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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this paper, modeling of Min-Max controller and evolutionary multi-objective optimization for gain
Received 10 February 2016 tuning controller of turbofan engine are presented. To achieve this purpose, first a turbofan engine is
Accepted 12 April 2016 modeled in GSP software. Then engine parameters model, by using extracted GSP simulation data and

Available Online 05 June 2016 based on NARX structure of neural network is developed. For model validation a test fuel signal is

produced and model performance is assessed. Next, turbofan engines control requirements and

ﬁmof;iséngine constraints are described and a fuel controller based on Min-Max strategy is designed and diverse
NARX Structure control loops in controller are described. Each of these loops has a proportional controller known as
Min-Max Fuel Controller control gain of the min-max controller. For determining the gains of the controller, gain tuning process
Multi Objective Optimization is formulated as a Genetic Algorithm Optimization problem in order for GA algorithm to find the best

Genetic Algorithm solution via its evolutionary generations. In this optimization problem, the settling time during

acceleration and deceleration, engine fuel consumption and the amount of engine emissions are
considered as objective functions to be minimized. The obtained results from simulation of optimized
controller and engine show the final controller not only optimizes objective functions but also satisfies
all control modes of engine during acceleration and deceleration modes.
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Fig. 3 Fuel signal for testing model versus time
0o > Johe S S gas JLS e 3 S5

30 @ o 7 ey s Joe 5l el jgise bl T4 ST s
4 bge s Lk S5 ool slafoged 5 ibed 15 4l
795 4 by Gezabll behs g o il (> JlPlep ) bl e
Sy osalie S5 Gl 5 o slilen il oo ) Ll oles
Dl g ol oz Bl (s Ced YL cillae b Joe (g5
b jloges cnl 5 1 Jgoz 10 99290 (2l sloaslis ggems 5l &5 jshailen
5z sloosls plos a5 (ol i 51 (55 a1 o Jre eanl S5pe

5 o)ladis 16 095 1395 sl o i J00 Alse S rins


www.sid.ir

Vbl 9 s bite (585 p0

0992095 V9390 GuSle — (ae adgus YIS @inrgSll A5 M HlolSS G)lwding 9 Ab

alss Led Bl wodg 0l Sl asle Koo (S hlie jo 5
&lp 10 [25] sl (3lopmrSe il b bt JBlas g jgms S
5 355 oolitul jluporSlo 5 jlumosis lsi 3l b wsllas S S
“ome IS sl e e 0 RS batesgase pled ol
ol 3288 5 eaSsle p epdle b SIS b ave 4 b S
S5 095 leaily pegSle ;o wms ol jeige 4 Gle wx Sl lacusgase
Glaiysgame S sl S8 sleail> golaas o)l (nl o S
| laasgame | (S Lol ool 51 Sy 5o b o580 w38, ) sise
& o aiten panls IS Sy s il ol ) S o i8S
o) dsgezme 4 gl oo aBll dils ] Coge caiSedan leie
355kos 53 ctlyd ol s oo Sle = S (S ol el
Mg Qi g plass St Gloj (S gm0 Bpan (liae 50 g 4 s9ige

WLl plies s aoasyYl

wfb—wo)]);.s‘slﬂ;f‘sbd.ﬁb-z-ll-
e S clls co s ailre (gl (JyuS adl> md iegh cpl o
[27,26] siss J 8 1,38 clls o Shas jo 1) ygige

Sy pi¥ g o)l drbsg ail> pl il Gl J s adls> -1
Obyz Ol a5 ol ils ol aiS L |y LS leyd 6l 2]
Sl yeige (51,05 Cll 5 Slae j0 CSgus
Jgo Glizl o ol g ceSs Blo b ogd oo ol ol lre o 5l e
D9 g

28,18 5l ol abge dils (sl g yeS adss Lid xSTas 4il> -3
WS S sl ol jlome x5l s aS Al s

a5l cdyls sl ol cudlye IS dils cpl iolis iSTas adl> -4
-2l oolatul 550 Jliwl aisl> J S glyg 80 sage 1y o jle
Sy o G505l BB g e jo Jlmshail> a5 Ll 0,8
Cid oltd JRuS ) peise é ol e g JURl g9y 5l 1S5l
e oo oolaiul wivs
PR UESUE SO S E SN SN PUEEIRE
Do g0 Bl aol dladss (5 alad LBsels 3l mile g5 A

Jade l oles JBlas cd e 5l dils cpl iokis JBlas ail> -6
olS wnl o Jowl 5 @y gsdy 5l gl b oS 0 65l o slre
4ol O g0 4 dal> ol izmen 39 H5ige 1,05 Cll o, Sles jo ol

oS lo = oo B! (5551 sl -3-4

ladil> 5 o 9950 (50,5hoe alais 4 dins j5ige 51,38 > o Shas o
il bl 0,8 0 omee 2 1) Heige SSgm el IS g oad Jld
ond (b S 4 args bl oSk = e (5351l oge p el
Dbl sl (2) abal, it ok ,oSIl 5 g5l ol cGimgi onl 4o
S o ool Laail>

