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4. Betz Law

5. Two-mass inertia
6. Damping

7. Stiffness

S5 ko iy —oale @y V¥

AU E— ]

! Selind 97T Jsae
i
]
|
|
|
[} e Saclisd 5580 Jaas
I
B '
s dpuilxs il !
i 1535 Joke !
[ Caf s b 2P !
] - [ |
votor| || i
o 1
Hawing Py | Gem Woen i
i i
[ 1
ety s L |emmesdas)
H s I
- 1 S e
Uy i o g puF e :
! i
Wrotor] 1 1
CP
3l dln | j -
(Sl g yil !
|
t |
]
!

S e g g (V) JSS

Sealiys gl Ja N.NLY

(TSR') oy o s S s 0 51 (Sialisns 2T Jta
ISt Sy T 55128 5 05 b ¢ (oS asl) g &l
NGSO PR W

Sl s o @ ) 58 SIS e MU Bk S e
53 Slsn abmls Sl Jle oan s e 5LES 5 Les GBS
2L e 0t Ol ke 53 300 0 3 3L Oels gz 4 5 p S
o bilsn bl b e (g S el Sles s i b ) Al e
i elidlen glaesls 4 o s pde s 3 b adlais
L P R P S P NUS VISP TR R W E
DIV 355000 dmlone (1) 5 () SVslae 5 b Tdlus w358

k
fo@) == exp[-C)¥] ")
m = v d
v J;vf(v) v )

thwF})JWB&WJ&JJJQQ&ﬁ‘\SL;)}»Q)J‘CMMJ
238 dcslous |y gble Sos p3 sl e () Al L Ol 5 0

ln(hZ) / ln(ho) (\w)
In(hy) / In(ho)

@ o 0 GV 3 5L s e o (TSR) S v S

v(hy) = v(hy)

Ll il aS wel o VU o o |y ailete 3L Cs
®)

_ blade speed _ Wrotor Rrotor
" wind speed

Vwind

1. Tip-speed ratio
2. Pitch—angle
3. Weibull



A we9 (g o =GO (3 )9 (oS 3 prannnn (3l Sk

)Ll—:-bun—”. 'j'—lyﬂfg\*)‘—;-ﬂf.’djl—ﬂ}()lﬂi_?\)‘u_ékj\
2y tmlone 5 Y5 S (2l S 55 5 J b oS
UTeV (\q)

Ny = U
&W},ﬁ‘ gi'au Yyy

oy S5l s Ol s el by 55N SOl a3l 5
L, b3

r+1,T i 3
%I+Slog(#1+1)

th

U=Upp + ()

)‘J_iﬁ ;...:.Lf B L;L;lj Q‘J:.A Q)}.,a “ )J‘lyjj‘:g\ ;)bu L;Ab)l.a
TS P B RGOV A PV SR TR NP IS PER WP
Ol ol s o554 50 0L d@;)l{‘(ﬂyé
LS L bl Ol ke 3y 4 58 sladl) s T sl
5 s S sliS Sl il s 4ol e K
Dol b o 2l oml (Sl Cuslin S ioman

1
@D?
mr=—"7_l
fi+ G

ssb 4 oY AN SG 5o O5ssde A5 F sl 06 L
L Sogo 0 a5 Y S glad sl 5o el 5 05554
(YY)

Y

. nCI
Ny, =NF ZF

s e s a Y SN (550 sl Bk
335 o dlee 55N oS IS 5y 4 sl

Utn v

=

059548 Slwe 35 5 oS> Yl YUY

Ol e 5 VUL 5L a4 5l lad s Ol
3 s (Sl 53 O35 (S3lwe 53 (Gl au S o il
G 05 el 3l eadlie ol 53 sy ol 51DV 5] e
5 035008 O3B ol 530 gd e ealiil 055 5de (3lwe 3
O 55LEs ol 3 5 ASl o o 65 555 0 ol ST 5L
25 Ay 53 5e l 3 edelnil Sy a5l e 4SO 5
5 el ol on SBale 2l Las il V] el o sl OLES
By Ol ) gladdsles Ly
(Y¢)
(Yo)

