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Abstract ¥H, w BN AHoAANAHE AT UMY vy
7 Wi wE FUEUAA A4, HA-2F-8 0]
¥e treat the problem of the robust tracking of a o TEUAA A4 U BY dY T ¥R =
class of nonlinear systems which can be & &% QL F5Y S¢S de= o X HY, 2¥
asymptotically decoupled in approximate sense by 2 Aoz A wiMEYd P FHAL HF 54

A ncolinear control law
the tracking error in the

state variable feedback.
is derived such that

closed loop system is uniformly bounded and
tends to a certain small neighborhood of the
origin. Simulaticn results show that simultaneous

lateral and longitudinal maneuvers in airplane can
be accurately performed in spite of uncertainty in
stability derivatives.
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A AW E a8 B},
x = Alx,t) + AA(x,t) + (B(x,t)+AB(x,t)) u(t)
y = Clx, t) (1)
oA HE x(t), ult), y(t)& Z2Z nxl, mxl, mxl
Aol AA(x, t), AB(x,t)E EHAYE Jetde @
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AICi = A(AITICi ) (x. t)
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AC: = ——(x (. )] Alx,t)
at



BAIC: = [a— A Ci(x.t)] B(x. t) (2)
ax
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B*(x,t) = x 0
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y4i2(t) = AiCi(x,t), j =0,1,---,di

ylditid(e) = Ai*(x,t) + AAi*(x,t)
+ [Bi®(x,t) + ABi*(x,t)] u(t) (5)

o 7] A, Ai*(x,t) = Adi+l Ci(x,t),
Ai*(x,t) = [_f_ Adi Cx(x.t)] AA(x,t)
ax
ABi*(x,t) = [% Adi Ci(x.t)] AB(x. 1) (6)
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3. 7+ol% X235 A (Robust Adaptive Tracking)

¢ 24 A8 278E AANLS Lyspunov
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= (B*(x,t))~t [-kozs + Ual (9)
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Al(5):(7).(9). (10) 22X A MFLIALE2

et 22 deadgdes Fedol

Z = EZ+ FW (12)
o 71 M, E = diag(E;), F = diag(Fi),
Fi = [0,---,0,1,0]7,

¥V o= AA*(x,t) + AB*[f(x.z,t)+{B*(x,t)"1Ua] + Ua,
f(x,z,t) = Ua(x,t} - (B*(x,t) tkozs,

0 1 o - 0 0
(] 0 1 - 0 04]
0 0 0 - 1 0
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Bk A(13)9 Lyapunovi ol A Q0>0)of tis] P(>0)
& Tich
ETP + PE = -0Q (13)
o714,
Q = diag(Qis), Qis >0, i=1,-,m
P = diag(Pii), i = 1,---,m 2 F¥d 2(13)
EiT Pii + Pii Ei = -Qii, i = 1, ,m 2.8 ¥},
7H8 3. o EE ¥4 Bilxz.t), Bal(x,z,t),
71(x,t), r2(x,2,t), A4 ro. Bzo 7} EA3ic).

[l aB*(x, t)(AB*(x, t})"t || < 7:1(x,t) € po < 1

I aA*(x,t) + AB*(x,t)f(x,2.t) || < Bz(x,z.t) < B20
Il (FTPF)=1FTPEz + AA*(x,t) + AB*(x,t)f(x.z,t) |
< Bilx,z,t)

72(x,2,t) = Sup[Bs(x,z,t),

B2(x,z,t)] (14)

7} 3 Z Lyapunov EFQAl, Z(r) = { Z € RP
sr>0}8 Hs2 B(y) = (2 e RP & |z <
n = [ 2820 & {26 + ¢ - 2(82+£8)172) 7 (ean(Q))]172
r* = min{ r @ Z(r) 2 B(n) }, ro>r* Q Z(ri)o] tis)
Lyapunov¥ts ZTPZE A& 3to] AN m -9 a2zl

VAN YA

FS3Z%5FA (Uniformly Ultimately Bounded)!!7} &
F37] A% Folh. 2 FHL FFo vehyArct.
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Ua = - Kix,z,t)V 7 (||V[+8) (15)
o714,