WF—Transient = max(mln (WF—PLAv WF—NZmaxv WF—PSBmax
’ WF—Acc)v WF—PS3minv WF—Dec) (2)

5 o)laiis 16 095 1395 sl o (yurde Suilse wiie

290 S adss lid ooy 3510 -6

g S adss i oo =7

Gyl adaase 1o alad bgels- -8

Apd o B asin )5 lrosguse (o 1) jgige ysgase oyl
IS8 0gdige s (s o] cge laudgame (ol 5l jelas 4y sl
23 e (Lt |y s53se 615 03game (reizren 5 lalydgame (I "5

modgazme (pl @)l Ceas a1 y5ige a5 135 5 (Sslas slags,lull
ool adg el i 2alS g Heige com] 4 e ailg o iiS Colan Lo
- Zgdgaze plad Joli adl> golaas b atuy ddl> 0S8 s SO 2 gd
QS yesl e sosgases 5l cd 1y blae jo !, jgige Uonds b e

J A s =4
B oS gise aas oflrl o sl ol gise SRS prene 2 o
lacgsgame plas odle 4 S IS o5 ol parsSle o Ll
sloyell @818 cel Jius g pue Hlnly a8 ol | (S
Sedoe jlxe slacasgaza 3l j9ige

CEgw Olyr (B 90 A siee 4 (6395 S Gl (L5 sk
A S g (L2iSeloe peadi )35 S S g bz g LL Sl
bl slaws ol 09dion G Ll S CSgn JuS Lawgs &5 LL
o)l ageby JiS b cwlly e o jgige 9Sles o0k b
Ol syl 18 0T 50 50 45 (59,Shee baylyh a4z L) 5ige S g
JAS sl 38 b cosn lyzr Jius S ikl [24] ws
plos Sale) »opdle b ogdige id)5,kais0 )3 Lulyh o s5i9e o,Shee
4 pathe (Pl @lp 1) )3 G CE g ige (J5uS lacasguce
oobolp L3S Sl CSgm b g (al 53 0 (el QLS s
Sediee et (Sl = e (IS (531 5

oSl = (e (o 555 5551 -1-4
nb oyt g Jlwl 4dl> (g (295 sled ale H8ge lazg >
scusgase I Sy anil adls 13 el esguse G0 adoen
A datid e pw SN (g (295 sled Sl wiile ygige

Silopariee Wil Ll QL SISl g j5e el (g > anlS Lad

& Over-Speed

Fig. 5 Turbofan engine requirements and constraints
B9 P (IS lasaie;ls B S

382


www.sid.ir

Vbl 9 s bite (585 p0

0992095 V9390 GuSle — (ae adgus YIS @inrgSll A5 M HlolSS G)lwding 9 Ab

a0 W agdoe B lagys Jlon Ghgy al L @Bly y0 08 s
ISl S ap Sl ates S dde i gbale
Jsl 55 dpasgazme ol 5l iainsS o 95 1y ool oy Slalyz asgos
J> Gln e ahal wiz Gl 45 29800 AL any Slox plgie 4
S s g WM o 4 S 550 blE opl 5 S s ol dlis
WS Obl 355 sam bl ploxl sl 1) abis slaS a5 ol #1b
(g ol o eads a1 5l dbae sz (sildings o1 [32,31]
03 5 ol oo g 45 W3l o 12 gliels gt b S5 55
Wlae Olyz o el Jlo Sygamr Ban &b 92 Uy ol o o il
B SG s Sl (See 85 |2 09 des AL S0 el lnor gac b

[34,33] ;5 Koo s 5o Lol ol e laolss 4y 5| G

Calioli (g 5lwed po b Sii§ ps 38! ol o =15
bt & ool 5l (B0 1S5 Ly et Jolhe (b 5o o650l ()l
[37-35] coul "7 JSt" wislen i ,s5 ol Jorl o 13519 50 s

& ibwaingy o Ly y25 -2-5
“ekad (S sladils lpd e (iagh ool 5 jleaie Al
e Slpedd Lk Sl m e JpiS (6,08 Cll> Coge saniS
bl oo ool a8 S a5 50 (g 5lwaiage Blasl (oged agy Hokaie 4 (8993
$lr oz 5 Sl Silapmsie Allae S 5000 it dles Ll
wdg ol glp oload iy ye 4 5l (S8 slacdgaze slasge cule,
e 2308 Wiz pariee iloding s K IS ol o 590 Al
oo a5 wib s olejite sl sileaige dlas o 058 0 ool
Gyt lexe b el Ban al aiels o]y ogdle ol s ¥ggme

RETHPSEI

Create initial population (Py)

!

