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Abstract

Recently, smart grid for solving energy problems have been receiving growing attention. Also,

renewable energy sources such as photovoltaic and fuel cell as future energy for realizing smart grid
have been widely studied. On the other hand, hybrid structures have been proposed since the output
power of these renewable energy sources is usually dependent on weather conditions. This paper

proposes a hybrid system involving a proper photovoltaic in the hybrid system, Polymer Elecrolyte

Membrane Fuel Cell with water electrolyzer and ultracapacitor. The results of simulation and output of
the proposed model are established and analysed by Matlab/Simulink and SimPowerSystems.
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Table 1. Parameters of PV array

PV system Parameters Values

The number of series cells per string (N,) 105

The number of parallel cells per strings (Np) 148

Ideality or completion factor () 19
Boltzmann's constant (k) 1.3805e23 [J/K]
PV cell temperature (7) 298 [K]
Electron charge (q) 16e-19 C
Short-circuit cell current (Z,) (A) 2.926

PV cell reverse saturation current (7)) (A)  0.00005

Series resistance of PV cell (R,) (Q) 0.0277
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Fig. 2. Characteristic curve of current and voltage
according to irradiance



AEH OIS flgte] 2 =t AlEdolA ARt
2} dlolg Ao 84S 218k Matlab Toolboxel
A A== 2D Lookup HlolE3} SimPowerSystems
oA AlFsh= iAol Hd(Controlled Current
Source)& °ol-&3ate] EHFF ofdlolE Y 313
gjeFg ofglole] &3S 2D Lookup HIol &= AAISH
7] $1sked 17 29} 7Eo] thE A Irradiance) o1 A1
gleFgoldele] I-V S o] 83tk

ey
ST
(5555
(s
TR BT
L T A T A A T
& AR o A
225055 O Vb
25254 e ra L i
b rotee, e S e
o ook | R s
LTIk, St
et T o TR T TR T
L e S
2500
5255
25075
SRRk,
25225225835,
t5;

0
2 e
e e SR RN
o et er sy A
0"“‘?‘:““‘ “‘\““‘

i

L
52, \‘\‘\ ‘\

e

AT

...:;.:o:g.\ X
sl

Efgr 2ol 2ol A FA]

1000

2 A Win]
ENZold0l SAFYNM
J2! 3. 71 Aol CHSH efatolzole| 3AH 4
Fig. 3. 3D characteristic of PV array for variable
irradiance

Time delay
1

» — Controlled Current Sourcel
1e-006s+1 Np
o N
, +

Irradiance

PWVICurves
2D Lookup Table1 ::
e
Vpv
» lpv

Tl 4. PV 0124]0]9] Matlab Simulink 2&!
Fig. 4. Matlab simulink model for PV array

a8 38 78 29] HlolEE ARgste] AAE 2D
Lookup Elo]E-g 3agl o2 vehiglon, 13 4%

@

1% 3014 A9 2D Lookup Ho| &3} AFAo] A
+(Controlled Current Source)S ©]-&3F B4 o]
#lo]e] Simulink =@ o]t} 2D Lookup Hlo]&-2] ¢
2 AL} HgG ofelo)e] E7 el

42 27| 1,5 ARk flete] 271 kg 7=
ANAA ALEE Faho] vz H,

3. IEXIHAFHX|(PEMFC) &

I

3.1 AEXIAZXMX|(PEMFC) 2T

:

2
2 tgl
A
i >
il mi's
beoHo

4

=
ofr
-

e okl
o
40
[N
dlo :

s 19
14
)
<1>_‘(
T
T
N,
>,
[>
T,
o

f

QL
2o
Al

N

I
2
of
HF
o
rL
A
|
ol
rlet
o
™
Ko
a4
o,
=

ok

oy 2

SR
=

oo | ox
:

BN Lo
42
o
an e
ok X oX

i -
2
Ir
e
oft
m
ox,
o
N
A
H

o X Ho J

ofy
ko
o
¥
N
5]
0

lo
fi
2

2ol
o
Am o
o,
rlo

o

re
il
2
Y

|

2
ofo
rot

o
=
_llm q
o,
[o
ot
N
N
ol
ol
N
H

°
i
2

E}},
LN
[
S o
v
N

o Ho
S
o
¢
=
°
>
>,
[
jaitts
Mo J
)
32,
2
>~

ne

jus)

