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Pev (= Voy X ipy), Vey, BRE ipy AOFNRY LIIAULASNITZLEVBILTARLRIDNNAE ANS1AY pec ( =

. . A o @ % 6 a 6 o o

Vsc X isc), Vsc, WAZ isc ABTNRY Waiauuaznszuavadgiilosenbaes eNa0Y  prco Pevo
A o 6 A o o ;.:3’ a 6 a 6 [ 4 a

RS Psco ﬂammLaﬂmv!mﬂaavlﬂmua%lmwawmaLmame Laausaaguazglidainiig

1ea3 aNEIAU
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Fuel Cell Converter
FC Generator rpe ldeal Switching

IFC, I’Load__
= = = £~
Prc PFCo PlLoad
IFCREF . _Ceus
VFC AT~ VBus
a a
Photovoltaic Converter
PV Panel iy rpy 1deal Switching
= =
Prv Prve
. e =
IPVREF
Vv
Supercapacitor Converter
SC Storage e rsc Ideal Switching
= B
Psc Psco
. = =
ISCREF
— - Vge
a

Ci = = 1 1 ldl o
NINN 2-25 ’Nﬁ]iL'Y]EHJLﬂEN‘llENLL%&&?]’]EHWLLU‘]JN@&WI%’]LN%Q

1 2
Epys = E CBusVBus (2-28)
1
Egc = 5 Cscvic (2-29)

~ [l

PAINTINURZANTIN (E) Mifvegluanihdiaeinialuass (G, uazlugiilaianihd
& A v &
183 (Csc) MuNTOL W laaad

1 1
Er = ) CiusVBus + 5 Cscvac (2-30)

AILFAIIUNINA 2-25 g0 Uul,ﬂuaumsagﬁuﬁ(m 2INaIw TN UNSiaaslwls

2
Yo A

1WA (Esus) U Prco Pevor Pscor WAE Proas 1AGIT

EBys = PECo T PPVo * PSCo — PLoad (2-31)
el
2
P
PFCo = PFC —TFC [ﬂj (2-32)
VEC
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2
p

PPVo = PPV — PV [—PVJ (2-33)
Vpy

2

p

PSCo = PSc —1sC £—SC j (2-34)
vsC

Vg Load = |2 CBus 2-35
PLoad = VBus "‘Load = C ILoad ( )
Bus
. 2F .
psc =vsc tisc = [ oS g (2-36)
CSC

2.4.3 msmuqmmﬂaﬁ%aLé’%ﬁ'm%'uLL%&idﬁiWMLLﬂﬂNﬁN

2.4.3.1 wa“’w’)uay@ai
% 6 A a a - ~
mqﬂizaaﬂmaamsmuqmammma«mmmw (stability) @210LLTILII (robustness)
Usz@nBnw (high  overall  efficiency) WaznIfinuiitaazaunga (optimization) Liadng
wé’oawulﬁﬁ'uiﬁa@LLa:ﬁw%asgﬂ wasaihdieas izuumquLmuwmﬂéf’;LLﬂsﬁ%aﬁaaﬁﬁﬁaﬁwﬁa
o A o o A o A a o P A o
YR IUTIAUNU T INATI (Vouerer) (WNUNAINWATFINATI (Epe) AINTONIN “MMsTiaioTnwiys
Wass DC  link  stabilization’) wazffIg9BsvasusIaunglilasatBinat (vscrer) (WNH
wasuigilaianthdiaat (Esc) Mia3undn “supercapacitor state-of-charge SOC”)
a Aa o 1 v a%’ 6 a 6 & 1 1 s
AMNUWIAAINUILAIWAU [26], [27] LeﬁaaLLmm'ﬂmm:gﬂmuqmﬂmmmmwaﬂ
& & A o & ] ' A o | @ ' & A &
LsﬁaaLmamemmuLﬂumemmnslvl,wL;Jawaamuluama:a%Jm"l,uwaﬁnmfnaaummmm
A & >~ & ' o Aa = ' ' ' A €
mm:wgﬂl,ﬂ 83a1U"%T1Le anﬂmmaowmmuﬂummn’sgamﬂ 6 LTI ﬂ"LWWN"L@mmaga 9
%3 6‘3 % a % [ =1 v 6 a 6 1 di s s s ai
mmmaﬂmsmmﬁa@miwaaa’mlm:umaﬁlwgﬂl,ﬂasmmmmaimﬂvl,wLwasﬂmz‘mmm@uw
£ 1 6 a 6 6 d‘i‘ a & dll o a e d' L% 1 6 a
URINATY §IRLTASLRIDNNATLAZLTARLTALNGS (LﬂmmaomLu@wmmu‘nmmﬁqjﬂLﬂaimmm
&, ° v Ao o o A o A & A &
K hp) wmmmﬂmsmuLLia@uﬂuaVLW@mLLazwquLﬂasmmeﬁmas

a 6 =1 e 1 1
2.4.3.2 AFIUNIUNUFUUAUUY flatness VEIUNETTILUUUNTY
iWatudunIguanUALLY flatness adlaasunyldusqluiada 1.6 azgﬂﬁgﬁ]ﬁé’a@iaiﬂﬁ
dl' [ % % d' a d' 6 A 6 A? =
Lwasrmﬁmumeu"lw“nm"LWmaLLa:wﬁgﬂLﬂasmmﬁmas UHNUIIRUBING BHNIAIVANULLY

flatness MLLTLANANA (y) TULUTAIWANBUNS (u) URzFIMUTELAN (x) gnTiTnuaGId

N —EBus}

(2-37)
»| | Er

T
uo| Ml PSCREF} (2-38)
up | | PTREF

(2-39)

X1 VBus}
| X2 | VSC

TRF: MRG5180348



UL NN N TR ATILUUNFNADLTASLTALNGY LTRALEIONNASLAzLUALAST 66

6 a

= o @ y & a {
D PTREF ﬁaﬂ’mdeW‘WWi’JJJ'aJﬂﬂLGIiaaLLadm‘Yl@lETLLQ:L‘]I@Q{L%QLWGG ’qJ’mEﬂJﬂﬁiﬁ (1-32) (1-33)

2
=]

wae (1-34) audsaanaunsadoulaasit

2 o1(n)
X = [xl } _ Cgus _ (2-40)

L _
/M 22 (11, 2)
Csc

MNaNN1IN (2-31)  @udBuna (u) smusadwmldnnduliadwad (y) uaz

o ¢ A a A
amgwuﬁmwﬂunmﬂa

2 _
n+ C "Load — PFCo ~ PPVo
1— 1= Bus

U =2pscLim -
PSCLim (2-41)

=w1(31,31)= PsCREF

. [ 2y .
Yo+ C : "ILoad
1— l1— Bus

Uy =2PTMax
- PTMax (2-42)
=w>(»>72)= PTREF
A
9
2 2
Vsc VT
PSCLim = Ao PTMax = — (2-43)
I"SC 47’T

'
=3 o s [

PULN psoum ABMAT INANgIgaNignidandndasinvasgdidetartnBiaas pre. Aa

9 u

o @ (%

a a o @ A & A € ¢ & A A
Wauidssmas Wi gegangnirdaandudatwvesoadussaninduazioadionds vr fe
BIIAW A NALULAH991NLRE I8 NN TS WRIDNAATLATLTRRL DAL NEILAY 1 ABANE:
o P A o & A € & & A
umuisudssluaiudadinvesirasuaso A uasl TaaL TaL NG

AWNAIILA?
PTMax = PFCMax + PPVMax (2-44)

= = o« 6 & a A o ¥ U 6 a 6
9 PrcMax ﬂaﬂﬁaavl,w“ﬂwgaqmﬁmsﬁaaLmaLwaoLLaz PryMax ﬂan’ma"l,wmgoq@mnmamma’mmsl
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2.4.3.3 ﬂgﬂ’]ﬁﬂ?ﬂ@ﬂ&ﬂﬂﬁﬁﬁl?ﬂﬂw (Control Law and Stability)

ANFNNIN (1.35) ngmsmuquwé’ammmmvlﬁﬁaﬁ [28], [29]

t

vi = 31 = Jirer + K11 rer = 31)+ K12 [(virer — »1)dz (2-45)
0

vy = J2 = ¥orer + Ka1(arEF —12) (2-46)

=S

GR Aofmisnsdenasdulsionduasaf 1 (wasswianhSieesitalnese) uas
VIREF \ ¥ Y2REF

)Y

o T o A o & o A o A a A o o A & P
ﬂamaomaawaamuﬂﬂm@w@lmw 2 (wadmmamﬂmﬂmmawuaVI,V\ImdﬂuwgﬂLﬂaimméﬁ

[
19187)

NNauMIN (2-45) SivualR e = v — yirer. Ki1 =260, Wt Kpp = 02 ald

8 +2(w, &+ @ e =0 (2-47)

wnw y; adluwaunisn (2-41) ﬁ]:vl,ﬁmmwﬂumamaamsmuqmmuﬁauﬂﬁu 13197199

'S8 “inverse dynamics”

equ.(2-45) + P1oad — PFCo ~ PPVo j (2-48)

up = 2psCLim *| 1 - 1—(
PSCLim

WWEMIAUININEAY 13101992 UT2 NI ree = 0 YA pec= Peco LAEMITNAUA LA

. e, &
Pscvax < Psciim 71871332 8URNNNT inverse dynamics badnadude

0= EBus

t

- 2

U= (y IREF — 260,e) — 0y [edt J + PLoad ~ PFCo — PPVo (2-49)
0

= PSCREF

wwdInwIINENMIN (2-46) tinualw ey = vy — yorpr, Koy =1/7g azle
7g - él +e = 0 (2-50)

. d' v U a d'd 1
BN ¥y mluaumi‘n (2-42) ’i]zvl,(ﬂﬁﬂJﬂ'ﬁI%LﬂﬂN“ﬂﬂx‘]ﬂ'ﬁﬂ?UﬂNLL‘UlefL]auﬂa‘.U ILIBUNIN

“inverse dynamics”
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Vo =Ep
uy = (Jorer — (1/78)€2 )+ PLoad
= PTREF (2-51)

= PPVREF 1+ PFCREF

MNANNIN (2-49) uaz (2-51) Wuldgadzuuaiuquasiiieioiniwuineudniud
K, Kz > 0 U8E Kyy > 0 atdlanona uuwiugiusasszuuaiuguiilusue (cascade control
structure) UAzANAVBIMIFITABIANNTOANAINGT (Ws) MAwWAuTUUan (luniiRenmIauga

o A o @ o A = A
Wadmuwualem\‘l) AINNUN cut-off frequency W << W TI W A cut-off frequency
o o & a el & & &
maas:uumquamamuqummmﬂsgﬂLiJasmﬂwmaimLﬂuaa%uiuuul,aaLLa: W << Ws
A o & A A & & A A ) [ &
Wedmudnadwaiiieiosnn  szuuevquninuanazlisiosnwludiomnzdudmmae
INTauaadluinanwad differtial flatness
A v A =3 a A ¥ o o g 1 1 e

nwd 2-26 ldasunsfisumifazuuaiuquinlddiauednivundsdnglwanndsny
naunuildafurpasdrsuu ngnmisaruquwasnundaliasaiiaiiaslniigs8edmsy

6 a 6 % a P [ d‘y [ > d'o/
TiLatan1BLaes pscrer (819BIFUMNIN (2-41)) FYWIDH Pscrer HALYNWITAIBUTIABNIANN

& a & o % & A v ) °
ngiidainibaas vse LLa:azmﬂ@LLsmmaasgﬂLﬁJasmﬂmmaﬂmglumamqmazqaq@
o o 6 A 1 ¥ A J

[Vsomin:  Vecmad loamidnianszuamianianszuaansdsz (lWildatunaluenansit sansom
dwfudnldann (19], [30]) waswififaldnszuadrsBadmivglidesaniBiaat isrer

NYNIATILANNAINUTINNIANYMIAIAUNAINuImIUgLIasa Fiaaiiile
MAIIWHANE19B9590 prrer  (B9DIFUNNIN (2-42)) BENIUIN B Prrer ﬁﬁlzgﬂﬁﬁmmﬂﬁ
Id o ¥ w a o [ ] 6 o g o [ 1 v A o %
\Duiaad1989dmIuLwaUDad pevrer FANMHIzDNINA MIAARETIIHAIEIZA Poyax A8

fraaa g Wi (maximum power point tracking MPPT) @9laldasunsluiuisudt agned

809 ANULANAITERINIAAIINHE1989590 prrer NUANAIBNIBIRRIULTANLDTAR Ppyrer AD

AR N NI B ATV TR AT OINGY Proper ﬁ'tymﬂmf:ﬁ]zgmhﬁ'mvliﬂﬁtﬁuﬁwé’aVLW'W"ngaﬁg@ Drchax

wazazdnalavndnduesmadiToiwads [31], [32] ufifl §amu8 e UR 2 (Dec(s)) anLRand T
g

MIINA AW TNFVDILTRRLTOLNES (FC power dynamic limitation) IGGR GRS

1
2
[S] + 21 s+1
Wp1 Wp1

A A o
B9 W, wae AaautinmIniuau

Dpc(s)= (2-52)
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e L

Voltagesto=Brergy oo
Transformation " DC Bus Energy Control Law | )
) etk iiye E | " | VBus
VBus 1 2 Bus r —
5 CBus¥Bus Bus [ .
] M [ SuperC Current E
(| Linear Exror | prow 0 M DSCREF Limitation Function . [~ Boe
Voltage-to-Energy | DPynamics & - N p donii o ~ ISCREF
) I'ransformation i I (245) ﬂ. -1 SCMin 3 I%I > e
BuskEF, 1 2 BusREE Pvo Vsc —
— ECBusVBusREF | /LI- . } s I I b 2 d
= ri IF
1 y | “FC

ASts o Bosgy I ~Supercapaciior Energy |

Transformation
Control Law

Power

VSCRE 1 Escrer_ . Etrer, -
e ECSCVSCREF i Ep m 5

Lt PVREF Toun . Vev

E :F l Linear Error | PLoad L j‘ iy IPVREF Plant "
BusREF | piload B Vo = E

Dynamics — | ey -

Voltage-to-Energy | ¥ PVMin (Flat System) J irv
Transformation : (2-46) >

E. E FC Power Dynamic O f(X(I),H(f))

Vs 1 2 sC T n Esc
— ;CSC"SC + i+ | v Limitation y(f):h(x(f);u(f)) —
———— PFCREF .
Epus —  Drc(s) " IF\(_N}""FCRT:F Vse
VEC - [ﬂ i
FCMin

F—

AN 2-26 vL(ﬂE]zLLﬂi&lizﬂJ‘Uﬂ’)‘]Jﬂ&lLLVnﬂI\‘]’fﬂl’] EIVL‘V\I LUDUNRY
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ABMINaaad wamswmaaaLtaﬁmstﬁwamswmaaa

NnTBAewNITeanuULLaza L EwuaNn lana1 ldusluund 2 1Weineatdns 9 an
Usznaumwnwduiwnunsuysalizouiosud luunfaznaniawanmadifinnuaassasnla

aonuUD LAz NANINAREUM TN UTBI2997019 ) a9%

3.1 3YALLDIATANARDY

mmaaai:uumzlvl,wLmuwauﬁuuuwmmﬁnLLamﬁamwﬁ 31 LTINS
(Ballard Nexa fuel cell system) unalmaniwad (@aasuumeaiianiuwianssumnalulad ne-
N%"aLﬂa)LLa:Iug}asgﬂLﬂas‘mm%maﬂmmﬁamwﬁ 31 f9nW 33 ewEey TussiBun

LREITULGAREAILRAI L UAITIIN 3-1

B
ydrogen Tank:

dSPACE 'Tjoﬁ:[fol ]5é§k{0p L0 B

Interfacing Card (ControlDesk)

= = -.'