Evaluate P, by fitness function
¥

Non-Dominated sorting of P
¥
Crowding distance computation of P,
v

Sort Py

v

[ )
{ )
{ }
{ }
[ ]
[ Selection for crfating offspring ]
[ J
[ ]
{ }
{ J
{ }
[ ]

Crossover and mutation
¥

Evaluate offspring by fitness function
¥

Reconstruction of population
v

Non-Dominated sorting of population
12

Crowding distance computation of population
¥

Sort population

Termination criteria?

Yes

Fig. 7 Non-dominated sorting of Genetic algorithm steps

kel g, b Sy w8l Jo e 7 S50

! Non-dominated sorting of genetic algorithm-11

383

> J s Jols a5 aes o ol Iy, C g <=k }J);;S"G JS,:‘:."
Ao S g ggee Hoise 4 Jloel ol CE gl )05 Sl LL
- o Aol (3) bl Lawgs alasd (8 0 g el J S 9 ol Jawgs o0
D¢l
WF—Total = WF—Transient + WF—Steady (3)

S & Cullaz g (orw gy S A ol L (S b,
e S Sy ales 53 gy ol Ll o sy b B8 5 2
colhe o Sles 4 Sbaws lp ol walyss caws 4 lebl LB
wlre Gt ln il 08 Sl Sl 03V ygise 5 S
Iy oo Sl oy yie 955 obaigs o, Slee 5l oolaul b U og oslainl
AR Cawd 4 gt glad o

S5 (6 ldiug iz 99931 -5
Jlosl (S5 odss & o) 43 oo il Lass b ol o5
sl elgl 5 sy ileaig Wl Ko canb lSS (il
sla>ol, 5l (ol acgamme Sy wmyssd! .[29,28] ols @il 1, S
ools plasl lanlid Sussly Jlade G 5 o0l b)) «Ban b (Saijl
obilp ladly 3 Ol b ax Jus Cumrex lacl b olai; 8 060 0
b G igdion Sbml gl Gz 5 oS5 Jlesl 5 Sl jlns
Sap b Cme (G 5 S Sl Jelo sl g adsl Cnex L)
3yl aslsl (gjlwding asils by, b by 0,910 b ag, cpl 04 oo ol
&by Bpate G ably oo s pd S 4 Gragy nl e [30]
poe sl ke 4 Sl pas o J5uS 65l Siomge oS (s
ot 55 Slal] 5 o pstia 5 e sy BB 53 2,550 0,8 5
Sl siluange piysSl Gl g Lad o gl angy ki (L
] 00 oolazl

sk Bas wiz wlb Ysero (siludng (HBly Plas I 5ol 5o
Sy Bas s> shils a5 Ll Gl o ool SO aied ags lojes
S lagis Jop S s by | Blas cpl a5l Wil 5le
Cloz a5 Sl b s, ol e ol Julis adan S5 (sjluags allis

PLA

Ps3

!

N1— PLA Loop

-

~ L

- Wr
Ps3 —» Ps3max Loop - O
Acceleration
Loop -
Deceleration
a Loop

WF—Steady

N1

Fig. 6 Min-Max Fuel controller
U,.Sl.n m e S g )J)....S 6 S

5 o losis 16 053 1395 sls po Y JA Al b i d


www.sid.ir

Vbl 9 s bite (585 p0

0992095 V9390 GuSle — (ae adgus YIS @inrgSll A5 M HlolSS G)lwding 9 Ab

GA
Optimization

Engine

Engine Parameters

Fig. 8 Applying genetic algorithm to the problem
Ales S35 o2 psS Jlosl 052 8 JS

S i )ssIl 45 D)0 a3 S (o0 9o j5ige LS 50 IS (5l
“ o Jlosl siloann a1 T s (gl Ol s oS Sl L o
SBan mly g gileand | oad yai Gla gt A azgT b e S
Sl wan olie 53 s 0yslse 09250 |y adsl Comaz 0ud (s
500, Jloel iloads 4 1) ool sz wiws iz 5 Goyeal ploxl
Sep e il 5l Jolo slazg B olalp 1) Gas mlys polie
plod e b Colgd jo 0w oo S0 1) s slacians g 05505 dle
o Comez hibe 5 SLl gl Jed o e Slsr Glse 4 |y sl
ShI s g 00,5 Bis 1) aiwn g oslhdl Bun il polie glyls

Sebise §am s algi alo ye )l o 5] o203 o0

S5 i 45 o ol -4-5
& Ale 093 DI amie byl @l gileangy v sl e
dlie ol Slyz el cnl i b Lang ans o (bS5 1) o2 )55l )]
o905 iloaigy lao sl 8,510 00 Blagldls 038 oo by 5
Ol et Sl oaniSn dgun | (2l Dlox 4 Gy Ll B gy 5o
el 2 Jgaz 8wl el

g9 Sl oS5 w95 Jlgte slacssluaned plowl s e alles
il 5o plaml 5 a5 el siluaned 699)9 Olsie 4 QL Loy
O Gl IS (oo Wil (pulul (25 Ban ol slassg g 255 sl
ol oads iy y2i M9 S & g0