T
a4
0,

gz

7

Cal
=
X

o Wﬂ:

o ox
N
2
otk
o Tl
2
u
e
L2
of
2

Hu I
tlo ug

1 O
dkod ok stk B3k RC 13} A
%3+ Charge Double Layer 55
UER = A1 dsidstel 2
EgtE| oo st} ¥ =0l A= PEMFC

(]
ol
T _ﬁ
fitl
g
12 - Mo
& 01i > M
= H
2
k=)
I
i
Eiv
=
s
o,
=
X,
o
a2

o flo ox X
g
_1
o
)
rE
S
— O

™ MATLAB/Simulink®} SimPowerSystems Tool<-
o] g3ste] AlEd ol EAS A5tk PEMECY
A Gt Ef-s(molar flow)d} Alduje] F&
FadE el W= v AloE B1dE 4 dth

K,
qHz _ an K (6)

Py, My "

AN gyt Fhel YEBRE K

Journal of KIEE, Vol.24, No.12. December 2010



i : 3 = = @ S T g AT
B WM SR s ! S e 5T g o
) < 7 VIR e
| Gl o8 U o)) o =0 4
o \mw HT X ‘mr.._ J)AIL :I f ‘_I#Or‘._
ofo ay - N7 "M EK o T AT
. ) pL Sl GmR !
_UT_ M_,u AT = O..MO HT_ m == m,
= 7E ‘ul &~ - w.ﬂulL .nw dﬂ ‘;b OﬁE >
4 B 7 = @l Er EEU A
T i = W ) = T
= o A - o =5 W ) 14_. WA
—_ i Gl [m of o H% ﬂr X h Ho bm
N iy S S 4 & S SN s
o o & Do E WD =
. n - m, T A S i -] E @
o) [F S et N Mz o /1\9 [Fs TH i ﬂﬂ HI MC ﬂ ‘Mt ﬂ X 4 X
o =l m SRS s AR TR ™ - m R H
= =" s S|+ SRR veelr T I
of o — = |t o 3o W - o)) = 7o =
hl X ! T ﬁg Wi i :Tﬁ 3 ﬁ |
g N 2 . & 0 o) T z
¢ ¥ 78 S $ T Tad®m o oww n
G T E Wy » g 3 T 3 ; 2
IR A T T N N
A w = e T o B!
=T o » o N do 3 P
wowed e N S o
ol = 9 g =
G 0 o S B = s E
w Mo 5 ) OB AW 2T
Foog §F ~ g M Al = - <\ &
I mﬁ % po & nE T ol ~ e
SH 4o 4, ®BY . T o X4
- A R e % S~ W E | i
S ERER t, =K do c3 :
<z Mg odrﬁ . E % A [
1 4 K I~ o o gy =, &
BEORL S BT Iy Tw Sl o+ LR
o = |~ ° o = | Eoe - 5|5, S
o) ..;,_ o7 mY O_H o i ol >~ |+ T o~ g
TEERE Loz A iz R ozoe )
. o 9 S {5 5 ok I o I 8
Swx ¥x sk S 4 5 =

2! 5 PEMFCS| Matlab/simulink 22!
Fig. 5. Matlab/simulink for PEMFC

- A7) AN 83 =24 A248 A1235, 2010 12€

=



2RtETYEE A% AAYNUAA olnelEA sy B

Nact = Bln ( C]FC) y Tohmic = R{)/wn,‘[FC
V:f;ll =E- Nact — Nohmic (15)

1 Aol A Nemnst =AY EE T3k o] <]

g},

P2y, ] (16)

RT p
E*]V; E;)-i—ﬁlog[

0

Puo

713 5% Matlab/simulink 2} SimPowerSystems 2]
AAo] A4 (Controlled-Voltage Source)< ©]-&
sto] AAFPEMEFCS] Rdolt}, i 2+ 2 +=olA
A2 PEMFC®] dhebr] el o)tk

E 2 PEMFCQ mlzjolg
Tabel 2. Parameters of PEMFC

PEMFC Parameters Values
Activation voltage constant (B) 0.04777 [A71]
Activation voltage constant (C) 0.0136 [V]
Faraday’s constant (F) 96484600 [C/kmol]
Hydrogen time constant(, ) 3.37 [s]

Hydrogen valve constant( A7) 4921073
Hydrogen - oxygen flow ratio(r_,) 1.168

Kr constant = N,/4F 2.2802x 1077
No load voltage () 0.8 [V]
Number of cells (N,) 83

Number of stacks (2V,) 1

Oxygen time constant(7,, ) 6.74 [s]
Oxygen valve constant(k, ) 211x107°
FC system internal resistance(R,,,,) 0.00303 [Q]
FC absolute temperature( 7) 343[K]
Universal gas constant (R) 8314.47 []J/(kmol K)]
Utilization factor () 0.8

Water time constant(r ) 18418 [s]
Water valve constant(KH? ) 7716x 106
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Leakage current [A]
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Short-circuit current [A] 4800
Power density [W/kg] 7900
Energy density [Wh/kg] 3.81
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(a) Irradiance data for photovoltaic system