VP = Kgx
AH*B
xR

a
ln(P) = ? +

2. Parasitic Current loss

e e S Ol 45155 e 58,5 SR L ez

e 5 Gladlaly Ly OF 5028 & 5 5 55155 slasls o

g
. 1
Gr = ()l = D@r — wg) = K(Br — 6o)] @
. 1 .
o = (=T + D(or = wg) + K(Or — 0y)] 0
_ ]rotor (\ \ )
]T - GRZ
D =Dq2g +qu1(1/GR)2 (\Y)
K = K.q1(1/GR)? 9)
P,
1—,‘gen—rated = Zec )
n
1207
W, = for 60Hz power frequency (10
0

1007
Wy =

for 50Hz power frequency

2p¥5 S g @S S¥sles XY

ClopYs S ke G s s Sl ay ites 0L 2 31 el L
))iy}fg\éjbd.)w JJJJAJiJJ OM\}O}})MW})Q
RGIUON IS AP I QLL.’ (f,) J@)J

wSmladgay Jpde
v 1
e [
I
I
AH- ‘ Ut 3 S 51y e I
\ _ S [ 7

T sy acstnn |—p) 653! 803l dpmilxe SO
o u
A

¥ A Jue s 5ed :(8) IS5
Lé“*lajﬁ}s oou VYLY
3515 25,8l 5o 4 aeS S SO L STy el Sl
ngf‘ )\ salaul L’ J.:_lﬂc,\..:ﬂgj.’ jl:Jj L: 3 a\.\.:AS )l:J} Q’L‘ Q‘J:..a .>‘9...2

255 o el 5 gladaly b s S sI51

AG = AH — TAS (1)
_AG %
rev ZF

gﬁ':j):j} &Jbiﬁlﬁ gv:jjs Q{S‘}H‘} L;:\)Lé Sde F«QT).)‘KS
YL 2 (055008) 6o dlw 05,80 slins Sl 55 Z Ll
AT s L ol ST 505 5830 gl 5 2550 (8550 o

Lol ol b’ e S 5« cplply s

AH OA)

Uth=ﬁ

1. Thermoneutral



&Au‘)&ﬂ&)‘fjfjw}}JJJL;AUAJ}JL(.”C}J@M
LN WP UIY-S W P | Ve S VRGIUNON i | F PGt | R RSV -1

RT i v
Uger = ﬁlog [E] (V)

53 Lags, Sl lae s SO SI Ceglie 1 el 31

o Sl S 53 a0 s e 2l 03 aaslie iamen 5 Las I
3l el S8l b Caad 35 e Sl (55U 2
53l Ol s 4 05 JUisl a5 Ll 5l g ol ot g o clis
ilome 3 sladdaly b sl Jeily ol 0,8 e s LiE

[V4] ""de‘

U = m (YA)
ohmic = (0,0051934 — 0.00326)a,
1 1
= = Y4

ag = exp (1268(353 ~ 7)) (Ya)
A1 =0.0043 +17.81a —39.85a2 +36a3 0 < a < 1 )
A=14+14(a—1) 1<a<3 )

Q_Jabwlj_all_:}waljwpf,-’- JLas) el ¥

w@ls o sd ol L oS LS e o s Jo S e Sl
53 bodias Juusly clale  fodsie &Y s o JUl oy gdos s
ol o S L S IO S o Lo Sl e
SWy 3l pl e pd e (e S o S el el
s s laly ol S A0 8 e 358 L s e JlaEl feily

Py

J—1

Ll e s S e W b

U= Urev,T = Uact = Uohamic — Udiff )

S MATLAB 133l 5 dhovs & (555l Jbe G callin el 5
03,8 My x5 (3 Gas P = g U S S eSSl
5 ) 03 e S ima 5 e 37 8 Gl O S &S
Oy an oo Ol il 5l e Al 5 ol o els OLES
sl ol 4z § La3 53 (65 ) g0 dnlllas
S 5 S by S S Lol s (sl o )
s oaadlas 5y 50 ddlaie 53 by S5y Ly, 035 Lo (ol s s
(V) I8l Ol ot Ol 4 6 5L L 5 (5 5 Jp S
ol 3 eslizal L a5 das e OLES 1 68 ol 5L VL &l ks s,
ol a8 a5 Soben [Yo] ool ol s el B g5 Ol