2

it
lu

vl ‘_-h'.
I FC Converter

1.2 kW PEMFC

r
WSC*&'}%'QEC System
’! . il Sl Bank Traction Motor as
R A a DC Bus Load

g /S Supercapacitor Converter
|

- .
Electronic Load

ATNN 31 q@maaaizuumU"LWLLuuwamTuLLuummmﬁﬂ
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wlem: 2arar-F, JF=
=_%r} dry Seric:

AINN 3-3 Iug}asgﬂl,ﬂa%mm%ma%

A19191 3-1 TuazduauraIans WLdaazad

Fuel Cell System (by Ballard Power Systems Inc):

Rated Power 1,200 W
Rated Current 46 A
Rated Voltage 26 v
Photovoltaic Array (by Ekarat Solar Company):

Number of Panels in Parallel 4

Panel Open Circuit Voltage ~ 33.5 A%
Panel Rated Voltage 26 v
Panel Rated Current 7.7 A
Panel Rated Power 200 W
Array Rated Power 800 W

Supercapacitor Bank (by Maxwell Technologies Comp):
(Cell Model: BCAP1200)
Number of Cells in Series 12

Cell Capacity 1,200 F
Cell Maximum Voltage 2.7 A%
Bank Capacity (Csc) 100 F
Bank Maximum Voltage 32 \Y%
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wnauntainasaazgnaiugun 60 V uaztalwasazgndadhiulnandidnnisiindiie
F18098DULA9 G VRILURINATI MIIAAINTZUFVDITARLTOINRS (jc) NIZUAVBILTENTAR (ipy)
mzl,mmaasgmﬂa%mm%mﬁ (isc) NIEURVBILARD (iLoag) HIIAUNUFINATI (Voye) WIIAUVDILTRE
d‘lp Aa % ] 6 e [ a 6 s v
IBLNRS (Vec) WI9AUUBILTANTAR (Vpy) uazusvaupIgiasanthdnes (vsc) 32QnIAAIY
zero-flux Hall effect sensors  @UWHIIATAGII 9 UFAIAININA 3-4 TLUUAILANWAFNUNITZUL
anailudInILQuUUL real time lunsa dSPACE DS1104 (430w 3-1) ’iudadiwinlu
Matlab—Simulink ﬁﬁmmﬁaﬁw (sampling frequency) 1 25 kHz

CFuel Cell
. . onverter . B Electronic Load
IFC J DC Bus ILoad \f vl
-o—] __ - -O
; O —> + — + I° b
P2 e _-i: Chus7R Vius g
s / ‘;I— = < \T /

Photovoltaic
. . Converter
Ipy o\f

Iv o +

Supercapacitor

: - onverter
isc, P

Vsc

‘&\&o

ANN 3-4 ’ic]'@’alﬂLLSG(;I,%LLﬂzﬂizLLﬁ“llE]\‘]“lE@W]@aE'N

=
3.2 swaxmamszunﬂ'suqu
L Qs —1 2 ‘2 { v L
ANINVLNLVBININILAN Ky = 450 rad's  udz Ky, = 22,500 rad s Wal#szuuiidan
1 . . ' a d Aa ' o -1 ¢
AW (damping ratio) Ltn1nu 1.5 LazRANNDTITNTNG (natural frequency) tMNU 150 rad-s G

o

¥l cutoff frequency ((We) °naaadﬂmaﬁ:‘uumuquwﬁoamﬁﬂaﬂﬂmaﬁﬂ"]whﬁu 60 rad-s’
Gafiendndn cutoff frequency (Wp) °nana‘ﬂmaaszuumuquﬁﬁﬁwaaqﬂLﬂm‘mm%ma% ((Wp)
fidwvinny 600 rad-s” (%mﬂwads:uumu@;wﬁﬂé’wadﬂ;ﬂLﬂa%awﬂn%ma%a:gﬂﬂs:mmliluéh
wiledeuf 1 Senasiveaim (time constant) LYINAU 2.2 ms AldannInasas identification)
é’afm:uumuquﬁmﬁmmw DATVNBVBIMAIANVRIWTATLUUAILANNIINUTIN (W30
wasuvesgileianiBiaas) Ky = 0.1 W-J" ¥ W cutoff frequency ((Wsc) 28929TATzUL
AIWAUNAINUTINYIINY 0.1 rads’ 199 Wee << We Watlunsmsudsnsumtisdosniw
maaﬁ”’aiwumuqu 994 cutoff frequency mammoﬂmam"l,@”ﬁomwﬁ 35 guiwmniaed

maaszuumuqmﬁ'@aamaLLamé’amswﬁ 3-2 uas 3-3
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1
e
o

S s T Tl s Bt AR R

Magnitude (dB)
o
o
|
!

1
I
o
I
2 SR A T AR R A
X
X
X
|

f evroml s evvnl o sovill senepradll —egomvlt g

Ol vl il S BN
102 10" 10° 10 10? 10° 10* 10° 10°

Frequency (rad/s)

a o , o A ° . A a A
2NN 3-5 ﬂ']sn']%u@]ﬂ’]ma@@nﬂ']llﬂ'&li@lﬂtﬂaﬂﬂqﬁu@ﬂq cutoff frequency MNTI Ws ADAIND

a’iwﬁmaaéﬁLLﬂad"meaasqﬂl,ﬂas‘mmﬁ'fma%ﬁ 25 kHz (157,080 rad-s’') p 8 cutoff frequency

a o @ A ' . -1
mamaﬂmaoi:uumqumawaaeqﬂLﬂﬂ%ﬂnﬂﬂsﬁl,ma%ﬁﬂ%mﬂu 600 rad-s

(O fa cutoff

N o A o A o -1 A
frequency °IJE]\‘nﬂ‘l_l@]?.lE]\‘]izllllWQUQNWQGGWHV]U&VLWGWQNQ’]LV]’]ﬂ‘lJ 60 rad's (gc AT A8 cutoff

A o A % 6 A 6
frequency B84 NTAVBITTLUMUANWRINUTIN (MIawaswpasgiidaiaifiaal)

P a 6 [ A o
N1319N 3-2 W’ﬁf’]&lL@]aii“ll?Ni:llﬂﬂ’)llﬂ'NWGGG’W%YHJNVLW@ISG

VBusREF
Cl3us

K
K>
I'rC
I'so
Isc
VS&‘Max
VS( "Min
I SCRated

60 \Y%
12200  uF
450 rad-s”
22,500 rad*s”
0.13 Q
0.10 Q
0.08 Q

32 Y%

15 \Y%

150 A

P a & % A % & A 5
M19791n 3-3 ‘Wﬁ”mmai‘*nawzuumuauwadmumu (ﬁiﬂWﬂ\‘]\?qu"Uaﬂ‘qﬂLﬂaiﬂ']l]']‘ﬁl,@]ﬂi)

VSCREF 25 Vv

Csc 100 F

K> 0.1 w-J!
PFCMin 0 W
‘(FCI\'I:IK (Rath) 46 A
Trcmin 0 A

¢ I

Wy 0.4 rad-s’!
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3.3 HAN1INARDY
3.3.1 lawdinduasszuualuauinaizaluaazunadsiy (Power Loop Identification)
LﬁaLﬂumiﬁuﬂ'uﬁavlmmﬁn&maaszuumuquﬁﬁo (KIONIZUF) VOILNAITNBUARZAT NN
7 3-6 famndl 3-8 ugeIRaNIINaRBININARaLANNSI UM IRELRME IR DR AN AR IVD IR
VOIUGRLURAIINY  NWA 3-6 LLammmauauaa@iaﬁtgtynmﬁné“waaﬁﬁwaoma&%&wﬁa o
NN AT IS BIVRIMNAIVDILTARLTDLNE (FC Power Demand) A9 TR TDINAS
(FC Power Response) LLNﬁu"uadLéﬁaﬁL%aLwad (FC Voltage) LLazﬂizLLamadL‘ﬁaﬁL%aLwad (FC
Current)  TALTUANIADUFHAIVDIFNAITOI TR TOWAITUFIRIIEGUA 2 (second order
characteristics) \iulUauannisii 252)  usndinlddailifivnngmenszmodamas (fuel
starvation phenomenon) tAeduluiwad  Lilesanszuulnsminsmsvnuessaannimas
Fawdslilivnomduinlutmes  sulunmil 37 uasinIneusuaIReR LN N FITE
fasvaslasmas lumwiawaigis198suasiaivaslasiimas (PV Power Demand) fN&s
223 BATAN (PV Power Response) WIIauUdluasas (PV Voltage) WaznIzuavad loatoas
(PV  Current) q@ﬂ’mmwﬁ 38 LAAININAUALDIAIRL AN UAAIVEITNSITEI
giiasanhdiaes 1umwﬁnLauaﬁw§déywawaqﬁﬂﬁdmadsgﬂl,ﬂa%mﬂﬁmaﬁ? (PV  Power
Demand) fdsvasgiidasaith@iaas (PV Power Response) usiauvasgiilaianidiaas
(PV Voltage) uaznizusvasgiliasanth@iaad (PV Current) wnldgainnisnauauazasfiag
nnglieianihdmefidulladiimaiiun Sumansndeiasldgialuassann o w iis 400
W lFmuddszanm 50 ms rinmw S'fiaf:ﬁaﬁyﬂL@iwnaaLLU@Ima%%ﬁ@sgﬂmm‘mm%ma%ﬁ
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Comparative Study of Fuel-Cell Vehicle
Hybridization with Battery or
Supercapacitor Storage Device

Phatiphat Thounthong, Member, IEEE, Viboon Chunkag, Panarit Sethakul,
Bernard Davat, Member, IEEE, and Melika Hinaje

Abstract—This paper studies the impact of fuel-cell (FC) per-
formance and control strategies on the benefits of hybridization.
One of the main weak points of the FC is slow dynamics domi-
nated by a temperature and fuel-delivery system (pumps, valves,
and, in some cases, a hydrogen reformer). As a result, fast load
demand will cause a high voltage drop in a short time, which is
recognized as a fuel-starvation phenomenon. Therefore, to employ
an FC in vehicle applications, the electrical system must have at
least an auxiliary power source to improve system performance
when electrical loads demand high energy in a short time. The
possibilities of using a supercapacitor or a battery bank as an aux-
iliary source with an FC main source are presented in detail. The
studies of two hybrid power systems for vehicle applications, i.e.,
FC/battery and FC/supercapacitor hybrid power sources, are ex-
plained. Experimental results with small-scale devices (a polymer
electrolyte membrane FC of 500 W, 40 A, and 13 V; a lead-acid
battery module of 33 Ah and 48 V; and a supercapacitor module of
292 F, 500 A, and 30 V) in a laboratory authenticate that energy-s-
torage devices can assist the FC to meet the vehicle power demand
and help achieve better performance, as well as to substantiate the
excellent control schemes during motor-drive cycles.

Index Terms—Battery, converters, current control, electric ve-
hicles, fuel cells (FCs), power supplies, supercapacitor, voltage
regulation.

I. INTRODUCTION

UEL CELLS (FCs) are able to generate electrical power
with high efficiency, low operation noise, and no emissions
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20009. First published July 31, 2009; current version published October 2, 2009.
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from hydrogen gaze and air. Byproducts are exhaust gases,
water, and waste heat. The supplied electrical power can be used
in vehicles for propulsion as well as for the operation of elec-
trically powered accessories. Polymer electrolyte membrane
(or proton exchange membrane) FCs (PEMFCs) utilize a solid
polymer electrolyte membrane, operate at lower temperature,
and are considered by many to be the most suitable for vehicle
applications (such as cars, buses, tramways, trains, or aircraft)
[1], [2].

Although recent literature portrays FCs as a newly emerging
energy source, the technology was actually invented in the
19th century. In 1839, Sir William Grove, a Welsh judge and
scientist, assembled the first FC. Since then, FCs have been
primarily used in research settings. The National Aeronautics
and Space Administration selected PEMFCs for the space
program in the 1960s, rejecting both nuclear power, which had
a higher safety risk, and solar power, which had a higher cost
[1]. FCs provided power for the Gemini and Apollo missions
and, at present, provide water and electricity to the space
shuttle. Despite their high-profile use in the space program, the
commercialization of FC technology was not explored until the
early 1980s.

Many factors have limited the marketable development of
FCs, including manufacturing cost, fuel generation and distri-
bution, and system complexity. The high manufacturing cost
is caused by a number of factors: expensive raw materials
used as catalysts, expensive membrane materials, and expensive
fabrication processes for collector plates.

In addition to manufacturing cost, fuel generation and dis-
tribution have also prevented widespread commercialization.
Most FCs consume pure hydrogen or hydrogen-rich gas as
the primary fuel. So far, experimental results and real-world
applications of PEMFCs revealed that they perform best on
pure hydrogen (Hz) as anode input gas. However, for many
applications, particularly mobile, due to a lack of availability
of refueling infrastructure and impractical storage techniques,
pure hydrogen is not yet a viable option. Pure hydrogen as
an anode gas source for PEMFCs, at this time, has a number
of formidable limitations. One of the major limitations is on-
board hydrogen storage. As a viable alternative for carrying
pure hydrogen, onboard hydrogen generation by reforming
hydrocarbons such as natural gas, gasoline, or alcohol fuels
would be an obvious choice. However, gas produced from a re-
former contains about 70%-75% hydrogen, 20%—-25% carbon
dioxide (CO; poisoning), and 10-100 ppm carbon monoxide

0018-9545/$26.00 © 2009 IEEE
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(CO poisoning) [3]; furthermore, these reformers are large and
expensive, and they operate at high temperatures.

Since most advanced vehicles like FC electric vehicles have
one energy storage (buffer) device as part of the propulsion
system, it is possible and necessary to apply advanced control
technologies to significantly optimize the vehicle’s fuel econ-
omy, emissions, and/or drivability [4], [5].

Nonetheless, the recent studies of Corréa et al. [6], who
worked with a 0.5-kW PEMFC (BCS Technology Company)
and a 0.5-kW PEMFC (Avista Company), Thounthong et al.
[5], [7], who worked with a 0.5-kW PEMFC [Zentrum fiir
Sonnenenergie und Wasserstoff-Forschung (ZSW) Company,
Germany] and a 1.2-kW Nexa PEMFC (Ballard Power System
Company, Canada), Adzakpa et al. [8], who worked with
a 0.6-kW PEMFC (H Power Company), Wang et al. [9],
who worked with a 0.5-kW PEMFC (Avista Company), and
Gaynor et al. [10], who worked with a 350-kW Solid Oxide
FC, have demonstrated the fact that the FC time constants are
dominated by a temperature and fuel-delivery system (pumps,
valves, and, in some cases, a hydrogen reformer). As a re-
sult, fast energy demand will cause a high voltage drop in a
short time, which is recognized as a fuel-starvation phenome-
non [11].

When starved from fuel or oxygen, the FC performance
degrades, and the cell voltage drops. This condition of oper-
ation is evidently hazardous for the FC stack [11], [12]. Fuel
starvation can result in generation of hydrogen in the cathode
or oxygen in the anode. For instance, in the event of hydrogen
starvation, the cell current cannot be maintained, causing a high
anode potential. Therefore, the water, which is present at the
anode, may split into hydrogen and oxygen, producing oxygen
in the anode. In the same way, during oxygen starvation, the
reaction at the cathode will produce hydrogen. The presence of
oxygen at the anode and hydrogen at the cathode will lead to
the reversal of the cell potential, which is a negative potential
difference between the anode and the cathode. Cell reversal
accelerates the corrosion of carbon components such as backing
layers with ensuing electrocatalyst corrosion and eventually
leads to damaged components. During hydrogen starvation,
oxygen at the anode can react with the carbon present in the
gas diffusion and backing layers to form carbon dioxide (COq
poisoning).

Thus, to utilize an FC in dynamic applications, its current or
power slope must be limited to circumvent the fuel-starvation
problem, e.g., 4 A - s~! for a 0.5-kW 12.5-V PEMFC [13] and
5,10, and 50 A -s~! for a 20-kW 48-V PEMFC [14]. As a
result, the vehicle electrical system must have at least an auxil-
iary power source (an energy storage device), such as a battery,
supercapacitor, or flywheel, to improve the system performance
when electrical loads at a dc bus demand high power in a short
time (e.g., vehicle acceleration and deceleration) [15], [16].
Therefore, an FC vehicle can benefit from being hybridized
with an energy-storage device [17]-[19], which assumes some
of the roles that the FC would normally handle.

This paper deals with the conception and the achievement
of a hybrid power source that is supplied by a PEMFC as
the main energy source and a battery or a supercapacitor
as an auxiliary power source, particularly for future vehicle
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applications. Its interest is focused on control algorithms. It
enables the management of transient power demand, power
peaks, and regenerative braking with regard to FC, battery,
and supercapacitor constraints. The general structures of the
studied systems, the control principles of the hybrid sources,
the realization of the experimental bench, and the experimental
validation will be presented in the following sections.

