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ABSTRACT

Compressed Natural Gas (CNG) is an important part of alternative energy by which the
market is rapidly growing, particularly in transportation sectors of Thailand. In 2006, around
23,273 vehicles in Thailand switched to use CNG and had been continually increased. Since the
engines of the trucks have to retrofit, they must cut off the turbocharger platform. As a result, the
engine power is decreased. This technical problem is the motivation of our research by
controlling the air/fuel (A/F) ratio.

This thesis presents A/F ratio control of turbocharged SI engines using CNG fuel based on
Mean Value Engine Models (MVEMs). The method is promising because most of dynamic
characters and real-time quality can be achieved. Unlike the original methodology, our control
design uses Fuzzy Wavelet Neural Networks. The optimal parameters of the system are found by
using gradient method. The objective is that A/F ratio is equal or closed to stoichiometric

combustion. The simulation results demonstrate the effectiveness of the developed method.
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(2.7)
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'em51mﬂmmmuaammﬁmmmiawa@wu (mcuol) ‘Viﬂﬂil"lﬂﬂﬁﬂi%ﬂ1il!ﬂ1ﬂﬂhli?
A o o ~ < aa 3 A I o ' o
GU?J\‘]81ﬂ1ﬁ§]1ﬂﬂ131/l‘1/\|ﬂaw1/1NTL!”V]ﬂNﬂJLS’JQNQﬂ Tﬂaawmm’nmsm”lwmﬂuﬁﬂmuﬂ‘u
3 ) A g 3 A & I o
mmwwmwmmmzamuﬂummmmm cm%mﬂu”lﬂmaums (2.9)[4]
2.9)

mcoal = paAV

cool

~ ' a Y 3
Iﬂﬁl“ﬂ L. = ﬂamwumuummmmﬁiuﬁmmaan (kg/m )
A Ay v A " 2
A = WUNATUNHIVBUATDINADIY (M)
< ~ 1
Vol = ﬂ')uJLi'JﬂJ@Q@Wﬂ’lﬁﬂllﬁﬁW'lu (m/s)
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Mass flow (kgls)
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Pafter
’ P after < Ijbefore
H = Pbefore (213)
1 , otherwise
7
\/2 Y
/—271 (H)l/y(l—(H)yyj if > (—2 Jy
wan=4'"" - r o (2.14)
71/2 2 2(y-1) lf o< 2 7-1
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A @ a Y
1060 Py Thpre = ANUALUAYUNYININTZUY (Pa, K)

E4
v Aa

P, — AMUAUNSIAUTTUY (Pa)
C, - dutlszAnionsimsina
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Aa) _ fiidla o o9 (m)
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1/2

(cos2 a—k’ cos’ ao)

2 2
R IS

4 cos 2 (cosa
(2.15)
cosa . 4 kcosa o
- sin”| ———% |—k(1-k*)"? +sin”" k
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4 2

! 1 -4 a 1
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2
o = YNUBIHUAULIA (rad)
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Wit Tuanavesmaneuau lod (kg)
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2
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em
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VN
e (2.20)

m,, =(a,P, +a)———
cyl (0 im 1)60nrR]11m

. .
Taon  a,uag a, Wuamaan
1 A os/’ 9 4 9 d v
AAIMIUE 15041 18910 Andersson (2005)[11] A28M15 197G Iscurvefir 11 Matlab
242 913 Ivavesuanafioanoinrous nd
o Y ~ Y YA v o 9 v
803113 Inavesulranasiosnaindoun ludaomssauainulumswn ndsznima

dy a o Y 12 A 4 4 Y A t:y a A
DINIALASHIUBDINAN uazﬂmuﬂiw"lwmmmaﬂmmﬂuwmmﬂwumﬂaullmamﬂﬂh
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mem = mcyl +mf (221)
A . LA ady oy 9
T m,  =USmanaremasiiihgioun v (kys)
9 = dy a 5 d? v 1 1 1 dy a a 9 Y
DATINITIRABDINWANUUVYUNUDAITIAIUIE W IND INIAADLYDIN A ﬂﬂﬁllﬁﬁﬂgiﬁlﬂu
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C.H, +(a +§j(02 +3.773N,) =aCO, +%H20+3.773(a +%]N2 (2.22)
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v Y
Tagh  A/F =dasdius1maaoidoinad

o 1 ' { a { a 4
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< 4 %
0] = mmmm%wuﬁ (rad/s)
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@mﬁﬂﬂJsU@Q?J”Jﬁﬂ?ﬂTﬁVl!alﬂllﬂclu‘ﬂﬂi’JiJll'EJLfTEJuuﬁWﬂﬂlll"lﬂLWiTgL‘]Ju@]’Jﬂﬁ’ﬁlﬂwa\‘]\ﬂu‘ﬂ

a U 9

wieneagnaiumdisimuasteuiallale  Myszaemanuiousengdunadouiie

a

Twarunei ldquugiianas smualiidums naidlums valuneassiliguvgil

U

A ¥ ~ a g ey o o
FUIAADUAIN fﬂﬁaﬂaﬂm@ﬂqmﬁ{]ulﬂuﬂﬂﬂGIﬂ!‘Uf’Nﬂ@]ﬁTﬂTillWﬂsllﬂﬂll'Jaﬂ”l‘ﬁfllaz

v J

4 1 Y
ﬁll‘ﬂS%ﬁ‘ﬂ‘ﬁﬂﬁﬂWEJL‘V]?‘I’N?J%}@‘L!E’I”IEJGLI!%Q%HﬂiJﬂ"Iiﬁ"lﬁuﬂﬂ’ﬂiJﬁﬁJ‘WH‘ﬁ NNTUNITUDN

Eriksson (2002)[14]

T =T, +AT,  —c (2.29)

emax
emax



19
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BMEP = IMEP — PMEP — FMEP (2.33)
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[
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-LL@ﬂ%ﬂuﬂ@ﬁﬁuﬂ!Lﬂﬁﬁﬂlﬂy‘ﬁﬂulﬂ'ﬂi%ll’mW’dL“]JfNGIL!L‘]JuWﬁﬁW‘ﬁ‘VIﬁ@\iﬂﬁLﬂiﬂ‘UMﬂ‘U
Y o 09/‘ Y J ~
"lﬂﬂwummgamaaﬂ (Output Layer) ¥9ugsaaszaningwy
A £ ~ o 9 A A 1 A A v A A = ~ Y o
-Ulclﬂlu‘l]ﬁﬂﬂlﬁuﬂ’i%ﬁWﬂﬂﬂ1ﬁu1m“ﬁ@Nﬂ@LW@ﬁ@ﬁﬁﬂ‘Uu’JifJufJu L’]J'H'EI'UL“VIEJ‘UVlﬂﬂ‘U

9
(R ) @ 4
mahminvosaalseanien

Dendrites

N

v ¥

¥

RS

Neuron scheme
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4 ] 4 [ ] g
51U 3.1 Taswnelszamuesyud ($1e) [22] wisuiouny Tnssiedssamifieniosdn
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] ~ dy 9 A 9 A Y 1 ~ A
‘1]1ﬂ1ﬂ’i\‘l"lﬂﬁlﬂi&ﬁWIL‘VIEJiJL‘UENGIUTIJ“VI 3.1 GU’EHJﬁﬂﬂ@ul%1q1ﬂi\ﬁﬂﬂﬂigﬁﬂﬂmﬁlllﬂ’tl

u K1)

e

Y
X, X5, X, Gl’fmgaLmaxm%gﬂﬂmﬁwmﬂNﬁmuﬂ W, W, W, sua1aunniu
¥ Yy Y o oA ¥ I~ v ¢ Y 19y sA o
VDYAILYNIIVVIAYNU ﬂaumzuﬂawaymﬂuwaaWﬁuamﬂmmaaauuﬂﬂﬂwmawa
Y

Y @ 4 Jd o o a 4 % ] 4
Gluaﬂymmﬁmﬂmﬁaﬁ%jnNaawmjquﬁjw ﬁ'ﬂJfﬂil!‘U‘U‘ﬂ'lﬁ@\?ﬂNﬂﬂ!@lﬁ1ﬁ@liﬁﬁ\‘lﬁuﬂﬂlcﬁaﬁ

Uszemnienansouaad laaaaums (3.1)

= f(Z”:WiXI. +b] (.1

i=1

£(#) = HanFunszdu

=).

Taeg
- @ { 3/
X, = dunavousaatlszeniieun i ilo i =1,23,---,n
Y v ]
W= moaaimiini e i =1,23,--,n

1 J ~
b= m”lmmaeumLwaaﬂizﬁmmau

3.1.1 Jassaalassne)szannmian
Y ' 2 9 o v 9 7 = A o
lumsaslassvielssamnyvwinlyauniv apdlgranilszamnmenninuanyuy
1 [ A 1 9y Y 9 JyAa o 1 3 0911 A A 1 q’/‘ A =& 1
annuuFeunoineiu linaansuzveslassnalusug isendn suiFon (Layer) Faua
P lc?/l = o A 1 R o Y A 1 1 =1
aziraanogrufeiuag liouasnanu Tasaadrayeusoved Ingavielsyamien
1 I
asous latiumulszianae
Y
3.1.1.1 Iaseiedsganniienuyusuiae (Single layer neural network)

aazl qu/ { 3 a 3 4 { I~
Ulassadedsenonlidotu 2 $uldun Fuduna tay Fweina auvansaiu

k4
v Aa

Tﬂix‘lZ‘TiNLL“]J'].I‘Hl!LﬂEJ’JﬂLW510,&511!'”%1!&@11/]7‘!ﬂ%ulﬂﬂﬁlﬂumﬂﬂlcﬁaaﬂi gamn ﬁTViS']JﬂleﬂLl“V!‘VI

A

ﬁum"luwmimnﬂu%’ummmaaﬂizmmwswmu%um"luumsﬂszmaim Mnthidieaua

@

9y a ' ng/ @ 9 @ [l ~
JUVDYADUNANUNIUY ﬂﬂmqﬁiwmamﬂugﬂm 3.2

Input#1
Input#2 Output
Inpui#3

Input Output

Layer Layer

51 3.2 TﬂiminTﬂ'ﬂmaﬂiwamm&lmmwumm
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k4

3.1.1.2 Taseiedseannienuuuralosy (Multi layer neural network)

= 9 d? v A 4 Qle 1 3 d? LI

Hlaseainlsznevyunnmsiassaveusadlszamama 2 suanly idusw
F4 b4 [ 4
susuna) Iageglugduuumsinutloulidend  (Feed-Forward) Fuilogszninesu
a o J ~ "o ] . &£ o A A Y
duWALAZ U IANASINIFUTOY  (Hidden Layer)  duiluduiivuanuaiwnsaldny

Tasee aelnseadeaedalugdi 3.3

Inpuit#1 v’{{\e
Input#2 A"‘.‘ve Output

BRI
Inputé#3 —N A"%
p \\,o

Input Hidden Outpul
Layer Layer Layer

v Y
51 3.3 Taseasalasenelssamifonsnumaiedn

3.1.1.3 Tasavedszamiieuuuu Tasanans 19aane (Lattice neural network)
4 o Jan and Aana
Tassadreentlsenanldiee15156 (Array) vousaaiaAsIvTerarwldanla ia
1 1 Aaa [ J a 1 1
Taseasrany Taseranseavieneiaveinsiaissaaallseam  nioazeTuneoadiee
[ @ 9 Aaa A A v A o A 3 [ 9
Y MNIIA IATITI1MVUNARSINDMTIAFTIUFAALVULLIUDUHNTDLUUIAY PTIA IATITAI 1

aa df v A 4 3 3 o 9 % ] ~
Uy 2 myﬂumii]mammaamiuummuammuau ﬂ\ﬂﬂi\iﬁi"l\i@l’;l’ﬂﬂ%ﬂugﬂﬂ 34

