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HE A QR 2o wlel uAgA BHEARS 2Hes 33719 HldiAlols F Aloj(longitudinal controhs} & Al
ol(lateral contro)Z Y &= 9lon F Aole 737 |(elevator)oll 28k 1) X|(pitch)gk, & #loj= oY 2| (aileron)ol]
93t Z(rol)3F} Wa7|(rudden)oll I3t Q(yaw)Fte Alojados A=t} dAA dke7]Y ¢HA, 234 a8
I 71E8E B flgk Alojalzg] Al @ dATEo] &de] asle] gou, Hde vkl it F
FATY BAAFES H8T S /EATETE T2 I3719 AsAeIAE el HEE dAFEe] o]FoA]

o=

& HEHSl A5AIA Interval Type2 A=l Mol I8 F37] F AopAZHAE AL F4 A
A%7le] ARE woARE Fol 1 KEAE YU,

FI= : Z Alo], ATA], Interval Type-2 HX=E], F4 AE FF7]

Abstract
The flight control of aircraft, which has nonlinear time-varying dynamic characteristics depending on the
various and unexpected external conditions, can be performed on two motions: longitudinal motion and
lateral motion, In the longitudinal motion control of aircraft, pitch and trust are major control parameters and
roll and yaw are control ones in the lateral motion control. Until now, a number of efficient and reliable
control schemes that can guarantee the stability and maneuverability of the aircraft have been developed.
Recently, the intelligent flight control scheme, which differs from the conventional control strategy requiring
the various and complicate procedures such as the wind tunnel and environmental experiments, has attracted
attention, In this paper, an intelligent longitudinal control scheme has been proposed utilizing Interval Type-2
fuzzy logic which can be recognized as a representative intelligent control methodology. The results will be
verified through computer simulation with a F-4 jet fighter.
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3719 B3 LEAlE 1xs} £5E Xﬂoﬁfﬂl’“ % A|o(longitudinal control) ¢} HFEk}
S Xﬂ‘% = 3 M(lateral conro) 2 W = 3loH, F Alofe 7] sAle e
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AEsE Aol Alojrzkle] TeoR Al A8 S|
Al 3A T2 =Yoo, Tk vjelzds Ao ofelead
v FHEA 23k AojalzEle] A HA(local prOpelTy)é,
H]/HEJ x«]]oi Hol- 1% ‘i’l’——; H Ao ]‘r I;}_o]:zs]- %}\l‘o’h} ﬁﬁ}\l‘o’l
o Aojxl gEvle] e 454 mEge] 4ty Eo}u‘
AoJA| 2 o] AT e EAA 58 zh=t)l ol A
g Fe7le] sARES A7) flgh okl AEES Haskea,
Hjgshg s} FH ] 8l sy XVW"“E‘% %
4(global property)& ZH= B8 vt Hz=g]7]Hel 9
& A5 Alojrlzle thet dEo] o]FAA|L gitk

JIBAEEE E2 vdFEAe] 248 Ak aeja ¥
Arrze] 54 522 RIs 719 A5~ 0 E3HS
TRt vpdg Aojalzgl Tipdel] AHEHa Sy, AAPAE T
zg} b’l—/‘ H HSO] u]ﬁﬁ | el q.b_/\]ﬁu}o] Ha 14%_5] 01,}.
oko 2= Radial basis function neural network, Deep neural
network 53} e TRIE Pae] AUl B8E Aol
olFAIZA | v AA FAAY theA e §9A =d
A BEAS AU Sl ARE T ~ 812 AR B
|3t AT Eo] HRHIOH, HIoke Type2 FHAR=9~
NS 38 Type-1 #A=eldd WA= Sl B4 &
a8t & F e HAAZE gk el FE Qi

T HAR=Eo M g 5 gholl Al 29] HA] 2% PF
= l?‘o:]g—}.o:] izl;do = 71-‘— 705_/] gﬂ/‘”é(uncertamty)g

=
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Has} sttt ARe] HA] A% e S HYske dHde v
3l HhHSo] 9loy Mendelo] A|GKF Interval Type-2 W
212~ 13]0] A Fe] golAd SHA M= 9ot

B =72 379 vy sERdd gy vz

o JAEHe] e EFHES Hasl sk Interval
Type2 HA=g|7|Hol 2k Z]“S—d Z AlAz=E AAIE
ot AE AlxEle 1= 9 FERoAzdles FEET

b A2EE Typel  HA AREE fARE HAE)
(fuzzifier), T2 0] 2 (rule base), 22 x| 2H(inference
system) 12|31 ERITHA7|(typereducen)ot B T3]