II. BATTERY VERSUS SUPERCAPACITOR AS AN
ENERGY-STORAGE DEVICE

Currently, the battery is still the most extensive energy-
storage device for providing and deliver electricity. There are
many kinds of battery technology, such as lead-acid, NiCd,
NiMH, or Li-ion. For a lead-acid cell, the terminal voltage of
battery V}, and the internal resistance R}, are strong functions of
the state of charge (SOC). The battery actual voltage curve is
not constant. This is because the internal resistance is almost
linear during the discharge, but the losses are substantially
below 25% SOC due to the increase in the internal resistance.
Therefore, the battery SOC estimation is defined here again as
[20], [21]

t

/ iBac(t) - dt +SOCo(ty) (1)

to

SOC(t) =
Bat

where SOCj is the known battery SOC (in percentage) at time
to, QBas is the rated capacity (in ampere-hours), and i, () is
the charging battery current (in amperes).

Supercapacitors (or ultracapacitors) are an emerging tech-
nology in the field of energy storage systems. Current break-
throughs in material design and fabrication methods that are
aimed at maximizing rated capacitance have provided tremen-
dous increases in the energy-storage capabilities of superca-
pacitors [22], [23]. The terminal voltage of supercapacitors is
limited, however, due to the dissociation of the electrolyte. This
limits the maximum voltage to 2.5-3 V.

When comparing the power characteristics of supercapaci-
tors and batteries, the comparisons should be made for the same
charge/discharge efficiency. The relative performance of super-
capacitors and power batteries can be directly assessed from
the pulse power tests since both types of devices are capable
of high-power pulses, although batteries are not intended to be
charged/discharged for long periods at these high power levels.
The pulse testing of a battery is usually done at a specified
partial SOC, as only a small fraction of the energy stored in
the battery is used in the cycle tests. Of particular interest in
the pulse tests is the round-trip efficiency of the devices. This
is determined from the ratio of the energy out of the devices to
the energy into the devices during the test cycle. This efficiency
primarily depends on the internal equivalent series resistance
(ESR) of the device. For supercapacitors, their charge/discharge
efficiency is high, and the energy lost to heat during each cycle
is relatively small and readily removed. The energy lost to heat
in batteries is a much larger amount, making heat removal more
crucial and its extraction costs much higher. This is to say that
the cycle efficiency of batteries is around 80%, and the cycle
efficiency of supercapacitors is around 95% [24], [25]. For a
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Fig. 1. Specific power versus specific energy of modern storage devices:

supercapacitor, lead-acid, NiMH, and Li-ion battery technology. Note that the
supercapacitors, NiMH, and Li-ion batteries are based on SAFT Company
(France) technology.

corresponding high-efficiency discharge, batteries would have
a much lower power capability.

Furthermore, the main drawback of batteries is a slow charg-
ing time, limited by a charging current [25], [26]; in contrast,
supercapacitors may be charged over a short time, depending
on a high charging current (power) that is available from the
main source. Capacitor voltage vc can then be found using the
following classical equation:

t
1
ve(t) = C /ic(t) -dt + ve(to) 2)
to

where i¢(t) is the charging capacitor current.

Moreover, Fig. 1 compares the advanced technologies of
batteries and supercapacitors in terms of specific power and
energy. Although it is true that a battery has the largest energy
density (i.e., more energy is stored per weight than other
technologies), it is important to consider the availability of that
energy. This is the traditional advantage of capacitors. With a
time constant of less than 0.1 s, energy can be taken from a
capacitor at a very high rate [27], [28]. On the contrary, a battery
of the same size will not be able to supply the necessary energy
in the same time period. Unlike batteries, more advantageous
for the case of supercapacitors is the fact that they can with-
stand a very large number of charge/discharge cycles without
degradation (or virtually infinite cycles) [24], [25].

III. FC/BATTERY AND FC/SUPERCAPACITOR
HYBRID POWER SOURCES

A. Structure of the Hybrid Power Sources

Different power converter topologies can be used for the
power electronic interface between the FC and the utility dc
bus. For the dc link voltage level, it depends on its applica-
tions. Basically, low-voltage high-current structures are needed
because of FC electrical characteristics. A classical boost con-
verter is often selected as an “FC converter” [29]-[31] because
it can be operated in the current control mode in a continuous
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condition mode. Then, one does not need a blocking diode and a
passive filter between an FC and a converter. Based on the load
conditions, the boost converter can be commanded to draw a
specific amount of current from the FC with a ripple that is well
defined by the frequency, the size of the inductor, and the duty
ratio. However, a classical boost converter will be limited when
the power increases or for higher step-up ratios.

In many applications, the use of an isolation transformer can
provide an increased output/input voltage conversion ratio, as
required, and full-bridge topologies can be used [7]. However,
there are applications where transformer-less energy converter
systems could potentially offer significant advantages, includ-
ing simplicity, cost, and converter size reduction, particularly in
high-power applications. That way, the use of paralleling power
converters with an interleaved technique may offer some better
performances [7].

One may summarize here again that the constraints to operate
an FC are as follows.

1) The FC power or current must be kept within an interval
(a rated value, a minimum value, or zero).

2) The FC current must be controlled as a unidirectional
current.

3) The FC current slope must be limited to the maximum
absolute value (e.g., 4 A - s~ [13], [32]) to prevent an
FC stack from the fuel starvation phenomenon.

4) The switching frequency of the FC current must be
greater than 1.25 kHz and the FC ripple current must be
lower than around 5% of the rated value to ensure minor
impact to the FC conditions [7].

Proposed hybrid power sources are depicted in Figs. 2
and 3. The battery actual voltage curve is not constant. It is
linear over most of its operating range. The battery voltage
variation is at least 25%. Nonetheless, at the end of discharge,
the battery voltage decreases very rapidly toward zero. This is
because the internal resistance of a lead-acid battery is almost
linear during discharge, but the losses are largely below 25%
SOC due to the increase in the internal resistance of the battery.
As depicted in Fig. 2, we propose the FC/battery hybrid source
by directly connecting the battery module to a dc bus [33], [34].
For this reason, there is no battery converter in this structure to
improve system efficiency and converter cost. Then, this system
will be operated based on unregulated dc bus voltage, in which
the dc bus voltage is equal to the battery voltage.

For the FC/supercapacitor hybrid source (see Fig. 3), a
supercapacitor module is frequently connected to the dc bus
by means of a classical two-quadrant (bidirectional) dc/dc con-
verter [35]-[38]. Supercapacitor current isuperc, Which flows
across the storage device, can be positive or negative, allowing
energy to be transferred in both directions.

B. Energy Management of the Hybrid Power Sources

When an FC operates, its fuel (hydrogen and oxygen) flows
are controlled by an “FC controller,” which receives current de-
mand. This current demand is the FC current reference ircrir
coming from the hybrid control algorithms detailed hereafter.
The fuel flows must be adjusted to match the reactant delivery
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Fig.2. Proposed structure of the FC/battery hybrid power source, where prc (= vpe X irc), vrc, and ipc are the FC power, voltage, and current, respectively.
PBat (= UBat X iBat), UBat. and iga¢ are the battery power, voltage, and current, respectively. proad (= VBus X Load)> VBus. ad i1,0aq are the load power,
the dc bus voltage, and the load current, respectively. Note that it has been assumed that there are no losses in the FC converter, and here, vpys 1S vBat-
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Proposed structure of the FC/supercapacitor hybrid power source, where ppc (= vpe X ipc), vrc, and ipc are the FC power, voltage, and current,

respectively. PsuperC (= VsuperC X iSuperC)s> VSuperC» and iguperc are the supercapacitor power, voltage, and current, respectively. proad (= VBus X
iLoad)s VBus» and i1,0aq are the load power, the dc bus voltage, and the load current, respectively. Note that it has been assumed that there are no losses in the FC

and supercapacitor converters.

rate to the usage rate by the FC controller [39]. For this reason,
the inner FC current control loop is obligatory, and the hybrid
control algorithms demand energy from the FC to the dc link by
generating ipcrgr [1], which is synchronously sent to the FC
system. One can take advantage of the safety and high dynamic
characteristics of this loop as well. Note that the definitions of
current direction are also illustrated in Figs. 2 and 3, and the
dynamics of the current regulation loops are also supposed to
be much faster than those of the outer control loops, which are
detailed hereafter.

The energy management of hybrid power sources has al-
ready been studied recently, for example, by Jiang and Dougal
[40], who worked on an unregulated voltage FC/battery hybrid
source; by Ayad et al. [41], who studied the control of an
unregulated voltage battery/supercapacitor hybrid source; and
by Thounthong et al. [42], whose work concerned a regulated
voltage FC/supercapacitor hybrid source. The problem of such
a control strategy is well known: The definition of system states
(state-machine-used) implies control algorithm permutations
that may lead to a phenomenon of chattering when the system is
operating near a border between two states. Of course, solutions

exist to avoid such a phenomenon—hard filtering, hysteretic
transition, and transition defined by a continuous function.

The control algorithm presented here is not based on the state
definition; therefore, naturally, it does not present the problem
of chattering near state borders. Its basic principle lies in using
the storage device, which is the fastest energy source of the
system, to supply the energy that is required to the load, as
if this device were a standard power supply. Therefore, the
FC, although obviously the main energy source of the system,
functions as the source that supplies energy to storage devices
to keep them charged.

1) FC/Battery Hybrid Power Source: One takes advantage
of a battery bank, which is directly connected to a dc bus to
supply transient energy demand and peak loads that are required
during traction motor acceleration and deceleration, as if this
device is a standard power supply [43]-[45]. The proposed
control strategy is a cascade control structure composed of
three loops, as portrayed in Fig. 4. The outer loop is the
battery SOC control that links the battery SOC to the battery
charging current reference ig,trer. The middle loop controls
the battery-charging current and links ig,¢rEr to the FC current
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Fig. 4. Proposed energy management of the FC/battery hybrid power source.

reference ¢pcrpr. The inner loop is the FC current control,
which is not presented in Fig. 4.

A simple method to charge the battery is with constant
current (maximum charging current Ip,inmax 1S set around
QBat/10; for a modern Li-ion battery, it can be set at Igatnax =
@Bat) When the SOC is far from the SOC reference SOCRrgr,
with reduced current when the SOC is near SOCgrgp, or with
no current when the SOC is equal to SOCrgr. For the battery
SOC, it is estimated from (1), as depicted in “Battery State-of-
Charge Observer” in Fig. 4.

More importantly, in vehicle applications, to replace aged
batteries, battery monitoring is compulsory. In particular, the
potential capacity Qpat is dependent on the depth of the dis-
charge, the discharge rate, the cell temperature, the charging
regime, the dwell time at low and high SOCs, battery main-
tenance procedures, the current ripple, and the amount and
frequency of overcharge [21].

It is beyond the scope of this paper to observe the potential
capacity of the battery. It is assumed that (gt is constant.
Additionally, in a real system of applications, SOCy can be
retained in a storage device.

According to this SOC control algorithm, the “Battery State-
of-Charge Controller” generates a battery-charging current
iBatch for the battery current control loop. The battery current
command ig,tcn, must be limited within an interval [maxi-
mum charging current Ip,¢nax, maximum discharging current
IgatMin]-

To avoid overvoltage at the dc bus in case of an erroneous
SOC estimation or high regenerative braking, the dc bus voltage
(the battery voltage) must be monitored to limit the charging
current. The “Battery Current Limitation Function” consists of
limiting the battery current reference ip,tgpr versus the dc bus
voltage as

VBusMax — UBus(t)> 3)

ZBatREF( ) 'LBatCh( ) min ( AUBUS

where Vpyusmax 1S the defined maximum dc bus voltage, and
Awvpys i the defined voltage band.
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The battery-current control loop receives ipatrEr from an
SOC regulation loop. The measured battery current must be
reversed because the definition of the battery current is neg-
ative for the charging current. The battery current controller
generates the FC current reference ipcrpr. It must be limited
in level, within the interval maximum Ipcpax (corresponding
to a rated current of the FC) and minimum Ipcy, (set to 0 A)
and limited in slope to the maximum absolute value (in amperes
per second), which enables the safe operation of the FC with
respect to the constraints that are associated with the FC.

One may summarize that the control principle of the whole
system is based on the battery SOC, whatever the load power is.

e If the SOC is lower than SOCrgr, the battery-charging
current reference is a negative value, and an FC current is
necessary to charge the battery.

e If the SOC is higher than SOCRrEgF, the battery-charging
current reference is a positive value or equal to zero, and
the FC current reference is reduced to zero.

As a consequence, a transient in the load modifies the FC
current when the battery SOC becomes lower than SOCrgr. In
any case, if the SOC is higher than SOCrgr, the FC current
reference is equal to zero. For transient conditions, as FC
current dynamics have been intentionally reduced, the battery
supplies all load variations.

It must be noted here that, in this system, the PEMFC
is the main source, and the battery module is the secondary
source. The battery functions to compensate the FC dynamic
performance to avoid the FC starvation problem, supply the
overenergy demand, and absorb the regenerative braking en-
ergy. There are two possibilities to connect a battery module
with a dc bus. First, a battery bank is directly connected to the
dc bus as proposed in our system. Second, a battery bank may
be connected to the dc bus by a bidirectional converter, but it
will increase system losses and cost. Nevertheless, the battery
will be cycled whenever there is a load. Because, as mentioned
earlier, the battery lifetime is usually limited by the number
of cycles, its longevity might suffer. There are no solutions to
improve the battery lifetime in the FC/battery hybrid source,
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Fig. 5. Proposed energy management of the FC/supercapacitor hybrid power source.

even if a battery bank is directly connected to the dc bus or
to the dc bus by a bidirectional converter. The battery will be
always cycled whenever there is a load because the FC power
dynamics are compensated by the battery power. To improve
the battery lifetime, an FC/battery/supercapacitor hybrid source
is proposed. We want the supercapacitor to supply or to absorb
the load transient power and not the battery. Nonetheless, this
system is under study [18].

2) FC/Supercapacitor Hybrid Power Source: To manage
energy change in the system, its basic principle lies in us-
ing the supercapacitor, which is the fastest energy source of
the system, to supply the energy that is required to achieve
the dc bus voltage regulation, as if this device were a stan-
dard power supply. Therefore, the FC, although obviously the
main energy source of the system, is equivalent to a load
working only in regenerative braking and may be seen as a
device that supplies energy to supercapacitors to keep them
charged [44].

Consequently, the supercapacitor converter is driven to real-
ize a classical dc bus voltage regulation, and the FC converter
is driven to maintain the supercapacitor module at a given
SOC. Therefore, the dynamics of the current regulation loops
are also supposed to be much faster than those of the outer
control loops. Thus, the currents isyperc and ipc are considered
to perfectly follow their references isupercreEF and iFcREF,
respectively. The supercapacitor and FC current control loops
are supplied by two reference signals, i.e., isupercREF and
trcrEF, Which are generated by the dc bus voltage regulation
loop and the supercapacitor voltage regulation loop, as shown
in Fig. 5.

For the dc bus voltage control loop, it uses the dc bus capac-
itive energy Epys as the state variable and the supercapacitor
delivered power psupercREF as the command variable to obtain
a natural linear transfer function for the system. If the losses
in both the FC and supercapacitor converters are neglected, the
dc link capacitive energy Ep,s i given versus supercapacitor

power Psuperc, FC power prc, and load power proaq by the
following differential equation:

dEpus(t)

7 “)

= PSuperC (t) + prc (t) — PLoad (t)

Function “F}” presented in Fig. 5 is a voltage-to-energy
transformation, which is proportional for the total dc bus ca-
pacitance Cpy;s to the square function

1
5 CBus - U%us(t)'

EBus (t) = 2

)
It enables the generation of both dc bus energy reference
Epusrer and de bus energy measurement Fpyshea through de
bus voltage reference Vg srer and dc bus voltage measurement
UBus, respectively. The “DC Bus Energy Controller” generates a
supercapacitor power reference psupercrEF- This signal is then
divided by the measured supercapacitor voltage vsypercMea and
limited to maintain the supercapacitor voltage within an inter-
val [VguperCMin VSuperCMax]- The upper value of this interval
corresponds to the rated voltage of the storage device, and
the lower value, which is traditionally equal to VsupercMax/2,
corresponds to a level under which the supercapacitor discharge
becomes ineffective. This results in supercapacitor current ref-
erence Z.SuperCREF\

The “SuperC Current Limitation Function” consists of
limiting reference isypercrer to the interval [IsuperCMins
I SuperCMaX], which is defined, versus measured supercapacitor
voltage vsyperCMea» as follows:

ISuperCMin = _ISuperCRated
VSuperCMax —VSuperCMea (t)
AUSuperC

X min (1,
I — 41 ©
SuperCMax — + SuperCRated

VSuperCMea (t) = VSuperCMin
Avsuperc

X min (1,

IsuperCRated and Avgyperc are the regulation parameters.
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For the supercapacitor voltage regulation loop, the “Super-
capacitor Voltage Controller” generates an FC current refer-
ence ipcrpr limited in level and slope with respect to the
constraints associated with the FC. The ipcrrr that drives the
FC converter through the FC current loop is then kept within
an interval [IpcMin, JFCMax)- The upper value of this interval
corresponds to the rated current of the FC, and the lower value
should be zero. Slope limitation to the maximum absolute value
of some amperes per second enables safe operation of the FC,
even during the transient power demand.