Lattice of output nodes
Sl
AR
il

@
b

/

Input layer of source nodes

510 3.4 TaseaialasaelszamifousnnInsawanieaaig
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3.1.2 msiseudveslasanglszam
Ay ' Yy A = A g ya o Y 4
Lll'f]ﬁiNTﬂi\?"l]"lflﬂigﬁ"mﬂgﬁﬂﬂﬂﬂ1iNﬂﬁﬂul‘WﬂiﬁﬁJf’]‘mﬂﬂ]&lﬂw@nﬂ@ﬂﬁﬂ"ﬁ PINITOU
[] A 1 1 3’ v A 9 1 [] 091} =& ]
Tﬂi\i“]ﬂﬂﬂ3361‘1/]ﬂﬂ'ﬂﬂ"li‘ﬁ"If’ﬂﬂ'N‘Ll"I“Vii!ﬂ‘ﬂﬁ/ill"Ixﬁﬁfl,ﬁllﬂiﬂiﬂ"lﬂﬂuu‘] PFITINITDLUUINT
I [
Fous lavoniilu 2 dnvue
3.1.2.1 Mmaiseuduunlinisdeu (Supervised learning)
~ Y 2 A 9y A o ' =2 .. =2
M3GFEUIHUINIE AT NTENNYAHNAOY (Training pattern) T lugarndoua:
= a 4 ] ~ =8 9 =S dydi
HUDYADUNALUDSIDINNA mewﬂiza”mmElmzgﬂl}lﬂﬁaumﬂmagaimgﬂNﬂﬁauumam
1 U 09; o A o 4 ~ Y 1 =\ = [ '3 ~
mohiniminzan  Tasduemunan IdanTassielszamlunlseuiounueviyan
1 4
AoamsnInyarnaou raziimnnuRawaIai ldananuiena e e inaiiaes
v 9 A ) 1 1 c?’ Y] A Y a S 1Y A
ﬂ@uﬂﬁ‘ﬂL"’lﬂVl‘IJGlWNLWfJﬂ'Iu'Jﬂ!ﬁWﬂWﬂ'J\iu']ﬁuﬂﬁlﬁﬂJ LW@GlﬁﬂTﬂ?WNWﬂwaWﬂiJﬂWu@ﬂﬂq@
= Y 12 ¢ .
3.1.2.2 ﬂmiﬂugzmu"lmmiﬁau (Unsupervised learning)
~ Yoy dyd ! Yy 1y % =2 > . W c?’ o J
ﬂWi!‘ifJuE’J‘ﬁﬂ'l'ﬁu!ﬂufni!ﬁﬂuzﬂllwﬁﬂx‘lﬂ'lﬂﬂ‘lzﬂpjﬂﬁ@u msdsumeraimin wea
o a 4 o o ] o A 1 [
Uszanagshin1s NI 1LHAA MDY wude luilimstmuamiigndesiinise ldenag
3’ @ 1 1 1 4 @ o 1 a a 4 o
umuﬂmﬂm Llﬁlcﬁaa%8QWﬁfJﬂWi‘]sjf]uﬂ'ﬁ‘UVl‘lJGUENﬂWﬂ'J'IjJWﬂW@1@!&@33&?]515????1?]193\‘]

Y
hmindlediuies

Jdu
3.1.3 Wanvunszeu
v J o 1 I LA J J
landunszquuioilendunielon  (Transfer  function) WuisnFuiuaneing
o Jd o o w 1 4 1 ' ' L
Taom lilandunszquazdrdaaieninaeglugie 0 de 1 ualumsiszgndlduieanuern

[
Jdo A

o 9 Yo Y = 1w 1 v Y Aa @ 1 9 &
ml,ﬂumﬂw\lﬂﬂ%uﬂ‘wmaaﬂmm’ﬂﬂmuammﬂan ‘i’/hﬂslmﬂiz@;uwuwﬂua"lml,mhlmﬂu
a agA o o 4 i Jdo A Y A o . .

3 ¥uanne WINFUINId lgan (Threshold function) WIAFUIFIUTUBDNAT (Saturating linear

. o Jdo A J . & s
function) taz WINFUBNUDUA (Sigmoid function)

] = a L %
3.2 Iﬂ5@%181]ﬁ&’ﬁ]ﬂ!ﬂﬂﬂ‘lﬂﬂﬂ!ﬂ‘liﬂ]ﬂﬂuﬂﬂﬂ

9 @

Tassnelseaninousialnsmeounal  (Back Propagation neural network, BP)
9 o = A A [ 1 U qg.: £ 9 qg.: Aa 091’ 1
UszneuargmaalseanNeunFeanuaguInnd 2 FuslszneualsTuIUNa Fugou Loy

9 v E4 v
Fuoinn  delaseadudiedilugli 3.5 Taswesieiiidnvasiiulasaheidonly

[

9 9 = d‘ 1 c?/‘ [ =Y q'/ A a [
Pantn Imsyeu Teeluuaaz SuLuunenIn UL uuﬂanﬂqauwmzmﬁmumﬂm"lﬂamﬂq

4 3 1 4 c?/‘ ] 1 o o 4
waadseamlugusounsn L!ﬁ$1{!ﬂlcﬁaﬁﬂi$ﬁWﬂiu‘ﬁu“ﬁ@ul!iﬂ%%ﬁ\?ﬁﬂlﬂl1ﬂ!vlﬂﬁl\1ﬂﬂlcﬁaﬁ

99 q

k4 1 Y
UszamluFudalaluigamadiszamludugaierzdedyana lifmnmwadiszam

q

c?/‘ ' 3 = 13 c?/‘ 9 v A 9 a
1u%u1@114w@1 TupeumsAngouasauyuiy 3 Tupeualenufe ﬂauﬂlay’aauwﬁ"lﬂ

9 9 1 9 [ 1A d’ d‘ 9 [ 1 1 3' o
VNHU BUIATOUNAVVOIMAANAIANNSIVDI tag UTuamn19min
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T 4 [Inputlayer <

@ 1

511 3.5 dedlaseadnlaseielszanniiousiaunsmdoundy
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v ) v A 9 9 o 1 a Vo ° ~
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9 d o Y 3 1 qu‘ Y 1 o J [ 3 ] @ ) T dyg’
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gameudazisaa e IMneaziImsaaasilaingunszqulusuemyameriiiaoy
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WsoHARDUAURIUDd Insenedmsuuanzgluuudeyanilould Fmadnveslaseie
anvaEi¥on1NanyMLAING121 Forward Propagation

Qsll 1 <3| o - | ) o JAN Y
JugolUilumsfiuiauy  Backward  Propagation  tHumsiiuemadnin laun

~ ~ [ 14 A o 1 a A A 9 Y !
nSouisuiueminathvanaiodiuiamannuianaiaine o HAIAHA
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9
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AUDINNA Lﬁ@ﬂ‘i‘Ufnﬂ'NuWWHﬂ'iVVi'JN“D’uLEﬂ“VW!@Iﬂﬂ%uﬁﬁﬂuaﬂ‘ﬂ1ﬂ NITUIUNTUBINITAN
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MANUAANAIANAUNIIUIE SN UFUtAadnaunsnann Inualulasie lasudumia

Y
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dunpugamorzihmanuAanaian lauldlunsdSumninimin - deanaaimin

d' A Y d? K% a 1 a dl Yo (% hl
%5!,1]afJ“HUl’lliJ1ﬂ‘ﬁiﬂuﬂﬂﬂlu@gﬂﬂﬂthﬂ!ﬂlﬂﬂﬂTﬂ’NNN@Wﬁ'l@“l/lulﬂﬁﬂ NszUIUMIIENAL 1

=

Y Y Y v v
nizgihdn luduaeuusnaunsziimanuranatni lddaissniiainnuianaiadiga
) Y
fvua’ld

° s A 3 A ' = ] v A Y a s
Nuandszam lususeuiuinaneszeznal lumsinasuae HufedNran

< v v v < ¢ o WY A
Uszamunnazldnannnanuliddie  udedalsnaueadiszeamarnuunluldusdn
Taseeazilszansammannainlidae FoaimsdsunlasuTaseadranoriilassinen
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) = =
3.3 Tnssnedszanniaudasvian2s]
Tassedseamiiouiigamumumsisouinndoya ualigadoslumsannunuvana
] J v A { o ]
Tagliansoldmawaldiumazivg ladslideaglosnindendsing e minavesinseiie
Y v o 1 o { J 4
yanooiifanniuluuunaeddl (Black box) luvmziiassnamaasiladivenlusonsl
a ) v A a Y ] v
manaisassng 1l ldheiosnnawnsodnnuldedlugluuy IF-THEN Fedoandos
] a 4 == S A (=} ~ Y (o 1 9y 3
nuassnzANNAAveINYEd uandderdene lifinszuaumsiouilSunaTassadraazan
1 £ a Y o v o Yy ) c’dy
nlsanenluszuy dalaedndvzdessimua Taedidersy Jagiiuldimsihaosnaastun
Y <3| A ~ Y Y
swnunmeiluszuuninszuiumssoud luaueuas Inseai19veeszuUaIIT0
= Y 9 Juiie @ J ~
annurneuas IMiana ldwderiuassnmees o
' o 3 1w I Y 1
Tnsenedszammonilsgnaaeanisuny Wumssauiuaeslasainelszam
an o A J o Y yJ Y [ o o
Adnsmuauuuilsd  vezilandunaadiidens msdunsigduesmseyniuues
Taseiedlseenifouilasdndiaa 1819 a5 sielseamifouniamnsimuamnmunz au

youdmlslung IF-THEN 1o 1% ldnadns nanaa

a

3.3.1 assnmansiaduuy TSK

Tulaseadalnseinelssamienilsgnviandnvesiled a1y Takagi Sugeno Kang
(TSK) fuzzy hiitugy daladndinesiiondon #luaninszun lududadu ssuung
fleFuuy TSK figniinaualag Takagi tas Sugeno 1uil e 1984 118z Sugeno gz Kang 14

WnAnyAtede szuungiaduuy TSK azegluglunuvengaemiuais

IF x,is 4,, and x,is A, and -~ and x,,is A4,, THEN y, = f, (%, X5,....X,)

IEx,is A, and x, is A,, and -+ and x is A, THEN y, = f,(¥%,X,,...,X,)

IFx,is A, andx,is 4 ,and -+ andx, is 4 THENy = f (x;,x,,...,X,)

Tagi x,  =dlszneun j(j=1,-,m) VOIAMUTOUNA x
’ o a . . Y A
4, = WaATUaU1F (antecedent membership function) YBINYVON i (i =1,--, n)
¢ Y A
¥, = (PIMWAVOINYUON i (i =1,---, )
. Y A
f = Consequent function YBINRUBN i (i =1,---,n)
Y Ao va v S| ' ' ' Y1 = '
adidmualdouwadundy x, =x/, x, = x5, ~ ,x, =x, alamila® (u,) vowsaz

ngaziilu
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M = min(All (xl'), A12 (x; )9 T Alm (x:n ))
ﬂZ = min(A21 (xl'), A22 (x; )9 Tt A2m (x:n ))

w, =min(A4, (x]),4,,(x3), -, 4, (x))

1 4 I 1 = 1 g’ o 9 = S
AUDTNNAUBITS VY (w) I UNIMIAIRAIVDINITOININTIN Tﬂﬂllﬂmﬂﬂﬁﬂﬂclﬁf

(defuzzy) @MUAUNIT (3.2)

z:uiyi
= ]

=L (3.2)
z,ui
i=1
3.3.2 nvlaau
vltaanl (Mother wavelet) au1snten ldauaunisn 3.3)
1
Lo (x=b
¥(x)=|d| > y/(—j a#0 (3.3)
a
Tag = fanFunisnlaguuinatay MI@o UL
£ ot
a,b =msasuvuianasNsaeuvLIY
x = dyuauna

4 ) { QSJ‘ 1 1 4 I I v @ { 1 4
et ndugeuvesInsaielszamieniofluilsndunszduaslug i 3.6 Anen

waved Insaineseamifeunvianszilu llawaums 3.4)

k k o x=b,
y=2 w¥(x)= ZW/‘|“./| 4 ’ 3.4)
j=1 = a;
d o qu‘ 1 ] A
Tao ¥,  =ilsddunviaavesdudounien
Jd o A A qu‘ ] ] A .
y,  =ildFumandsurnatazmaneuvinuvestugouniiieh

a,b, = i sveailanFunviaamuaunms (3.3)

Jj?

