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Abstract- Fuel control unit (FCU) is one of the most essential parts in a gas turbine engine; therefore it is necessary to
be studied as an important part of the fuel control system. This paper report the use of Nonlinear Auto Regressive with
eXogenous input (NARX) neural network model for modeling of the jet engine FCU. Therefore, To measure and
recording data from the FCU inputs and output, the test bench including hydraulic system, data acquisition system and
induction motor control system are designed and constructed. This setup is a mechatronic collection which includes
mechanical design, discharge and pressure sensors, tachometer, control unit and piping systems. The process of
modeling is carried out in MATLAB software. The identified model is evaluated with validation data and its response is
compared with the real system response. Results demonstrate the effectiveness of the NARX neural network model and
show that the real system is estimated by the NARX neural network model accurately.

Keywords: Fuel Control Unit, System Identification, NARX.
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1. Fuel Control Unit
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1. Electronic Control Unit
2. PLA
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3. Recurrent

4., Feed Forward

5. Static Back Propagation
6. Loss Function

Y olais V¥ 593 AYAY s (9 950 S (cwdtiho

5 bsosyy om d9zse syl sl jonk 5 aibie
el s (29,5

3929 g b e mb i lp oo slacbl
G &b Glee 4 peac a0 eolatul Ojee jo )b
b aalys ounell NARX as aSois o Jol> SLsLs

' aVais s eeas 05 Sl alie cnl o
3590 gy Al Lsle el oals colainl g &b lgie
DOb o Y 50 Al SO Wlie (ol o colaiul

Wz Gerpen mas SlaaSed oaiS o (oob) aba,
ABbgs p5 Oygeds Y

y=F [zj.‘gl W, 1 (Z?;‘l w;x + tho) + W]
M

Np g sy, olowi My aSes slagdgyg X o] o aS
s oW oW Grmmen aiilioo e @Y Glagysy sl
aY 5 it &Y & by Spme s 5 bagyss i F
Wb 579

e Y Sy s (ras a0S S L Ygens I 55b

b Sme @b g 4 a9 anseSen S e wly
e 80 L) (st laptas plgie (o795 @Y
3 oslatl 5,00 NARX Jlisle ¥ s [1V-Y e ]o 5 Joe
Ao oo lid 1) allis oyl

e Y oy 4 bspe Sz b slllas ol s
A0 b3 i za aY Sime gl 5 anseSew &b

MLP F(t)

ﬁﬂ

i h

%]
L J

Al 1l 4 oad solizl NARX oSt il ¥ S

1. Multilayers Perceptron (MLP)
2. Activation Function



0l g oyl

cbee s Lo gw J S wsly giledue

i g)cnl jlogd e pg 4 JiKw Cons (B
Wi g apeS polie o 99,5 JUSe aels a5 ol
2 5 59959 JiKew Ol o2 I8 ool b DY S s
halie cul )3 og wales avin ny & JUSew Cond
S 25 (6lp clis sl i 51 (o a5 'PRBS LS
s PRBS L casloads oolatwl il co bopiuow
of il 45wl o wslie 5 5yl Bolas s UK
oS d 519 WS oo st A g i ghaw 50 G
o 2 Slp ) polbe (S S 25 Lo ogd (b
Doal sg walss 1l

JUSems Jsb coglis 090 0l PRBS JUSs G 0y 6l
b Cer S ol @l 4 a5 Gl alols (n iSesS
5555 IS ol 0,90 NIVAFAY] Wigs s aibo oo
3 97 $39)9 5l ead a8 )F ladigel slaw golue L
Gt ooy & Jiew Jsb DAA] 55500 s 5 L
PRI A N DS ) PRV JURR VY PR 1 K ES A K G OWERR SWOuw
S oy Aol (2 iSeS (izen g 0pd 4B)F Sl s
bdbioe JUSomw (ol 8 Glyioe S80S sl &S oy
3 398 et (Je 355 (S B bogacne 4 az g
3529 Joo 0,5 )15 cudlS )8 b0gume I 380 Ml 4 sdlge
e Sy ol b ply Lpi Jade ol Sl sl
Al el wilgs o