&)J}Jl—ljj})&))Jl—!&jj‘dlﬂﬂj})vo. Uiaj.l}c)}i@

S5 o do (ko —oale 45 1

‘;‘.'5_9..» J:..; » VSl} S¥slas LY
3 SSHESS ol Sl 03 Gl el (e e s3lede
33 dm od SLl e o)l g g fo ilisee Lgl.a.);.ﬂ)_é Bl JAKT
(O)Jg_.i)J douﬁ.\«jj &L:af.:}f“g‘j Lsgﬁ"‘l":’.Jj"J: Coaond

RGN P WA K L)L.L_’

tleosdg sl Jgde

: |
]
- 1
|
T I
]
toy, u
u
- JES PP IO PUS E9% J Epcy
e Usct I
] o33l o
7
& |
s — |
—_——— e e e e e e e e e e 1
>

o Je dde ls el 1(0) IS

B 5 0T G K3 et Sy 2 les (5 5 iy S
ol ol o lanndis SN (550 e o)l 5 gy Joilyy D
e 5b 4 48 ol pleacd 1S 51 S SBT3 50 i
dot 03 i8S ol OV g e bt (SN G5
& ety GV 31kl Jayl 3 iy Comnd A 1 i e
ol bl ol i ) b ey St 5 Les Skl s
4S5 g el 5 Al 5l RS il im0 5 e
Mt Jayl 5 s iy O sis0lis Jsl be o s
oo e 3 o3 L3I 51 AL LES Gt 5ias0Ls pps s
DAL ol (o 5 slae) cale 0LsI S 51 st

0.5
Urewr =%—§(T—To)+gln [%] V)

Sy VY Tsds (s pebilie o5 s Ju s bl 5W
ol s e 0L 1y Sy VB el e s s e
Jo e S e e o e S L 62 S0 il ol
Fo b Sl S el Gl p U S i s
3 gt 3y Js ssbrosis S o s oS 5l e (LS
28

e3Y 50l e Sl U gsledled Sl g5 lwdlad S

23 RSl e SRS Lol (551l il SRSy il 6l

1. Nernst Equation



v w9 (g o = 0L (3 )9 (oS 3 prannann (3l Sk

0.041 1

0.03r i

H2 flow rate (k mols)

0.01F i

o I

0 50 100 150 200 250 300 350
Days

22 Y A L g s A5 055508 Ol :(A) JS3

sl sz osls LA (4) K3 s ot s o o 5 s 5 Ol

©odle SLL slasle 53 015 W5 mamd 05 0 0 o> 45 &5 ,50Len

PP I (PN U VS B 5 IS I PRIV S L PY v Fpg WA
S350k Ol poman 5 Sl SLoLE S 04 03551 2 Ol
5348 Sl oddials OLES (Vo) IS 5 b s ey g5
s a5 M5 SO el 4 b e (S G A5
5 B J b B b 4 b S e ol sl
S & S0ken .l 5V 1Sl 3555 Ol Sl Kpsen s
m o b 2 LB S il 5 03 5 e 058 0

A esls OLEs (V) Jﬁ.; 3> aS das

350

250+
]
o 150
50
q) 50 100 150 200 250 300 350
Days
1500
-\Vind consumped power
Electrolyzer inlet power
-Fu:! cell consumped power
1000l || ] ' [T i
2
E L L
500- -.‘- PEETEE . -‘. . .
Q
[¢] 50 100 150 200 250 300 350