One may summarize that, using this form of control princi-
ple, the state of the supercapacitor module is naturally defined,
through the dc bus voltage regulation, by the load power level,
and by its SOC. In narrow steady-state conditions, we have the
following.

1) If load power is negative, the dc link voltage regula-
tion generates a negative supercapacitor current reference
iSuperCREF-

2) If load power is greater than the approximate FC rated
power, the dc bus voltage regulation generates a positive
supercapacitor current reference iguperCREF -

3) Otherwise, the state of the supercapacitor module de-
pends on its SOC: the supercapacitor current will, there-
fore, be positive if vsyperc > VsupercREF and negative if
USuperC < VSuperCREF-

In all cases, the FC state depends only on the supercapaci-
tor voltage; the FC current will be strictly positive and less
than Ircrated if Vsuperc < VsupercrREF. Otherwise, it will be
zero. In transient conditions, as FC current dynamics have
been intentionally reduced, the supercapacitor supplies load
variations. In effect, the dc bus voltage regulation transforms
a sudden increase in load power into a sudden increase in the
supercapacitor current and, on the contrary, a sudden decrease
in load power into a sudden decrease in the supercapacitor
current.

3) Conclusion of Proposed Energy-Management Algo-
rithms: The main important point in hybrid systems presented
here is to balance the energy between the FC main source,
the auxiliary source, and the load. The FC power (or current)
dynamics have been intentionally reduced; the auxiliary source
supplies all load variations.

Finally, Figs. 6 and 7 present simulation results during a high
constant stepped load power. They show the load, auxiliary, and
FC powers in per unit [p.u.]. In simulations, the FC minimum
and maximum powers are set at 0 p.u. (corresponding to the
FC minimum current) and 1.0 p.u. (corresponding to the FC
maximum current), respectively. The power dynamics of the FC
are set at 0.6 p.u.-s~!. As illustrated in Fig. 6, initially, the
storage device is full of charge, and the load power is 0.2 p.u. As
a result, the storage device power is zero, and the FC supplies
0.2 p.u. for the constant load power. At t = 1 s, the constant
load power steps to 3.0 p.u. One can observe the following.

* The auxiliary source supplies most of the transient power
required.
* The FC power increases to the limited power 1.0 p.u. with

a slope of 0.6 p.u. - s~ 1.
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step (imitated regenerative braking).

* Synchronously, the auxiliary power, after a sharp increase
(discharging), slowly decreases to a constant discharge of
2.0 p.u.

At a steady state, the constant load power of 3.0 p.u. is
entirely supplied by the FC of 1.0 p.u. and the storage device
of 2.0 p.u. (the discharging state).

As a final simulation illustrated in Fig. 7, initially, the aux-
iliary energy source is full of charge, and the load power is
0.8 p.u. As a result, the storage device power is zero, and the
FC supplies 0.8 p.u. for the constant load power. Att = 1 s, the
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[P FC Current
C roller

Controller
Battery Current
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Control Desk

Motor IS
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Fig. 8. Hybrid source test bench.

PEMFC Stack: 500-W [ Battery Bank:
e -V Bar

33 Ah,48V SuperC: 292 F

Jattery Current Sensor

Fig. 9. PEMFC stack and storage devices.

constant load power steps to —1.0 p.u. (imitated regenerative
braking). One can see, again, the following.

* The auxiliary source absorbs most of the transient negative
power.

e The FC power reduces to zero with a slope of
0.6 p.u. - s~ because the FC power source is a unidirec-
tional power flow.

* Simultaneously, the auxiliary source, after a sharp de-
crease (charging), slowly increases to a constant charge at
—1.0p.u.

IV. EXPERIMENTAL VERIFICATION
A. Test Bench Explanation

The small-scale test bench of the hybrid systems in our
laboratory is presented in Fig. 8. As illustrated in Fig. 9, the
PEMEFC system (500 W, 40 A, 13 V) was achieved by the ZSW
Company. It is composed of 23 cells of 100 cm? in series. It
is supplied using pure hydrogen from bottles under pressure
and with clean and dry air from a compressor. The battery
module is obtained by means of four aged lead-acid batteries
[7.78 Ah (33 Ah at the nameplate), 12 V] connected in series.
The supercapacitor module is obtained by means of 12 SAFT
supercapacitors SC3500 (capacitance: 3500 F; rated voltage:
2.5 V; rated current: 500 A; low-frequency ESR: 0.8 m{2)
connected in series.

The FC converter is a classical boost converter and is
selected to adapt the low dc voltage delivered by the FC,
which is approximately 12.5 V at rated power, to the 42-V dc
bus. Thus, the FC converter is composed of a high-frequency
input inductor (72 pH), an output filtering capacitor (Pana-
sonic aluminum electrolytic capacitors: 30000 uF), a diode
(Schottky diode STPS80H100TV: 100 V, 40 A), and a main
power switch (power metal-oxide—semiconductor field-effect
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transistor STE180NE10: 100 V, 180 A). The frequency of the
pulsewidth modulation that drives the FC converter is 25 kHz.

The supercapacitor converter is a classical two-quadrant
dc/dc converter (a bidirectional converter). Thus, the superca-
pacitor converter is composed of a high-frequency input induc-
tor (54 pH), an output filtering capacitor (Panasonic aluminum
electrolytic capacitors: 330 mF), and two power switches
(power insulated-gate bipolar transistors SKM200GB123D:
1200V, 200 A). The supercapacitor current, which flows across
the storage device, can either be positive or negative, allowing
energy to be transferred in both directions. The converter is
driven by means of complementary pulses, which are generated
by a hysteresis comparator, and applied on the gates of the
power switches.

In the case of the FC/battery hybrid power source test bench,
the total dc bus capacitance is 360 mF (30 mF of the output
capacitance of the FC converter and 330 mF of the output
capacitance of the load converter). In the case of the FC/
supercapacitor hybrid power source test bench, the total dc bus
capacitance is 690 mF (30 mF of the output capacitance of the
FC converter, 330 mF of the output capacitance of the load
converter, and 330 mF of the output capacitance of the superca-
pacitor converter).

The dc bus is connected to only a traction motor drive
(10 kW) coupled with a small-inertia flywheel. The super-
capacitor and FC current control loops, on the other hand,
have been realized by analog circuits to function at a high
bandwidth. The proposed energy-control algorithms have been
implemented in the real-time card dSPACE DS1104 through
the mathematical environment of MATLAB-Simulink, with
a sampling frequency of 25 kHz. The ControlDesk software
enables changes in the parameters of the control loops. Two
digital oscilloscopes (Tektronix Com.), as shown in Fig. 8, are
used as data acquisition to store signal waveforms, which are
presented hereafter.

The control parameters of the PEMFC are set as follows.

¢ Ircmax = 40 A (rated FC current, corresponding to the
rated FC power).

¢ Ircmin = 0 A (minimum FC current, corresponding to the
minimum FC power).

* The FC current absolute slope limitation is set to 4 A - s~ !
(corresponding to the FC power slope of around 50 W -
s~1). This value has been experimentally determined as
the highest current slope of our FC system, where no fuel
starvation occurs [13].

B. Test Results of the FC/Battery Hybrid Power Source

The controlled parameters of this system are set as follows:
¢ SOCrgr = 100% (equal to 7.78 Ah);
* IpatMax = +6 A (the maximum battery charging current);

* IpatMin = —50 A (the maximum battery discharging
current);

* VBusMax = 61V;

hd AvBus =2V.

Figs. 10 and 11 present waveforms that are obtained during
the motor-drive cycle. They show the dc bus voltage (the battery
voltage), the FC voltage, the load power, the battery power, the

Authorized licensed use limited to: King Monkuts Institute of Technology. Downloaded on October 4, 2009 at 09:39 from IEEE Xplore. Restrictions apply.



3900 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 58, NO. 8, OCTOBER 2009

60 e 4000 ey
[ <oy : : : 1 . 3 ) . ; 1 I ,#DC Bus Voltage ]
sof NG ... PCBusVoltage  : 13409 e b R S S | WP
g s st e alE R AR R e e ) 3 3000 __:3000
71 | B SR NN « D . S TR S P AR S 2500 g J2s500 :E
= f 178 = I
= : : : ] P £ b =
& i ':{::::{r.::qzuoo"i & t_zonog
3 : 13v ] = 3 1 =
- = - ] =
TS00 pm 71500, '8 -1s00 F
0 e '1l?|R‘TSpCCL| R R 1|000 _:1000
...... 1 500
1]
1.00 [ e e
[ Lload ; : I ; : ! : ]
o i) SR [ R e O THE A R o M S g e ol e -
i ) ey R R b
—1 N\ ]
0_255_ ....... _:_. g
Z . ]
5 E 0.00 [ =
g : f ]
<0.25 |= - -]
...................... - T 5
...... - 075 b
T bl b el RN S DR MU ST EIFIrS el POl IV BT U
C AN LR RALEE AaRES RAREs RUL T B e B ma R LI
-] 100 100 | _“_ ........ 100
o J o9 -
] ] 80 |-
] i £ : g
N 1 . - . 5 . . s . " . =
L e R o8 = o oy b s e e b e e S e e S o
z T o = 1 2z o S : 1 =
e 1 FC Current NTTITNE g = [ : ; : : I ; ; ] g
E ..v.‘|-=-||-=1|--ir..|!lr.',|-97% ‘5“0.' 4}’ i {El i 1%:"3-:\ 97;
5 ] & E F : ; ] &
3] ] H '] 5 m H
LS S - P S—— I. .\_- 96 % 2wk - Sos 2
A 4 —_— - g by L
§ ] = LI02 eBattery Current b =
B R SO SO SO .3 Jos r . ' 3
] 172 ] B e T T 6A 95
e e e e R — 94 w0l & o s P
B S e s oy S ELUBSINRIUSRES I V7, PSP IFNITN [PIPEEY (PRIl NPIPUS (PETSVIVES SNPITNL (PSP ISP PP 0
o 5 10 15 20 25 30 35 40 45 S0 50 55 & 65 70 75 80 85 9 95 100
Time [s] Time [s]

Fig. 10. FC/battery hybrid source response during motor starting to  Fjg 11. FC/battery hybrid source response during motor braking from
1500 r/min. 1500 1/min.

* The FC power increases with a limited slope up to a level
of the rated power of 500 W.

* Concurrently, the battery power, after a sharp increase
during motor acceleration, slowly decreases to a constant
discharging power of 400 W.

* The steady-state load power at the constant speed of
1500 r/min is about 800 W, which is entirely supplied by
the FC and the battery.

Therefore, this characteristic can be comparable with the
* The battery supplies most of the power of 1600 W that is  simulation results in Figs. 6 and 7. After that, at t = 54 s, the
required during motor acceleration. motor reduces speed and then stops. It can be scrutinized that

FC power, the motor speed, the battery current, the FC current,
and the battery SOC. The battery SOC is calculated from (1)
by MATLAB-Simulink and is then sent through a digital-to-
analog-converter card of dSPACE to an oscilloscope.

The initial state is zero for both the FC and battery powers
and 100% for the battery SOC. At t = 4 s, the motor reaches
the final speed of 1500 r/min such that the final FC current is
IrcRated- One can observe the following.

Authorized licensed use limited to: King Monkuts Institute of Technology. Downloaded on October 4, 2009 at 09:39 from IEEE Xplore. Restrictions apply.



THOUNTHONG et al.: FC VEHICLE HYBRIDIZATION WITH BATTERY OR SUPERCAPACITOR STORAGE DEVICE

there are three phases. First, the battery recovers the power that
is supplied to the dc link by the FC and the motor (known as
the regenerative braking energy). Second, the battery recovers
the reduced power that is supplied to the dc bus by only the FC.
Third, the battery is charged at a constant current of 6 A by
the FC. During the first and second phases, the FC power
reduces from a rated power of 500 W with a constant slope of
50 W - s~ 1. In the third phase, the FC power is nearly constant
at around 300 W to charge the battery. After that, both the FC
and the battery power will reduce to zero when the SOC reaches
SOCRrgF.

C. Test Results of the FC/Supercapacitor
Hybrid Power Source

The control parameters of this system are set as follows:
* VpusreEr = 42 V (a new standard dc bus voltage in the
automotive electrical system called “PowerNet” [17]);

° VSuperCREF =25V;

° VSuperCMax =30V,

® VSuperCMin =15V,

® ISuperCRated =200 A;

i AUSuperC =05V.

Figs. 12 and 13 present waveforms that are obtained during
the motor-drive cycle. They show the dc bus voltage, the
FC voltage, the load power, the supercapacitor power, the FC
power, the motor speed, the supercapacitor current, the FC
current, and the supercapacitor voltage (or the supercapacitor
SOC).

The initial state is in no-load power, and the storage device is
full of charge, i.e., Vsuperc = 25 V; as aresult, both the FC and
supercapacitor powers are zero. At ¢t = 20 s, the motor speed
accelerates to the final speed of 1000 r/min; synchronously, the
final FC power increases with a limited slope of 50 W - s~ to a
rated power of 500 W. Thus, the supercapacitor, which supplies
most of the power that is required during motor acceleration,
remains in a discharge state after the motor start because the
steady-state load power (approximately 600 W) is greater than
the FC rated power (500 W), and the peak load power is about
1000 W, which is about two times that of the FC rated power.

After that, at t = 50.5 s, the motor speed decelerates and
stops with a peak load power of about —500 W. The superca-
pacitor is deeply charged, demonstrating the three phases. First,
the supercapacitor recovers the energy that is supplied to the
dc bus by the FC (500 W) and the traction motor. Second, the
supercapacitor is charged only by the FC. Third, the superca-
pacitor is nearly fully charged, which then reduces the charging
current. After that, both the FC and supercapacitor powers
reduce to zero when Vsyperc reaches Vsypercrer of 25 V.

Only small perturbations on the dc bus voltage waveform
can be seen, which is of major importance when using super-
capacitors to improve the dynamic performance of the whole
system. These characteristics can be, again, comparable with
the simulation results in Figs. 6 and 7.

The proposed energy-management algorithms of FC/battery
and FC/supercapacitor hybrid sources are used to balance pow-
ers in the system with respect to dynamic constraints. During
motor acceleration or deceleration (a high stepped load), as can

3901
o e
[aav - ; : 3 +,#2DC Bus Voltage ]
_m__...:....:....:.....I’...._“_ ......... T T :...___1000
30:_ .......... _:_ ......... J2s00
[ 20y ! 8 ; : : -
20 O I T S S ST 2000 2
= \F--{F__( Voltage  ae] i
g‘ T R 1__:...{:.‘..’!.‘.‘s.{‘.::.j..‘.‘._lﬁﬂo_"@-
S | ; S I aMotorSpeed  jgopmd . 3
o s : I otor Spee 1000 rpm 3 ]
I pin
7 O LA ; : : _ 1000 §
1of Fo e o
e Lo pm . T ! —:0
SN OIDEN] (YETY] [PPSR CRUNI G TTTS PETTH PUNTY CTT T PONTS
1.40 [ e e
|_20:_...: ......... _:
100 - - -
0.80:—---5 ................. _:
= [
B N
5 0.60 [+ i } : e
z -
£ - . FC
D == & e S T -
ﬁ_zgj_...:. SRR T o5 et P L A S _j
- 0 kw . . .
O_UO_IL - - SRR R . s ae e —
7 AP NP INPITIPS BTN B I WY B RPN B
120 P e 26
F i : Sup.cr(‘ \-"ﬁltugc I X : : :
!00__-\ z = _:-,_ O ,_-25
80 - l/ . - ] u
N . : 1%
: T ; i o g + £
N ; A : : &
vy ELCL S P RO . Cadiny-cawva Lo o o o e S J23 2
—_— - =
= B
pry &
2 =
£ X 2
g | g
N &
- K
[ =
20 0A .. VE Rk R e S o T e 19
aobicc bt st b Lo Lo dyg
0 5 10 15 20 25 30 as 40 45 50

Time [s]

Fig. 12. FC/supercapacitor hybrid source response during motor startup to
1000 r/min.

be seen in Figs. 6 and 7 in simulation results (in per unit) and
in Figs. 10-13 in experimental results, the powers are always
balanced during dynamic and transient states. Importantly, the
high dynamics during load steps are compensated by storage
devices. For the FC/battery hybrid source, the stepped energy
is naturally supplied or absorbed by the battery because the
battery bank is directly connected to the dc bus based on the
control algorithm of the unregulated dc bus voltage. In the case
of the FC/supercapacitor hybrid source, the stepped energy is
automatically supplied or absorbed by the supercapacitor be-
cause the proposed control algorithm is based on the regulated
dc bus voltage. Then, the supercapacitor module functions as
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Fig. 13. FC/supercapacitor hybrid source response during motor braking from
1000 r/min.

the one supplying or absorbing the energy that is required to
achieve the dc bus voltage.