S0 diged &5 -Y-Y-¥

S @l U gilpdises (b2 &5 Sl Jgons 4 51
Lol g Sl 5w o o)l (6,10 paiges Slyngas
Comid Gloy plp /N Lol b opn gyl paiged 75 o]
S oo ptiges 5 S NVATY] sl o cnlis pitacw
Bals bl o 098 QLR s Sy 51 S e
Solss oS s DMl (gol> (LS (ool 4 Cas o
Slasle Hloj o SYgb g ool poe iol58l ey g 090
Famal (L3 glopaises g5 ST Bk 5l ol aalys
o ol (859 72 Sledlbl ally s Salps @y s
aplge 385 ool Cawd 4 Jaw cle ol jo 5wl dnlesu
DVl 6yl paiges iy asllhas ol e [VFOO] s
ROW PRVAPCER SNSRI

1. Pseudo Random Binary Sequence

DS o o S5 (6,5 Al G yo j alal,

Bk = Ox—1— (Sgg " So)lo=05_, )
S 53 (M) B (#) Lalg, ol jo a8
65 aet -
=IT. *)
t=1
_aet_
re 061 [9er = Oey
iz de; der ] 81.91 8Qp
g = 3|— = 69 = : :
S ae 52 aeN aeN
ey de; lael aePJ )
1065
Y\ de, @
_ et et T
S00 = ) (505 FTL Zaez'et )
t=1 -
1T

g () g 4 1, (0) by, ulj,‘_g,a YU L, 4 axg L
-1
O =01 —(T-J+R) "-]"-e @
g o olizl (R) pgs Giie drbre 5 Ygons a5 Ll
ol 3R ogdie edlitul oy laghy, (pan
Shgy ol 5 DIYD il @ lsS e S psgl (29, oy,
Dlor Cawsas (V0) alayly 5l e el )b oo
-1
(") +al) e )

Ok = Ok—1

owlol b Y-
aalsl ;o0 a5 500 093y 5 et el g0 Lolel Sk yo
g g0 0018 S

$93,9 JuKems Sl ()

Sl posle #y s (F

9939 JUSpw -)-Y-Y
S Sledde 50 e Jolie 5l (699,9 JLSe S
b, )y glulis o VPl sl e pen ololis
Slead yslaex sloosls (59, 5l ki el p oS>
e ssb 4 g Wl Cansty pann (295 5 8999
L i g (65 51 o]y e (689,9 JUSew caS lg oo
aS Ll 1ol oo pivaes L8, 51 Sledbl (6 55] max jglaie
2,005 092y plaw p 3)ly 2053 (53, » &S Sl Gl (2,
ax b (69,9 JLSew aals gul38l L B Sgu g0 Sy 1A

Y olais ¥ 593 AYAY s (59 990 SIS (cwdiho



0l g oyl

s bee Hgige CS g U8 waly giledue

Sidyorms Joo Jol ' ljme ygmmals XPCJlislo o
Sl jgige Sy S g (6095 JuSew 5l oad asle
Jus ous bleS BB Jols TBun peslS 5 wsbi
w38l 5 g j9any Jele pw Sl lie FgnalS
WL& )L..w.: g;’j‘ﬁ _uLA) Ji.» 4.: JM (_g‘).>‘ 6‘).: LXJ 9 0.35.3
JSgn bl » Glgiee 1) Baa s (b FanslS .l