S5 o8l sla el b elais 2 Jgur
Table 2 Genetic algorithm parameters

oo bl
50 Coroz ojlul 1
Rank SVl gouolde 2
Tournament (4) Qe Jos Lael Ol 3y, 3
Uniform il bs, 4
o8 Gl Joiol
o N R
Taguchi & Yakota s 7
100 (S5 bys) IS5 olas 8

5 o)laiis 16 095 1395 sl o (yurde Suilse wiie

b 6&%&-1-2-5

4 6575 4 Sl il Slapaie @il (leangs Nl Sus
ol a8 S8 sladils o 59 digs odd Ciuypas Bas &b o
IS Al oSl 90 (IS il ol lejd JS il ool s
Slos Sl S ails (e (6 o olid J S dils e (g Sl
poies JLad (JuS dile g ey Sle JLaS (JiuS all gl 5999
ool 00 iy 5 (6 gy Alics opl slo it lgie 4 il o

Sty law Blanl-2-2-5

el Bad 2l 50,5 o b e 3Sbe cg by o038l ol o
Gus alb ade (0 perie lis opl 0 (il pi Sl Bus
137] 55 aslss (4) alad, & 9

J=FX) (4)

e OlF 3 slp (Brak SSgm (38 Blaz gl glis o

oos¥T adgs rals &b 5wl glace) o 0 S5l Blaal
Gloygile (ol oad anlsz ol b plgs 4 jgige grasly S (prizean
Glaal .l e b @y Glol)b a>g5 5,50 0150 51 5, sl Lyl )0 & 5
Cga 03,5 PBlas IS colys ileange @lp ond a8l
4 oS adbie s cleoanY ol e g Cands Glale) oS pas

wileads oty 30,3 (5) Ly, )50
A tAccl + tAch + tDec
sim — time
sim—time

Ja (Lalk-5)

_ W
Jp = w.} « _Sim-time dt (JS)
FJmax sample—time

_ [INOx . [1cCo
- sim—time
{Nox}max x m {Co}max x
[1SN
+ sim—time ( 5)
{SN}max X — <

sample—time

< sim—time

sample—time

S3lwaing dluno glood Uiy i -3-2-5

Al sl Jou8 BB o2 )s8l (zg)5 5l ol (g5lodnds azi aSST gl
ol ) plisebl jshite a4 aiS cole, 1) Heige (So5d slacusgaze plos
Silotnry Als sload lie 4 s (Kb slousgaze o
ey 32818 ol Gimghy (pl )0 edd iy slaand Logd co iy
o 5 oSl Grizmed 5 O penine 5 per)Sle s poyiSle
T anyz b sl alis l )0 09500 Vb JLad jgus paS 29,5 ,LiS
0 00liial dayy> @l £55 i ysS (8l Sl posizs Jlowo 53 bS5
tenl (B) abasly & g0 5 a5 endl

1 x> Ab;
P=1 +EZ(b—i),Abi = Max{0,max(lg:(0)l - b} (6)

" s Dygo & Bue 1l L darz @b S e ol o
wbin (Shd ) (£2b) Slkee 225 55 () (nl G 098

Wlino S o 395 Jloel 0920 -3-5

o ys bl ass oo olis 1y dlas 5w oSl Jlasl ogou "8 JSis"
s Ly allice (gl puiite b b el )y b oo iy po5 o ol 5 S

! Taguchi & Yakota

384


www.sid.ir

Vbl 9 s bite (585 p0

0992095 V9390 GuSle — (ae adgus YIS @inrgSll A5 M HlolSS G)lwding 9 Ab

GA Pareto Front

47 : ; ; t t
S h
é 461 N 1
o
|
™.
S ag,
:'544* \ AMMMAAAM AAV
43 L L L 1 1 L L
17 18 19 20 21 22 23 24 25
Response Time %
GA Pareto Front
52 w w w w
L
*
%
2 50} "o
S He
a *
5 48] RV
e tarere,n, .
46 [ L L [ [

17 18 19 20 21 22 23 24 25
Response Time %
Fig. 10 Pareto for optimization problem

Sibwassy Al sl 552 10 S

A S o Sas g 3lwand g Ls-2-6
S o JuS o Slee gilwand (J8 Al e jo ol Gl bl
ol 00 dﬁu @L;54.3)§ G900 5990

Slxe lade 5l jteS g ytics Jlade oltdl 4 oL Ma-12 A" o
@lidee JS gleddls a4y azgi b J s Ll auS eicnlesyaily ol