V. CONCLUSION

The advantages of an FC hybrid vehicle could include
improved vehicle performance and fuel economy and lower
system cost. The degree of hybridization benefits from 1) FC
efficiency characteristics; 2) FC downsizing; 3) displacing FC
tasks with the secondary source functionality; or 4) energy
recovery through regenerative braking. This paper has studied
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the role of the energy-storage device in FC hybrid vehicles to
understand their potential impact on dynamic performances.

Experimental verifications with a small-scale hybrid test
bench in the laboratory have evidently shown the possibility of
improving the performance of the whole system and validated
the proposed control algorithms: the FC/battery hybrid source
and the FC/supercapacitor hybrid source.

In general, the FC/supercapacitor hybrid has better perfor-
mance because the supercapacitor can more effectively assist
the FC to meet the transient power demand (the supercapacitor
can be charged or discharged at a high current, in which the bat-
tery cannot function), and high-current charges and discharges
from the battery will reduce its lifetime as well.

Nonetheless, an FC hybrid vehicle with supercapacitors as
the only energy storage will be deficient or even malfunction
during the vehicle startup because of the startup time of a
PEMFC of around 5-10 min, in which the battery has higher
specific energy than the supercapacitor. Consequently, a more
practical answer will be an FC/battery/supercapacitor hybrid
power source [45] to increase the battery lifetime due to the
reduction of high-current charges and discharges.
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ABSTRACT

This study presents an original control algorithm for a hybrid energy system with a renewable energy
source, namely, a polymer electrolyte membrane fuel cell (PEMFC) and a photovoltaic (PV) array. A single
storage device, i.e., a supercapacitor (ultracapacitor) module, is in the proposed structure. The main weak
point of fuel cells (FCs) is slow dynamics because the power slope is limited to prevent fuel starvation
problems, improve performance and increase lifetime. The very fast power response and high specific
power of a supercapacitor complements the slower power output of the main source to produce the
compatibility and performance characteristics needed in a load. The energy in the system is balanced by
d.c.-bus energy regulation (or indirect voltage regulation). A supercapacitor module functions by supply-
ing energy to regulate the d.c.-bus energy. The fuel cell, as a slow dynamic source in this system, supplies
energy to the supercapacitor module in order to keep it charged. The photovoltaic array assists the fuel cell
during daytime. To verify the proposed principle, a hardware system is realized with analog circuits for
the fuel cell, solar cell and supercapacitor current control loops, and with numerical calculation (dSPACE)
for the energy control loops. Experimental results with small-scale devices, namely, a PEMFC (1200 W,
46 A) manufactured by the Ballard Power System Company, a photovoltaic array (800 W, 31 A) manu-
factured by the Ekarat Solar Company and a supercapacitor module (100 F, 32 V) manufactured by the
Maxwell Technologies Company, illustrate the excellent energy-management scheme during load cycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Currently, most of the energy demand in the world is met by
fossil and nuclear power plants. A small part is drawn from renew-
able energy technologies such as wind, solar, fuel cell, biomass and
geothermal energy [1,2]. Wind energy, solar energy and fuel cells
have experienced a remarkably rapid growth in the past ten years
[3-5] because they are pollution-free sources of power. Addition-
ally, they generate power near the load centres, which eliminates
the need to run high-voltage transmission lines through rural and
urban landscapes.

The cost of solar photovoltaic and fuel cell electricity is still high
[6-8]. Nevertheless, with ongoing research, development and uti-
lization of these technologies around the world, the costs of solar
cells and fuel cell energy are expected to fall in the next few years. As
for solar cell and fuel cell electricity producers, they now sell power

* Corresponding author. Tel.: +66 2 913 2500x3332; fax: +66 2 587 8255.
E-mail addresses: Phatiphat.Thounthong@ensem.inpl-nancy.fr,
phtt@kmutnb.ac.th (P. Thounthong).

0378-7753/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2010.01.051

freely to end-users through truly open access to the transmission
lines. For this reason, they are likely to benefit as much as other
producers of electricity. Another benefit in their favour is that the
cost of renewable energy falls as technology advances, whereas the
cost of electricity from conventional power plants rises with infla-
tion. The difference in their trends indicates that hydrogen and solar
power will be more advantageous in future.

In the near future, the utility power system at a large scale will
be supplied by renewable energy sources and storage device(s), i.e.,
hybrid energy systems, in order to increase their reliability and make
them more effective. The specific properties of fuel cells and solar
cells are as follows:

e The amount of power the fuel cell system delivers is controlled
by the amount of current drawn from the system if the proper
conditions for cell operation are maintained. When a large load
is applied to the cells, the sudden increase in the current can
cause the system to stall if the depleted oxygen or hydrogen
cannot be replenished immediately and sufficiently. Cell star-
vation can lead to a system stall, permanent cell damage or

Please cite this article in press as: P. Thounthong, et al., ]. Power Sources (2010), doi:10.1016/j.jpowsour.2010.01.051
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Nomenclature
a.c. alternating current
d.c. direct current
FC fuel cell
PV photovoltaic
SC supercapacitor
Cgus total capacitance at d.c.-bus (F)
Csc total capacitance of supercapacitor module (F)

iL0ad d.c.-bus load current (A)
irc fuel cell current (A)

IFCREF fuel cell current reference (set-point) (A)

isol solar cell (photovoltaic) current (A)

isoirer solar cell current reference (set-point) (A)

isc supercapacitor current (A)

ISCREF supercapacitor current reference (set-point) (A)

PLoad load power (W)

DPFC fuel cell power (W)

PrCa fuel cell output power to d.c.-bus (W)

prcree fuel cell power reference (set-point) (W)

Prcmax ~ maximum fuel cell power (W)

Dsol solar cell (photovoltaic) power (W)

Dsola solar cell output power to d.c.-bus (W)

DPsolrer ~ Solar cell power reference (set-point) (W)

DsolMax maximum solar cell power (W)

Psc supercapacitor power (W)

Dsca supercapacitor output power to d.c.-bus (W)

DPscrRer  supercapacitor power reference (set-point) (W)

PscMax ~ Maximum supercapacitor power (W)

UBus d.c.-bus voltage (V)

VEC fuel cell voltage (V)

Vsol solar cell (photovoltaic) voltage (V)

Usc supercapacitor voltage (V)

YBus d.c.-bus energy (J)

VYeusker  d.c.-bus energy reference (set-point) (J)

Ysc supercapacitor energy (J)

Yscreg  supercapacitor energy reference (set-point) (J)

yr total energy at d.c.-bus and supercapacitor (J)

TrC equivalent series resistance in fuel cell converter
(€2)

Tsol equivalent series resistance in solar cell converter
(€2)

Tsc equivalent series resistance in supercapacitor con-
verter (£2)

u input variable vector

X state-variable vector

y output vector

o(-), ¥(-), ¢(-) smooth mapping functions

reduced cell lifetime. To protect the fuel cells from overloading
and starvation, especially during transient conditions, excessive
oxygen and hydrogen can be supplied to the cells during the
steady-state operation, which increases the reserve of available
power in anticipation of a load increase. This strategy, however,
is conservative and leads to increased parasitic losses, decreased
air utilization and thereby compromised system performance.
Therefore, the fuel cell power or current slope must be limited
to prevent a fuel cell stack from experiencing the fuel starvation
phenomenon and to optimize the system, for example, 4 As~! for
a 0.5kW, 12.5-V PEMFC [9], and 5, 10 and 50As~! for a 20 kW,
48-V PEMFC [10].

The output power of solar cells fluctuates considerably depending
on solar radiation, weather conditions and temperature [11,12].

Therefore, in order to supply electric power to fluctuating loads
with a hybrid system composed of the above-mentioned fuel cell
and solar cell, an electric energy-storage system is needed to com-
pensate for the gap between the output from the renewable energy
sources and the load, in addition to the collaborative load sharing
among those energies [13-15].

Moreover, hydrogen as an energy storage media has the poten-
tial to address both daily and seasonal buffering requirements.
Systems that employ an electrolyzer to convert excess electric-
ity to hydrogen coupled with hydrogen storage and regeneration
using a fuel cell can, in principle, provide power with zero (or
near zero) emissions. Hydrogen production by solar energy is a
‘renewable-regenerative system’ [4], and this process is known as
the electrolysis process. The basic principle is the following: when
the photovoltaic input power exceeds the load power demand, the
system controller determines that the energy should be directed
to hydrogen production. In this kind of operation, i.e., a solar-
based renewable-regenerative system, almost half of the solar
input energy is directed to hydrogen production and converted
with 60% energy efficiency [4].

Based on present storage device technology, battery design has
to supply the trade-off between specific energy, specific power and
cycle life. The difficulty in obtaining high values of these three
parameters has led to some suggestions that the energy-storage
system of distributed generation systems should be a hybridiza-
tion of an energy source and a power source [16,17]. The energy
source, mainly fuel cells and solar cells in this study, has high spe-
cificenergy, whereas the power source has high specific power. The
power sources can be recharged from the main energy source(s)
when there is less demand. The power source that has received
wide attention is the supercapacitor (or ‘ultracapacitor’, or ‘elec-
trochemical double-layer capacitor’) [18-20].

The enhancements in the performance of renewable energy
source power systems that are gained by adding energy storage
are all derived from the ability to shift the system output. Firming-
up the renewable system is accomplished by ensuring that energy
is available when there is a demand for it rather than being limited
by the availability of the renewable resource. As a result, the sys-
tem output may need to be shifted to periods when the hydrogen
and/or the sun, for example, are not available [21]. Depending on
the size and type of the energy-storage system and the load, it may
be possible to provide all of the power needed to support the load.
A much more common scenario is for the energy storage to simply
provide enough power for applications, like peak shaving, without
having full load support capability. The energy-storage system may
also provide sufficient energy to ride out electric service interrup-
tions that range from a few seconds to a few hours. This is especially
important for service disruptions that occur when the renewable
resource is not available.

In this study, a fuel cell/photovoltaic/supercapacitor hybrid
power source is proposed. A power electronic converter struc-
ture, energy management and innovative energy control law are
presented. To authenticate the proposed principle, the hardware
system is realized by analog circuits and digital estimation with a
dSPACE controller. Experimental results obtained with small-scale
devices illustrate the system performance.

2. Renewable energy hybrid system
2.1. System configuration

The power converter structure of the system is shown in Fig. 1.
Fuel cell and solar cell power-generating systems may provide

direct or alternating current (d.c. or a.c.) to satisfy application-
specific power needs (Fig. 1). The current, voltage and power quality

Please cite this article in press as: P. Thounthong, et al., ]. Power Sources (2010), doi:10.1016/j.jpowsour.2010.01.051
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Fig. 1. Proposed hybrid energy system supplied by fuel cell, solar cell and supercapacitor, where pgaq (= Uus X iroad), UBus and ijoaq are load power, d.c.-bus voltage and
d.c.-bus load current, respectively. prc (= Vrc x irc), Vrc and igc are fuel cell power, voltage and current, respectively. pso1 (= Uso X isol), Usol and ise are solar cell power, voltage
and current, respectively. psc (= vsc x isc), Vsc and isc are supercapacitor power, voltage, and current, respectively. prca, Psola and psca are the output powers to d.c. link
from converters of fuel cell, solar cell and supercapacitor, respectively. ircrer, isolrer, iscrer are the current references of the fuel cell, solar cell and supercapacitor converters,

respectively.

are controlled by electronic power-conditioning systems. Gener-
ally, voltage regulators and d.c.-d.c. converters (chopper circuits)
are used to control and adjust the fuel cell and photovoltaic d.c.
output voltages to useful values [22,23].

The voltages of the fuel cell and solar cell vary with the cur-
rent drawn by the load and decrease significantly at high load
currents [24]. Therefore, a power-electronics system is needed to
process the raw output power from the stack or panel and pro-
vide power to the load at a constant d.c. or a.c. voltage. Typically,
the power-electronics systems include multiple interconnected
power converters: for example, a d.c.—d.c. converter is often fol-
lowed by a d.c.—a.c. converter for stationary applications [25]. The
switching scheme in such power converters can be based on pulse-
width modulation (PWM), resonant, quasi-resonant, soft-switched,
or line-commutated switching [26-28]. Furthermore, the topolog-
ical structures of these converters can vary dramatically [29].

The supercapacitor bank is always connected to the d.c.-bus
by means of a two-quadrant d.c.-d.c. converter (bidirectional con-
verter), a ‘supercapacitor converter’. The supercapacitor power can
be positive or negative, which allows energy to be transferred in
both directions [30].

An inverter is used to convert the d.c. voltage to a useful
a.c. voltage. It may operate as grid-independent or with grid-
synchronization. Then, the solar cell supplies all its output power
to the d.c.-bus, and the fuel cell supplies a slowly fluctuating power
difference between the load power p;,,q demand and the solar cell
output power. A supercapacitor storage device can compensate for
both a sudden change in the load demand and rapidly fluctuating
solar cell output power caused by solar radiation; therefore, the
load is supplied with stable power.

As depicted in Fig. 1, the proposed system has a multi-source
structure (or cascade scheme). The cascaded structure can lead to
interactions between converters that cause the system to be unsta-
ble, if they are designed separately. This problem has been studied
during the past decade. In this case, to study interactions between
the converters, impedance criteria are often used to determine the

stability of the cascaded system. Nonetheless, the technique only
proves the asymptotic stability around a given operating point. The
large signal stability properties or the behaviour of the system in
the case of outsized disturbances are not considered in this model.
In this paper, a non-linear control algorithm based on the differen-
tial flatness principle of the renewable power plant is proposed.
Design controller parameters are independent of the operating
point. Interactions between the converters are taken into account
by the controllers, and high dynamics in perturbation rejection are
accomplished.

2.2. Energy management

For reasons of safety and dynamics, the fuel cell, solar cell and
supercapacitor converters are usually controlled primarily by inner
current-regulation loops [17]. The dynamics of current-regulation
loops are much faster than those of outer control loops, which are
described later. Therefore, the fuel cell current igc, the solar cell
current is, and the supercapacitor current isc are considered to
follow their references igcrer, isoirer and iscrer perfectly.

Energy management of multi-power sources has already been
studied recently, for example, Feroldi et al. [31] studied control
(based on efficiency map) of a fuel cell/supercapacitor hybrid power
source for vehicle applications, Payman et al. [32] studied control
of a regulated d.c. voltage supplied by a fuel cell and superca-
pacitor storage device based on a differential flatness system,
and Thounthong et al. addressed a regulated d.c.-bus voltage fuel
cell/supercapacitor hybrid source [33], a regulated d.c.-bus voltage
fuel cell/battery/supercapacitor hybrid source [34] and an unregu-
lated d.c.-bus voltage fuel cell/battery hybrid source [14].