S s a5 g 015 JS (00 Y
e S =3 o8

SLolis uels 3 (s oy 5 93U oS e (V) K2
&:.3)}3 cdbouM)J}?Q‘&T)ﬁ}L:.MJJAOu \) ﬂ_aL:hLo
b s AU Lol 51707 (ol s Sy 84S s (g3L,

ol 5 e el s ey O 51788 5 o3 s

wigen Lol S35l i s Aeys Wl el o5 03 5,
D05 = e i e S B0l 2 pl 5 el
s el adlaie 53 551 M5 it Sl Ol a2 3L

e Ll e s 55l 5 5L 4 5ol s 5L

20r
— Monthly average wind speed
— Daily wind speed
@ 15
E
3
2 10
%)
©
£
2 5
0 L L L L L L L
0 50 100 150 200 250 300 350
Days
eﬁx‘ ab S pw YL J‘-‘bﬁ: :(V) JSJ’»
a9 (65l oy 8 (6l el esls anw s Jbe 3l eslaal

SLriss 5o 6oL s Sl s Ol Sl sl S s
AV G me Ol udd Wiy ol o 0 aS ol dcsloen Jlu Cilises
slassl s cmul s osls 0L (V) K3 s (S Sl slolss
sl s (BB L R s S Ols S Sl
Lol 1 3ble o8 65 (olp ol 038 a1 Lol dite
23S & 63505 Ol Ol U pl 3Ll 015l A8 0 A 5
35eS b adaie &S Sl 5 (b Sl ol O3k W5 Gl
530 @3l e (b UL slo 4w T 8) 50 4150 3L

el 508 el g Lo 5 s Lo sl

1500} “ W I ——Wind Power||
I
| |

1000 “ “ | ‘ ”
£ || Inl |

> Fim I -
g ‘h | | H (- |
& so0f M‘\‘ Il ww\ |
“\ /"\ " T ‘H“‘ 1 ‘\"\““\“\\ \”\ \“h‘\#u “\H\J\ \ ‘M\H
LA IV T WYL W0 o Y
0 5‘0 1 60 1 EL)O 260 250 360 350

Days
SN B Lo 5 o oy 5 g M5 Ol (V) S
Ol Lol ay d (931 55 Ol ol am a5 L
A ensly 8,8 B s L Vs Sl v g5 0554
ol esls oLzl (M) Ji_.; 33 5 sl ‘u_ﬁl):_ﬁ\ Jde koo
S35 ol Aol A5 O30 Ole & 5 S a5 AL el
Olsme 4 Of 5l aS aal ool 53 s o @ Lo o s
b3 Oy P o 135 e oslited Dbty (6551 M5 e
o aily 5 adlie ol S slaesls 4 a5 L 50 05554

Dy g 03 (et G5 05 sodes Dl o 2l



kgm
kw

mA?cm™*

atm
atm

atm

b

A=y
-1

BIET Ll

&b e $

vav/otay e D58
o SF gl
Ve S S S
CAAVY 55155 ]
Vo S855 0l
L0V RPN
AR Ol u e ol
s Ol b s
° OlP e b
n Ol5 e b
YRR Ol 2ol
¥ e 53
Jles JSo mably
s lie bl
¥ S
A\ Jshu sl
v o35 4 axly el
0 N
o3l
o35k 4 axly el
RS :
o3l
e o) Ceaslie 4 anls 2l
Sanl
Y/os) Ceaslie 4 anls 2l
Sanl
. BRSBTS
wVe Lass xS 1
AIEYE A 3l e Sy 2
Las 5 I
eV A 5l e S b
Las 5 I
\\As Al e S b
Las 5 I
\/YY4 JER G gLt
0r SENIFO
4EVA o3l oot
Y S8 0 S sl
o S
AEAN Les
N O3S L
Al O3asden 53
| ol s
AT L Jb
A e Ob
AN sl ol
L el
[

b s w5 JSG bl

1. Generator pole pair

2. Overvoltage

‘.3‘)\.9

]rotor

R

rotor

GR

fi
f2
n
T2
4
t;

ts

UTEU

3! S e (hidgfy —oole 4 525 1A

il e s Ul Lol el 53 63U et 5 g

100% - S
80% ~
60% -+
M Fuel cell
07 -
40% B Wind tutbine
20% -
0% -
s g5 L2 ad g ¢
SRS ER LR R Y