Y Y
w,  =M0nhminIznINeuNaLas FUToU
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51U 3.6 Taseairaveslnssiiedszanniiouniian

Y A A [} <R o " Ao
malanmsmanlasuvinaazmaaeuyIuUeINaN A IBAIGN B U IAUN T 1AV
RS a '
suvpulidwsadusenunldlulaswielszamiion

5

3.3.3 Iassaalasavgldszsammaniasdnnian

A o = o Y 1 G S Ao
WU NNIS (3.4) !L“V]uﬁﬂuﬂ;]"ll’é)\‘iﬂ“]f% TSK Tﬂaﬂmuﬂclmawmmmﬂumwﬂmam

% Jo v Q @ {
e (Mexican Hat wavelet) dsiilandudaaums (3.5) el Inssadwasgilin 3.7

Vi B

W(x}= \/572'_1/4|a|_1/2(1—22)e_2 (3.5)

ngueslasaineisyanmiouiladnvianaziiuliamungaiuais

2

n _En
andx, is A, THEN y, = ZWH (1-z))e 2

i=1

IF x,is 4,, and x, is 4,, and *~

2
m _Zi2
andx, is A, THENy, = Zwl.z (1-z))e 2
i=1

IF x,is A, and x, is 4,, and *-

2

andx, is A, THENy = Z w (1-z Ye 2
i=1

IF x,is A,;and x, is 4, , and -+

J v a { o <3| Jd v J .
Tag 4, = HansuaurnndmualddluiladFuuumdiBeu (Gaussian)
xl = auwﬁﬁ l(l :]"."’m)
. o Y A o
Y PIMWAVOINYVON j(j=1,--,n)
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)

31N 3.7 Wngnwmeanwian e a=1, b=0

H Y )
TnsehedszamBouiladniliaaiiTassadrailulawgli 3.8 Taosusounsn wiiluye

H Y 1 ] Y 1 '
AofvznsznwaunmdgIudonaun Tududoun 2 naazdunarznsznodngaunFnues

'
= o

1 I 1% a J @
‘Wcﬁ&cﬁmm!,muazﬂ;;maﬂmwumﬂuﬂqﬂ%uﬁm%mmmmm%umﬁmmi (3.6)

U

2
_(Xi _('i/)

2
nARIE B\ =YY= 10300, \ =y [ (3.6)
Tagn m = UIUAYQIUDUNADINNIUDN
o =
n = NUIUNY VBT Y

J k4 Jd v a I A A A A .
h= g{uﬂﬂammzmmmmmﬂqwuauwmmmmaummmmm] BUNAN |

1/

)
qg./’ d‘ A o 1 d' [ [ o ~ 9 1
FuFouil 3 IR TONTUNUSIUAINNG R, R,,---, R, mwioenuuyld uauaz
1 d Q U o o 1 '3 1 %4 QQJ’ 4
yadonollunilangilsd uazld AND (min) himssnamareminanesnlideuion

9
da'l1l Tastiaumsaail

,uj(x):1:[77j(xl.),i=1...m,j=1...n (3.7)
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H
I
2 (x)J ) _
N y X
LA WNNI L
s
: }
N
yz (x)\ A : u
> y X
L WNN2 2
s
-
~_ 3
4, (%) _
x A Lol
’771 ( m ) L yn X
" B WNNo  —P
Layer | Layer 2 Layer 3 Layer 4 Layer 5 Layer € Layer 7

51 3.8 Tassadwveslnseedseamiiouiladionion
& A =~ <3| 1 = o £ Ao " w =
Tuguroun 4 1Wlulnsahelseammennniand1uig - meudsaiiaumiunguesilyd

1 4 Ay ¥ ] = ) o 4 g/‘ A A 3
ﬂﬂfﬂ‘l’ﬂ’!ﬂﬂVlﬂ%1ﬂ1ﬂi\i"’lﬂﬂﬂigﬁTVIWIEliJL'JWLa@]*ﬂ$l!1ulﬂﬂﬂJﬂULfJ'WW!ﬁﬂJ@Q“D’H!“D’@?JW 3 Tugu

A A 7 A v
FOUN 5 LE)W]“V!GI"’UENLTI‘V\ILaﬂﬂj ﬁﬂiﬂMﬂﬁNﬂﬁ (3.8)

22

m ot _Zi
y, =w ¥ (). @)= |a,| 2(1-z))e (3.8)
i=1

Tag z; =(x,=b;)/a;
@ J o 1A A Jd A
a,; 1oz b, =awlsvesilasfunansznneunei i =1,...,m) uaz01minah

j(j:l:”'an)
3 A A <3| = oA ' J ] ~ =~
11!“51!!;”11’0%1/] 6 Ly 7 nJummﬂ«nmwammmmwmmmewﬂnammﬂuﬂmmnwmm

1 d ]
TagAuo1mMnaved Insainelssammeniladnioananaums (3.9)

u:z;uj(x)yj/Z:uj(x) (3.9)
=l =1
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J 4 [}
Tas  y, =Awewinavedlnssnolszamiennvlian

3.3.4 m3iseuguazmsdiumdnnls
a a Pd an ~ 9 = 4 o ! v 1w A g

Tuanandnus  AmsGeuguuuns@euagninnlglumsdsvadunlswedums
& ' ~ ] VY 1 Ay v 3 vq ¥ o A
BulvimsiGeuirzquingmndesnsaiennusias uaz 119 Tumuudy (momentum) 1o
A < o 9q Y 2 o A v o 1 & & Cw
AN IVRINTITOUS IHINTY aalsndeanssuaniuasziluainilsvealansu
1 t:' 9 3
w;) Tasansuduiiy

Y
awFn (¢;,0;,) nvlaa waz Mmoruhminlulaseielseam (a;,b

ij° i

o 1 1 9 G o Y o =l
fvualagmsguamanveuuavedteyagarnaen tazimualidunls ¢ wag o U

11001 0 TABIT UL NAANNRANAIAKY a9 InaNms (3.10)

1 0 I 3
E:EZ(ui ~u,) (3.10)
i=l
{ o g 1 - ' 1w
Tagh o = D MNAYed A3y Tuntiauniny 1
d ' s Ay

ul =L MNANABINT

' s AN ¥
w, = fueInnai e

Y
msdsudlsvealenduanidn e waz  aniwdn lulaseniedszamluudas

11938l (Epoch) 1 manmsi (3.11) uag (3.12) musdy

(D=, (0 = et o, (0 =0, (=) G.11)

a,,.<r+1>=a,,-(r>—y%+ﬂ<a,,<z>—a,,-<r—1>>

bi,-([+1)=bg,-([)_7§TE+ﬂ(bg,-([)—bg,-(l*1))
G (1) e, (047 £ 612

Cij

oE
o,;t+1)= Uif(t)_7§

i

Tagh y  =9a51M3i50u3 (learning rate)
£ = Tuuuay
m = PIUIUOUNA, i =1,---,m

o =)
n = UIUNQUOI LS, j =1, n
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avasimsGeuiiaz Tuuuan ldnnmsgumaimingay tazmoyius luaumsauou
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P = Positive, N = Negative, LP = Large positive, SP = Small positive, SN = Small negative 40
LN = Large negative 19arnaouauiavodn 4.1 mdalsi ldndewrinszuiumsisoudnly
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3 0.0245 0.0694 0.0580 0.0366 | 0.2504 | -0.1003 | -0.1020 | 0.2516 0.0482

4 0.0276 0.0658 0.0548 0.0413 | 0.2494 | -0.3006 | -0.3052 | 0.2563 0.0513
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M13199 4.5 (919)

e(k) e'(k)
Rule W

13 0.0257 | -0.0668 | -0.0554 | 0.0399 | 0.2494 | 0.3008 0.3046 | 0.2549 | -0.0513
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15 0.0213 | -0.0696 | -0.0512 | 0.0435 | 0.2492 | -0.1010 | -0.0912 | 0.2585 | -0.0517

16 0.0318 | -0.0636 | -0.0567 | 0.0392 | 0.2501 | -0.2998 | -0.2967 | 0.2542 | -0.0500
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Error max (A) | Error min (A) | MSE (1) | Settling Time
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P = Positive, N = Negative, Z = Zero, LP = Large positive, SP = Small positive,

SN = Small negative 4ta1¢ LN = Large negative
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v v