Thus, in the proposed system depicted in Fig. 1, there are two-
voltage variables, or two-energy variables, to be regulated. The
d.c.-bus energy ypys is the most important variable, and the super-
capacitor storage energy ysc is the next most important. Therefore,
based on the previous work described above, it is proposed to utilize
supercapacitors, which are the fastest energy source in the pro-
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14 differentially flat system is that every trajectory in the output space
is feasible; therefore, trajectory generation is theoretically simpler
L2 e s s ap G BAOE W s in terms of the flat outputs. For this reason, by using the flatness
/Suhm.capacimrz/-Solan- C_cll el Cell estimation in power elect.romc applications, interactions between
Lof - - - - the converters are taken into account by the flatness-control law
E : and high dynamics in perturbation elimination are achieved.
0.8 -
g 2.2.2. d.c.-Bus energy control
}' 0.6 - Based on the flatness-control, the electrostatic energy ygus
:.é. stored in the total d.c.-bus capacitor Cgys is considered as the flat
0.4 - output variable (Eq. (1)), i.e.:
1
0.2 YBus = ECBusuéus (4)
” It is assumed that the supercapacitor current follows its reference
’ : value perfectly. Thus:
j L i i . . Psc _ PSCREF
0.2 - 10 15 30 35 30 isc = iscREF = —— = ——— (5)
Usc Usc

Time (s)

Fig. 2. Dynamic classification for proposed hybrid power source.

posed system, to supply the energy for the d.c.-bus [33,34]. Thus,
the fuel cell (as the slowest dynamic device) and solar cell supply
energy for both the d.c.-bus capacitor Cgys and the supercapacitors
Csc to keep them charged.

At the d.c. link, there are three sources that supply energy at the
same time. Therefore, the dynamics of the three sources must be
classified in order to guarantee system stability [34], as illustrated
in Fig. 2. Note that the power unit in Fig. 2 is the normalized unit (or
per-unit [pu]). Thus, the defined dynamic classification depicted in
Fig. 2 is obtained from the simulation result using Matlab-Simulink,
and the experimental results of the power source dynamics are pre-
sented after the performance validation section. The supercapacitor
is operated as the highest dynamic power source to provide the
micro-cycles and the fast dynamic power supply. It can withstand
a very large number of charge-discharge cycles without degrada-
tion (or virtually infinite cycles) [33,35]. The fuel cell generator is
operated as the lowest dynamic power source. The fuel cell cur-
rent or power slope must be limited to avoid the fuel starvation
phenomenon. The fuel cell limited current or power slope has been
experimentally determined to be the highest slope of an operating
fuel cell system, where no fuel starvation occurs in order to improve
its lifetime [33,34]. The photovoltaic generator is between the fuel
cell and supercapacitor in the dynamic classification.

2.2.1. Principle of differential flatness theory

A non-linear control algorithm based on the flatness properties
[36-38] of the system is proposed. According to the flatness-control
law, the tuning controller parameters are independent of the oper-
ating point [32]. According to Fliess et al. [39,40], an independent
dynamic system is considered to be differentially flat if an output
y is given by:

y=¢(x, u, i, ..., u®), yenm (1)
such that the state x and controls u (or inputs) can be written as:
xen” 2)

ueh™ (3)

X=9, 7, ...y,
u=yy,y, ..y,

where ¢(-), ¥(-), ¢(-) are the smooth mapping functions, & and 8 are
a finite number of their time derivatives, and (n, m) € N. Moreover,
it is assumed that m <n.

The output y is called a flat output. Thus, a dynamic system is,
in nature, differentially flat if it is equivalent to a system without
dynamics, i.e., a static system. In other words, there are no dif-
ferential constraints in output space. The apparent advantage of a

where pscrer is the control variable of the reduced system described
in Eq. (3).

Therefore, the state variable vg,s may be put into a form similar
to that in Eq. (2):

2
ous = || 2 = 1 (7) (6)
Bus

To obtain a relationship between the control variable psc and the
flat output variable ygys, the differential equation verified by the
reduced model from Fig. 1 is written as:

YBus = DFca + Psola + PSca — PLoad (7)
where
prc ) 2
PFca = Prc —TFc(f) (8)
VrC
2
Psola = Psol — T'sol <@> (9)
Usol
2
Dsca =PSC*Tsc<p£) (10)
Usc

rec is the total equivalent series resistance in the fuel cell converter.

Here, only static resistance loss is considered [32]. 15, is the total

equivalent series resistance in the solar cell converter. rsc is the

total equivalent series resistance in the supercapacitor converter.
It follows that:

DPscrer = 2Pscm 1_ \/1 _ (}.’Bus + PLoad — PFca — pSola)
= ax

PscMax
=1, y) (11)
where
2
_ Vs
PscMax = 77— (12)

. 12 .
DPLoad = VBuslLoad = CyBus IL0ad (13)
Bus

DPscmax 1S the limited maximum power from the supercapacitor
module.

Thus, it is apparent that psc = ¥1(y, ¥), which corresponds with
Eq. (3), and the proposed reduced system with the control variable
Psc can be considered to be a flat system associated with ygs as the
flat output variable.

To ensure the control of the flat output variable ygys to its ref-
erence trajectory ygusrer, the following control law is based on the
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Fig. 3. Proposed d.c.-bus energy control loop for fuel cell/solar cell/supercapacitor hybrid source.

well-known second-order control law:

(¥Bus — ¥Busrer) + K11(¥Bus — YBusREF)
t
+K12 / (¥YBus — YBusrer) dT =0 (14)
0

where Ky1, and K;, are the controller parameters. Defining
€yBus =YBus — YBusREF, K11 =2¢wp, and Kqp = w% gives:

éyBus + 2{wnéypus + w%eyBus =0 (15)

It is obvious that the control system is stable for K;q, K2 >0.
Based on the power electronic constant switching frequency fs and
a cascade control structure, the outer control loop (here the d.c.-bus
energy control) must operate at a cut-off frequency fe « fc (a cut-
off frequency of the supercapacitor current loop or power loop) « fs
[41]. The d.c.-bus energy control loop detailed above is portrayed
in Fig. 3.

The d.c.-bus energy control law generates a supercapacitor
power reference pscrer. This signal is then divided by the measured
supercapacitor voltage vsc and limited to maintain the superca-
pacitor voltage within an interval [Vscumin, Vsemax] by limiting the
supercapacitor charging current or discharging current, as pre-
sented in the block “SuperC Current Limitation Function” [33]. The
higher voltage value Vscpax Of this interval corresponds to the max-
imum voltage of the storage device. Generally, the lower voltage
value Vscpin is chosen as Vsevax/2, which causes only 25% of the
energy in the supercapacitor bank to remain [33]; as a result, the
supercapacitor discharge becomes ineffective. This results in the
supercapacitor current reference iscggr.

2.2.3. Supercapacitor energy control
The classical electrostatic energy storage ysc in the supercapac-
itor is expressed by:

1
Ysc = icscvéc (16)

where Csc is the supercapacitor capacitance (refer to Fig. 1), and vsc
is the supercapacitor voltage.

Again, based on the flatness-control, the total electrostatic
energy yt stored in the total d.c.-bus capacitor Cgys and the super-
capacitor Csc is taken as the flat output variable (Eq. (1)), i.e.:

1 , 1
YT =YBus +Ysc = jcBusUBus + 3
It is again assumed that the fuel cell and photovoltaic currents
follow their reference values perfectly. Thus:

CscV2c (17)

: : PFC _ PFCREF
Ifc = IfcREF = —— = (18)
VFC VFC
. p Psol _ PSolREF
isol = ISoIREF = —>— = — —— (19)
Usol Usol

where prcrer and psorer are the control variables of the reduced
system (Eq. (3)).

Thus, the state variable vsc may be put into a form similar to that
of Eq. (2):

2(yT — YBus)

vsc = o =@2(¥) (20)

The differential equation verified by the reduced model from Fig. 1
is:

YT = PTa — DLoad (21)
where

Pt 2
PTa = DFca + Psola = PT — rT(a) (22)

For a fuel cell and a solar cell that are combined as an energy source
to supply energy to a d.c.-bus and supercapacitor, vy is defined as
presented in Eq. (22) and ry represents the total losses in the fuel
cell and photovoltaic converters.

Therefore:
o .
DPTREF = 2PTMax |1 —4/1 - (M> =Y2(y,¥) (23)
PTMax
where
2
Ur
PT™Max = E (24)
In fact:
PTMax = PFcMax + PFCMax (25)

PrcMax 1S the maximum fuel cell power. psomax 1S the maximum
photovoltaic power.

Photovoltaic power systems require some specific estimation
algorithms to deliver the maximum power point (MPP) because
the output features of a solar cell vary with environmental changes
in irradiance and temperature. Many previous investigations have
presented different techniques for maximum power point tracking
(MPPT) of photovoltaic arrays [42-44]. It is beyond the scope of this
study to present the MPPT algorithm here, though it is similar to Eq.
(14).Because the supercapacitor energy storage has a large capacity
and the supercapacitor energy is defined as a slower dynamic vari-
able than the d.c.-bus energy variable, the total (supercapacitor)
energy control law is defined as:

(¥1 — Y1Rer) + K21(y1 — y1REF) = 0 (26)

The supercapacitor energy control loop is shown in Fig. 4. The
total energy control law generates a total power reference prgeg.
First, prrer is considered to be the photovoltaic power reference
DsolarRer- It must be limited in level, within an interval maximum
Psolarmax (MPP) and minimum psgjamin (Set to 0W), and have lim-
ited dynamics to respect constraints in the dynamic classification
(Fig. 2). Here, the second-order delay [34] is selected as a photo-
voltaic power dynamic limitation, as illustrated in Fig. 4. Second,
the difference between the total power reference prrgr and the
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Fig. 4. Proposed supercapacitor energy control loop for fuel cell/solar cell/supercapacitor hybrid source.

photovoltaic power reference psqarer iS the fuel cell power refer-
ence pecrer- It must be limited in level, within an interval maximum
DPrcMax and minimum pecyin (Set to 0 W), and be limited in dynam-
ics to respect the dynamic classification constraints in Fig. 2. Again,
second-order delay is selected as a fuel cell power dynamic limita-
tion.

3. Performance validation
3.1. Test bench description

In order to authenticate the proposed original hybrid energy
management, a small-scale test bench has been implemented, as
presented in Fig. 5. The fuel cell system used in this effort is a Bal-
lard Nexa fuel cell system (1.2 kW, 46 A). It is supplied using pure
hydrogen with a regulated pressure of 10 bar from bottles under
a pressure of 150bar and with clean dry air from a compressor.
The photovoltaic array (800 W, 31 A) was obtained by connecting
four panels (200W, 7.78 A) in series. The solar cell panels were
developed and manufactured by the Ekarat Solar Company. They
were installed on the roof of the laboratory building, as illus-
trated in Fig. 5. The supercapacitor module (100F, 32V, based on
Maxwell Technologies Company) was obtained by connecting 12
cells BCAP1200 (capacitance: 1200 F; maximum voltage: 2.7 V) in
series, as shown in Fig. 5.

The fuel cell converter (1200W) is composed of four-phase
boost converters connected in parallel using the interleaving tech-
nique [45] and is selected to adapt the low d.c. voltage delivered

Photovoltaic Ar‘m_\i e SPACE

Controller

g Electronics Load

« Interfacing Card

#Converter

: F('r' Convert

£ Iéclér}e

by the fuel cell, which is approximately 26 V at rated power, to the
60V d.c.-bus. Thus, each boost converter is composed of a high-
frequency input inductor (420 wH), four output filtering capacitors
connected in parallel (each capacitor is an aluminum electrolytic
capacitor (470 F), thus the total capacitance is 1880 WwF), a diode
(Schottky diode RURG3020: 200V, 30A), and a main power
switch (power metal-oxide-semiconductor field-effect transistor
IRFP264N MOSFET: 250V, 38 A). The frequency of the pulse-width
modulation (PWM) that drives each boost converter is 25 kHz.

The solar cell converter (800 W) is composed of two-phase
boost converters connected in parallel by the interleaving tech-
nique and is selected to adapt the low d.c. voltage delivered by the
solar panels, which is approximately 25V at rated power, to the
60V d.c.-bus. Thus, each boost converter is composed of a high-
frequency input inductor (140 wH), four output filtering capacitors
connected in parallel (total capacitance: 4400 F), a diode (Schot-
tky diode RURG3020: 200V, 30 A), and a main power switch (power
metal-oxide-semiconductor field-effect transistor IRFP264N MOS-
FET: 250V, 38 A). The frequency of the PWM that drives each boost
converter is 25 kHz.

The supercapacitor converter is composed of four-phase bidi-
rectional converters connected in parallel by the interleaving
technique. Thus, each two-quadrant converter is composed of
a high-frequency input inductor (290 wH), an output filtering
capacitor (aluminum electrolytic capacitors: 680 wF), two power
switches (power metal-oxide-semiconductor field-effect transis-
tor IRFP264N MOSFET: 250V, 38 A), and two diodes (Schottky diode
RURG3020: 200V, 30 A). The frequency of the PWM that drives

5 B
| =0 i
lm' 4'1;." 'Wj' F( '.Muniu')rin_s;

Hydrogen Tank

OLysouyrd

= NexaPEMFC 92979295

System =

Eﬁ@a‘ -

ider

IeCtrEQ

Fig. 5. Hybrid power source test bench.
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Table 1 Table 2
d.c.-bus energy control loop parameters. Supercapacitor energy control loop parameters.
Parameter Value Parameter Value
VBusREF 60 \% VSCREF 25 \Y4
Cpus 12,200 WF Csc 100 E
Ki1 450 rads! K1 0.1 wj-!
Kiz 22,500 rads—2 Psolvax (rated) 800 w
Trc 0.14 Q PsolMin 0 W
T'sol 0.12 Q Isoivax (rated) 28 A
Isc 0.10 Q Isoivin 0 A
Vscmax 32 \Y &2 1
VscMin 15 \Y Wn2 0.8 rads!
Iscrated 150 A PFcMax 500 W
PrcMin 0 W
Ircmax (rated) 46 A
each bidirectional converter is 25 kHz. The supercapacitor current, ifc“’"" (1) R
which flows across the storage device, can either be positive or wlm 04 rads—!

negative, which allows energy to be transferred in both directions.

3.2. Control description

Measurements of the fuel cell current igc, the solar cell current
isol, the supercapacitor current isc, the load current ij,,q4, the d.c.
link voltage vgs, the fuel cell voltage vgc, the solar cell voltage vs,
and the supercapacitor voltage vsc are collected with zero-flux Hall
effect sensors.

The fuel cell, the solar cell and the supercapacitor current-
regulation loops were realized by analog circuits to function at a
high bandwidth. Parameters associated with the d.c.-bus energy
regulation loop and the supercapacitor energy regulation loop can
be seen in Tables 1 and 2, respectively. The fuel cell power dynamic
delay is shown in Table 2; this value was experimentally deter-
mined as the highest power slope of the FC system, where no
fuel starvation occurs. It must be noted here that, for the small-

T T T T T T T T T
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=
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test bench, the fuel cell maximum power pgcypax 1S set at 500 W;
but, the rated fuel cell power considered here is 1200 W. Further,
these two energy control loops, which generate current refer-
ences igcrer, isorer and iscrer are implemented on the real time
card dSPACE DS1104 through the mathematical environment of
Matlab-Simulink with a sampling frequency of 25 kHz.

3.3. Experimental results

The studied d.c.-bus of 60V is only connected to an electronic
load. To validate the dynamics of the power (current) regulation
loops for each power source, Figs. 6-8 present waveforms that
are obtained during the stepped power demand. Fig. 6 illustrates
the fuel cell power demand, power response, voltage and current.
Fig. 7 contains the photovoltaic power demand, power response,

T T T T T T T T T
800F (b) 1
600 3
400 3
200k e

200k 1 1 1 1 ) ! 1 1 1
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-200B— e | PH PP Y | ENPIPE R | 1

40
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L, 3
25 50
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Fig. 6. Dynamic identification of fuel cell power control loop.
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Fig. 7. Dynamic identification of photovoltaic power control loop.

voltage and current. Finally, Fig. 8 illustrates the supercapacitor
power demand, power response, voltage and current. Because the
fuel cell and photovoltaic powers are intentionally limited by the
control algorithm (refer to Fig. 4: ‘solar cell dynamic power limita-
tion’ and ‘fuel cell power dynamic limitation’), a smooth transition
of the power responses of the fuel cell and photovoltaic sources is
observed, while the supercapacitor power dynamics are very fast.
The supercapacitor can supply power from 0 to 400 W in 50 ms. It
is clear that the fast response of the supercapacitor storage device
can be operated with the fuel cell and solar cell main generators
in order to improve system performance. The data in Fig. 6 also
confirm that the fuel cell is controlled to avoid the fuel starvation
phenomenon.