(a) PEMFC2| &3 M= (W)
(a) Output power of PEMFC

FC Power(W)

BN
E)
ol
olots
rdo,
==

800 T T T ; ; ; T T : 10000
700+ 4
8000 -
600(- g
6000
500 -
< 400 B £ 000
a o
>
z
300+ -
2000}
200 g
0
100~ -
0 L L L L L L w L L ! 201 L L L L L L L L L
° 900 10:00  11:00 12:00 13:00 14:00 18:00 16:00 17:00  18:00 8.0 o900 1000 100 1200 1300 1400 1500 16:00 17:00  18:00

Al 2Hhours) Al2Hhours)

oY AAEIS 98 YA Bl0lE|(W/m?) EHorE AlAElo S2 HEW)

( ) Output power of photovoltaic system

JE 11, ERYBAIATE 9I5H UAIRE ColEle) F2TI

== A

T2l 11, Irradiance data and output power for PV system

6000 T T T T T T T T T 4 T T T T T T T T T

5000

4000

3000

2000

Fuel Cell2] %4 4| Z(kmolls)

1000

0 . . . . , . . , . 9 . , . . , | I \ |
83.00 09:00 1000 1100 1200 13:00 14:00 16:00 16:00 17:00  18:00 U800 09:00 1000 100 1200 _13:00 1400 15:00 16:00 17:00  18:00
AlRHhours) AlRHhours)

(b) PEMFCSL| =4 AH|ZFkmol/s)
(b) Consumed hydrogen of PEMFC

8 12. PEMFC| &3 Mt a2
Fig. 12. Output power and the amount of the consumed hydrogen

4500

4000

3500

8

Electrolyzer input Power(W)

1000

2500

2000

1500 |-

L
SCPower(W)

N P . , . . , . .
%0 o300 1000 1100 1200 i w D o Y 0800 03:00 1000 1100 12:00 1300 14:00 15:00 16:00
A (hours) Al2Hnours)
- — -
12l 13, MSHAIARI| AH|AE 8 14 UCEES| & - U Y

Fig. 13. Power consumption of electrolyzer

Zzu .

azs

Fig. 14. Charge/discharge power of UC module

714083 =R A248 A123, 20104 129

L
rd



Zoll HlE|sto] AnlE= Ao] & wHllyE As &

—suazaas

{00 ooi00 1eloo o 12100 1300 1500 1800 1600 170 18:00

T2 15, QTSI sl0|Ha|= AlARC £
Fig. 15. Output power of hybrid system and load
power

Voltage(V) and Current(A)
PR . S —

a2 16, Fote| Mednt MF oty

Fig. 16. Voltage and Current wave of load

7 132 SR 20 HES ehad, B
) # dejo] Fafol A apat= A
o oo W w Joie 5

ol Fag Aishs e

A ECEEERED
Aol A8 e 29 11 ()9} 19 13
wel g W AzEle] o] &
SIkW] o) 0.5 Wlsl TRkl A BAhul
T Atk I8 14+ UCRES] 5 - X
Fr} 29 Mol UCES] % -
T QRS FFAA F7) S8

Mol AEe FEsa Agat by o
SN B Al2gle] Yol
AR 3H= Alo] Fou, SNt

N
2 ?;4: ki
rzé N r%
o Y [ N,
oo A H i o o
ﬂJlO po) -{E = r_>i
o o B e

X
o rlo
-
ol
o

>,
N
N,

;

3

— u
oz
>~1
o

f
ko hu
rAnrf 2 o Q9 ke o S ox v >

b
i)
o

2
R
lo

@

= S o
7} PEMFC®] &20] §#3h= 13:00~14:00 <tel
T 8AE o gaete] Ratl A
HHES gt a9 15ME agretdsat A
| AsEe] = 6 -3t

N,

A snfE TR Ee] A B9
R P L IEREEY) o
o @A) AR NS S Fatel

[y

= 3o

>, ol\

Al
o
N
ol
2,
X
o
°
>
%
rO
iy
D
o
~
Kl

S X2, i
o 5 10 2
==
o
2 o [ ob

:g‘_;

X
40 1
(]
ik
2
>
[
o
[l
o
52
o
Q
1
i
2
X
K
4 2L oo o o mo pob T o Ok Mo > o B T N ol xR