GA Best Solutions
60 ‘ ‘
A
L A
&5 4
S
1S A
3 501
S s
O A
345 AA AAM A |
4 L L L L
%O 21 22 23 24 25
Response Time %
GA Best Solutions
70 ; ‘
65r * 1
X
< 60r + 1
2
8 .
55 1
50 * 1
+ 4+ e *
4 L L 1 1
%O 21 22 23 24 25
Response Time %
Fig. 11 Best solution of generations
b s (i 11 S8

385

Acceleration Mode PLA Level

L1 e
Max PLA} .
PLA Mode
8% PLAF [ |
Min PLAE— 1
Begining Mode
Deceleration Mode

0 10 20 30 40 50
Time [second]
Fig. 9 Pilot command for simulating all modes

e plad g iluand sl oLl L8 9 S5

550 $3,Skes (sladge plos bl & o5 culoads (2rb 55k leyd
Ol sl 03,51 5 1) B wlsi lasls ples wlgy asly wass ity |,
5 st il Sge iate (6 LA Dge (90 sladge Jolt ol
Sl 85%  Jolae ‘516)&-”&9‘ = e oSk @) 00 S
b bils aen glojd ol el asein a5 jshailon il oo Col moysSlo
) omd g (shie 5 St 6Nl glagle; wile Sun w5 slacssy s

O3l 0 08,51

Ly @b -6

S Gl 50 Lgiee S )0 S o Sles (iluand 5 gluaing @l
Slsr Sy il b g 050 @) o jlodings ol 1ozl . ansd oo 1)
S0 o3 oy p 3590 J5S 3 Slas (giludnd (ol $ 0

AES culpb gilwdionge @b -1-6

"10 S s oo e olis 1y (il mbs 11 Jsa" 4 "10 Jse”
Sl oad ad T ks Bua a4 @ 4y b ol gl 5p
Ol Do &y 5l plas™ o Sl jo icnl oad &Sl (g5leaign
3¢90 ASL‘b“."P b uul.s J;ls ).in)S.\ & Coms b Sloos PN woow
S sl andly i b)) Bas Al plaS Ayl 4wy 5 wtes
e B Gl o 0sdee SB Gileang @l Sl Ol Sls
Baa wlg 05, a5 wd (558 ileaned ez s 5l Slex o Sl
Bap oy gl ol aS a5 Slem 1 Ll LSS S0SS 4 s
"0 S e Dler ol s 8 Gbsl ol Sl g ols cans 4 1y
b lle Ban oy ojlasl .l ol Lasive opls &jga 11 ISE" o
Aib e 0l Jloy Bua wolss )] 40 a8 sl ooy dplre (7) alay

I/ = /]az + "+ Y

ol 00 ey Je 2 Olex a1 ST o (] egdle

Ol 0o Baw jlop ojlail o yiSarsS Ay Jlne b s e 5o Sloz Gy
ol 00l Sl s

L Climb Out

5 o losis 16 053 1395 sls po Y JA Al b i d


www.sid.ir

Vbl 9 s bite (585 p0

0992095 V9390 GuSle — (ae adgus YIS @inrgSll A5 M HlolSS G)lwding 9 Ab

1 memen Nemax 1
HE Ps3max '_,-—' !
0.8F % e PLA H ! 1
1 - Ace i i
1 1 \
0.6+ o Ps3min | t 1
\l ----------- Dec ii:" """""""" |‘ L
o 04f ¥ W_-trnst i XY 1
o 3 F A [}
3 ; §
= 0.2 [
= 0
0.2 t {
1 {f
\ I
-0.4r A H 1
L ;
M E
-0.61 1

0 10 20 30 40 50
Time [second]
Fig. 14 Calculated fuel by loops

laailo Lassi ot daloes g 14 JSC

ol e wwlsis b Gl maySle J S il 55,0 olS5T 5,3y &9
seiwd L 20 Al o wigd Jlad eail> Ko Col (San a5 ol Jb> jo
5B ons Jlab olid perive ails bl ey el e LIS
4l55 5LiS ke (JSS Al e WS (5,55l 09d 3l alaioee
Sl L T 5l s oS o cpes 1) 135 Gl S g e g oo Jlad
ol peaSle JyuS ddl> 0,lg 35 asl o Ll Slulss o cl s
gl Joo 3)ly oail> Lo aSGT g0 (25T Sioe 5l w048 0 Jla
Ll 53 S Sl S ok 95,5 on S Gl €l &, e e
5 Sy pog S Lo adl> oage 5 11305 Gl Co g aesd canl poy Sl
Lylys g0 g ol aldss [Lid peiis odge 5 Conly e Lyl o
e dlgs Ll dils sage p Colys o )38 clle S g s wole
cid ol Ols g j9ge 4 Jlesl Cgw loges 15 "
g i el UK ol 51 a5 gl o oo Lt T, s
sladil> G oglhe gigw S| Ol &5 Sl g e Olej e
Glwand o5ls 13 slone oogass S Ll Joee g el (J S alises
S g S (o) (RS LS ge Brae (%65 (Sl 4 0ad ploxl
FOW W pll Lbo..).;.lyyl WY u‘r-"
S 5 dom -1
ool 8998 joige CE g JUS obatgy g b Wi ol e