Lol (ol 53 015 45 (sl i 101) JSC5
S bsk IS o g 5 3ledds ) ol D 4 a5 L
hmaloen VY S it 53 oS 5 s 235k LB S8 ey
;J}_ﬂjd_;.‘}‘@})_w:\_'g}hﬁ_.»jl_éru\_cd__:‘\_?jg‘.l_l);
e 855 (2 e o 23l g5 S e 53 Jrmetis

RSPV K- U JF S 59 SO P PP S B R P
S x5 oalasl Blad 4 ax 5 G5 e 0nl
4y 4SS awse by glyls 5 aSis 5l s bl js sl ansle
F Fomb sk s 4 e 5 L ebnil o g 5L TS e
Sl e g B olslei 51 S dagg,als sl 4 oo (soL
3580 033 (e (MK s Slle i A A S LS S A
[YY}Y\]M[;UL«N 0> :Lll.ajw C«Lf)l; 3)}) LS‘)‘DMM

S S a4

S5-I S Jlws e pombie Sl Gas S 5 St
35 s (bl ol 5ol 4 Sl s Gble 5o (S S
Wwd 33 A O35 pkaie Bld Sl 55 ¢ 5 a4 e s Lo )8
e Je =63 S S e 5 S AL 3L S S e
chie Glaj o3l & ol (bl 4 bgrpe Il & 355 e oS
e 3l o b ble s by se ps diws 5 oS 5L 55 0oy
U cailate ol 55 05,8 w53 4 el 53 5 6 ol dilate oS
ol 1) Lol (ool s 55 el cmslio 5Ly e e a5 Lo
A5 05 5 a5 e 20l 5N S 4 Lol sl S s
e el L S o5 L0 s S
o By ey 9550 Ol «Zulgs L3 Al o Lol 08 ey
Y S o555 $5A1 0L 5 ool s L e
slolss 5 adkeio 5L Dledbl julul 5 aS Jue b g (Jle 5l e
Lol LS 51788 wsS ul 55 .0l o Cowd & 0l (sl aseie
OLLE 355 o a5 O O bt 53 5 (5 o lon s
L oS L3l o YT S kit )3 oS 5 e 035k oS el S5
(e S5 pls 5 sl o Sl pde @

sl allan 35 50 dibaie (Lol -l gl s sl (glas



1

(1]
(2]

(4]

(5]

(6]

(7]

(8]

9]

[10]

[11]

e (F g o =5 s ¢F (o5 e (5o
atm Sles P;
Sl s La Jo sliss n
4 3L Sl 53U
5k oM 5, EOCV
m L Jsb /
m
A.m2 ol J& J
-2 .. z .
A.m SOk S8 Jo
A.m™2 Ol r J&s iy J.
SLJlasth et a
A.m?cm™* o3l as3l sl f
o3l assl ool f2
ok n
kj.mol™? S8 et R
..... By Rot
..... 2555 Gen
..... st T
...... S Mec
..... JRRCRLgY Rev
...... sl S Th
..... S5 E
..... e F
..... Ssladls Act
..... ool ohmic
..... el Diff
The Energy Foundation Annual Report, the Energy Foundation.
San Francisco, CA, http:/www.sff.org, 2001.
Khan, M. 1., Igbal, M. T. "Dynamic Modeling and Simulation of
a Small Wind-Fuel Cell Hybrid Energy System", Renewable
Energy. Vol. 30, pp. 421-439. 2005.
"Electric  Power  Research Institute Web-site",
www.epri.com; 09-04-2011.
Costamagna, P., Srinivasan, S.,"Quantum Jumps in the PEMFC
Science and Technology from the 1960s to the Year 2000 ", Part
II, Engineering Technology Development and Application
Aspects. Journal of Power Sources, Vol. 102, pp. 253-69. 2000.
Agbossuo, K., Chahine, R., Hamelin, J., Laurencelle, F.

Hamelin, J., "Renewable Energy Systems Based on Hydrogen
for Remote Applications", Journal of Power Sources, Vol. 96,
pp. 168-72,2001.