31

Qo

9

Tigarnaounidon 4.1 adulsildnduiunszuaumsteuiildluddeiiuy

AUATTIN 4.9

maefi 4.9 madsnldndnnmaiFeuivesszuuniuanlnssinelse armhoniladom

AT YINUAITUIHAIBAUY 24 )
e(k) e'(k)
Rule | Th'(k) w
a b ¢ c a b ¢ c
1 0.0506 | 0.0583 | 0.0330 | 0.0700 | 02978 | 02031 | 0.1730 | 0.3200 | 0.0587
2 0.0193 | 0.0897 | 0.0560 | 0.0545 | 03005 | -0.1010 | -0.1040 | 0.3045 | 0.0420
P
3 0.0568 | -0.0025 | 0.0114 | 0.0489 | 02987 | 02020 | 02114 | 0.2989 | 0.0244
4 0.0528 | -0.0115 | -0.0052 | 0.0492 | 03001 | -0.1012 | -0.1052 | 0.2992 | -0.0133
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M319N 4.9 (719)

e(k) e'(k)
Rule | Th'(k) w
a b c c a b c c
5 0.0311 0.0637 0.0547 0.0413 | 0.2500 0.2998 0.2947 0.2563 0.0505
6 0.0227 0.0703 0.0529 0.0426 | 0.2495 0.1009 0.0929 0.2576 0.0502
7 0.0236 0.0699 0.0578 0.0368 0.2503 -0.1003 -0.1022 0.2518 0.0483
8 0.0270 0.0664 0.0574 0.0372 | 0.2495 -0.3006 | -0.3026 | 0.2522 0.0505
9 0.0405 0.0069 0.0097 0.0418 0.2509 0.2988 0.2897 0.2568 0.0547
10 0.0403 0.0089 0.0120 0.0407 | 0.2483 0.1017 0.0920 0.2557 0.0493
11 0.0437 0.0079 0.0151 0.0402 | 0.2512 | -0.0998 | -0.1049 | 0.2552 0.0299
12 0.0351 0.0221 0.0238 0.0275 0.2491 -0.3009 -0.2962 0.2425 0.0505
13 4 0.0387 | -0.0217 | -0.0259 | 0.0257 | 0.2492 0.3011 0.2941 0.2407 | -0.0389
14 0.0451 -0.0093 -0.0131 0.0408 0.2513 0.0994 0.1069 0.2558 -0.0272
15 0.0391 -0.0099 | -0.0122 | 0.0386 | 0.2482 | -0.1013 -0.0922 | 0.2536 | -0.0521
16 0.0375 -0.0123 -0.0135 0.0392 0.2508 -0.2991 -0.2935 0.2542 -0.0535
17 0.0246 | -0.0672 | -0.0563 | 0.0381 0.2494 0.3008 0.3037 0.2531 -0.0510
18 0.0216 | -0.0694 | -0.0583 | 0.0360 | 0.2504 0.1000 0.1017 0.2510 | -0.0490
19 0.0206 -0.0697 -0.0508 0.0436 | 0.2491 -0.1011 -0.0908 0.2586 -0.0521
20 0.0317 | -0.0638 | -0.0577 | 0.0380 | 0.2501 -0.2997 | -0.2977 | 0.2530 | -0.0499
21 0.0449 -0.0669 -0.0325 0.0571 0.2498 0.1550 0.1675 0.2671 -0.0448
22 0.0506 | -0.0497 | -0.0237 | 0.0565 | 0.2472 | -0.1047 | -0.0737 | 0.2665 | -0.0568
23 " 0.0465 0.0102 0.0001 0.0431 0.2492 0.1523 0.1501 0.2531 0.0127
24 0.0492 0.0054 -0.0133 0.0420 | 0.2496 -0.1020 -0.1133 0.2520 -0.0073
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M1 4.10 adwlsldndnnmsiouivesszuuaiugu Iasenelseamiionilad

AN TYIUAT

[ o

9 =
JUIAUAYIALVY 25 N9

e(k) e'(k)
Rule w
a b c c a b c c
1 0.0293 0.0606 0.0570 0.0338 0.2001 0.2999 0.2992 0.2014 0.0504
2 0.0220 0.0671 0.0523 0.0385 0.1994 0.1012 0.0991 0.2005 0.0508
3 0.0216 0.0674 0.0573 0.0335 0.2004 0.0004 -0.0002 0.1999 0.0489
4 0.0211 0.0675 0.0565 0.0337 | 0.2002 | -0.1006 | -0.0999 | 0.1999 0.0493
5 0.0269 0.0625 0.0532 0.0380 0.1996 -0.3002 -0.2986 0.2018 0.0514
6 0.0328 0.0154 0.0188 0.0308 0.2004 0.2996 0.2995 0.2001 0.0509
7 0.0347 0.0176 0.0158 0.0328 | 0.1989 0.1017 0.1031 0.1979 0.0416
8 0.0378 0.0204 0.0165 0.0294 0.2009 0.0017 0.0028 0.2004 0.0493
9 0.0360 0.0201 0.0214 0.0272 | 0.2003 | -0.1011 -0.1018 | 0.1997 0.0296
10 0.0306 0.0206 0.0208 0.0296 | 0.1996 | -0.3002 | -0.3011 0.1986 0.0475
11 0.0306 | -0.0017 0.0001 0.0324 | 0.2002 0.2998 0.2989 0.2013 0.0225
12 0.0259 | -0.0071 -0.0023 | 0.0373 0.1993 0.1006 0.0994 0.1999 0.0285
13 0.0250 -0.0107 -0.0039 | 0.0357 0.2002 0.0009 0.0013 0.2002 0.0204
14 0.0236 | -0.0138 | -0.0015 | 0.0352 | 0.2004 | -0.1002 | -0.0988 | 0.2009 0.0139
15 0.0289 -0.0025 0.0014 0.0322 0.1998 -0.3001 -0.2996 0.2006 0.0187
16 0.0301 -0.0187 | -0.0632 | 0.0256 | 0.1998 0.3001 0.3004 0.1996 | -0.0490
17 0.0409 -0.0032 -0.0067 0.0377 0.2012 0.0992 0.0982 0.2016 -0.0386
18 0.0407 -0.0020 -0.0008 0.0409 0.1996 -0.0020 -0.0038 0.1992 -0.0461
19 0.0389 | -0.0028 | -0.0035 | 0.0424 | 0.1989 | -0.0999 | -0.1004 | 0.1983 -0.0544
20 0.0337 -0.0155 -0.0192 0.0304 0.2003 -0.2998 -0.2997 0.2002 -0.0498
21 0.0268 | -0.0625 -0.0555 | 0.0355 0.1997 0.3003 0.2993 0.2008 -0.0509
22 0.0225 -0.0661 -0.0594 | 0.0309 | 0.2001 0.1002 0.1000 0.1999 | -0.0493
23 0.0229 | -0.0659 | -0.0588 | 0.0319 | 0.2001 -0.0003 0.0001 0.2000 | -0.0494
24 0.0227 | -0.0662 | -0.0559 | 0.0352 | 0.1996 | -0.1005 | -0.0995 | 0.2004 | -0.0504
25 0.0299 -0.0603 -0.0588 0.0318 0.2001 -0.2999 -0.2997 0.2006 -0.0500
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dyanudsuinatedSeuiounuds PID uazit Inssiiedszamifeniladniansin
dyaudsuiauaen
Max (A) | Min (A) | MSE () 10° Settling Time (s)
FWNN MS 24 Rule | 1.0251 | 0.9916 1.2297 1.500
~
§ FWNN SS 25 Rule 1.0322 | 0.9855 2.8140 1.413
PID 1.0360 0.9807 5.0350 2.005
_ FWNN MS 24 Rule 1.0106 0.9957 0.2107 1.575
% FWNN SS 25 Rule 1.0164 0.9914 0.9470 2.088
U PID 1.0191 0.9882 1.6756 2.220
— FWNN MS 24 Rule 1.0028 0.9954 0.0525 3.145
=
% FWNN SS 25 Rule 1.0026 0.9952 0.0646 4.475
y PID 1.0040 0.9943 0.1045 3.160
i FWNN MS 24 Rule 1.0025 0.9962 0.0267 1.875
% FWNN SS 25 Rule 1.0037 0.9969 0.0941 2.735
{ PID 1.0047 0.9967 0.1544 2.420
. FWNN MS 24 Rule 0.9191 0.8926 0.8153 1.370
é FWNN SS 25 Rule 0.9270 0.8872 2.1567 1.400
PID 0.9302 | 0.8833 3.7887 2.155
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q‘ [ P 9/3 = [] = =
M19194N 4.12 Naﬂ‘W‘ﬁ‘V]llﬂTN 5 ﬂSiLl“]J’ENi%‘]J‘]Jﬂ’J‘]Jﬂ?JIﬂiﬂ“]ﬂﬂﬂizﬂ”lTlmEJﬂJW"HGBL’JWmGﬁ]”Iﬂ

o v o Y @ = ~ | J 3 o ax an ] ~
dyaaarsugratealssumeutlunlesisunuls PID uazs Insevielssammenils

=~ o v v Yo A
%L?V\Ilaﬁﬂ1ﬂﬁiy)iyﬂmﬁ351J5@]3!ﬂ83

U

Error max (A) | Error min (A) | MSE (A) | Settling Time

FWNN MS 24 R 54.329 23.596 8.064 106.007
-
g FWNN SS 25 R 69.697 40.730 18.452 99.859

PID 77.922 54.213 33.016 141.696
. FWNN MS 24 R 41.085 18.777 3.472 61.886
g FWNN SS 25 R 63.566 37.555 15.606 82.043
U PID 74.031 51.528 27.613 87.230
— FWNN MS 24 R 50.000 58.974 12.846 94.303
=
g FWNN SS 25 R 46.429 61.538 15.806 134.183
y PID 71.429 73.077 25.569 94.753
4 FWNN MS 24 R 36.765 46.914 4.302 76.687
g FWNN SS 25 R 54.412 38.272 15.174 111.861
{ PID 69.118 40.741 24.903 98.978
k, FWNN MS 24 R 49.227 82.679 7.495 97.163
g FWNN SS 25 R 69.588 86.836 19.826 99.291
U PID 77.835 89.838 34.829 152.837
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U

TastiAunasMdeaeaueInNNAANaIATBeNI1IT PID 25%, 24.1%, 12.7%, 20.6% Ay

[

27.33% uazilosninii Inseelszamiiouilsdniannndaanudisuianfen  10.4%,

R

12.1%, 3%, 10.9% tag 12.3% 1ANIAN 1, 2, 3, 4 1ALS5 AWEIAU A UTINANIIDMNT PID

35.7%, 25.3%. 0.5%. 22.3% WUaZ55.7% 1ANTAN 1, 2, 3, 4 uazs Mua1euLazanIIb

[

Tasehelszenmiiouilagnmaondygudisuiaufon 20.2%, 39.9%, 35.2% 1az2.1%



82

A o Y A <3 A 7o s a o dA
INNTUN 2, 3, 4 LS AL EJﬂ!’J’L!“VIﬂ’JUJLi’Ji@‘ULﬂ’i’ENﬂuﬁﬁWLLﬂ%L’)ﬁﬂlﬂﬂﬂQHUﬂﬂ@

% =

A 1 Y am ] ~ = o v Yo
NTIUN 1 ﬂu’JﬁWIIWIGUfN’Jﬁﬂﬁjﬂi\‘lﬂﬂﬁlﬂixffﬂ“lflmEliJ“WGlf“]ﬂ’]WLﬁ@IﬂWﬂﬁﬂJjEWﬂ!@l’Ji‘Ui@l’JlﬂEl’]ﬁ]u

u

€

a

v o 9 @

a2 1 ad 1 = S 3 dd’
ﬂﬂ’ﬂ’)‘ﬁﬂﬁjﬂi\‘lﬂlWﬂﬂi%ﬁWﬂlﬂﬂﬂJﬂ“ﬁ%L’JWLaﬁ%'lﬂﬁ'ﬂJuilluWﬂm’Jﬁ‘Uﬁ?m'lEJﬁ’J 6.2% lunsalnnan

u

v
v 9 @ o

wnila Taseedszamifeuiladniaanndyopudivivaedinglda 1 gegadige

U L) Q

v
J 1 =

= = as A 4 a o 1< Y1 Ax @ Y A Y
ANIDN 2 1D L!ﬁ$1uﬂim‘ﬂL’JﬁﬂlﬂﬂlﬂﬂﬂW\iWUﬂ%%Gl?i‘ﬂ?‘lflﬂﬂﬂl,“lfuﬂu EJﬂL’J'IﬂUﬂiﬂ!‘V] 3N

v Yo

A gagazugndIsms lnsenelssammenilasnviaenndygradisuianae  3.6%

A A Y o v =) am l 1 as 1 1 as
wazlunsain 4 Nlvian A AFAITLYNINDN 2 7% 1a81en31I5 PID 6.2% L1azLyni1ITNIT