1 I 1
Parameter
08 { -~ Uplimit 1 0.5
........... Downlimit 8
w [a)]
=" 0.6 g 0
<
0.4 ] -0.5
0.2 -1

0 10 20 30 40 50
Time [second]

0 10 20 30 40 50
Time [second]
Fig. 15 Input fuel and acceleration diagrams

aied QLS 5 jgi50 4 (635,5 S gw slo e 16 5o

5 o)laiis 16 095 1395 sl o (yurde Suilse wiie

a
— Pilot 1
1 T Controller
é 0.8 = 7 = 08
0.6 [N
0.4 0.6

0 10 20 30 40 50
Time [second]

0 10 20 30 40 50
Time [second]

1 1 T
Parameter
0.9 08 | -—-- Uplimit
N % ........... Downlimit —1
<08 £ 06
0.7 04 ]

0 10 20 30 40 50 0 10 20 30 40 50
Time [second] Time [second]
Fig. 12 Controller and engine simulation diagram

2930 JLS 50 JiS (gileand @l 12 i

9 Sy S818 TS oo Jlesl j5ige 4 |) CSge slne Jlade w93
s U3 f oSl i 5 et gl e
s oo olid 1y ygige sla el bislacysgame cule, 12 JS" )5 05250
5 o alSom S sl o Sl 51 o5 i

5 omF @29 sl pakie 13 IS5 0 &5 shilea
Solae yuiomed il @by 51,8 ol e o3l 1 50 eao YT olie
ool 00 diseS (gl b @ollas 5lg (b 5o laoansYT ulgs

2 M b | il il s L1 JSE" 4 ag L
it el 51 33 e Sl i 555 il iz 5 il
Opb gige 5 Jhul 5 e laondy czge Wigioe & OLLL a>
5 00d Jos O)ly jgmpaS alS JLaS oy Sle Al s WS (x5 ol
O I 55 J5 1, LIS o g e oS e il
190 a5 5 B el 430 monsSle dils b 135 o s e cpmtd
Joe 3)ly Gloy (JiS slaail ol S8 @ oY 058 (6155l s5ise
[N Ve RNV JOWERPF JEN ST
3565 30 6 sl el 3 SRl ST Sl (sl il ity il o ol
b5 ol sl 5 sin bl ol masiSLe 2 o fon ol o5

1 i 1
Parameter 0.8

----- Uplimit -
205 [ e Downlimit % 0.6

L

0 10 20 30 40 50 0 10 20 30 40 50
Time [second] Time [second]

(=)

1 1
0.8

<08 (:D 0.9
0.4 0.8
02

0.7
0 10 20 30 40 50 0 10 20 30 40 50
Time [second] Time [second]
Fig. 13 Emission production diagram during flight

Slo Job yo oo ¥T adg iowie 13 JSCi

386


www.sid.ir

0992095 V9390 GuSle — (ae adgus YIS @inrgSll A5 M HlolSS G)lwding 9 Ab

Ul 9 5 ke (65 )0
(kgs’l) u}}w ‘S‘Ib WF
T g
g e
s SuSTly jasls b il lg
Uas (o Sileo oo
B g3
Las el Transient
LL cJl-  Steady
Ol ol PLA
Sl 23 PS8
Cuto g pSoliss  ACC
sz*'*" LS)"iL"“’ Dec
iy Total
&ye9

[1] J. Sjoberg, Q. Zhang, L. Ljung, Nonlinear black-box modeling in
system identification: a unified overview, Automatica, Vol. 31, No.
12, pp. 1691-1724, 1995.

[2] H. Asgari, M. Venturini, X. Chen, R. Sainudin, Modeling and
simulation of the transient behavior of an industrial power plant
gas turbine, Journal of Engineering for Gas Turbines and Power,
Vol. 136, No. 6, pp. 061601-10, 2014.

[3] N. Yadav, I. Khan, S. Grover, Modeling and analysis of simple
open-cycle gas turbine using graph networks, International Journal
of Electronics and Electrical Engineering, Vol. 4, No. 8, pp. 559-
567, 2010.

[4] A. Lazzaretto, A. Toffolo, Prediction of performance and emissions
of a two-shaft gas turbine from experimental data, Applied Thermal
Engineering, Vol. 28, No. 17, pp. 2405-2415, 2008.

[5] H. Klang, A. Lindholm, Modelling and simulation of a gas turbine,
Ph.D Thesis, Department of Science and Technology, Linkoping
University, Sweden, 2005.

[6] R. Romijn, L. ozkan, S. Weiland, J. Ludlage, A grey-box modeling
approach for the reduction of nonlinear systems, Journal of
Process Control, Vol. 18, No. 9, pp. 906-914, 2008.