903 e 5 & TCP/IP S3y, ol L s RS232

bl @l -6-Y

Doe @l ws39,9 Olyie 4 PRBS JiSew & U0 illae
Tl 9005 Jlasl (o0 oo 1l lyo asliN e oo
el 00 (5y50aez 1 Gl A (S g (90 (Gl 50) s
ol Coond 93 & (29> 9 $09,5 sleesls sacsee
500 G 5l g gilwJoe sl Caod SOl ST wileas
A eolatul ool Cewsds Jow oyl 6l

wilite glacysy 5 by ol NARX ac a5 ol
b oras &08 Glp @S e ol )0 &5 ad ol
ool Cewdds Y pl j0 g5 VY oo g it Y SO

1. Host
2. Target

Y olais V¥ 593 AYAY s (9 950 S (cwdtiho

el plowil ~F-¥
Ceond opl 50 Giales] glacasgaze (i 5 (b 5l o
e 5l (Soless § S 0 0gi 0 a8l iolesl sl 2] og
ol sl 4] onts >lb ialoj] i Slgjoun
e | g sl o esls lis UK ol o 45 e
Cogu 5 0gdior Jiie FCU & (V) jiwg ceoy bawg
Lug 5 ool olaa (V) J5b Caows & FCU 5l ous pudas
S g D550 (5T o3M O (0 ke () (o2 im0
e (] 50 39 g0 0o S (35 & J3U 51 e 5l e
Jual BB e sei (85, 5l S g Gl 4 (el Bl @
g 4y S35 Al 5 aly oSy Sl 5l a5 ol ol
Lol C> 550

b FCU (glowis caay a3 bgiyo 599 o o8l Ll 5o
Sl ogd oo el G jgige Cids 5l oaalS suisaa> SO
31yl 0929 Co 990 FCU Laulejl pitans j3 45 ]
ooB 82 0l S S s ol ety Ul y5i5e S,
50 a5 Cawl oo oolazwl FCU slowss oy Jlys0 e yun
Iy-aa] Sgd oo oddlice & S
a5l wols (syslanz s FCU (g5, 5 Gialejl plosl ol
oas ools lad O Sy a5 cl gyl posls pis SO
PoualS Jolds (6,00 p00ls s jo wid, IS 4 gl o]
Oled ail o gyl pools gla )l 5 sixio ysenls PC
2 bgs o oMbl el o o0l i UK ol o 45 o
(Wl Hgise 4 bgpe S jgede g e 2d jgeie
J edie il igeselS & oyl pools oS g
3hogd el (HBly —gloy Sjpe 4wl Gilejl o5 L]
ol 00 oolazwl Ll l33le 5 XPC-target IS

FCU

E..-

(- 1

FCU L)i}.v"Lo)'] s Sl g0l o Soleds ¥ SR



0l g oyl

s bee Hgige CS g U8 waly giledue

25 397 Gtalejl @l 5 Joe @l o
iy p e ooy bt b ol oein sln
oolazwl L FCU s3luJae a4 bgsye s FCU (g3l Jowe
1o & ARMAX L5 Jos b NARX ae 5L 5|
o g dunlie plosl gl d awolie s @l [V] g2 e
"ok e e 5l codsliimsd sla Joe B e
oslitul (8ly e (79,5 b S (29,3 amlis ln
Joe >, ool Oliee 508 st Jlere ol a5 el o0l
Ol Sl g 5555 g aBlie (Bl el (25 L

Dy Al odalawods Jae i Cds goaimolis lre

& 5 dmgeSen i (i3 4 )3 lagyg 5 S e @l o
S5 5 b ol 5 ras Y @ by S e
30 NARX LSl sbo 99,9 8l 4 po (e Sl 00l
sl 00l Csdds ) D yge &
na=10 nb=10 nk =20
Sg2g (Gdxie o g, ol Cewoas Juw b)) sl
St oloosls aliwg 4 (s5lwacds ] (5 gene a5 05l
ol bl aslie 5 giluJan o ool 550 sloosls
bt oo el VS s il (Hly et
sk sosls glil 4 et Fuly b awslis ;o NARX
wotbe Gl 058 o alax>do a5 b lan 098 oo cdnlin