LI
>
>

(i
LU
4 1l
Yo, 2,
rr r%
g L
< >
30

uiiiy
S
o o,
(0] ol:o

Prl—'*
n Q9

> |z
T,
(o]

offt > O
£
o

T,
o
>,
[o
o
QL
s
o
oy
i
oX
o>
9‘15
rir
4
e
o,
>
[>

(electrolyzer) 353} =
o} Hjolg A ~d"o] Fajol|A] 8Ty

2de Matlab Simulink € A7) - AR} Al
2~"lo] AlE#o]do] 7Fs3gk SimPowerSystems=S 7]
Hho 2 AlEdo|ds st Ak Al2glo]
- 54 2 72 AR5 EHEY HIkE gA 4

k7] flsto] 7P = AR HlolE <} SlkW] aL7gH-

Journal of KIEE, Vol.24, No.12. December 2010



a2 ARESRITE Algelolds Fske] Hdd =9
o] Wslo] wa Jojd ol B HHs A3
A, AuAA, UCKES] F2hsol oste] a3t
Aol & S5 = e SRIskIth &5 vt
atot x5 uig 54 24 2 97t 55 Eot
of AA| Al='7NES AAE Aol RlzA A
£d F AS Ao VdEn

Acknowledgment

The authors would like to gratefully — acknow-
ledge the financial support of KESRI  (Korea
Electrical Engineering & Science Research
Institute) under project R-2007-1-015-02

References

(1) Kyoungsoo R, Rahman S., “Two-loop controller for maximizing
performance of a grid-connected photovoltaic—fuel cell hybrid
power plant”. IEEE Transactions Energy Conversion, Vol. 13,
No.3, pp. 276 - 281, 1993.

Uzunoglu M, Alam MS., “Dynamic modeling, design and

simulation of a combined PEM fuel cell and ultra—

capacitor system for stand alone residential applications”.

IEEE Transactions on Energy Conversion, Vol. 21, No. 3,

pp. 767 - 775, 2006.

Blaabjerg F, Zhe C, Kjaer SB. “Power electronics as

efficient interface in dispersed power generation systems”,

IEEE Transactions on Power Electronics, Vol. 19, No. 5,

pp. 11841194, 2004.

(4) BEl-Shatter TF, Eskandar MN, El-Hagry MT., “Hybrid
PV/fuel cell system design and simulation”. Renewable
Energy Vol. 27, No. 3, pp. 479 - 485, 2002.

(5) M. Uzunoglua, O.C. Onara, and M.S. Alam, “Modeling,
control and simulation of a PV/FC/AUC based hybrid power
generation system for stand-alone applications”’, Renewable
Energy, Vol. 34, Issue 3, pp. 509-520, 2009.

6] ™A | oMd | AS3) “YAteE HEE st PV Al
2-HIO| JEME PRO 202|E Y, Y - FD|Mu|st

2= Al M242 Md=, pp.166-176, 2010.

(2

[

3

i

Zm - A7) N3] =24 A243 A123, 2010 12€

(7) O|AIY, &&H, Tolg “Hs A ez YT Al
do| A HE HES IS AMZ2eold 2o 26t
7, Y - HI|MU|EE =82 K] M22#H M6, pp.70-78
2008.

(8) Ys|A, otwal “Efat LU (Photovoltaic) J1&E S&F
HHT RIS A, M8, MI3E, pp.27-34, 2003.

Q) =71y, A8, 0193, 0193, “MATLAB J|8te| PLECS
£ 0|35 ezt Ldlal o YBHAIA| LY oSk
J18ts| =2Al, M58=, 123, pp. 2379-2384, 2009.

(10) Electric Double Layer Capacitor: BOOSTCAPUItracapacitor.
<http://www.maxwell.com/pdf/uc/datasheets/mc__power__
series__48__1009365__rev3.pdf>.

(11) Spyker RL, Nelms RM, “Analysis of double-layer capacitors
supplying constant power loads’, IHE Transactions on
Aerospace and Electronic Systems, Vol. 36, No. 4 pp. 1439
-1443, 2000.

O MApA N

EE ()

197549 5¢¥ 1494, 2002 ket
Aoi7A =2 shat 2. 2004 LT
Aoy A1 258k Z 1A, 20064 ~ A A
ZROsh Ao A =35 wpALA,

THECETH)

19561 5¢ 1594, 197849 <A gt
AN FH 9. 19899 AL
istn A7)Fstat Z<4 (AL, 1979~
19933 FAAHATY AdA T 2007
~2008¢ UBC W& @A g
st A& Fety) wg, 2 oshs A4
o] A}

HMF2(2amiR)

§ 1964d 79 17¢€A. 1987 Fbdgha
Axpa-eta &9, 1989 =ty <Y
A7) 2 HAAFEI EHG(AAR. 19934
st=ay)ed 7] 4 AREsty 9
) (9FA}).  2000~2001%  University of
Alberta WEn 4. 1996\ ~& A F5
St AAA RS Ao] 2RI} w S,



