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ABSTRACT

The solid oxide fuel cell (SOFC) has the highest efficiency and the most
compatibility among the various fuel cells. The start-up procedure plays an important
role in Solid Oxide Fuel Cells (SOFCs) operations. The typical materials used for
PEN (positive-electrolyte-negative) in SOFCs are all ceramic materials while those
used for interconnects and frames are stainless materials. One of the most important
issues for SOFCs is the thermal stresses caused from the thermal expansion
coefficient mismatch and the temperature distribution developed inside the cells. The
thermal stresses will cause low efficiency and even damage the stack permanently.
For a not well-controlled temperature change during heating or starting-up, the
resulting thermal stresses in a SOFC stack are likely to cause fracture in PEN
according to the simulation results. To avoid any impairment and to optimize the
startup of an SOFC regarding time, cell performance and long time durability, a

dynamic model of the startup process is required.

This project focuses on operation strategy for warming up the stack and the initial
electrical load applied to stack. A Bulk model of SOFCs with the concept of
model-based design will be constructed in this project. Comprehensive
thermodynamic modeling is conducted on this model supplement with some gas
dynamics in cell channel and heat transfer on stack and insulation. The developed
model consists of mass and energy balances, and a electrochemical model that relates
partial pressure and temperature to voltage, current density, and other relevant fuel
cell variables. The system response of transient and dynamic analysis can be obtained
from the dynamic model. The proper stack temperature curve during heat-up and
start-up can be simulated by regulating the flow rate and inlet temperature of gas and
air and load resistance with feedback control. The control strategy of heat-up and
start-up process will be established under the consideration of the rate of temperature

permitted to ensure the safety for a rapid operation.



Computer simulations were performed via Matlab/Simulation. The simulation
results are shown for illustrating the dynamic response of an SOFC stack in the

start-up stage.

Keywords: Solid Oxide Fuel Cells, Start-up, Dynamic simulation
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O
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B4 RE R

2

-
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Phimdy i -
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i

Fil)
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4
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e
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fg
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3

BLEPE o F LB S F DED CRRRT BT e AR

BRI AR NUTZI I FME

ASH

F & &t (polarization) - H if 4

[E

%
7 = (activation overpotential ) ~ %4*i& 7 = (ohmic overpotential ) ~ jk & i
% = (concentration overpotential ) o %L F % 2. F "’i‘%] hE R BT -

o]

i

6‘534

Ald o P A eI P BEER SR B TS % Sl Y
7 Stack AAEZ EM 7 A WA I TR AR ERARE > B I TRy
TIRTFEHE SRS S P GEE > US%BEH AL TR o Stack F8cA 452
BR ey I EITER S DRECH S F RSB ZEE S HEIY
Bldz= & Z /5 R [oulk pressure %k B 151t 2 $2 58~ 2 | ITE R - R S

PR 2 BBE

3]

ALS B RPN BeakirE e el TR A H
Bk g plE o 4o B ZE 4 2 Alr fuel ratio (AFR)P* » 63 § » v 2 jn 5 o d

=k A

B 4 B3R Bostack R0 H2 4 R 4 o 1 1F
Tl TR R MR R > FRIZATHRF A Fla B R LT E o
HEI T & fonFEf ;‘?Fﬂ%%ﬁé AFR > g ¥ 7 # /i £ 3 4v > stack p 3%
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23 5 FHEIER T A a2 Pl v 4 IV curve 2 B 58 o

Current / A
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Fig. 2. F=I characteristics obtained under various fuel flow rate at 1023 K.
Broken lines are iso—L'f curves.

B 23 5 7 Find 2 2l * 4 IV curve 22 2 58

A4 » P EF o R CHy 2 2t s d e e F sl o &
RTLAMZERENR S PRESIPAMLIPicF o pERF e 777 F

B
Steam Reforming : CH4+H,0=CO+3H,
Water Gas Shifting : CO+H,0=CO,+H,

A {78 BRI 0 IR (T L T REA T 2 R E
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ARG 2 I S B R R T G I o A R B
WA T A% D31 &4 8ol ks 3.2 8 4 Bk & ORI H IR g
M2 ek s 33 &4 SHok R R 2% .