40 60

0.08

D06
D.04 ﬁ

loz2

40 G0

le 0l CaS (29,5 9 (69959 s ools ¥ JS.»:

0.08
0.06F |

0.04

, .
e ARMAX s gy

— s ey

10 20

30 40 50

o315 s Goly b aslie ;5 NARX e ol ¥ S

Y olais ¥ 593 AYAY s (59 990 SIS (cwdiho



0l g oyl

s bee Hgige CS g U8 waly giledue

T T T
0 — ARMAX“J.\AC'ME i
., 003} -
Y ! 11 |
EN
’g 0.02 _ =
% i e L !
< 001k L s : -
E 1 1 1 1
1 20 30 40 A0

[V] &> yo , ous &5l _xdly wiees ol b aslie .3 ARMAX Joo el A JSio

&S Sl ES g (28 ebal 58 ol ol Coay
ol Fo debise Jlesl (SeaSl Ssise g9 S o
Se by a5 Bl oo Lo CS g (23 Gliee S e
Silwdow Gly adlae cpl o 05d co (655 03ll w0
Sl oy 4 by e Sligs Sy (e (g 1S 02
1550 997 sl Oliee G (2L Akl g 0ad 43S LS s
@ b 28 Jel obul b el &) (S
Olgre 4 (hord S g (20 (lie g 63959 Ol 4 (Sl
FCU ololis jslaieds .l ool Canddy plius (>35>
3y s S92 Sl 8355 Olsre & PRBS JUSew
Jae g o oolaiwl g5l Jow cyz NARX s o jLsls
3 ol 00 Lialesl sleesls 51 eslatwl b eswlcawoas
i el e oyl 0aiiS ol gl anglie § oy 25
CS g S axly ilwJoe ;0 NARX s o jlisls

el 5335 (s Jowe ) g 0092 (3990

&=l o0

[1] Montazeri GH M., Nasiri M., Jafari S., “Real-Time
Multi-Rate HIL Simulation Platform for Evaluation
of a Jet Engine Fuel Controller”, Simulation
Modeling Practice & Theory, Vol. 19, No. 3, 2011,
pp. 996-1006.

[2] Basso M., Giarré L., Groppi S., and Zappa G.,
“NARX Models of an Industrial Power Plant Gas
Turbine”, IEEE Transaction on control system
technology, Vol. 13, No. 4, 2005, pp. 599-604

[3] Fung E. H. K., Wong Y. K., Ho H. F., Mignolet M.
P., “Modeling and Prediction of Machining Errors
using ARMAX and NARMAX Structures”,

Y olais V¥ 593 AYAY s (9 950 S (cwdtiho

N aal, cpl o a5 411‘56 Cewdds (V) alal) 51 jlso gl
ol 5l eawl Cowsay =l Ivy] Al oo bools olaws bl

Lol 03l V' Jgaz o alal,

N -
6 o g = (1——‘;1lyi 311") x 100%
i=1|yi - y|
QR
3t gl ool @il 4 (V1) alally 4 bgyyo s ) Jou
Joe ARMAX NARX
G5k e A+IAY AN F

b aalie ;s ARMAX s Jas gl 5 A JS5 3
g g0 odmlive w3l glrosls (glil 4y et sy
wras el cwle cds sams las wal &l s
L gy SEse JpS wxly giledoas > NARX
b Joe vz e eud Al @l 4 a2y b sl
o5 5 odmr gl s LB B olls ARMAX
Conily jo FCU ol & azg b il sb Lol o
@l NARX s & oo calce as i 25, (ollo
o35 0 ARMAX b Joo 4 Cad (i &80
bl oo (o28ly a3,

Sz —F
Cg9 HPge g [y oy gileJow @lie cpl jo
Py s S axly Lol (695)5 ab ool muss



0l g oyl

s bee Hgige CS g U8 waly giledue

[13] Nelles O., “Nonlinear System Identification: From
Classical Approaches to Neural Networks and
Fuzzy Models”, Springer, 2001.