Because flatness-based control is model-based, it may have
some sensitivity to errors in the model parameters. To authenti-
cate its robustness, the flatness-based control was tested with the
exact model parameters (rgc =0.14 €2, 150 =0.12 2, r5¢ =0.10 ) and
in the lossless parameters case (rgc =0 €2, 150 =0 €2, rsc =0 2). In the
case of no losses, this leads to a drastically less complex estima-
tion of the control law (Egs. (8)-(11)). Comparisons (robustness)
between the accurate parameters and the error parameters are
given in Fig. 9. They generate waveforms that are obtained during
the large load step from 0 to 500 W and show the d.c.-bus voltage,
the load power (disturbance), the supercapacitor power, and the
supercapacitor voltage (storage SOC). Because the power of the fuel
cell and the solar cells are intentionally limited, the supercapaci-
tor supplies the transient load power demand. Similar waveforms
are seen in Fig. 9(a) and (b). The d.c.-bus voltage (d.c. link stabi-
lization) is minimally influenced by the large step in load power.

Clearly the performance of the control system is hardly affected
by the considered error in model parameters. Experimental testing
demonstrates that errors in these parameters have relatively little
effect on regulation performance. It is therefore conclude that the
non-linear differential flatness-based approach provides an abso-
lutely robust controller in this application.

Waveforms obtained during the large load cycle are presented
in Fig. 10. The data show the d.c.-bus voltage, the fuel cell volt-
age, the photovoltaic voltage, the load power, the supercapacitor
power, the fuel cell power, the photovoltaic power, the superca-
pacitor current, the fuel cell current, the photovoltaic current, and
the supercapacitor voltage (or the supercapacitor SOC). In the ini-
tial state, the small load power is equal to 100 W, and the storage
device is fully charge, i.e., vsc = 25V; as a result, both the fuel cell
and supercapacitor powers are zero, and the photovoltaic source
supplies power for the load of 100W. At t=40s, the load power
steps to the final constant power of around 900 W (positive load
power transition). The following observations are made:

e The supercapacitor supplies most of the 900 W power that is
required during the transient step load.

e Simultaneously, the photovoltaic power increases with limited
dynamics to a maximum power point (MPP) of around 300W,
which is limited by the maximum power point tracker (MPPT).

e Concurrently, the fuel cell power increases with limited dynamics
to a maximum power of 500 W.

e The input from the supercapacitor, which supplies most of the
transient power that is required during the stepped load, slowly
decreases and the unit remains in a discharge state after the load
step because the steady-state load power (approximately 900 W)
is greater than the total power supplied by the fuel cell and pho-
tovoltaic array.

At t=100s, the supercapacitor voltage is equal to 19V. As a
result, the supercapacitor supplies its stored energy ysc to the d.c.-
bus. This energy ysc supply is estimated to be:

1. 2 1. 2
Ysc_Supply = ECSCUSC(t =40s) - icscvsc(t =100s) (27)
=13.20k]

The load power is reduced from the high constant power of 900 W
to the low constant power of 100 W (negative load power transi-
tion). As a result, the supercapacitor changes from discharging to
charging and demonstrates the following four phases:

e First, the fuel cell and photovoltaic array still supply their con-
stant maximum powers to drive the load and to charge the
supercapacitor.

Second, at t=110s, the supercapacitor is approaching full charge,
i.e., vsc = 23 V. Consequently, the fuel cell power is reduced with
limited power dynamics.

e Third, at t=120s, the supercapacitor is nearly fully charged, i.e.,
vsc = 24 V. As a result, the photovoltaic power is reduced with
limited power dynamics.

Fourth, at t=160s, the supercapacitor is fully charged, i.e., vsc =
vscrer = 25 V. After slowly decreasing, the photovoltaic power
remains at a constant power of 100 W for the load power
demanded. Furthermore, the fuel cell and supercapacitor powers
are zero.

It is evident that the d.c.-bus voltage waveform is stable during
the large load cycle, which is critically important when employing
supercapacitors to improve the dynamic performance of the whole
system using the proposed control law.

Finally, Fig. 11 presents waveforms that are obtained during the
long load cycles measured on 5 December, 2009. The waveforms are
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Fig. 8. Dynamic identification of supercapacitor power control loop.
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Fig. 10. Hybrid source response during load cycle.

similar to the test bench results in Fig. 10. During the experiment,
the FC maximum power was set to 500 W, and the PV maximum
power (depending on solar radiation, weather conditions and tem-
perature) was limited by the MPPT. For example, at 15:01:40, the PV
maximum power was approximately equal to 180 W; at 15:02:30,
the PV maximum power was about 180 W; at 15:03:20, the PV max-
imum power was around 180 W; and from 15:05:50 to 15:08:20,
the PV maximum power was reduced to 0 W, because of the cloudy

conditions. In particular, it was found that the power plant was
always energy balanced pyaq(t) ~ prc(t) + Psoi(t) + psc(t) by the pro-
posed original control algorithm.

The important variable necessary to balance the energy in this
complex system is the d.c.-bus energy or voltage. From the exper-
imental validation, the d.c.-bus voltage is automatically controlled
at the constant set-point, i.e., vgys = 60 V. This experiment confirms
that the energy in the system is well managed. The fuel cell and
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Fig. 11. Hybrid source response during long load cycles.

solar cell powers are limited at their maximum powers, and the
fuel cell power dynamics are controlled; as a result, there is no
fuel starvation problem and the fuel cell stack lifetime is increased
[46-48].

4. Conclusions
Energy management of multi-power sources has been proposed

as a solution for a hybrid energy system that uses renewable energy
from solar cells, fuel cells and a supercapacitor as an energy stor-

age device. A supercapacitor can advance the load, following the
characteristics of the main sources by providing a stronger power
response to changes in the system load. During essential stepsin the
load, the supercapacitor provides the energy balance needed dur-
ing load transition periods. Adding energy storage to the distributed
power systems improves power quality and efficiency.
Experimental verification with a small-scale hybrid test bench
(Nexa Ballard fuel cell power generator: 1.2 kW, 46 A; Ekarat Solar
Cell power module: 800W, 31 A; Maxwell supercapacitor storage
device: 100F, 32 V) has demonstrated the excellent performance of
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the whole system, and has validated the proposed energy manage-
ment principle.
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nergy consumption plays
an important role in our
modern civilization and
daily life, which is heavily
dependent on burning fos-
sil fuels. The increasing
threat of the fast deple-
tion of resources such as petroleum,
coal, and natural gas forces people
to seek regenerative energy sources,
such as solar, wind, geothermal, and
hydroelectric energies. Another way of
saving valuable natural resources and
solving the environmental problem is
to develop cleaner and more efficient
energy conversion devices. In recent
years, fuel cell (FC) research and devel-
opment have received much attention
for their higher energy conversion ef-
ficiency and lower or nongreenhouse-
gas emissions than thermal engines in
the processes of converting fuel into
usable energies [1]-[3]. The power and
energy efficiency of an FC is highly de-
pendent on thermodynamics, electrode
kinetics, and reactant mass transfer,
as well as materials and components
for assembling the FC. These factors
have been addressed throughout the
FC history and are now still the major
challenges for FC research and devel-
opment [4]-[6].

In industry, United Technologies
Corporation (UTC) Fuel Cells is in-
volved in FC systems for space and
defense applications. UTC Fuel Cells
activity began in 1958 and led to the
development of the first practical FC
application used to generate electrical
power and potable water for the Apol-
lo space missions. Since 1966, all of
the more than 100 manned U.S. space
flights, including the Space Shuttle,
have operated with FCs supplied by
UTC companies. In 1991, UTC Fuel
Cells manufactured its first PureCell
200 power plant, the world’s first and
only commercial FC power. The Pure-
Cell 200 FC produces 200-kW of elec-
tricity and 700,000 BTUs of heat. The
unit can be powered by natural gas,
propane, butane, hydrogen, naphtha,
or gases from waste. Since their first
flight in 1981, UTC Fuel Cells power
plants have provided electric power
for more than 100 shuttle missions.
They shipped a 50-kW hydrogen-air

FC power plant to the U.S. Department
of Energy (DOE) and the Ford Mo-
tor Company. In 1998, UTC Fuel Cells
delivered a 100-kW methanol power
plant, with 40% efficiency, to Nova Bus
for installation in a 40-ft, hybrid drive
electric bus under a DOE/Georgetown
University contract [7], [8].

General Motors is involved in the
development of FCs for stationary pow-
er as well as the more obvious automo-
tive markets [9]-[11]. In February 2004,
they began the first phase of installa-
tion operations in Texas at Dow Chemi-
cal Company, the largest facility in the
world. These FC systems are used to
generate 35 MW of electricity [12].

posed approximately 170 years ago
when William Robert Grove conceived
the first FC in 1839, which produced
water and electricity by supplying
hydrogen and oxygen into a sulfuric
acid bath in the presence of porous
platinum electrodes [1]. The process
by which this is done is very similar
to the electrochemical process by
which a battery generates power; at
one electrode, a fuel such as hydrogen
is oxidized, and at the other electrode
an oxidant such as oxygen is reduced.
The reactions exchange ions through
a solid or liquid electrolyte and elec-
trons through an external circuit, as
shown in Figure 1 [15], [16].

Fuel cells produce dc voltage outputs, and they
are always connected to electric power networks
through power conditioning units such as dc/dc

and dc/ac converters.

Axane (France) is also working on
FC technology. Three markets that are
likely to provide large commercial out-
lets [13], [14] are:

m portable multiapplication genera-
tors (500 W-10 kW)

m stationary applications (more than
10 kW)

= mobile applications for small hy-
brid vehicles (5-20 kW).

FCs produce dc voltage outputs, and
they are always connected to electric
power networks through power condi-
tioning units such as dc/dc and dc/ac
converters. Power conversion and con-
trol functions form the basis of what has
come to be known as the field of power
electronics. In recent years, power elec-
tronics technology has been spurred
by needs for efficient control of indus-
trial applications and the development
of more reliable lightweight switching
power supplies for a sophisticated sys-
tem. This article reviews the current re-
search of power electronic converters
for FC high-power applications.

FC Technology

An FC is a device that converts the
chemical energy of a fuel directly to
electrical energy. Its concept was pro-

The theoretical value of a single
cell voltage of FC is 1.23 V. It is never
reached even at no load. At the rated
current, the voltage of an elementary
cellis about 0.6-0.7 V [17]-[19]. There-
fore, an FC is always an assembly of el-
ementary cells that constitute a stack,
as Figure 2 depicts.

There are many different types of
FCs, with the principal differences be-
tween them being the type of electro-
lyte and/or the type of fuel that they
use. For instance, both the phosphoric
acid FC (PAFC) and the molten carbon-
ate FC (MCFC) have a liquid electro-
lyte, whereas a solid oxide FC (SOFC)
has a solid, ceramic electrolyte [20]-
[22]. A proton exchange or polymer
electrolyte membrane FC (PEMFC)
and a direct methanol FC (DMFC) may
have the same solid polymer electro-
lyte, but the DMFC uses liquid metha-
nol for fuel whereas the PEMFC uses
gaseous hydrogen [23], [24].

Currently, there are three general
areas of application for FC technol-
ogy: portable power, distributed pow-
er, and transportation. For each appli-
cation, it is generally found that one
type of FC is better suited than the
others to satisfy the requirements of
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FIGURE 1 - Different layers of an elementary cell of PEMFC.

the application. The DMFCs are attrac-
tive for several applications in view of
their lower weight and volume. The
DMFCs are increasingly being devel-
oped to replace or support batteries,
mainly for the high energy density of
methanol. The DMFCs are promising
candidates as portable power sources
because they do not require any fuel
processing and operate at low tem-
peratures (30-60 °C) [25]-[27]. The
SOFC, because of its high pow-

operate. The composition, pressure,
and flow rate of each of these streams
must be regulated. In addition, the gas-
es must be humidified and the coolant
temperature must be controlled. To
achieve this, the FC stack must be sur-
rounded by a fuel system, fuel deliv-
ery system, air system, stack cooling
system, and humidification system.
Once operating, the output power gen-
erated by the FCs must be conditioned

er density and high grade
waste heat that may be used
in cogeneration applications,
is a front-runner in distributed
power applications at the
industrial level [28]-[31]. The
PEMFC has many of the quali-
ties required of an automotive
power system including rela-
tively low operating tem-
perature, high power density,
and rapid startup [32]-[34]. In
addition, PEMFC may also be
used in residential and com-
mercial power systems [35].
An FC stack requires fuel,
oxidant, and coolant in order to

.
FIGURE 2 - An PEMFC (16 cells, 500 W, 50 A, and around 1
manufactured by the Centre for Solar Energy and Hydrogen
Research Baden-Wiirttemberg (ZSW) Company. It is being
functioned at the GREEN laboratory.
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and absorbed by a load (converter).
Suitable alarms must shut down the
process if unsafe operating conditions
occur, and a cell voltage monitoring
system must monitor FC stack per-
formance. These functions are per-
formed by electrical control systems.
As an example, Figure 3 shows a sim-
plified diagram of the PEMFC system.
When an FC operates, its fuel (hydro-
gen and air) flows are controlled by an
FC controller, which receives current
demand. This current demand is the
FC current reference ixcger (see Figure
3) coming from the energy manage-
ment controller. The fuel flows must
be adjusted to match the reactant de-
livery rate to the usage rate by the FC
controller [36], [37].

FC Characteristics

As mentioned earlier, an FC power
source is always connected to the dc
bus by a step-up converter. Switching
characteristics of the PEMFC (500 W,
40 A) at steady-state when connecting
with a boost converter are presented
in Figure 4. It can be seen that the
PEMFC contains a complex impedance
component, which it is not purely re-
sistive at a high switching frequency
of 25 kHz [36].

Thounthong et al. [38] (who worked
with a 500-W PEMFC system by ZSW
Company), Corréa et al. [39], [40] (who
worked with a 500-W Ballard and 500-
W Avista PEMFC system), and Zhu
et al. [41] (who worked with a 500-W
PEMFC system) have demonstrated
that the electrical response
time of an FC is generally fast,
being mainly associated with
the speed at which the chemi-
cal reaction is capable of re-
storing the charge that has
been drained by the load. On
the other hand, because an FC
system is composed of many
mechanical devices, the whole
FC system has slow transient
response and slow output pow-
er ramping [42], [43].

For clarity about the FC dy-
namics, Figure 5 illustrates a
Nexa PEMFC system (1.2 kW, 46
A), and Figure 6 depicts the FC
voltage response to a current

)



demand of the Nexa PEMFC stack. The
tests operate in two different ways: cur-
rent step and controlled current slope
of 2 A-s™!. One can scrutinize the volt-
age drop in Figure 6(a), compared to
Figure 6(b), because fuel flows (par-
ticularly the delay of air flow) have dif-
ficulties following the current step. This
characteristic is called fuel starvation
phenomenon [1], [44]-[47]. The same
kind of FC dynamic responses can be
seen in [48]. This condition of operation
is evidently dangerous for the FC stack,
as already demonstrated by Taniguchi
et al. [49]. To utilize the FC in dynamic
applications, its current or power slope
must be limited, for example, 4 A-s ™!
for a PEMFC (0.5 kW, 12.5 V) [50]; a 2.5
kW-s~! for a PEMFC (40 kW, 70 V) [51];
and 500 W-s~! for a PEMFC (2.5 kW,
22V) [52].

Therefore, the constraints to oper-
ate an FC are as follows:

1) The FC power or current must be
kept within an interval (rated val-
ue, minimum value or zero).

2) The FC current must be controlled
as a unidirectional current.

3) The FC current slope must be lim-
ited to a maximum absolute value
(for example, 4 A-s ! [53]), to pre-
vent an FC stack from the fuel star-
vation phenomenon.

4) Switching frequency of the FC cur-
rent must be greater than 1.25 kHz,
and the FC ripple current must be
lower than around 5% of rated val-
ue, to ensure minor impact to the
FC conditions [54], [55].

FC Power Conditioning

The power conditioning system pro-
vides regulated dc or ac power ap-
propriate for the application. It is the
major component of an FC distributed
system. The output of the FC is an un-
regulated dc voltage (see Figure 6),
and it needs to be conditioned in or-
der to be of practical use. The power
conditioner section converts the FC
power to usable power for different
applications. The power condition-
ing unit also controls electricity’s fre-
quency and maintains harmonics to
an acceptable level. The purpose of
conditioners is to adapt the electrical
current from FC to suit the electrical

needs of the application. FC operates
giving direct current and at a low
voltage; thereby, the step-up (boost)

converter (dc/dc converter, named
here FC converter) is always selected
to adapt the low dc voltage delivered

Hydrogen |
Tank :

Hydrogen
Purge

Air
Exhaust @ Water Pump

FIGURE 3 - Simplified diagram of the PEMFC system. V¢, fgc, and ipcger are the FC voltage,
current, and current demand, respectively.
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by the FC to the utility dc bus followed
by an inverter (Figure 7) [56]. In gen-
eral, the load for the boost stage is a
filter and the inverter system.