[7] E. N. Dragoi, C. A. Horoba, I. Mamaliga, S. Curteanu, Grey and
black-box modelling based on neural networks and artificial
immune systems applied to solid dissolution by rotating disc
method, Chemical Engineering ‘and Processing: Process
Intensification, Vol. 82, No. 73, pp. 173-184, 2014.

[8] L. Piroddi, M. Farina, M. Lovera, Black box model identification of
nonlinear input-output- models: a Wiener—Hammerstein benchmark,
Control Engineering Practice, Vol. 20, No. 11, pp. 1109-1118,
2012.

[9] A. Lazzaretto, A. Toffolo, Analytical and neural network models for
gas turbine design and off-design simulation, International Journal
of Applied Thermodynamics, Vol. 4, No. 4, pp. 173-182, 2001.

[10] R. Bettocchi, M. Pinelli, P. R. Spina, M. Venturini, Artificial
intelligence for the diagnostics of gas turbines part Il: neuro-fuzzy
approach, Journal of Engineering for Gas Turbines and Power,
Vol. 129, No. 3, pp. 720-729, 2007.

[11] M. Fast, M. Assadi, S. De., Condition based maintenance of gas
turbines using simulation data and artificial neural network: a
demonstration of feasibility, Proceedings of the American Society
Of Mechanical Engineers Turbo Expo Conference, Berlin,
Germany , June 9-13, pp. 153-161, 2008.

[12] C. Evans, D. Rees, D. Hill, Frequency-domain identification of gas
turbine dynamics, Control Systems Technology, Vol. 6, No. 5, pp.
651-662, 1998.

[13] N. Chiras, C. Evans, D. Rees, Global nonlinear modeling of gas
turbine dynamics using NARMAX structures, Journal of
Engineering for Gas Turbines and Power, Vol. 124, No. 4, pp.
817-826, 2002.

[14] M. Basso, L. Giarre, S. Groppi, G. Zappa, NARX models of an
industrial power plant gas turbine, Control Systems Technology,
Vol. 13, No. 4, pp. 599-604, 2005.

387

- il 193] el 53 el o ] S le = e 5 050,550
SlrsFse Giledde mizren 5 0B 0305 255 Byl Heise JyuS lo
ol i gl 1y e wSalb il Lelol s s lotens plasl
&3 Skoe sloaatiin Bixe 293 4 5 039 093 n (VL s e Jae
IS sleails dagaiosls cnl J5S Sl s 0 (39555 59590
03,915 1y (Bg55 990 lasaiails b o 4z S ko IS o (goaate
wiboe baddl> o (S8 calye by bl hls Jol> s ol
ool (nl s o5 (ol & a2 b asS o oaiais | ail> )] w35 oS
ol slas Kot 135 sl 555 5ige ol e & 5 S 5 Skec 53
Ol Oizmed g Conid lagle) ((Bpas CSgm (39 o5 Wile g
oyl o b U o )F zihe Bae aily oleie baoan ¥l oy
4 W5 el )5k Lyell cnl il sl S 4 S
gy S5 jledige pi sl jslite cnas g 35l aliue Bl
ot s3She bt oL ol glia g ah ool ph hae iz
Sy @l 235 plonil luaige 5 Sl dan sz oS S
S 8es iluand Ban il wlsi ey Coenl 4z 0 b age Sle>
@ S s ol bl 28,5 &l mls g plxil jise LS 5o S8

sl @3l 03ygl 1y B9 5850 (IS glasatesls plod (s

pll Cosgaze ke b;
pll Cosguse 5l alss e Ab;
(9Kg™) S aaSgige €O
(K) 295 a5 slos ECT
g5 5l Gbs et s G
St 5l Jol> plicgsgase Olg> 9:(x)
Sy el BA
Gaa wl oy
Gus wls ke Ji
HrS Jpus e K
bosgase slaws M
(pm) 5 5o M
(rpm) wss ,o5 N2
(okg?) st NOx
oad Jlog sllas Slayye puKlos a2y, NRMSE
b3 slvgog g ooy T
L_,,i.\_e GLQ"_A,-.’B)" slas My
oy b ol jlade
(bar) Seslbowl jLzs  Ps3

Jos 3l gy3 ools 4y aBly ools s REGrESSION
60392 SN
Golwarcs Loy SIm —time
Gilwands Sloj a8 sample — time
(s) oles €
| )_\f ol trnst
©o9ys

5 o losis 16 053 1395 sls po Y JA Al b i d


www.sid.ir

Vbl 9 s bite (585 p0

0992095 V9390 GuSle — (ae adgus YIS @inrgSll A5 M HlolSS G)lwding 9 Ab

Propulsion Conference & Exhibit, Nashville, July 25-28, 2010.