Tnsaelszamiouiladnrimanndygiudiiuianne 8.6% woweanmlassands da

v
o v o Y v a

9 d' 1 =1 =
nmmmmmszuumumlT,ﬂswwﬂﬁzﬁmmﬂuﬂm%nmammﬂatgmwmmmgwmam%mu

g

Do

£ ' = = o v v Yo A
3J"Iﬂ“’IJ1H]"Iﬂi$’]J’]Jﬂ’J']Jﬂ3JIf’]SﬂﬁlﬂﬂﬂizﬁﬁflmEJll‘WGB"HL’JWLa@mﬂ UUIUNITUINUAYIN

9 L1

< A <o =R Y 9 A 1 as
ANMUISITOVVBUATBIEUARI TSI 2% meﬂwmnammﬂmnﬁ PID szanu 45.7%

1 4 ]
1 aaR

) A < A s & 2L o o 4
tazlAmNATUILBAMNITITOVVOAATIBUAGIVY  FTadnlszauanudusolumsiiy
sz aNEMNUITEUUAIVAY

AN Yo dyo Y = v Ao o o '
namsnaaosh latinaueluuniishlinsvdllyuuasilivendaglumsi s
= = ] Y] 1 1 1 dy a & o 9
Pszammeuilasdnliannlsninaudasiaiusznieinadeomassivzitaueveagy

uaz%’emueuuﬂuuwﬁﬂ"lﬂ



UNAN 5

a3lwansIde vazvoiauany

v v A  a gt A2 < o 3 vy L £
ﬂ'J’]iJﬁfNﬂ’]ﬁGlf]f!f]ff)LWfl\1GluEJTL!EJU@NﬂWﬁLW?Jmu@ﬂ’Nﬁ'JﬂLﬁ'J ﬂ\?ﬂglﬁuhlﬂﬂ'lﬂﬂ'ﬁlwusllu

I @ [2) a o d A 2 A 9 g’ o AqYd tﬂy a
m@ﬂﬁﬂﬂu@]ﬁluﬂ%ﬂﬂu fn‘ﬂf‘ﬁ353J“]5'I§IUUHJ1H’”\HQ’f]ﬂ‘ﬁLN“V]%3lelﬂlﬂl,ﬂ/luu'llluﬂal“]ﬂﬂul“]fﬂlwa\‘]

@ o w 2 9y a g dy a qa.: aAq ¥ I Y
Tuilagiiuuazhdwznualdlueowaa samslémesssunadudomaaiuilldmundalu

IS) v

2L 4 7 oy o 1 a { 2] a
Pagtiuniimsaandaunieseudnlfninivegmnlilasunaunsaldmasssumnaunuld

13 o @ 4 o w y J 4 1
!l@lﬂilﬂl]igﬁﬂﬂUijigﬁ'llg@\1ﬂTﬁ\‘]"U?N!ﬂ?@\1ﬂu@laﬂaﬂllWULﬁ@\iNW%'lﬂﬁzﬂﬂﬂ'J‘Uﬂllfniaﬂinﬁl
J @ Aa
U1

1 = o 1 @ é} A Qo g an &£ % dy
u‘nmmﬂllmwa msmuﬂuammmmmﬁﬂmﬂfammﬂumﬂu’;ﬁwmiummﬂﬂaumm
=

Ze

9 ad ~ ] A F) [ U
'Lli]Wli’NVH’J‘Eﬂ'li‘l/]mll"lzE‘Tll11"I“H’JEJGL‘L!ﬂ”l'iﬂ’JiJﬂZJi%']J‘]JLW@LLﬂﬂﬂJW”IﬂQﬂa”lil

Qe

@

N

=

' [y I a a 8 & o o o { A Y
Tasesielszamioniladduismsaunisnilssssauduntdenluilegiu - s
3 Ao a9 v a Y
WUTLVVALNTEVIUNTITEUF I aas 1583 1998 LU INaan NuMIeay 11
1 4
viana 18 Tnseiiedszamiionilsdniinanldnuaudasidaoiniadusomaslu
A 4 o = U Y o a a J dyd 1 ~ [
inFoguAmos Iunuugaszitiaateilsenig i Idivane ludneriinusatiutineuheaiy
<3| Y [l
Wumssauiuveanian  assngilad uaz  Iaswhodscamidion  Taedilaseadeszuy
<3| = = & 3 = Il 1
auauiluuyuiless TSK tazlingiugiutlu IF-THEN lasinwaainiglasaineilssam

Moudunsiziiinzoyuiu

d‘cl Yas

Y
"I]”Iﬂﬂ”li‘ﬂﬂﬁ'ﬂﬂigﬂﬂﬂ”J'UﬂNﬁﬁﬁ”lﬁ?u@”lﬂ?ﬂﬁ’ﬂl%ﬂLWﬁﬁﬂ (’])'”J‘D'Iﬂﬁ\i"lﬂflﬂﬁgﬁ'lﬂlﬁﬂilmcﬁ
a o g ~ o A 7 2 A v g Yo
G])'l')“l/‘l!ﬁﬂ“l/l\iﬁWﬂiﬂl%’lﬂll‘].l‘ﬂ’lna'ﬂ\‘]LﬂﬁfNﬁlu@]fﬂ@iiﬂl&ﬂUﬂ@iﬁl‘ﬂﬂﬂ’)ﬂﬂﬁgﬂWEJVlV‘IVIGl“]fﬂWG])'

a g § a < ' Aa
‘ﬁi‘iiJ%1@&ﬂul‘dﬁﬂlwaﬂﬂlu1ﬂiuﬂiu Matlab Llﬁﬂﬂ“]if}m1!’31?!’1111iﬂaﬂﬂ31NWﬂWﬁ1ﬂaQMﬂ{2{M1ﬂ

0 Y Y = Y d?l 1 ] =\ A 1 A = = @
sazi Idszuudngyaades IGu - dwaldszuuiiaussausianiulen)seuiisuiy
ax £ an dy ~Aq Yo @ 1 A o w a 3
M3 PID Fadluasnsnugiunlyiuluilgiu Tagaundeidedesvesnnuianainiiy
= J 1 9 d'd 1 d' d' 9
andlszina 5.77% wazAwiantnnaninlszin 23.74% lasmasiel¥szunaiuguuuy
Tassedseamidioniladnaauny 16 ngaIndyanuaisuioondnuiiesduden

o o 2 ax A v ' a S Y 1 an Nk o g £Y 9

wennudutluIsmsilsuuasnaiwes laiwn1msauguuuDdsdses uiludeslds

4 X o 1 a X {1
Uszaumsainazanuivesuyudlumsisuuaamnanimes livunzay  mindedinanun

Thaduri 1t Inssnedszamieniladnviaaansoi 1 dgeamnssuonuoud 183

v
a =

4 v ES 3
wennilsdeaunsamulszaninmvesszuuniuguinleismsi Taemsiungves

aq v A &L A o o o o YA ' & o 9 '
W%%imwmm Wiau”lﬁigig”lmil”lﬂﬁ’J'iiJ'iElumufJﬂEJ@El'iziJiJmiJﬂiJclN‘Vlﬂ‘ViﬂQiHLL@]ﬁ%i%UU

Y

1 =)

Y
auaudosiisuIuloeainInAuazin e Tagsmwaniu nie IR dyamdunmn

Y

@ ald' A A 9 A a [] =\ < 1 9
G]’J’iiJ’iﬂLl““]TILﬂEJ’JﬂJBQLW?JLG]?ﬂHTﬂiQ“U”IEJ']JS3fTTVlL‘VIEJ?JL’J‘1/\|mG]ﬂi]%"]f’.lfﬂﬁﬁ”l?ﬂiﬂﬂ?ﬂﬂiﬁ%ﬂﬂ

G



84

Y 1 o Q' d? 1 ] =~ =
lawiudasin wu  szuuauguuuyTasselssammonflsdnvieauuy 25 ngan
v v Y
doyguasuioonFounazesnanss Iagaunaef e aeueInIuAANAIAUANIIAT
[ 9 d’d 1
PID 15zt 21.95% tazAmannnanilszuna 27.89%
ax A o a a o I a =& 1 oaj A o
Aamsniuaue luanetinusiumaianianniungglunmslsulgeaussausves
A J v A a ad A A o Y [ 9 1 F v Aag
w3oeua  deimaiaismsounansmiwnlsswiula wu I wduisauauuuy PID
<3| Y 1 Y g a [%
naeilumsniuguensdIueIManFemalsuaa 14 (Adaptive Air-Fuel Ratio Control) #30

Y1 Y v K ° 9 = Aa A2
1%5311‘?11]?“5?]31]?]%&‘”‘” Smith Predictor L‘]JL!@]L! °]5\‘]i]$1/]111’ii%‘].l‘]_lllﬁiJiiﬂug‘ﬂﬂll"lﬂﬂ\isU‘H



85

19NA13919049

[1] Z.Zhang, H. Huang. “Research on Exhaust of CNG and Gasoline Dual Engine.” Journal
of Xihua University, 2005. pp. 22-24.

[2] M. Miiller “Estimation and Control of Turbocharged Engines.” SAE technical paper
series, no. 2008-01-1013, 2008.

[3] L. Eriksson. “Modeling and Control of Turbocharged SI and DI Engines.” Oil & Gas
Science and Technology — Rev. IFP, vol. 62, no. 4, 2007. pp. 523-538.

[4] J. Bergstrom and J. Brugard. “Modeling of a turbo charged spark ignited engine.”
Master’s thesis of LinkOping University. 1999.

[5] F. Pettersson. “Simulation of a Turbo Charged Spark Ignited Engine.” Master’s thesis
of LinkOping University. 2000.

[6] Y.A. Cengel. Heat Transfer — A Practical Approach. 2nd ED. McGraw-Hill. 2003.
pp- 433.

[7] J.P.Holman. Heat Transfer. 2nd ED. McGraw-Hill. 1997.

[8] L. Eriksson, L. Nielsen, J. Brugard, J. Bergstrom, F. Pettersson and P. Andersson.
“Modeling of Turbocharged SI Engine.” Annual Reviews in Control, vol. 26, 2002.
pp- 129-137.

[9] J.B. Heywood. Internal Combustion Engine Fundamentals. New York : McGraw-Hill
1988.

[10] M. Nyberg and L. Nielsen. “Model Based Diagnosis for the Air Intake System of the SI-
engine.” International Congress & Exposition, 1997. pp. 1-12.

[11] P. Andersson. “Air charge estimation in turbocharged spark ignition engines.” Ph.D.
dissertation of LinkOping University. 2005.

[12] oAweY avouda, 159 9nsle, auwe funssau wag yud vanl.  “msinsizd
drulsznoviiulsiuveshasssumddmivsasuailFludszmealng madsza
FHnmanseendinumalsymalnendsd 3,703, NOBAIAY 2550. W 1-6

[13] R. Yuan, H. Feng and M. Cen, “Modeling and Simulation of Crush Natural Gas Turbo
Engine.” Journal of computers, vol. 4, no. 11, 2009. pp. 1175-1181.

[14] L. Eriksson. “Mean value models for exhaust system temperature.” SAE Technical Paper,

no. 2002-01-0374, 2002.