3.1 kA #I2%

PR s AR e R dhF iR A g RN k- P F
9 oA Hd EFRp z‘hﬁiﬁilﬁiﬂ” Lotfi.A.Zadeh >+ 1965 & % 1 ks & & 240 A
f215 > A 1974 # B W53~ £ E.H. Mamdani #4502 # chB-H0m 5% i *
Al c R SERERC EHERRT LR AR bldefpd]a
(Control engineering) ~ + 1 4 # (Artificial Intelligence) ~ B 25 3¢ (Pattern
recognition) ~ ;& i 4 45 (Decision analysis) ~ 3 5. 2 ¥ U 32 (Signal and

Information processing)--- % o
311 #5355

Briedr B 0 O RARER CREFR MBS LT 0 A R
SehgF i O BE A Rt I A e AR AR EAE SR LA
4118 A7 en2b s 4 (nonlinear) ~ BF 58 14 (time-vary ) » AL (% #g 2 [k sz (System
identification) e~ % %% 45 % iz = #F 23 (Modeling) » £ 4c F X 457 % 5L 2 47
FERY A ETTFEAE S TR EREE > R BB A ERF SN

HE PR PR R R

o i A - A S A S B AR 0 R WG B E
TR B EA I o i T 2 BRI E S 00 A S S5 B b
if-then 253% » KA F R OL T 2 L RiER 2 FENAFAEHKE FFE
Y FEARR 0 F AR PRl F A 475 BT BRI R fRAR AL o FI o $T AR
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e S R P AR S kA e f S B R R G S A A
il B RTOE TR E ik o A B R E I R i B 2
pAREZESS

(D7 3 &A% B 03] 0 455l ¥ 30 2L pF g SLemk3h o
(DM FR N PR R kit L FehiT 5 o

(B)#-A sk FAra R & T F| Bak izt o

(4)H 4v 452 47 % Soenig iz i+ (Robustness) % i x4 e

312 Hpir#I EH

- B RA R e 2T e BR0A L (L)ESR 1 i 4R (Fuzzifier) ~ (2)
ok ) B (Fuzzy rule base) ~ (3) #5443 31 & (Fuzzy inference engine) ~ (4)f%
it 1 48 4 (Defuzzifier) - Bl 3.1.1 #7577 5 44l & Seandk A 4 o i i
ks o A f g d gl & i (Sensor) £ 4B TR B - P £z (Crisp) R
RITH R A o *“ﬁﬁfﬁﬁ*ﬁ P Sy O T i dam s E R
B g ks > TV R AT T RO T 2 A RO LR R ¢
TRA GFRARREATE A R P 0 R A L Y AR e R AR A
B8 fR ok T TR AR TR 1 2 b R T B el R T L
Do NTF Foah BRI ez IR T A .

T

Fuzzy Rule
Base
J 3
M 7 - R B~
ry ¢ Fuzzy | y
Fuzzifier Inference Defuzzifier plant —>
) Engine |
L - ___ I

Fuzzy controller
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Bl 311 ¢ sl ik SLehi AR
3.1.3 Hps v Jgkﬁnkﬁ.(Fuzzifier)

Hofe (- P AP e g TREE S PFLSR TR LW
g R~ 2 PR R e E - B R GECE o TR SRR SR
ﬁ%ﬁ%mw&bwﬁ;ﬁ’wﬁwmﬁﬁ u%aﬁa—ﬁ%%’é—mﬁ
T ERRRD Y - BT oo d AN EOR S A A G HRI T o
BOR R HOR SR TALED B gL

3.1.4 # #p] & (Fuzzy rule base)

Woks TR A% Sk b e A R d FREZ RAE T
A o

o F#LE (Data base)

R MTF ﬁ’%‘] s ﬁgﬁJ N2 A v RHcE Eﬁ%ﬁ’ﬁii

=
f=

e 20| 2 (Rule base)

Bk SRR G % Rk 2 8 T i ] o 2 If-Then 607558 & iF & cuﬁiaal

S LR
A OB AR ¢t 2 g R A & kg AT S g
(a) % F5 & e R da AR

&@E&%%ﬁ{ﬁ%—%&giﬁ%w(wmﬁw)g@’%ﬁ%ﬂﬂ%
IR g~ AREL A R R ARLES o R E i 0 If-Then
A5 Foom B AR e

\\\xr

(b) ':‘lyy -gF 'ﬁ{f’lﬁ'\_" ‘\:;Jlﬁ n’:‘_ﬂz mﬁ‘ E’él\? .
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Ty R S RS NI 0 M2 B If-Then 283 R 5 03

[

EE'J#EUE“J }E_ o

[
.