[27] J. A. DeCastro, J. S. Litt, D. K. Frederick, A modular aero-
propulsion system simulation of a large commercial aircraft engine,
Proceedings of The 44th AIAA/ASME/SAE/ASEE Joint Propulsion
Conference & Exhibit, Hartford, July 21-23, 2008.

[28] J. Holland, Adaption in Natural and Artificial Systems, First
Edition, Michigan, pp. 1-20, The University of Michigan Press,
1975.

[29] M. Mitchell, An Introduction to Genetic Algorithms, First Edition,
pp. 2-4, Massachusetts, the Massachusetts Institute of Technology
press, 1998.

[30] S. Sivanandam, S. Deepa, Introduction to Genetic Algorithms,
First Edition, pp. 1-10, Heidelberg, Springer, 2008.

[31] K. Deb, Multi-objective Optimization Using Evolutionary
Algorithms, First Edition, pp. 227-230, Chichester, Wiley, 2001.
[32] N. Srinivas, K. Deb, Muiltiobjective optimization using
nondominated sorting in genetic algorithms, Evolutionary

Computation, Vol. 2, No. 3, pp. 221-248, 1994.

[33] K. Deb, S. Agrawal, A. Pratap, T. Meyarivan, A fast elitist non-
dominated sorting genetic algorithm for multi-objective
optimization: NSGA-II, Lecture notes in computer science, France,
pp. 849-858, 2000.

[34] K. Deb, A. Pratap, S. Agarwal, T. Meyarivan, A fast and elitist
multiobjective  genetic  algorithm:  NSGA-II,  Evolutionary
Computation, Vol. 6, No. 2, pp. 182-197, 2002.

[35] A. M. Zalzala, P. J. Fleming, Genetic Algorithms in Engineering
Systems, First Edition, pp. 170-178, London: The Institution of
Electrical Engineers, 1997.

[36] M. Montazeri-Gh, A. Safari, Tuning of fuzzy fuel controller for
aero-engine thrust regulation and safety considerations using

genetic algorithm, Aerospace Science and Technology, Vol. 15, No.

3, pp. 183-192, 2011.

[37] S. Jafari, M. Montazeri-Gh, Evolutionary optimization for gain
tuning of jet engine min-max fuel controller, Journal of Propulsion
and Power, Vol. 27, No. 5, pp. 1015-1023, 2011.

5 o)laiis 16 095 1395 sl o (yurde Suilse wiie

[15] M. Fast, T. Palme, M. Genrup, A novel approach for gas turbine
condition monitoring combining CUSUM technique and artificial
neural network, ASME Proceedings: Controls, Diagnostics and
Instrumentation, pp. 567-574, 2009.

[16] H. Asgari, X. Chen, M. B. Menhaj, R. Sainudiin, Artificial neural
network-based system identification for a single-shaft gas turbine,
Journal of Engineering for Gas Turbines and Power, Vol. 135, No.
9, pp. 092601-7, 2013.

[17] H. A. Spang, A. H. Brown, Control of jet engines, Control
Engineering Practice, Vol. 7, No. 9, pp. 1043-1059, 1999.

[18] H. I. H. Saravanamuttoo, G. F. C. Rogers, H. Cohen, Gas Turbine
Theory, Fifth Edition, pp. 392-395, Harlow, Prentice Hall, 2001.
[19] J. S. Litt, D. K. Frederick, T. H. Guo, The case for intelligent
propulsion control for fast engine, Infotech and Aerospace

Conference, Seattle, Washington, April, 2009.

[20] E. Diaconescu, The use of NARX neural networks to predict
chaotic time series, WSEAS Transactions on Computer Research,
Vol. 3, No. 3, pp. 182-191, 2008.

[21] G. P. Liu, Nonlinear Identification and Control: A Neural Network
Approach, First Edition, pp. 78-81, Heidelberg, springer, 2001.
[22] J. D. Mattingly, Elements-of Propulsion: Gas Turbines and
Rockets, Second Edition, pp. 244-252, Virginia, American Institute

of Aeronautics and Astronautics, 2006.

[23] S. Garg, Aircraft turbine engine control research at NASA Glenn
research center, Journal of Aerospace Engineering, Vol. 26, No. 2,
pp. 422-438, 2013.

[24] M. Montazeri-Gh, A. Safari, S. Jafari, Optimization of turbojet
engine fuel control system for safety consideration, 7th Iranian
Aerospace Society Conference, Sharif University of technology,
Tehran, Iran, February 19-21, 2008.

[25] H. Richter, Advanced Control of Turbofan Engines, First Edition,
pp: 141-176, New York, Springer, 2012.

[26] R. D. May, J. Csank, T. M. Lavelle, J. S. Litt, T. H. Guo, A high-
fidelity. simulation of a generic commercial aircraft engine and
controller, Proceedings of The 46th AIAA/ASME/SAE/ASEE Joint

388


www.sid.ir