86

[15] S. Brown. “Turbocharging guide.” [Online]. Available
http://www.turbomustangs.com/turbotech/turbo_guide.pdf

[16] J.P Jensen, A.F. Kristensen, S.C. Sorenson, N. Houbak and E. Hendricks. “Mean Value
Modeling of a small Turbocharged Diesel Engine.” SAE Technical Paper, no. 910070,
1991.

[17] N. Watson and M.S. Janota. Turbocharing the Internal Combustion Engine. The
Macmillan Press Ltd. 1982.

[18] S.L. Dixion. Fluid Mehanics and Thermodynamics of Turbomachinery. 4th ED.
Butterworth-Heinemann. 1998.

[19] E. Hendricks. “Isothermal vs. adiabatic mean value si engine models.” 3" IFAC
Workshop, Advances in Automotive Control, vol. 3, 2001. pp. 373-378.

[20] G. Gnanam, S.R. Habibi, R.T. Burton, and M.T. Sulatisky. ‘“Neural Network Control of Air-
to-Fuel Ratio in a Bi-Fuel Engine.” IEEE Transactions on systems, man, and
cybernetics—Part C: Application and reviews, vol. 36, no. 5, 2006. pp. 656-666.

[21] BOSCH. “Transfer function LSM-11.” [Online]. Available
http://www.techedge.com.au/vehicle/wbo2/fmd/FMD _ curve.gif

[22] A. Godea. “Introduction to neural networks.” [Online]. Available
http://home.agh.edu.pl/~vlsi/Al/intro/. 2005.

[23] R.H. Abiyev and O. Kaynak. “Fuzzy Wavelet Neural Networks for Identification and
Control of Dynamic Plants—A Novel Structure and a Comparative Study.” IEEE,
Transactions on industrial electronics, Vol. 55, No. 8, 2008. pp. 3133-3140.

[24] E. Hendricks. “A generic mean value engine model for spark ignition engines.” SIMS.,
vol. 41, 2000.

[25] A.Y. Karnik, J.H. Buckland and J.S. Freudenberg. “Electronic Throttle and Wastegate
Control for Turbocharged Gasoline Engines.” American Control Conference, 2005.
pp- 4434-4439.

[26] Z. Weige, J. Jiuchun, X. Yuan and Z. Xide. “CNG Engine Air-Fuel Ratio Control Using
Fuzzy Neural Networks.” The 2" Intemational Workshop on Autonomous
Decentralized System, vol. 2. pp. 156-161.

[27] S. A. Frei. “Performance and Driveability Optimization of Turbocharged Engine

Systems.” Ph.D. dissertation of Swiss Federal Institute of Technology Zurich. 2004.



87

[28] M. Jung. “Mean-Value Modelling and Robust Control of the Airpath of a
Turbocharged Diesel Engine.” Ph.D. dissertation of University of Cambridge. 2003.

[29] R. Argolini and V. Bloisi. “On optimal control of the wastegate in a turbocharged SI
engine.” Master project of KTH Royal Institute of Technology. 2007.

[30] M. Zerikat, M. Bendjebbar and N. Benouzza. “Dynamic Fuzzy-Neural Network Controller
for Induction Motor Drive.” World Academy of Science, Engineering and
Technology, vol. 10, 2005. pp. 278-283.

[31] S. Srivastava, M. Singh, M. Hanmandlu and A.N. Jha. ‘“New fuzzy wavelet neural networks
for system identification and control.” Applied Soft Computing, vol. 6, 2005.
pp. 1-17.

[32] A. Ghaffari, A.H. Shamekhi, A. Saki, and E. Kamrani. “Adaptive Fuzzy Control for Air-
Fuel Ratio of Automobile Spark Ignition Engine.” World Academy of Science,
Engineering and Technology, vol. 48, 2008. pp. 284-292.

[33] K.R. Muske. “A Model-based ST Engine Air Fuel Ratio Controller.” American Control
Conference Minneapolis, 2006. pp. 3284-32809.

[34] Y. Yildiz, A. Annaswamy, D. Yanakiecv and I. Kolmanovsky. “Adaptive Air Fuel Ratio
Control for Internal Combustion Engines.” American Control Conference, 2008.
pp- 2058-2063.

[35] S. Wang and D. Yu. “Adaptive Air-Fuel Ratio Control with MLP Network.” International
Journal of Automation and computing , vol. 2, 2005. pp. 125-133.

[36] Garrett.  “The garrett performance products catalog.” [Online]. Available
http://www.turbobygarrett.com/turbobygarrett/images/garrett_inside/Garrett Cat%209%

2004.pdf. 2004.



88

tdy 1 dl ¥ o U ¥ dl = 1 3 1 ¥ o ¥ 6 v 1%
wnanstiluenansnanulidmsunisidnumenisfnwvin ldeygslmihluldusslewisnunisen

Lidnsdllas viedu BnnsudlidnuUaiion uasdesdniddaivesenarsnnassninisunluly



MANHIN .

LY d' o Ad' J
ﬂ1ﬂ'3!!ﬂﬁﬂﬂlmu!!ﬂﬂ%]ﬁ@ﬂ!ﬂﬁ@ﬁﬂuﬂ

A =]
AINNadLEgu

[ 4 ! < .
1. 9731715 IMAYDINIAUDIDINIAATOINADIIU (7, ) = 8.33 ke/s

Y

AT
E)) 1 o dy Qy 1
1. @ugUINANgI@oause (D) =0.06 m
Y
2. WdurigudnauAUAWEI (@) = 0.008 m
Y
3. YUVDIAUAUTI (@) =15 94

4. duilsz@nsoaimsalva(C,) =07

nanian
S . =
1. wuidedionaiinmdadui (4,, ..) =0.0002 m’
2. duilse@nFonsinis va (C,) =0.9

3. HaudonUAUYAY Compressor > 120,000 Pa

A &
N30I0UA
1. smasnszuengu (V) =0.002 m’
2. as1dIuMIda lunszuongu (r,) o)

3. UszAnSnmveunsessud lngsw (17,) =0.3469
szulsasaIuny

1. 15103103 M NN 0NT 090 1NMAIAZADMINT YOS

2. USuansrieserneneumI AIND SRS DI RITY

3. Bnasrieser Rt aoEunaz A

4. Ysasnesulen

5. Usuasnesnlede

6. Usmasneszrnenaiuuazszuy lode

4 a
IBBDINAN

=0.004 m’
=0.005m’
=0.005m’
=0.002 m’
=0.002 m’

=0.0lm’

1. Lower heating value Y94 NGV (¢q,,,,) 52191 38100000 J/Kg

Faunadon
1. gunQi =298 K

2. ANUAU = 101300 Pa



Me3 1352 Model: Garrett GT2554R f&4311/A714Q = 170hp - 270hp/1.4L — 2.2L
1. Ao satses Hiduraudnaraluiaialu (inducer) /29uon (Exducer) =42/ 54.3

YU, Trim: 60 A/R: 0.80

GT2554R, 54.3mm, 60 Trim, 0.50 AR

Pressure Hatio

1] 7 0 15 20 8 a0 i 40
Corrected Air Flow [Ibfmin]

gﬂﬁ .1 Compressor map [36]

2. vy Didusgudnatalusia = 53 uu. Trim: 62 A/R: 0.64



91

3.00

250

0.64 A/R

62 Trim,

GT2554R,

o

150

o

20
Pressure Ratio

.2 Turbine map [36]

sifii n

=}

Br—————

194 4———

1.00



MANUIN V.

uuvdiaeslulisunsy Matlab

o A d o
2.1 !!1]1]%1@@0!?]5?]\12]1/!%!‘“@51‘1]

=
j ' — e
| Y vy L.
z o[ £ 3 3 2 2
£ gz FEE § |2
[}
H £ £ BFr ., |B
H = # e £ = e 2|R
uou E = & F +.n &
o E = F = - ol EALED 16
L bl Y "um
Em
L
Ljpe] 2. o it
uL :’ 14 a'l:u_
a1 =—_3|.|.
gl — 2 .
o w134
— Lall
urwae
BE ol
- = s
K == =
B & =)
] o
o
S1d [ag—] -]
L=Em
LA v =
W) o g
o g
ut, ulap
—] YL
UL o
Laa [T
[T - =18 Wad
L 1ML 11, Ly
— i L
weg
=—_U|-W
EE PN g
oo o 7d
g i ¥ o oot upsaL |
| B
& Il F ™
g E £ e sam| ]
u
UL==p ] *1 - —_
[T-=T T N = 2 o |2 =
= -
A - 2o
d 2 e4
=4 e
e, 1 @
LT — 8y
|:EI.
R ™
o fireu un |
=L
1naL |g—
L —]
110, |
P IVTT
- =4
utw
Le
S s
Ll iresam
& wlea
w Ll
s EF
58
CRE S o oe
: G
2d | &
L

i

a o A ¢ A v v
gﬂ‘ﬂ V.1 LL‘U‘Uﬁna@ilﬂiﬂﬂﬁlumlﬂﬂﬂﬂﬁ%mﬂﬂ’)ﬂﬂ3$ﬂ18l11/‘IW§@1J53‘U‘Uﬂ'JUﬂ1J

1013m
Pap



S
T out
T_befare
m I U] >
FP_before
F_before-P_aft * |
m L _before-P_after flu) e \_
P_after | i) | IR g I
Wi
-C- P_befarefHT_bef 1]
_befare, _befare B —T—
H th Sinitchl
-
d’ o lll hl 1o o
?IJ‘VI V.2 HUVIADITEVUNIT [Hia luDan)
ud ——
Temperature max
Tic
285
Th hdin bl 3z

H o a { 4 [
51U 4.3 nuuhaetgungiiven1naioanaNngodraIaY

Y

fu)

Tes_in

Fen

d' o ad Y 1 =
5Uf v.4 nuvaesgurgiidhgszuulede

93



T before

F after

F before

ad

CAPARTY0.5

)

119 r+-147)

(FAPF2y0.5

Froduct

s ? ! 5 '
¥ ¥ ¥

T}

F after’P before

¥

) - fu)
20+ 1) (FATF2AF3Ir0.5
L L ) »

i

-

31U .5 wuuseesszuums lvanundads

Fim

51U 4.6 LUUTIRDITAT IS IHave I IMAIEd

U

Y

ai

a, =-5216.7334951752

Tim

267
AOA

fiu)

Me

abPim+ad

Lot

*

Product]

flu)

m™ iyl

wour Tutl a= 0.857748579470353 uay

94



95

oD

—»

Fuel delay mf
cantral signal
pm
2 radss
b w
MHe
t1
A
td
A J ' o a4 A a
:a:‘]JTl V.7 mJmna'eNmswmmaﬂummwmwaq
fiul
exp
4
v
- I*e_pipe Product? Froduct
Fy Tem_in
Te-Ta
™ &
dT/m_max

Froductd @

Ta

d' o a Y ' =
5‘1]1’] V.8 Lmumamqmwgmmmmm%ma

U



™ eyl eyl

MHe

=
He Lamda

cantrol

IMEP

IMEF

e He  FMAP

FMEP

)

FMEF

d‘ o a A 4
31]7] V.9 HUVINADULINUAVDUATOIYUA

W

96

)

(3 =
Faf P
Density
(4] gl
Taf Density
J=| Paf
= Taf
Foom
o Ll:om
G
Nt Uzom
o= Ol
Ucam
C P O Area
be Area