U.S. Department of Energy, Energy Efficiency and Renewable
Energy, Wind & Hydropower Technologies Program, Wind
Energy Research Area; http:/www.eere.energy.gov. 2010.
Williams, M.C., Strakey, JP., Singhal, SC.,"U.S. Distributed
Generation Fuel Cell Program", Journal of Power Sources, Vol.
131, pp. 79-85, 2004.

Nfaoui, H., Buret, J., Sayigh, A. A. M., Dunnt, P. D. "Modeling
of a wind/diesel system with battery storage for R Tangiers and
Morocco”, Renewable Energy, Vol. 4, pp. 155-167, 1994.

Roy, A.Kedare, SH. B., Bandyopadhyay, B.,"Application of
Design Space Methodology for Optimum Sizing of Wind-Battery
Systems ", Applied Energy, Vol. 86, pp. 2690-2703, 2009.

Yang, W. J., Aydin, O.," Wind Energy/Hydrogen Storage Hybrid
Power Generation", International Journal Energy Research, Vol.
25, pp. 449-463,2001.

Pino, FJ.,Valverde, L., Rosa, F.,"Influence of Wind Turbine
Power Curve and Electrolyzer Operating Temperature on
Hydrogen Production in Wind-Hydrogen Systems", Journal of

[15]

[16]
[17]

(18]
[19]

[20]
[21]
[22]

Sk e e Jlas mis Pl bl ¢
m flas R
rads™! Slasls c ®
Ol eal G,
&= asl B
kw ol P
Kegm’? s S P
Nm skl r
Nms.rad’ e D
kg mm ! J
Nm.rad’ e K
rad Slasly ol 0
eSS e GR
s 535 P
Jmol S (5 s 4G
Jmol 'K 2T i 48
K Les T
4 35U U
C.mol™* ol et F
(sz) S Seanl s slan el r
4 Lo SIS 55 ot Ky
m2.A" Loy 21 S 5W5 2t t
m? 5580 Cls A
A ok 1
Mol.s™ S P
4 i8S L sWs E,
v s s b pdyeatS W, Ey;

agls

Power Sources, Vol. 196, pp. 4418-4426, 2010.

Santaso, S., Le, H. T.,"Fundamental Time-Domain Wind
Turbine Models for Wind Power Studies”, Renewable
Energy, Vol. 32, pp. 2436-2452, 2007.

Manwell, J. F., McGowan, J. G., Rogers, A. L. "Wind Energy
Explained: Theory, Design and Application", Chichester, UK:
Wiley; 2002.

Onar, O. C., Uzunoglu, M., Alam, M. S. "Dynamic Modeling,
Design and Simulation of a Wind/Fuel Cell/Ultra-Capacitor-
Based Hybrid Power Generation System", Journal of Power
Sources, Vol. 161, pp. 707-722, 2006.

Ullerberg, Y.,"Modeling of Advanced Alkaline Electrolyzers: a
System  Simulation Approach”, International Journal of
Hydrogen Energy, Vol. 28, pp. 21-33. 2008.
http://www.bnl.gov/est/erd/hydrogen storage, 20-7-2011.
Reilly, J.J., "Metal Hydrides as Hydrogen Energy Storage
Media and Their Application, in Hydrogen: Its Technology
and Implications", Cleveland: CRC Press, Vol. 2, pp. 13-48.
1999.

Larmine, J., Dicks, A, Fuel Cell System Explained. Second
Edition, Wiley: 2000.

Ghadamian, H., Saboohi, Y.,"Quantitative Analysis of
Irreversibilities Causes Voltage Drop in Fuel Cell
(Simulation & Modeling)", Electrochemical Acta, Vol. 50,
pp. 699-704. 2004.
http:/www.suna.ir/ationoffice-windenergyoffice-fa.html.-
08-2010.

L. J. M. J. Blomen, Michael N. Mugerwa, Fuel Cell Systems,
Plenum Press, Second Edition, New York. 2001.
Nelson,D.B., Nehrir, M.H., Wang,C., "Unit Sizing and Cost
Analysis of Stand-Alone Hybrid Wind/PV/Fuel Cell Power
Generation Systems," Energy, Vol. 31, pp. 1641-1656.
August 2006.

09-