(defuzzifier) = A}
2 =R A e 2ok Al 2AdME 1Y FF
o‘éﬁél Al AHEa, Al 3ekde Interval
2 A= 7t ok 7] F AlejAlzd g
al Zﬂ FFolME P4 AEFITEVY HAFEH RS F
3 ARFE AlojAlzEle] 8448 gEeit wRRE 5olA
= 2 el dist e} g ddke] &)

719 6 A v 7] FASAd 1A
FiAbody fixed axis)s 2GS Newtono] A2 HAS
A3l fEch 2(1~9)2 o] FFES B3l dofxl F 8
Eolr, A(1~3)2 FH(translational motion) &S ZAsl= 7
(force equation)742], 2)(4 ~ 6)& E’”iE(moment)*‘ g A7
~9F & EPeltidl. I 12 7] FAIFAl AR
aAFEEAleIY 3 12 ¥ 3 —}%OJEO]‘:P.

O 1. g8 nPREA W JEiH Y

Fig, 1. Fixed coordinate of aircraft and dynamic variables

H 1. g3% 9
Table 1. Aeronautical nomenclature

_[on

(z,y,2) position coordinate | ¢ |roll angle
(u,v,w) |velocity coordinate | @ |pitch angle
v total velocity vector| ¢ |yaw angle
D roll rate 0 |side-slip angle
q pitch rate a |angle of attack
r yaw rate
: R +T
u=1rv—qw—gsinf + 1
: . F,
V= pw —ru +gsmq§cos€+ﬁ )
. F
w:qu—pv—i-gcosqﬁcosQ—i-ﬁ ()
p=(Jr+Jp)g+ L+ N 4)
a= Jypr—Jy(p* —1*)q+ LM )
r=(Jop— Jyr)q+ J,L+ J,N ()
= gtanfsing +rtanfcose 7)
0= gcosé—rsing 8)
= rcosgsecd +gsingsecd )

A7VelN (F,, F,, F)E T8EE 33 S8== 37198
3] Al9(aero-dynamic force coefficient) E2HE ZAAE= (x, v,
2% 4o 37198 F(aero-dynamic force) AJEEOIH, T F
g(b), me 37| Hgkolr} w3k (I, M, N)-& 7|8t BAlE
olr, ¥7198 RHIEAG(aero-dynamic moment coefﬁuent)%k
3 7] FERE5E Ay aea g (=12, .. 9) 52
BAuHESolckd]

3719 HF ABHA|e} AT 7] 21~ 9)elA
FmH g3 200~ 100 Sla] e o] freech

P\=ucosfcostp +v(— cosgsinig
+singsinfcosy) +w(— singcosy
+ cos¢sinfcosy ) (10)
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PE:ucos@sinw+v(cos¢cosw+sinqﬁsinesinw) +
w (—singcosy + cos¢sindcosy) (11)

h=wusinf —vsingcosd — cosgsind (12)
A7 (PyPp) & 55T 5 Ao d37] 94 28aL b

© @719 el

3. Type—-2 HX|=2|0 7|t

#27| 5 Hof AlAH

e

3.1 Interval Type—2 IjX|=z2|A|AH!
3709 S md Ae v R 343

< 9= gt} o] FHo WA FEU|Y FHEEC]
S8 (uncertainty)®}  FAE(imprecision) IE]al 7
AR v8S FHaslelr] fEl, HAl=E A8 Al=H
of f, FHSA, fold ZHolM wie EL&HQ kbl
2+ gt B9 AU A% @R Wt ok A

Ao Type2 #A=gle] A8 71E9 Type-l A=
2] 1} 7] AojAl=gl st o A3 4 Qlrk

Type-2 FAR=golxE gak &% g Fho]l & tE A 2
A G secondary fuzzy se) 02 Ago|wjo] tle] ESANS
A A 29] HA] g Aok die vt WHEC]
Jort  Rbpede e  aEln FEAY SHA
Mendel[12]0] Aok Interval Type-2 HA| A% =2} FOU(foot
print of uncertainty)7Eo] A5 =L gct,

Type TR~ SRS fuziien, A T2l
2(fuzzy rule base), HAIFEE A|2E|(fuzzy inference system), &
2 THoutput processing uni 22 TAES] Type-1 HA|E=E] A
2" fARE RS 2t ok, HA A% Sp(fuzzy
membership  function)@e], FEHF2 TJg]1 ¥ thHout
processing  unit)o] EFY7FA7(type-reducen)9t B A3}
(defuzzifier) 2= T/3%]0] Ivk= HollA ztol7h Slet,