Tq
Tarque

e
|
L

(D
hd™ cam
| .
L
F'r-:-quct

. : o ¢
suf V.10 LL‘U‘U%WQE]QE]G]iWﬂﬁllWﬁGU’ENiJ’Jﬁﬂ?ﬂWﬁ‘U@\iﬂ@NlWiﬁL“ﬁ@i

U



97

eff com

k4

hlinhd 321

v
1
T.huld lleom masx
-C- IO
alz, az1
S0
azz
Q' o a a o
§1J°ﬂ V.11 LL‘UIHJ"Iﬁ@\Tﬂigﬁ‘ﬂ‘ﬁﬂ?W%@\?ﬂ@NlWiﬁl%@i
(2 F——»x
Fcom R
: 8
P af i B U]
C- — Tl fesieet Toom out
Zramma e’ eff com

Taf

——»
e
Tqeom
tlin b 3
] |
T.hald

4 o a 4
gﬂﬁ V13 HUUDULITIUAVDIADUINT IO T



mass thold

N

¥

)

¥

S

¥y

sqrt m™t com
i '
e Product — P H
.=
sonic mass i
B fu .
™t
PemiPraf B
1)
2l sqifTem/Tref)
5UM w14 nuwSiaesonsinms lnaveswiaenisvenaiy
1
(1 F————P " [
BSR
— Tem
Fem R i ><
[
Tem BSR - ~To 1
BSE max
eff max | |
Froduct

{111 -]

st 415 nuvdiaeslszaniainveadaiy

Pt e
+ ]
Fem Uy
-1
4 I
e P fiul afft
gramma n _...
Tem

Praduct

3Uf v.16 wuvdIaegUNYNVRIDINIANDDNIINNAIHY

Y



Tt

o —
Cp
m™t

it

o+

1
Tqt

3UM 417 wuudiaeasiliaveananiy

-

friction

)

1

wte (radi=]

Froduct

Fcn

Integrator

it

T

m

Toutd

‘i

FI
m 2l
T ——— = lin T
mass ——] Wit
—={ Tin
Go— || T
m*in Temperature
[
m™out

_b.

T P
B
B

Wit

Furessure

sUf 419 nuusaeslsmasaiugy

Fout

99



100

e
E denis) #
Engine 0= Dela |
3 — ) Delay ¥ & : Lamda
Ne Saturation
4 14.5
AF =

51N v.20 suvdiassaminaweiIi U engon

U

[3 v = )
v.1 uuud1aeeszvuaIuaulassnelssammaaiadswian

mul
= e 20 A
mu;
(k) mmu
mud
dusdt | — | daic)
=) o miud
Derivative —
Fuz=y M
= -
I(k x
| B
¥l M - cantral
il v Froduct?
¥a e
e dx ] UM muy
¥ = L 4
WUHN Frodust!
| .
L
A
| N
L
Prnalcﬁ
| .
-
| .
L
F‘roalciﬁ

sUf 021 szuumuaulnsaedszanfeniladnmanuung 4 9o



e
| ol1sim -

from workspace

X
o
=

n

fram wokspace]

gaussian AR >

| Ly

deik)

i

B
| olZsim I

x

o

G

n

fram wokspace?
gaussian X2R1

fram wokspaced

e
| o2 1sim -

mui

limhd 3z

from wotsp 3ced
gauss

fram wakspaced

-
| o2Zsim -

fram woksp 3ced
fays

from wodep dcel

-
o3 1zim = i

fram o hesp aces
gauss

from vuoksp aced

L

from wokspace10
gauss

from wokspaceadd

-
[ em ] >

from wokspacel2
1l

from wakspaceld

g

Ak e g ¢

from wokspaceld

from wodspacels

gaussian X2Rd

I'I—I_.
ian x1RZ > min
binhd s ez
n
ian XZRZ
n
ian XAR3
<
— mud
binhdasz s
n
ian 2R3
n
ian m1RgG i
=
bl b s T
n

v.22 miledvesszuuniunulassitelssammiiouilsdinaauuung 4 4o

101



]

102

[ o=

0 EEE S
from woksp ace b

hdasch at %1

from wartkspace1

2} g
degd [ afesim  f———ta ¥

from wartspaced b
Maxhat X2L1

from warkspaces
= v
R S

from wokepaced b
_—| baxhat 1

from watspaced

f ths 2
rom wokspace Product

from wakspaces

Froductd

e x
[ ¥

from wokspace10 b
_—| b axhat %212

from wokspace 11
o= 50
[tim }—p v,

from wotspace1s b
_—| W axh at 1013

from wakspaced

from wokspace13 Products
=
[om ¥

from wokspace1d b
_—| b axhat X213

from wokspace1s
=
e e R S

from waokspace 16 b
_—| b axhat %11

from wakspaces

from watspace1y Froducts
v
I e

from wokspacels b
Maihat X2L4

from wokspace 19

U v.23 Taseveilseamimenvesssuuaiungy laseiislssamnenilsannaaunung 4

SRe @

3]



103

MANHIN A.

Wantuaandnlpsenedseanenissnvan

A I Y d v A A o Aawv o Y A [y o a Iy J o

ol ldlassuandnnmangaudiuaade fmualmasnilassuausnanilansu 2

A Jd v Jd A = ] v 9 J v A . A @
puvfe Handumdideusgalsingeduiive 3.3 uazilansuauimasy (triangular) MIUAS

quNIT (A.1)

0 xl.<dij
x. —d.
e d,<x <e,
n, =] | (A.1)
TS fij_xi % :
el.j_xl.<fl.,
fij—ev
0 x,zfij

~ Y Y adn =1 o [ LY J t:' I~ o
HazaINMIEeuiAeIBngAoud msliumamlsvesilsnsuammaeuilu lldsauns

(n.2)

oF
dij(t+1):dg/(t)_7'adj (n.2)
e 1+ ) =e, (1)~ 7=
' de;
oF
.ﬁy(“‘l):f;,-(f)—ﬂféz

1 [
11NN QN IaAmIoYRUE IudumMsauuuasan Idenaunts (1.3)

OE < OE ou Op,

-y = (.3)
od, < ou ou, od,
X, —e,
p )y dysxi<e
YR (e; —dy)
v 0 otherwise

OF _ 2 0F ou 01,
de, T Ou du; Oe;



104

dl.j—xl. J <
o gy disx<e
(eij - [j)
Ou . f.—x
! = A e. <x, <f,
oe, |(f.—e) " /
ij ij ij
0 otherwise

OE < OE du OK,

o, T oudu o,

X, —e.
i ij
a,uj —— ¢, <x,< i

— . 2 )
af‘ij (f;; eij

0 otherwise

A o 9 1 a 1 = Y v qaxl = " v W ~
HJ’E'JﬂTViuﬂbh‘iﬂ'ﬁj}lﬁll1“1)'ﬂﬂ;]ﬂ@ufﬂiLiﬂuEGUfJ\‘]W\‘]ﬂ“b'u‘VNﬁ'fNﬂJﬂH“Vﬂﬂuﬂ\‘]zﬂ‘ﬂ Al Hag f.2

k4
7 %

wazailadsung 2 wlSeudmeuiseaniomiululassinelssammeuiadviaauuy 4

Y A

@ @ a a @ = 9 Y o A < ' (Y Jd A
m;]ﬂﬂumeuaw 4.2 ']Jiz’d‘ﬂﬁﬂ1W°Viﬂx‘]ﬂ”l§LiEJl!§ﬁ]$l1ﬂﬂQ§Jﬂ1/l f.3 AU NNINFUMTITIUE

e

av

Aa a 1 Y { J v 4
Tlszansmndnnfledsuaumasy 39 lamonleslassumdiFouluana e

Pasitive || o o e 0 Posilive ||
WA {| ——— Negative ; i ———Megative

08F

08

02

4 J v a J U v
s a1 nswlilasFuamBnmuumdiBeuom ek) (§10) 1oz (k) (131) neUMsEoug



08

06r

04

02

: Positive P
T = ——Megative

-0

it

3

FPositive
———Negative ||

03

a.2 nsilsnFuansnuuumumrasuveen e(k) (1) uaz e’(k) (¥11) neumMsisous

10° TR N e S T .
. g : . Triangular
e WL N L ..i.| ———Gaussian
S TR MRS ERTENTIS S TS S S SIS SRIES AR
Al g
10'3_ i TN o e P el S T R T N W e TR <2
T L g e
DR
v %
g
@ s
= R
oy
*
\\
-4
JO. S ssisadsnitiond R T AENTAN AL R teilkstushiatiom - g
ab ;
....... A
10° i I i i i i I i i
o] 100 200 300 400 500 600 700 800 900 1000
Epochs

Y

=
U agy

. a a 4 @ a I~ @ Y @
sUn a3 nsminlTeumsudseansmdo 1l duaundluilatFumdiFounas ladsu



106

MANUIN .

-

Ay A

Yo a A d U
NEN1ujﬂﬂﬂ1ﬂiﬂﬂ1iﬂWNW!Nﬂ!!W‘§

1. C.Klakayan, A. Jansri and P. Sooraksa. “A/F Ratio Control for Turbocharged SI Engines
using NGV Fuel.” The Third International Conference on Dynamics, Vibration and

Control, Hangzhou, China, May 12-14, 2010



107
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Abstract: Natural Gas for Vehicles (NGV) is an important part of alternative energy by which the market is
rapidly growing, particularly in transportation sectors of Thailand. In 2006, around 23,273 vehicles in Thailand
switched to use NGV and had been continually increased. Since the engines of the trucks have to retrofit, they
must cut off the turbocharger platform. As a result, the engine power is decreased. This technical problem is the
motivation of our research by controlling the air/fuel (A/F) ratio.

In this paper, A/F ratio control of turbocharged SI engines using NGV fuel is studied based on Mean Value
Engine Models (MVEMs). Since MVEMs was proposed by Elbert Hendricks in 1989, simulation and analysis for
engine control is well-established. The method is promising because most of dynamic characters and real-time
quality. Unlike the original methodology, the control design uses Fuzzy Wavelet Neural Networks. The optimal
parameters of the system are found by using gradient method with setting goal that A/F ratio is equal to
stoichiometric combustion or most near. The simulation results demonstrate the effectiveness of the developed

method.

1 Introduction

NGV fuel is a new trend of Automobile industry and the market is rapidly growing, particularly in
transportation sectors of Thailand due to increment of oil prices. In addition, NGV helps reduce air
pollution by mitigating the emission of CO, HC and SOx to 45%, 67.4%, and 80.5% [1]. However, the
retrofitting engine for using NGV fuel has effected on reduction of engine power. To solve the
problem, a CNG Electronic Control Unit (ECU) for control process, such as engine speed, spark
ignition timing, fuel injection timing, and air—fuel ratio, as higher performance, and lower pollution is
needed. The A/F ratio control is an alternative way for adjusting power.

Since MVEMs was proposed by Elbert Hendricks in 1989, it was simplified dynamic engine
models and continuously developed. For example, Turbocharged SI Engines models were by Miiller
(2008)[2] and Eriksson (2007)[3]. In this paper, A/F ratio control is studied based on MVEMs
combined with FWNN method [4]. The FWNN method combines wavelet, fuzzy logic and neural
network required only signal from universal exhaust gas oxygen (UEGO) sensor. The structure of A/F
ratio control can be employed by using Takagi-Sugeno-Kang (TSK) Fuzzy or Wavelet Neural
Networks, which has been shown Hasan, Mohamed and Omar (2009)[5] and Tang, Sun, Wang and
Zhai (2006)[6]. The control scheme first determines optimal parameters of fuzzy IF-THEN rules by
gradient method for learning algorithms. This way is easy than simply tuning of TSK fuzzy, which
needs expert human knowledge into linguistic interpretable fuzzy rules. The goal is to set A/F ratio
equal to stoichiometric combustion because this value is best balance between power output and fuel

consumption.