(C)FFp 4 3 ) ek SRR TT T 7 A7 F

C

HeF R BT R R o T R Bk e - kR
PR S AR bR BT T (do : Simulink) BB 0 T e i 51 %k sen

Y B e
CLEESEE:

HAms 1 RS AR A A F g R
KR E D R o T E ko ¢ RN E § ARP B ABY
A G RTHN Aol SREREY CATIREEE c AAHmY Y o AN

bR BRI R iR -

N
N
E ]
*“:L
(ﬁn

3.1.5 #4851 & (Fuzzy inference engine)

T

Bk g 5| B R B AR 0k SihPe o R ¢ R iy gl
BT R RS ST B T~ RN £ B > ]

SECEIE S S RE = R R g Ehr s VAR

ER

3.1.6 fEficks iv ﬁ&ﬁ(Defuzzifier)

T3 R T SR R B T L PR
PR G 3 5 P e -

AR Y B R f iC 2 5 £ w2 (COA » center of area method » 4 )

3.1.2 #7571 )
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[ e (r)-vay

=r_ (3.1.1)
[ ey

He tuY)ayZ Eﬁ@j\—l'g( Y ORI R RS T s 2 Flgﬁ;’%l g o

A A

7 u

/A

B 3.1.2: &£ w2
32 b WAL EHI b

7 # #- 3 (sliding mode) &+ é%:sﬁ]&,i‘s #u(Variable structure system,VSS) ¥
- BEARGOEL  BREE 2R AER R L L RA L A B T
S T4~ - 2 4 ik 2 (Switching condition) i€k st A 4 de B ;ﬁ i
AP A& ? > BRI B RGN R TS ,T}L,}j_
AL R e 1R o

321 ¥ R R

v é%é‘.%ﬁ#g:ﬁ:'J(Variable structure control) & #£ = VSC » &_% 1960 # i+ d #

B k- B3 @i dmdm 0 S BB 5 L D s R (8
FEINB AR VPREFEAARII ARAL A B hF s |
I R DNE S r SO O r%p%m—ﬁ%gwqo%u&?%%ﬁﬁ
R R U S E TS TR SR ST S S E NSRS U
Bt Al g o Rk PR AR P R e L S TR R

E kT RBERA T ST R AR B LT o RS
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F1 A& K- B # T 5 (Sliding surface) » £ 5 d 4] eh+ il # ik Sepupr

r BTG L ER o B R

PE e PR A2 2 N AERIFERF R PIE R o
WieehAd 2 »  F RGBT A BIEE o FRE 321w 0 I A BE AT

(1) < 7f 16 & 3517 i% * (Approaching condition) = = - & # & 4 /& # &
(Sliding condition) : % t=0p% > & 3ok ik X(0) 4k de S(X)=0 > & JfFE FA7F
P B U Ry, N AR AR 2 B 0 @b T 5 28 3T 04 (approaching mode) o

(2) #@FFHL PP TR L R e r S S(X)=01 -
#%{””’“5@ B {57 GRERBURLE 0 TP FTFRX =081

X(0)

B 05

Az 7 B S(x)=0
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3.2.2.1 FHeige

iR eTe - BRRAITFAESI B IFREI e o F 5 sk
R BPIPRIT S T 5 S) =0 > Fuh € BT e R ik

Gk o B S() >0PF > & JE G T A eniE 2
(1) S(x)>0FF » S(x) e & FHEFF R el - 7 T S(x) <0
(2)% S(x)<0PF » S(x) eie & FHEPF R chif g > 7 ¥ S(x) >0
MIEE N AT R

lim 5-5<0 (3.2.1)

gt W) e B i 2 0 o] 3220 3N(321) 5 - R EEE S T F R

)