The inverter is used for the interfac-
ing of the FC system to the power grid
to provide the grid with voltage/current
with proper frequency phase and mag-
nitude where the input for the inverter
comes from the boost converter stage
and the inverter (with the filter) be-
comes the load for the boost converter.
The power conditioner is also used for
the grid connection of the FC. An electri-
cal power-generating system that uses
FC as the primary source of electricity
generation and is intended to operate
synchronously, and in parallel with
the electric utility network is a grid-
connected FC system [57], [58]. Such
systems may also include storage de-
vices and other generating sources and
may operate on siteloads independent of
the utility network during outages.

To employ the FC as a main power
source in dynamic applications (such
as an electric vehicle [59]-[61] and
railway vehicle [62]-[64]), the electri-
cal system must have at least an auxil-
iary power source (storage device) to
improve the dynamic performances
of the whole system, when electrical
loads at a dc bus demand high power
in a short time (for example, vehicle
acceleration and deceleration), as por-
trayed in Figure 8. Moreover, one can
take advantage of this auxiliary power
source to achieve an actual hybrid
source to disassociate mean power
sizing from peak transient power siz-
ing, the aim being a reduction in vol-
ume and weight, and in the case of FCs
used as main energy source, the pos-
sibility of regenerative braking [38],
[65]. For example, some authors have
described the study of the FC/battery
hybrid power source [66]-[70] and
the FC/supercapacitor hybrid power
source [71]-[73].

For the past ten years, much
research has been conducted on the
utilizations of FCs in high power appli-
cations. Today, the required FC power
is in the range of 1 kW to 2 MW:

m 1-2 kW for unmanned aircrafts [74]
and 40-700 kW for manned aircraft

[75]-[78]



m 50-100 kW for urban cars [9], [33],
[79]-[85]

m 100-200 kW for buses and light
trams [7], [86]-[88]

m 600 kW-1 MW for tramways and
locomotives [62]-[64], [89]-[92]
(for example four motors of 180-kW
peak are installed on a tramway,
two motors per boggy. The total
power installed is 800 kW)

m 480 kW-2 MW for distributed gen-
eration systems (grid parallel con-
nection) [8], [93].

To increase the power and volt-
age levels, several configurations for
the FC association can be envisaged
as depicted in Figure 9 [93]-[98]. For
association of the converter inputs,
we can connect several FC in series
and then connect them to a con-
verter or each FC to a converter. The
FC parallel connection is currently
complicated because of complexity
of controlling the output power dis-
tribution in each FC. For association
of converter outputs, the output of a
converter can be connected in series
for a high output voltage or in paral-
lel for a low output voltage.

FC Power Converter

Different power converter topolo-
gies can be used for the power elec-
tronic interface between the FC and
the utility dc bus. For the dc link

A large research effort is underway to develop the
FC for applications ranging from small portable
electronic devices to automotive transport, as well
as residential combined heat and power supplies.

dc/ac Converter
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+
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FIGURE 7 - FC power system.
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FIGURE 8 - Fuel cell powered vehicle.
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FIGURE 10 - Classical fuel cell boost converter: (a) power circuit and (b) FC current regulation loop.

voltage level, it is depending on
its applications:

m 270 V or 350 V for the standard on
the all-electric aircraft [78]

m 48V [99], 120 V [100], or 400-480 V
[30], [93], [101] for stand-alone or
parallel grid connections

m 42 V (PowerNet) a new standard
voltage for automobile systems
[34], [102], [103]

m 270-540V for electric (FC) vehicles
[60], [65], [82]

m 350 V (transit bus systems) to 750 V
(tramway and locomotive systems)
[71, [63], [64], [87], [89]-[92], [104].
Basically, low-voltage, high-current

structures are needed because of the
FC electrical characteristics. A classi-
calboost converter is often selected as
an FC converter [38], [93], [99]-[101],
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FIGURE 11 - Multiphase paralleled step-up converters for FC high-power applications.
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[105]-[107], because it can be oper-
ated in the current control mode in a
continuous condition mode, as por-
trayed in Figure 10. Then, one does
not need a blocking diode and passive
filter between an FC and a converter.
Based on the load conditions, the
boost converter can be commanded
to draw a specific amount of current
from the FC with a ripple well defined
by the frequency, size of the inductor,
and duty ratio. The FC boost converter
sizes of 0.5 kW [38]; 1 kW [100], [101],
[105]; 5 kW [99]; 27 kW [106]; and 50
kW [93] have been studied. However,
aclassical boost converter will be lim-
ited when the power increases or for
higher step-up ratios. In that way, the
use of paralleling power converters
with interleaved technique may offer
some better performances.

Parallel Power Converter with
Interleaved Switching Algorithm

The subject of paralleling power con-
verters was on the sideline of design
engineeringtasks for decades. Latest
efforts in standardization, miniatur-
ization, and the proliferation of high
current, low voltage power supplies
have directed additional attention
to various techniques to parallel
power modules. The fundamental
difficulty using parallel power pro-
cessing circuits is to ensure that
the load current is properly distrib-
uted among the parallel connected
power modules. Only then can the
design be optimized for the highest



reliability and lowest cost by ensur-
ing equal temperature rise and by
minimizing the power rating of the
individual components.

Current Duty Cycle to
Controller PWM Inductor Current

The major problems of using a Gpy(S) d1= Gy (9) OIS
single dc/dc converter connected '
with FC in high power applications are Current Filter and
as follows: Measurement Gain

m difficulty of the design of magnetic 7L1Mea
component: ferrite core and Litz- ]£ H;y(s)
wire size
= ih FC rippl curent. which may e D

lead to reduce its stack lifetime. PWM .

Therefore, by paralleling convert- Lz
ers with interleaving technique, these 4 + 4 .
problems can be avoided [108]-[111]. | Current Filter and
A high-power dc distributed power | Measurement Gain

system supplied by FC invokes the | ,'NLzMea
need to parallel power modules with | ﬁ H.(s) .
interleaving technique. Active ripple |

cancellation methods can yield even |
higher performance. Today, the ac- |

tive method of interleaving is well [ C%:‘]::gﬁ;r : Inzﬂzcs%:ﬁrfm
known [94], [96], [98]. In the interleav- [ PWM - N

. i

ing method, .the.modules operate at | Gon(® dy G (9 |
the same switching frequency. Their =

switching waveforms are displaced Current Filter and

in phase over a switching period with Measurement Gain

respect toone another by 277/N radians, ,-"LNMea

with N being the number of converters Hin(8)

in parallel. It is important to note here
that, according to [54] and [55], a high

FC current ripple plays an important  fGyRE 12 - Current sharing technique of N-phase parallel modules

role in its catalyst lifetime. Especially, (here, boost converters).
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sharp current rise/fall and large magni- the output voltage of a power supply,
tude of current ripple should be avoid- as portrayed in Figure 12 [112], [113].
ed. The multiphase parallel converters To make this approach work, two piec-
for FC high-power
applications are de-
picted in Figure 11.
The most sophis-

There are three general areas of application for

tor currents of the modules and the
other is the desired amount of FC cur-
rent reference ipcrpr. Since the goal is
to evenly distribute
the FC current, the
desired FC current
is the FC current di-

ticated and most ac- ~ FC technology: portable power, distributed power,  videdbythenumber

curate current shar- .

ing implementations and transportation.

rely on a closed loop

negative feedback system, very similar es of information must be available in
to those control loops used to regulate the system. One is the actual induc-

of parallel modules.

Therefore the task

is two fold; measure
the inductor currents and generate the
average inductor current set-points.

FC Generator and Power Converter Specifications

Rated Power of FC Modules 100 kW

Rated Current of FC Modules| 600 A

Rated Voltage of FC Modules | 214 V (460 V at No-Load)

FC Ripple Current 6 A (1%)
Converter Rated Power 100 kW
Converter Efficiency > 94%
dc Bus Voltage 540V

dc Bus

Chus VBus

g

FIGURE 15 - 100-kW FC converter of three-phase interleaved boost converters with two FC modules in series [98].
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According to Thounthong et al.
[114], [115], who worked with a Ballard
Nexa PEMFC unit (1.2-kW, 46-A, see
Figure 5), they have already demon-
strated the experimental results of the
two- and four-phase paralleled boost
converters for FC applications. The
oscilloscope waveforms in Figures 13
and 14 portray the steady-state char-
acteristics of the interleaved convert-
ers at different FC current demands,
the load at dc bus being adjusted in
order to obtain a constant dc bus volt-
age of 60 V (here rated value). Figure
13 illustrates the FC current, and the
first and the second inductor currents
of the two-phase parallel converter at
the average FC current reference of 4 A
and 46 A (rated current), respectively
[114]. Figure 14(a) presents the FC cur-
rent and the first, second, and third
inductor currents of the four-phase
parallel converters at the average FC
current reference of 4 A. For the last
test, Figure 14(b) shows the FC cur-
rent and the second, third, and fourth
inductor currents of the 4-phase par-
allel converters at the average FC cur-
rent reference of 30 A [115].

One can observe again that the FC
current is the sum of the inductor cur-
rents and that the FC ripple current is
1/N the individual inductor ripple cur-
rents. Absolutely, the FC ripple current
of the four-cell interleaved converter
is lower than the two-cell interleaved
converter. So, the FC ripple current of

The PEMFC is well suited to automotive power
applications and may be used in residential and

commercial power systems.

the four-cell interleaved converter is
nearly zero. It means that the FC mean
current is close to the FC rms current.
In addition, it can be seen the FC rip-
ple frequency is N-times the switching
frequency of 25 kHz.

According to Hwang et al. [116], an
FC converter size of 1 kW with four-
phase interleaved boost cells had been
also presented. For an FC converter
size of 150 kW (technical specification:

Ve = 250-450 V, Vp,s = 548 V, weigh
50 kg) with two-phase interleaved
boost converters had been fabricated
and tested [117]. Its volume and weight
is less than one third of a single phase
boost converter, the FC ripple current
is less than 10%, and its efficiency is
over 97%. According to Vulturescu
et al. [98], the design of an FC con-
verter size of 100 kW with three-phase
interleaved boost converters with two

L1a D1a
T >
Loq Dy,

e

D is the duty cycle.

FIGURE 16 - 120-kW two-blanches interleaved double dual boost converters [96].
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FIGURE 17 - 200-kW cascade-parallel boost converter for the FC power converter.
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FCs hold great promise as a clean energy

conversion technology.

FC modules in series has been studied
for French urban transportation net-
works, as depicted in Figure 15. In ad-
dition, a three-phase interleaved boost
modules based on the commercial
standard Lopak5 of insulated gate
bipolar transistors (IGBTs) by Asea
Brown Boveri Ltd. (ABB) for 250-1,000-
kW FC converter at the dc link voltage

of 750 V has been proposed in [118].
For the FC urban car, the 94-kW FC con-
verter with the multiphase interleaved
boost converters at the dc link voltage
of 320 V had been designed and used
in the HydroGen3 FC vehicle of Gen-
eral Motors (GM) Company [119].

To increase the higher voltage
conversion ratio, Viet et al. [96] have

proposed the two-blanches interleaved
double dual (IDD) boost converters for
an FC converter: 20-120 kW, as shown
in Figure 16. One summarizes that this
scheme can boost the FC input voltage
from 60-700 V utility dc bus at the FC
current of 333 A (20 kW).

Another possibility to increase
the voltage conversion ratio of the FC
high-power converter is cascade-par-
allel boost converter, as Figure 17 illus-
trates. This similar concept has been
proposed in [120]-[122]. One might
suppose that this power converter can

IS Module 1 _i
| L I |
e - I ~
Fuel Cell | | Lo dc Bus A
Modules | : —,E L | - | IIII
| 1:n
I | O - l[ ||
| | :

VFC | I g E ll Il'l"l"II ‘lllll
| : 1 I.fﬂ%.l I||
| - TR, i = | | :

| = | |
R R R4 LT | |
T T R— _ | |
N T T T T T Module2 | _'E ‘
Al ek |
| i |
| L l
|
| S I T f
| 1 ] ] | | [
: ! | [ Electric II
I ' [ VBus I|I Network |
| I
[y TR, = | |
| | |
| I = B Ay
il —E} - S | I|
I 4 | '
|| | | |
Iy T T T T T T ModueN 1 |I
DR S Lo |
| ES] o \ |
[ t — . L |
F ok O . F I |
P | I
[ ! \o A/
[ { i I| v
I TR e o
. _E} _eE T I ]
i | | w
e e I g

FIGURE 18 - Interleaved current-fed full bridge converters with a parallel input and a series output for FC high power applications.
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operate up to 200 kW with the voltage
conversion ratio of eight.

For ground isolation and high voltage
step-up ratio (but more complicated),
interleaved boost/flyback [123], [124],
push-pull [125]-[127], and half bridge
and full bridge [128]-[132] can be con-
sidered as candidate topologies for the
FC converter. Advantages and disadvan-
tages of these converters are discussed
in [127], [128], and [132]. The most
popular ground isolation circuit today
for high-power applications is the full-
bridge dc/dc converter, because of rea-
sonable device voltage ratings and soft
switching possibility [133], [134].

Considering the ripple and direct
current control requirement, an isolated
current-fed full bridge converter topol-
ogy shows some promise [134]-[136].
It has small current ripple and high effi-
ciency. To reduce the size of the magnet-
ic components and further improve the
converter efficiency, a multiphase inter-
leaved current-fed full-bridge converter
is proposed in [113], as shown in Figure
18. By paralleling input of the converter
system, input current, and hence the
power, can be equally shared between
the modules of the converter system.
Therefore, current stress on the semi-
conductor devices on the input side is
reduced. On the other hand, the series
connection on the output side results in
lower voltage ratings for output capaci-
tors and diodes. Furthermore, phase
shifted pulse-width modulation (PWM)
is used for the interleaved full-bridge
converter. So, the input current ripple
frequency and the output voltage ripple
frequency increase. Hence, for the same
input current and output voltage ripple
requirement, smaller input inductors
and output capacitors can be used.

The advantages of the parallel con-
verter with interleaving technique are
as follows:

1) Size and volume of passive de-
vices (inductor and capacitor) are
reduced.

2) Ripple of the input and output
waveforms are reduced.

3) Ripple frequency of the input and
output waveforms are increased

4) Power converter is modular. It en-
hances reliability of the system,
and increases converter power

The power and energy efficency of an FC is highly
dependent on the thermodynamics, electrode
kinectics, and reactant mass transfer, as well as
materials and components for assembling the FC.

rating by paralleling phases, not
by paralleling multiple devices.

5) Thermal management is simple.
The primary driver in all paral-
leling schemes for lower power
applications is the decentralized
heat dissipation of the parallel
power converters.

6) Current ratings of power elec-
tronic components are reduced,
because current ratings are pro-
portional to the continuous power
rating of the circuit.

Conclusions

FCs hold great promise as a clean
energy conversion technology. A
large research effort is underway to
develop the FC for applications rang-
ing from small portable electronic
devices to automotive transport, as
well as residential combined heat and
power supplies. These applications
have a large emerging market and
widespread adoption should lead to a
reduced dependence on fossil fuels as
well as encourage the development of
a hydrogen economy.

FCs produce low dc voltage, so that
it is most often connected to electric
networks through a step-up dc/dc
converter. This article first introduc-
es electrical characteristics, power
electronic requirements, and differ-
ent types of FCs and is then followed
by a discussion of the various topolo-
gies of step-up dc/dc converters used
for FCs’ power-conditioning system.
The examinations of several differ-
ent approaches to power-conditioning
systems for single and multiple FC
combinations have been reviewed.

High-power dc distributed power
systems supplied by FC invokes the
need to parallel power modules with in-
terleaving technique. By method of the
parallel converter modules with inter-
leaving algorithm for an FC generator

for high-power applications, inductor
size (ferrite core and Litzwire) are sim-
ple to design and fabricate, and the FC
ripple current can be virtually reduced
to zero. As aresult, the FC mean current
is nearly equal to the FC rms current.
The main drawback of the multiphase
approach is added circuit complexity,
requiring measurement and balancing
of each phase current as the larger num-
ber of control components illustrates.
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