[14]Mohamed V. O. M., Mhiri R., “An Approach to

Polynomial NARX/NARMAX Systems
Identification in a Closed-loop with Variable
Structure Control”, International Journal of

Automation and Computing, Vol. 5, No. 3, 2008,
pp. 313-318.

[15]Isermann R., “Practical Aspects of Process
Identification”, Automatica, vol. 16, 1980, pp.
575-587.

[16] Yaacob S., Mohamed F. A., “Black Box modeling
of the Induction Motor”, the thirty seventh SICE
Annual Conference (SICE °98), 1998, pp. 883-886.

[17]Mohamed F. A., Koivo H., “Modeling of Induction
Motor using Identification Non-Linear Neural
Network System”, SICE 2004 Annual Conference,
vol. 2, pp. 977-982

[18] Soderstorm T., Stoica P., “System ldentification”,
Prentice-Hall, Englewood Cliffs, NJ, 1989.

[19] A. Salehi, Study on Control System of AC Motor for
testing jet engine fuel control unit, Seminar of
M.Sc, Department of Mechanical Engineering, Iran
University of Science & Technology, 2010. (In
Persian)

[20] M. Jamshidfar, Automation and monitoring system
of testing FCU for use in simulation of hardware in
a loop ,Thesis of M.Sc, Department of Mechanical
Engineering, Iran University of Science &
Technology, 2010. (In Persian)

[21] Ljung L., “System Identification Toolbox™7 User's
Guide”, The Math Works, Inc. 2008.

Applied Mathematical Modeling, Vol. 27, No. 8,
2003, pp. 611-627

[4] ZiaeiK., SepehriN., “Modeling and Identification of
Electrohydraulic Servos”, Mechatronics, Vol. 10,
No. 7, 2000, pp. 761-772

[5] Tghizadeh M., Ghaffari A., Najafi F., “Modeling
and ldentification of a Solenoid Valve for PWM
Control ~ Applications”, Comptes Rendus
Mécanique, Vol 337, No. 3, 2009, pp. 131-140.

[6] Ruano A. E., Fleming P. J., Teixeira C., Rodriguez
Vazquez K., Fonseca C. M., “Nonlinear
Identification of Aircraft Gas-Turbine Dynamics”,
Neurocomputing, Volume 55, Issues 3-4, October
2003, pp. 551-579

[7] M. Montazeri, A. Salehi, M. Nasiri, Modeling of jet
engine fuel control unit using ARMAX structure,
1% Gas Turbines Conference, Tehran, 2012. (In
Persian)

[8] M. Karari, System indentification, Amirkabir
University of Technology Press Center, Tehran,
2009.(In Persian)

[9] Ljung L., “System Identification, Theory for the
User”, Prentice Hall, Englewood Clif5, NJ, 1999.

[10] Cybenko G., “Approximation by Superpositions of
a Sigmoidal Function”, Mathematics of Control,
Signal and Systems, Vol. 2 No.4, 1989, pp. 303-
314,

[11]Shetty G., Chellam S., “Predicting Membrane
Fouling During Municipal Drinking Water Nano
Filtration using Artificial Neural Networks”,
Journal of Membrane Science, Vol. 217, No. 1-2,
2003, pp. 69-86.

[12] Kathirvalavakumar T., Thangavela P., “Modified
Backpropagation ~ Training  Algorithm  for
Feedforward Neural Networks”, Neural Processing
Letters, Vol. 23, 2006, pp. 111-119.

Y olais ¥ 593 AYAY s (59 990 SIS (cwdiho


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=9985
http://mech.sharif.ir/
http://www.iust.ac.ir/
http://www.iust.ac.ir/
http://mech.sharif.ir/
http://mech.sharif.ir/
http://www.iust.ac.ir/
http://www.iust.ac.ir/