2 Engine Simulation Model
The turbocharged SI engines consist of many components which are air filter, compressor,

intercooler, throttle, engine, turbine, waste gate and exhaust systems. Therefore, their multiple inputs
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and outputs make the system being dynamic and complex. The engine simulation used here has all
components like the above and includes control volumes which are placed in between all flow
restricting components to determine dynamic characteristics of the engine. The model based on mean
value engine model had developed by Eriksson[3]. Engine power depends on input and output of air
admission by throttle angular and waste gate value. Referring to the table of nomenclature, the air flow

into cylinders of the engine is modeled using standard model as follow:

: V,
mc = nv Npim (1)5
. 120RT,,
where V, is the engine displacement and the volumetric efficiency of the engine (1,) is f{(P;,, N). Here
we assume that the injecting NGV fuel mass flow is accurate and is described by the following
equation:
ity = 2.
NN\\:1) 2 f
where (4/F)s is the stoichiometric A/F ratio.
The crankshaft control system in SI engines is described in Fig. 1 and consists of many

sensors output sent to the ECU.

Pressure UEGO sensor

sensor

Exhaust
gas

Throttle

Rtk Spark
ignition

¢ =)
e ——
©) | Engine
speed
sensor

Fig 1. Crankshaft and ECU

Delays of CNG injection form ECU calculation and others are described by the following equations

[8]:

T (ejnj - eciv)
f, = L] 3)
2w W
4r
f =2 @)
w
. mﬁ(t - tl) lf‘ pr < Hciv - Hinj (5)
m, =
P\ Kt —t,)+ (1= K)m y(t—(t, +1,)else  others
eciv - einj
K=—— (©)
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o is speed of the crankshaft, O, is the beginning time of injection, O, is the close time of intake
valve, and O,,, is injection pulse width which are converted to crankshaft angel as shown in Fig. 2.
Since the NGV fuel is gas, as a result, this clouding NGV fuel haven’t fuel deposit effect. The

equation of fuel flow into cylinders is described as follows:
my =X i, Q)
where X, is proportion of fuel flow into cylinders.

Op 6,
NGV

<«—>
injection pulse {
I e SN

Ginj va 61/1/ 6(:1\
I Gpw < Gcn ’Gm/ II Gpw > Gcn ’Gm/

Valve close time

Fig 2. CNG injection and valve close-time phases

In this simulation, a model of the A/F ratio and lambda are calculated by using

AIF =i, i, ®),
W
N AR ©)
(A/F);

The relationship between the actual and measured lambdas is provided by the following transfer
function [9]:
//ie—Tds

) Wit

d (10)

where T is a time constant of the oxygen sensor, and 7, is the transport delay between the injector

and the exhaust gas oxygen sensor and is determined from the following relationship [8]:

1205

I, -, 4

eyl

+0.5/,,4,,) (11)

im
where p;, is inlet air density.

3 Fuzzy Wavelet Neural Networks Model

The fuzzy wavelet neural network integrates wavelet functions with TSK fuzzy model. The
kernel of the fuzzy system is the fuzzy knowledge base that consists of the input-output data points of
the system interpreted into linguistic fuzzy rules. The consequent parts of TSK type fuzzy IF-THEN
rules are represented by either a constant or a function. In the case of modeling of complex non-linear
processes a high number of rules may be required to achieve the desired accuracy. Wavelet functions

are employed for proposed to improve the computational power of the neuro-fuzzy system:
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IF x,is 4;, and X, is A, and...and x, is 4, THEN y, = w,'¥,(z) (12)

IF x,is A, and X, is A,, and...and x, is 4,, THENy, =w,¥,(2)

IF x,is A, and X,is 4 ,and...and X, is 4, THENy =w ¥ (2)

The structure of FWNN is depicted in Fig. 3. It includes seven layers. In the first layer the
number of nodes which are used for distributing input signals, is equal to the number of input signals.
In the second layer each node corresponds to one linguistic term. Each input signal entering into the
system the membership degree to the fuzzy set that the input value belongs to is calculated to describe

the linguistic terms by the Gaussian membership functions.

M2
(x=¢y)
-

T

ni(x)=e \i FA LT =l (13)

where m is the number of external input signals, n is the number of fuzzy rules, ¢ and o are the center
and the width of the Gaussian membership functions of the j-th term of i-th input variables.

The third layer, contains the number of nodes corresponding to the number of rules
RLR,, ...,R, . Each node represents one fuzzy rule. AND (min) operation is used for calculation the

output signals of the layer as
,uj(x):1;[77j(xi),i=1...m,jzl...n (14)

The forth layer has n term WNN. The output signals from WNN are multiplied with the
output signals of the third layer in the fifth layer. The output of the /-th wavelet is calculated by using

m 1 _i’z]
»=w¥(2), ¥, (2) = Z|ail| 2(—z)e ? (15),
ol

where z;=(x-b;y)/a;, a; and by are the parameters of the wavelet function between the i-th (i=1/,..,m)
input and the /-th output of (/=1/,.,n) the wavelet. In the sixth and the seventh layers, the
defuzzification is designed to calculate the output of the whole network. The output of the FWNN is

determined as

u= Zﬂl (x)y, /Zﬂz (x) (16),
=1 =

where y; is the output signal of the wavelet neural networks.

The gradient based learning algorithm with adaptive learning rate is adopted for parameter
updating. The latter guarantees the convergence and speeds up the learning of the network. In
addition, a momentum is used to speed-up the learning process. The parameters to be updated are the
parameters of the membership functions and the parameters of wavelets. The initial values are

generated randomly.
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WNNI1

¥¥Y

WNN2

]

€ -
77" (xn1 ) L X
R Vi

& L WNNn —p»
i\

Layer 1 Layer 2 Layer 3 Layer 4 Layer S Layer 6 Layer 7

Fig. 3. Structure of FWNN.

At the first step, the error value of the following cost function is calculated.
1 o b
EZEZ(”%"“!') (17)
i=1

Here o is the number of output signals of the network, u,; and u; are the desired and the current output
values of the network. The parameters of the wavelet neural network and the parameters of the
membership functions of the neuro-fuzzy structure are adjusted by using the following formulas.
oF
W, (1) = W, () — 7=+ 2wy (1) = w (£ = 1))
ow,
(18)
OE
a,(t+1)=a,(t)- 767 +Aa,; () —a,(t-1))

all

%0+D=bﬂﬂ—7§?+ﬁwﬂ0—%U—D)

il

OF
cij(H—l) = cl.j(t)—ya—

(19)

oF
Gij(l‘-i—l):Gij(l‘)—]/E

i



112

where 7 is the learning rate, A is the momentum, m is the number of input signals of the network and n
is the number of rules.

The values of the above derivatives can be calculated by the following formulas:

OE ;
— = () ~u, ) ¥(z)/ Y m (20)
ow, =1
_Zir 3
O 5,(522 -2 05 2 a2
Oa,
OF 22
E g0z

where &) = (u(t) =u () pyw, [ Y py i =1om, [=1,..n
=1

OFE < OE ou OH; OE OE du OH;

NCh 3 Sl S — (21
oc, - 5 ou oy, dc, 0o, T Ouodu do;
OE Ou Yy, —u
aa = (u(t)~u, (1)~
: Z M
=1
2(x. —c,,
ou;(x;) | u (s )(’—2”) if i node is connected to rule node j
oc, s 3
0 otherwise
e c N
O (x;) i ( )(’—3”) if i node is connected to rule node j
ac; i .
0 otherwise

where, i=1,...,m, j=1,...,n. Using (20), (21), derive from (18), (19) respectively, are calculated and an
update of the parameters of the FWNN is carried out.

4. FWNN Control and Simulation Results

This paper proposes the control system which uses only output signal from UEGO sensor in
order to calculate injecting fuel. The A/F ratio of NGV for stoichiometric combustion has many
values depending on percent of each compound of NGV gas. In this paper, setting stoichiometric of
NGV AJF ratio is 14.5 referred to Heywood[10].

The structure of FWNN-based control system is shown in Fig. 4., where A is the output signal of
UEGO sensor, A . is the set-point signal, equal to 1 in stoichiometric combustion, e(¢) and e’(f) are

the error and the change of error, respectively, while D represents the difference of error.
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Fig. 4. The structure of FWNN-based control

The control has four fuzzy rules with FWNN structure. The initial values of the parameters

of FWNNs are determined as same as set membership of Fuzzy control in Table 1. Determining

parameters like setting memberships of fuzzy give less time of learning than random parameters. The

training of FWNN system is performed for 8,000 data points. We used Matlab to simulate the system

model. The control performance has validated in two cases; which are Case 1 O,,, < O, -0, ,and

and Case Il ©,,, > 0., -0,,, . Note that the system of case II is more complexity than that of Case I.

Assume that throttle angle changes according to Fig. 5. Results show in Table 2.

Table 1. Determination of parameters for each rule.

Tirne (5]

Parameter of rulel | Parameter of rule2 | Parameter of rule3 | Parameter of ruled
e(k) Positive Positive Negative Negative
e'(k) Positive Negative Positive Negative
31 T T T T T
£ i
| | | | 1 1 | | 1
! 1 2 3 4 5 = T g a
Tirne (5]
1.04 . T T T T T
1.03 - —
102 —
- 1.01 =
i
099 - —
0.98 - —
097 - —
| | | | | | | | |
oish 1 2 3 4 5 B 7 g a

Fig. 5. Results of case I: The figure on top is for Throttle angle and the bottom figure is for Lambda

corresponding to no control (dashed line) and FWNN (solid line)
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Table 2. Parameters of A/F ratio at status of throttle angle for Fig 5.

Max (A/F ratio) Min (A/F ratio) MSE () 107 Settling Time (s)
Casel 15.0243 13.9599 5.5147 1.20
No control
Casel
FWNN 14.8311 14.1901 1.6606 0.57
Case I 15.1387 13.8526 8.0893 137
No control
Case Il
FWNN 14.9072 14.1345 2.4017 0.72

Table 2 shows performance of FWNN control. As can be seen that the set-point tracking
performance is fast and precise even the feedback used only signal measured by UEGO sensor with

merely four simple control rules.

5 Conclusions

This paper has proposed FWNN for A/F ratio control. The FWNN architecture can be
employed to model nonlinear functions and to identify nonlinear components in a control system.
FWNN controller uses TSK-type fuzzy inference system, which has a wavelet neural network in
cooperated with schedule fuzzy parameters and is well-suited for modeling nonlinear systems by
interpolating multiple linear models. The results show that the control performance for air—fuel ratio

is well adequate to implement and integrate this function into an ECU.
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Appendix
Table 3. Abbreviated Nomenclature
Symbol | Description
Aim Area of intake manifold.
Aem Area of exhaust manifold.
l; Length of intake manifold.
Lom Length of exhaust manifold
N Engine speed.
P, Intake manifold pressure.
Pim Inlet air density
R Gas constant.
T, Transport delay between injector and exhaust gas oxygen
sensor
Tim Intake manifold temperature.
T, Time constant of the oxygen sensor
Va Engine displacement
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