Type2 HA=gARE ] Fo FAQAES ekl Awu
WA HRE | FelaE(cisp)et 2] HEE Type2 A
oz WAy FARMolAs A7 H(antecedent) U T B
(consequent)®] FAUFEO] Type2 425 5 S Z=th
Type-2 HA| FEAZEE Type-2 AU Fholl tigh Type-2 3
&Y ks Type2 HA| qFMo]=9} F27HE 28 o 24
she, oAl wWoZ Mendelo] A9kst Interval Type-2
Mandani FE71H& £ & itk @i Type2 FE e
Type-l ©2 WEAII= ERITA7|(Type reducer)E Centroid
type-teduction,  Hight  type-reduction, ~ Modified  height
type-reduction, Center of sets type-reduction 5 T}UsF HF2] o]
s 79 2 Stk

3.2 37|21 & HOE st
HIO{A|AH

7] 1%t £ 1X|(pitch)#kd A7 F=(pitch)zkell 2
3 AAE7] wiEel 5712 & AodNE T FHmeEL)
BE YXg £ |(elevator)e] ol oJs] A= TH

Type—2 HX|=2|
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Ofo

EN

(pitch) 77 A=) FH(rusHFES F& Alo] MFEo|t)
Z A= A3 HAA)7|( fuzzy logic controllenE TAJ5}17]
3l HE=QxHw, )9 A=K, )E T g Fik
v, = v, — v, (13)

h, = hy — h, (14)
= h,/ hy, 0

Ve =0,/04, h

=1T/T,

max

€en n

Ao v WAET = AAMEET hE BT,
he AAR@das, a8y v, h,,, o
o] A normalization)® %, 0. 9 T = 3719 Al
2] gt ) 2 gholot,

oA qEulo]l=e Zh qtHEE ] WrES 289 7AH
_‘?_‘_
kil

B 204t v, I A=A b, T8 AU F 9 0
A5 ZEAsE g vxAole) Fedo] Fauolxel
A Tt Shew 2k

R If v, is ]71] and h,, is ]721, then 60, is Ct*f

R If v, is Ef and h,, is EQI, then 7, is gf

Pl B (k=125 QA% Type2 2% F4E olu
G & TR Type2 2 Frolct,

HYZZHN4ES EUR £523F v, h, #ES I
(NB, NS, ZE, PS, PB)¢| A7zt ¥akala, 94 % 6,
& 7N(NB, NM, NS ,ZE, PS, PM, PB)| F3rog Bt
sto] TAE Ao} Aol E thest 2t

R If v, is NB and h,, is NB, then 6, is ZE

RY: If v, is ZF and h,, is NS, then 6, is NS

en

R®:If v,, is PB and h,, is , then 0, is ZE

e os TYH FelAlo] o)zt vhest
R If v, is NB and h,, is NB, then T, is ZE

n

R": If v, is ZE and h,, is NS, then Tis NS

R*™:If v, is PB and h,, is , then T is ZE

%290 ® 3¢ A7 A% wAsh FeAlo) FAMolss
o/ I® 29 Jd 3 U4EY WS Type2 A &
& gysold,

# 2. OXHMHE {Ig Type-2 HX| F2/H|0]A
Table 2. Type-2 fuzzy rule base for the pitch control

v en —_ —_— — — —_—
N NB | NS |zE |PS |PB
NB ZE | NS | NM | NM | NB
NS PS | ZE | NS | NM | NB
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ZF PM | PS ZF NS NM
PS P | P | PS 7FE NM
PB PB PB | PM | PM | ZE

# 3. FHMOE 28t Type—2 MX| FAH|0A
Table 3. Type-2 fuzzy rule base for the thrust control

. NNz | w |z | B |
B B |\ NB | v | N | ze
e NB |\ NB | Nv | Ns | PB
7E NM | N | NS 7F PM
s N | Ns | ze | BB | Pur
P 7 | B | P | P | BB

O3 2. Md B gl v, It b, 2 Type-2
HE| A% B4
Fig. 2. Type-2 fuzzy membership function of the input

variable v,,, and h,, of antecedents

LJ

2 3.