B PN G2D) 3 2 > @ N (321) % 2 Pl F AL K oE b o

s(x)>0

\ s(x)=0

3222 HiTiE it

HATIE G H m;h%{;ﬁ AT U P S E R o - A R

g iTiE i+ 5 [9] ¢
S-S<-olS| % S=#0 (3.2.2)
Y 5>0
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i P~ Lyapunov & -

T (3.2.3)
F) % E B S HEE R EF peen > T
V=258 (3.2.4)

d 3T 5 (322)7 v
7 =Y < 0[5 =207 <0 (325)

#4114 Lyapunov S ficl =S% >0 J <0 > 235 Lyapunov R IZ ¥ (& s /(1) &

B =70 oz P Jeacd 00 HPIIFET 6 S(x)=0 o
3.2.2.3 ¥ il

Boand @ onTECIEFBRER R 23 E R R Y
PLEt 50 Mgt SRR AR G i 0 Filippov 3% 01 % »xdz ] (equivalent control)
REL o RIS R RO B R AR E T

%@—%u#@%&%ﬁﬁﬁ@»ﬁﬁ:
x = f(xu(x)) (3.2.6)

B2k x % u(x) il g’grﬁﬁ:a BHipITIEET u(x) # E4p 3 ¥ Fleu(x) A
e e §AISEFBFELE S u() § 7 EIHEL @) 2 BH LI

u={u+ s(x)>0

u  s(x)<0

1295 Filippov #% 212 a4 A » F A HA G ApF > B AF BT 5
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S(x)=07 Fy(x) VAL 5 i@ ehE e‘:it:ﬁ"_#'lﬁs?l >, (x) 0
Suy,)=p- feu")+Q—p) flxu”) (3.2.8)

HY o<pu<t

Fleb o B ORGP SLT A T G
x= f(x,u,,) (3.29)

HE BRI ﬁ’*] *u(x) R o u(x) @ 7 MATE AZF AR ﬁﬁi#qi P B ek i
F Re 7b€#p‘3¢§%#]§]ﬁ%a;ﬁﬁ’;%%?r)’ H

Btul)=u, vAu o B Au A~ Y R STR AT A

¢
me
3

323 FH AT ER

BEARERBRLS 2 g2 JEORIEGS A& R E G R
PR B ARG AR o - SRR R AR A LT R B

(1) ARH T 6 G- BEEPF ST 5 &0 3 AP 5] F 5T 5 pb

o AARB NP RBEAE o TR T g E R € B R RS R

(2) A HI ~ ey~ hp DR ks ahpun b U R SRS
F:‘Eﬁ o — ‘ék# * E"’/’-’—;V ;‘é':\ {j@—ﬁﬁ:qﬁ S u(x)#ﬁ_"“% u(x):ueq+Au ’ ,‘}Lﬁ j‘gﬁﬁjgﬁ t‘i >

o AT T SR 0E 2 R RIS i P e
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33 Wl 8T 5 1 HILH

d SR ] B A R KR i) s F F g
B - RAOTHEEFEG Ui RERa 23 2 kY TPl (Real
time control) & sv® > e RMAAF L UL E- BE LA DFTHE - 570 F el

R TR LD 2 R BEEI  R o R RS T 6 ] E
331 HhFH T 6 I E

kL o N BT G R - RO IR o O ORI B T 6 4

FIBARA S HBT 5 BRIBS AR RS 300 0 A W BB 1A

— AR kS 4o 331 o 0 B L e AR Een B
B~ REGL U B TP FE - BrGRL e AR e Al
2 HARRIE o B R FE TG S B o] 3.3.2 F1l Ak ljbﬁjﬁ%l)\
REFE e BFAR B En - BFET R o=a-e+rer B FH T o Pk

N B AT~ o TR kS WP AR T - @
R R T G RPE A T - BB TR R E T - &
B R R ek - BI333 S ke Ta LM -

B eI aird| e des B &e D FE T e &R E(Sliding surface

estimator) &2 fis 4 B A IR A o

(DF T 5 3R =

(2) ¥ 5

1:*3;
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P H - BAMNPEREAE > VFFT G o=a-e+e BN R LB AE

T BT L e BT L Gl AP R, AL e 080500 A AR
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G, ™ Base | | Ly

