e Type of variables involved: discrete or continuous.
e Type of problem: differentiable or non-differentiable.

e Type of objective function and feasible region: convex or non-convex.

After the appropriate formulation of the optimization problem the rest of the MPC
elements (e.g., control and prediction horizon, weights of terms in the objective etc.,
error calculation) are assembled and the integrated framework is ready to be used,
initially for parameter tuning and subsequently for implementation at the process or for
simulation purposes. In many cases and more specifically when a nonlinear formulation
is involved, the solution of the optimization problem in each sampling instance is
computationally demanding. To avoid computational delays and deterioration of the
control performance, the optimization problem must be solved in a time period smaller
than the sampling time interval of the system. Therefore, it is important to use a
methodology that takes into consideration all the operating constraints which are

imposed by the nature of the process into consideration.

The mathematical formulation of the optimization problem:

. 2 b ~lipl) des 22
min ] - Zj:l [Wl(TSp - T) + W2 (1 t |I_b|(1 —€ ! bl) SOCdeS_SOCmin)]

(39)

— (Tc _Tk)

N,
¢ At

(40)
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N, =TT (41)

p Aty
Ite min < lrekrj—1 < lfe max 42)
Ip min < Ipk+j-1 < Ip max (43)
Vair min < Vair k+j-1 < Vair max (44)
Vevet min < Vrvet k+j-1 < Viuel max (45)
C; =|1.5— Ay, — 0.2 (46)
C, =[1.9—-1,,| — 0.3 (47)

Using equations (46),(47) the limiting of the excess ratios of the air and fuel is possible,
in the form of a function that returns a negative value when the ratios are out of bounds.

The two functions are depicted graphically in Figure 28.
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Figure 28: Lambda constraint functions
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6.3 Cost Function & Sigmoid

] — Wl(TSp — T) + W, (1 + M(l _ e‘”batt|)M) (48)

Ipattl Socq—Socmin

For this application, the cost function developed is comprised of two terms. The first
(Tsp-T), as the optimizer tries to minimize the cost function has the effect of the
controller increasing the power provided to the motor accordingly in order to match the
torque requested by the user, because the term approaches zero as the provided torque

matches the requested.

The second term is a sigmoid function whose slope depends on the difference of the
battery SOC from a desired setpoint SOCq and its sign from the direction of the battery
current. As such, the further below the SOC is from the desired value, the more the
controller is encouraged to charge the battery by providing a negative current or
utilizing the excess power when the battery SOC is higher than the setpoint. The effect
of this term is that the battery tends to stay at the desired SOC and is used only when
the FC cannot meet the power demand. A battery that is never fully charged guarantees

that any power generated from braking will always be absorbed.

The two terms are weighted by their weights wi and w2 which constitute two of the
tuning parameters of the controller. Their value adjusts the impact that each term has
on the optimization process; for example increasing wi makes the controller more
devoted to provide the requested torque than keeping the battery SOC to the desired
value. Figure 29 shows the sigmoid term for a desired SOC of 0.50 (50%) and different

SOC values as a function of the battery current [22].
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Figure 29: Sigmoid cost term for SOCq= 0.50 (50%)

6.4 Solving the Optimization Problem

As the model of the system has been implemented in MATLAB environment, a variety
of optimization solving algorithms can be tested which are available in the Optimization

Toolbox.

The tool of choice is the fmincon solver, and the following algorithms have been

evaluated:

e Interior Point
e Active Set

e Sequential Quadratic Programming

Of all the aforementioned algorithms, Interior Point showed the most promising results,
being significantly more able to converge to an accepted solution for the specific

problem.

In order to further improve the performance of the optimization solver, a multitude of
solver options were changed. Most notably, the minimum change in variables for the
finite-difference gradients was increased, the type of the finite differences was set to
central which takes twice as many function evaluations but is more accurate, and the

step termination tolerance was reduced.
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6.5 Simulation Results

The performance of the proposed controller was validated using the same driving cycle
as the heuristics controller. The duration of the simulation is again 200 seconds with a
simulation step of 1 second, prediction horizon of 3 samples, control horizon of 1
sample, -4A — 80A battery current bounds, OA — 347A FC current bounds, 95% as a
desired SOC setpoint and lambda values constrained to 1.3 — 1.7 for the anode (H2) and
1.6 — 2.2 for the cathode (O») as resulting from equations (46),(47). The controller
satisfies the torque demand of the operator and given that the desired value for the SOC
of the battery is higher than the starting SOC, the battery is only utilized when the FC
cannot provide the requested power while staying in the desired operating conditions.
The regenerative braking is also evident as a negative battery power in Figure 30 during

deceleration and increased slope of battery SOC in Figure 33.
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Figure 30: MPC controller — power
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Figure 31: MPC controller — torque

The controller provides the user requested torque and is capable of following the desired

trajectory both in steady state and in transient and abrupt variations (Figure 31).
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Figure 32: MPC controller — Vehicle speed

The speed of the vehicle (Figure 32) varies again in a smooth way, directly proportional

to the torque provided by the motor.
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Figure 33: MPC controller — battery state of charge

In Figure 33 the areas where the battery is charging either from the fuel cell or the

regenerative braking are evident together with the discharging when power is drawn

from it.
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Figure 34: MPC controller — lambda values

In Figure 34 the reactant excess ratios are depicted, and the desired range for each is
denoted by dotted lines. The ability of the controller to constrain the values within the
specified range is evident, an action that ensures the protection of the fuel cell from

membrane degradation and lifetime increase.
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Figure 35: MPC controller — manipulated variables

Finally in Figure 35 the actions of the controller are presented (manipulated variables).
The actions taken by the controller in order to contain the excess ratios within

specification can be seen in the form of the trajectory of the reactant flow rates.
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Conclusions

In this thesis a dynamic, non-linear FCEV model was formulated along with its
components, and an NMPC controller was developed capable of covering the
operational requirements of the system. The integration of all control objectives in a
single controller was presented and the performance was validated with driving cycle
simulations. The response of the controller is deemed satisfying both in respect to the
user’s requests but also in the containment of the manipulated and controlled values

within the desired operating range.

The fact that a non-linear model was used reassures the determination of the required
values of the manipulated variables over a broad range of operational conditions and
states and not only in a linearized area, and increases the effectiveness of the controller

in the presence of unwanted disturbances.

With this application, the ability to employ the proposed control strategy to

multivariable non-linear control problems with multiple objectives was verified.
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7.1 Future Work

Various enhancements have been considered in order to fully utilize the potential of the

developed framework such as:

1.
2.

Exploration of an FPGA implementation of the optimization formulation

Assess the behavior of different system topologies, e.g. with the addition of a
supercapacitor power bank

Explore the use of an optimization solver that can be deployed to embedded
systems e.g. multi-parametric MPC

Employ additional techniques that aid the achievement of global optimality such
as route memory and route characteristics anticipation

Add more controlled and manipulated variables of the system, e.g. fuel cell stack

temperature, compressor control
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