78 Z2HL 6,

oi

Fig. 3. Type-2 fuzzy membership function of the output variable
0, and T,

., of the consequents

*TFE o“ﬁ: nterval type 2 Mandani 324
« B}] 7HA7): COS(=Centroid of Sets) HFA¥ KM Algorithm
I9 4+ 7] = Aloj(longitudinal control)Z 93+ A

A| Aojr| =gl ol

st velcxity

[ree—

Cormrind velesity Type-2 NS
)

. P command

Pach RS g - - o
- o sartrel sytem

Thiust soeensnd ight
g J
Tt 115 L ot syt

ot e

a2 4, 37|19 & MO Interval Type—2
o X|=2| MOoAAE
Fig. 4. Interval Type-2 fuzzy logic longitudinal
control system for an airplane

Eo=EolA ARKE  F Ao} Interval Type-2 A A
ojalzglle] moJMFS 98] F4 phantom HEFEII141E T
B F7IR AL, R4 AR A Ao sEE
SimulinkA}ol|x] F+&sFch,

agjal Typel HA=E]  AlXEIRe] AeHlE SAs)
Type-1 Tz 2 8 FHMo|AE T 4, ¥ 59 o] F
et

H 4, DXHAHE {8t Type—1 HX| FAH[0[A
Table 4. Type-1 fuzzy rule base for the pitch control

h n NB NM NS ZE PS PM PB
en
NB ZE NVS NS NM NB NVB NE
NM PVS ZE NVS NS NM NB NVB
NS PS PVS ZE NVS NS NM NB
ZE PM PS PVS ZE NVS NS NM
PS PB PM PS PVS ZE NVS NS
PM PVB PB PM PS PVS ZE NVS
PB PE PVB PB PM PS PVS ZE

5. 52| H02 93t Type—1 HX| 75 HlolA

Table 5. Type-1 fuzzy rule base for the trust control

Vop

NB NM NS ZE PS PM PB

hen
NB NVB NVB NB NM NS NVS ZE
NM NVB NB NM NS NVS ZE PVS
NS NB NM NS NVS ZE PVS PS
ZE NM NS NVS | ZE PVS PS PM
PS NS NVS ZE PVS PS PM PB
PM NVS ZE PVS PS PM PB PVB
PB ZE PVS PS PM PB PVB PVB

a9 53 a9 6% Type-13F Type-29]  qraMlo]2= A€
et F= FHRAPIEY] dEH EHES A 9
(surface)dollr] BT Q) o] —‘é 2Y 17 S50 A
2 Type2 HAA7I7} 49719] 2l o2 A Type-1 HAA
of7|Bt} g& Ak vy EAS Zhethe 38 ¢ 4 Stk
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Fig. 5. I/O characteristics of pitch fuzzy logic
control on the 3D surface

Aty Evvee A4 Vbsciey-Ermor

(a)Type-1 3 A|A| o]

4
Allitudagmor x Veloity gor

(b) Type-2 HA|A|o]

a3 6. 3D FH oMol =3 mX|x0{7]2

sz Sy

Fig. 6. 1/O characteristics of trust fuzzy logic
control on the 3D surface

g 73 Ok By Aot I 7L IquUIEE
23k (v,) = 0.8, 2% QxKh,,) = 03 & ] Type-13} Type-2
HAA7IE ofgk F4 AF7]e]  Bjx|eat 7k6,)e] sk Ho
Fo Type2 FHAAAZZE Typel HAAA)7] Hep Fwr]
(transient response)’dejolr] 22 ko] Qu|TrEl(overshooting)3}
W2 FEARES Zete S 81 £ Q.

172 | =gs-0|27|- ™

Ofo

EN

(b)Type-2  HA|A|

a8 7. mXIMof7]of Qlet mX| X} Zh Hat
( UB'VL: 0'8’ héﬁ"l = 0'3)
Fig. 7. Time response of pitch error angle with fuzzy

logic controller(when v,,, = 0.8 and h,,= 0.3)

a9 82 FdxA dlr] Zt HAAZIEA gt 4
2k & Hol Frh IXAlo] Adel mRPIAE Type-2
HAA717F Type-l HRA|Ao)7] Hy}p 2R ko] Qul4rE]
(overshooting)¥} W2 38 A4S zhets He 80 &
T A AEHez 257 #A qrEeE FE Type-2
XA 7E do7fe] HAXFHS Typel Aol B
e ARE ddl He oxE  FHsla AAdEN(steady
state) QA7 rAES 89l & 4 9k

(a) Type-1 HA|A|o]

(b) Type-2 A|Ao]

O3 8, mXMo7 IS0 Qlgt = 2t Hst (v,,= 0.5, h,, = 0.4)
Fig. 8. Time response of trust error with fuzzy logic controller
( when v,, =05 and h,,= 0.4)
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