Mz > G, ‘ > Plant
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|

|

I
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I

|

set 4

\

Y
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 sliding | Fuzzification Defuzzification

Surface Conventional Fuzzy Controller

|
I
i
é |
Nl . N e
\ clae+eél] MM Inference ‘ Gu[
I
I
|
|
|
|
|
|
|

B 3.3.2 0 HoAB I 6 T 6 4] B L H

¢ e
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AN

S

AN
AN
F_uz_zy N
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AN
surface N )
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\ surface o = ZERO
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FEN AT AT A o A0S T 6 R YRRk G S
de=02¢=0%0o=a-e+ée=0> X WFE TR PRS- Fdfler » ¥ X8 &
R AR AT 6 o= ere=00 P BB B IR B M6 T aCE]) 4R

ZEPRE-

332 FT G EB

~ B AR RS T G R A o BE R Lo B LR R

TG o F(slope) @ H o BAEREE {3 0 %2 BP BB L sz

BRI A R[S KT o SR R Sy R P R 63§ s
S 0 inb/J—L alE’ m’\ /J\ o
333 G ot >

1995 % je[20] - F L3k T~ R oo SfF b S icke s (33.1) & 45 1 % dicw oh
o lichost (332) > AR 2 il B £ (T3 > BB R S B R
FrAImAivEY > v uiEI - 2R FET G Ul_;:a;;;-ﬁq@?] ~ y thbd 4B o

7(5) ={NB,NM,NS,ZR, PS,PM , PB}

M- 3.3.1

RO (33.1)
T(u) = NB, NM , NS, ZR, PS, PM , PB

(u)={ } (3.3.2)

:{ﬁul’ﬁuz’ﬁua’ﬁu‘l'ﬁus’ﬁus’fj}
R T R = TR N

R' 1 If o ISNB,then « isNB
R? 1 If & iSNM,then u isNM
R® If o iISNS,then u isNS
R* 1 If o I1sZR,then u isZR
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R> If o iIsPS,then u isPS
R® If o iISPM,then u isPM
R" If o0 i1sPB,then « isPB
X
R :If o is F/ then u is F*’ j=1..7
H¢ NB #% 7+ % e § #ic(Negative Big) » NM % 7+

® &1 f B (Negative

Medium) > NS # 57 -] ¢ § #(Negative Small) » ZR % 7+ % (Zero) » PB % 77 + ¢h

i #(Positive Big) » PM *# &1 #(Positive Medium) » PS %

b Y
o=

Small) cNB*NM:NS:ZR:PB:PM:PS
ot i T G iy Rdco b adc 4ol 3.3.4 40T @?J

4[] 3.3.5 #7151 o

7 -] e+ #(Positive

ok B & (Fuzzy set) s # (label) »

SEE M L EE

A
NB NM NS AR PS PM PB
]
-0 a3 —®/3 0 ®/3 20/3 o 7
B 334 Hopp if 8 5 ey > R dico b o e
A
NB NM NS AR PS PM PB
1
2G, G, 2G > u
Uy — Gu Uy ?u Uy — ?“ Uy Uy + uy + ?u Uy + Gu

#1335 ¢ Bk if & 5 iy o g i b o i
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£XZY G HORRR oy ~ 2 gl ApEY - By~ XY SRR R LA, o
F o ERPIIT AT - By RO B S A, 0R 0 Y Bl B A £

4P (Sup-min compositional of inference) v ¥ :

5 o (@) =supminfu; (o), minfu;, (o),uz ()]l (3.3.3)

oeX

Bo A 5 ok E @ (singleton) > 4 i*u—li;n R Rs=afo Bl (0)=1"

HA30A u (0)=0 > AP F 11 H50 (33.10) ff 4o
o () =min[ug, (0),uz,, ()] (3.3.4)
R CEE S
g () = max[uy @)ty o @)]] (3.3.5)

FI* £ fE2 08 2 (center-of -area defuzzifier) X f2ficks 7 11 8 5] - P g

Iu uz (u)du

u, =G, (x,1) “ (3.3.6)
j”ﬁ; (u)du

”T'lﬁ_fé,ﬁ'ﬁv—lm o ¥ e %J%]%ufmﬁtﬁﬁgg 44T

U, =uy—u, > 2P u, =G, (x1) sig(w) w:% (3.3.7)

34

uy > G, > O F FHR EKE o TB-A 335 57 iTmP o

H P sigmoid & B sig(w) &
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-1 if  w<-1
— (21w? + 27w +10) _
2(9w? +12w+5) if lsw<—-
— (15w? + 9w+ 2 _ -
( 3 ) if -2 <Sw< -t
2(9w° + 6w+ 2) 3 3
2 —
% if “l<w<o
w-+
sig(w) = , 1 (3.3.8)
M +w if 0<w<=
29w? +1) 3
15w? —9w+2 if %Sw<§
2(9w® —6w+2) )
21w? — 27w +10 if gsw<l
2(9w* —12w+5) i w>1
1
uU+Gu
u0+2Guf3

FLEF 336
SR % o 4 %}D
T g A el Bl B iEAL o F AR B 3.3.6 4R 5 -

uD+Guf3

4438 b

B 3.3.6 - i E T m 2l %])\mﬁg? * BB

YU IR T Y j&ﬁ%l » %ﬁfx%’@,} VR AL R - T E
fiﬁ%&&ﬁ,?uﬁihﬁﬁwiga%&a
iEE AP BTk R g
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oA BREYIRAIE A R KRR RS DT o T g A 0 AT

AT EMEGT P FA
3.3.4 fais it B

324 BiE # Mamdani method 3 ficks 4834 002 B > 2 & < 72 (The centroid

method ) 5 fEfids iv a2 Pl H #5182 75840

[u)-y-dy

= (3.3.9)
[u()-dv

Ve

Bt u(y) & B R By i S i

EER G E ORI B PR R R ] B & i F eh
FF TR o TEY AR R R o £ 331 5 AN TxT A
RIE » £ % 49 5P 5 £ 3320 2o ifFd T o 2 AR > £ F 7 05RA
GEStEEE = Ll LR R =l B R RS IR RN TR AR

%331 @ Af R An L

NB NM NS ZR PS PM PB

PB ZR PS PM PB PB PB PB
PM NS ZR PS PM PB PB PB
PS NM NS ZR PS PM PB PB
ZR NB NM NS ZR PS PM PB
NS NB NB NM NS ZR PS PM
NM NB NB NB NM NS ZR PS
NB NB NB NB NB NM NS ZR
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%332 R FH T G AP E

oc=ae+e
NB NM NS /R PS PM PB
u NB NM NS ZR PS PM PB

335 2#D > u, ~ G, & 2

®éﬁ$&?@i&a:m+ﬁﬂﬁ%ﬁwéﬁ§%’ﬁdﬁ&&S%ﬁotﬁbﬁﬁ
LR BRI FE LG o DRl » 2R R G Sk T IERE

JARVAN

uo » ﬁ%] iy AR 0 S EE T R F R AP R ITH R 0 b
PR - FR A BRI P LT WA E 2 2
B RPN E2Z A RE > AF B - BHEFIEu, o 27 %2 & ipdlagis

A r — FF 2L BABE

G, 3 Bl F1F o IR I B2 R i R, kG A T R

u

T2 plE e @G ET D TN kA ]20]

G,(x,t)2F(x,t)+D({)+n > n>0
(3.3.10)

He F(X, )@ s ezt g B (98)
D(r) :F4F(HAFIER L iig s )

EFEZEREFRT G FBORT A FE RO EED] o w I F
SR Bleh 2 > BIHBR LN o FE R AT @~ u % G E SliER

B B et N 6 3 Sl USRI R L il T %

—=
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PR AR

F
Pl * A58 387 72 cell 2

2 stack » A I N TR~ T RF R R
% B B o 4o 41 ST
(=) » v BARFEH(T0)

v B B(T,)¥4] 2 stack rpFz 8 B TiTh we» f 4 b stack ¥ 73 L e
BFERRCEAT(SI5K) G » v B R T T4 2 0 d Hiet 63 T,
2R R e

I, =T +AT (4.1)
(=) »o FEIEFHFI(m)
BRD A MRS F A B &R AR F T, =01 K/sec & T 3T RS
AKX DA TR g AKX T v vz, T
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Temperature Response
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Response of Current
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Response of Output Voltage
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