V = FTPpz (16)
Kix,z,t} > Ba(x,z, t)(e+8)/{e(1-y: (x,t 1)} (17)
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p IBB*qu+lrr+(lBaG + lrgrla + lpp - iiqr

q ﬁaa +Miqq +izpr -mpB +ma(g/v)(cosecos¢~coseo)
r "BB * Der + npp *npgpd - i3pq + ngq

a 9,-PB + Zga + (g/v)(cosOcosg-coso)

8 yBB + p(sinao+a) - rcosa + (g/v)(cosOsing)
¢ P *+ q tanfsingd + r tanOcos¢

0 q cos¢ - r s_in¢
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= A(x) + AA(x) + (B(x) + AB(x)) u

q4714 x = [p.q.r,a,8.9,0]7, = [8a,6c, 8017
T&l = 1% + lggs 0, Nga = nga + ngsa @,

y = (¢.8,a)T = C(x) (19)

= A(x) + BA(x), B(x) = B(x) + AB(x).
afp fglT 2 32 M(2)elA
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0 [V ]
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Yga. Yoe. Lga A7|7F 02 F [aC/ax]B = 028

Yuf dy = dz = ds = 10] ®©r}.

A*(x) + AA%(x) = A2Ci(x),

B*(x) + AB*(x) = [a(AC(x)/ax]B(x)
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s3 + gozz 5% + get1 S + gooo
= (s + de)(s2 + 2 Ecwnc § + Wno?)

TR ulgzdol A Ax, B*E ALY A} o]y,
U (= Ua+Ur) & THE 2} Zo] Hr}.

(23)

UCt) = (B*(x))~! (A*(x) + Us)
+ (B*(x))-t ¢r - ki1 - kxz§ ~ k10Zat
/Jr - k218 - k228 - kzoZsz J
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Qii = diag(q11, q22, q33) ¢ i =1, 2, 3 2 3
EiTPii + PiiEi = - Qii & &9 cig2} g}
P23 = q33/2k1o
Piz = [q11+2k12Fz3+(k1oqz22/ke2)]1/(2ks(-2k1okiz™?)
P13 = kio(qz2+2P12)/(2k12) + ki2P2s
P2z = (q22+2Py2)/(2ky2)
P11 = Pizkiz + k11P22 - P23
P3s = Piz2kio + ki1P23 (25)
wtetA,
Vi = Piz 51 + P2z ¥i + P2alei (26)
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Fig. 1. Aerodynamic Coeff. of Flight Condition I,

With Controller Designed for Flight Condition I,

(a) Tracking Error (ei=a-dr, e2=8-8Br, e3= ¢-9r),
(b) Control Motions (8a, &r. 8a).

(c) Angle of Attack and Sideslip (a, B),

(d)} Bank Angle and Pitch Angle (¢, 0).
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Fig. 2. Aerodynamic Coeff. of Flight ConditionIl,
With Controller Designed for Flight Condition I,
(a) Tracking Error (ei1=a-ar, ez=8-8r, e3= ¢~¢r),
(b) Control Motions (8a, &r. 8e).
(c) Angle of Attack and Sideslip (a. 8),
(d) Bank Angle and Pitch Angle (4, 0).
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Fig. 3. Aerodynamic Coeff. of Flight Condition I,
With Controller Designed for Flight ConditionII,

(a) Tracking Error {ei=a-ar, ez=8-fr, e3= ¢-¢r),
(b) Contro! Motions (8a, &r, 8e).

(¢) Angle of Attack and Sideslip (a, 8),

(d) Bank Angle and Pitch Angle (¢, 6).
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o2 g Lyapunovds & Helstat.

Al

W= ITPZ (27)
4]1(12), (16). (27) oA
W = 2ZT [PE + ETP] + 2 ZTPF [ AA*(x,t)
+ AB* {f(x,z.t) + (B*(x,t)"1Ua} + Ua 1 (28)
A1(13),(14), (15), (28) ofl A .
W o< - 27QZ + 282(x,z, )]V
- 2(1-71(x, ) )K(x, z, ) IVIIZ/ (]Iv]+8) (29)

4](17), (28) oA
W < - 2702+2B2(x. z. ) IVIIsCe-|IVID 7 {e[iVI+8)} (30)
the 2 ol A, (V) = |IVIiCe-lItviD /7 IVIi+8)

O AUl G(Vieax = 26 + £ -2(82+£8)172 o]t}
wh et A
¥ o< -zl (@) + 2B208G(V)max/€ (31)
z % B(n) o|4E ¥ < 0 o] fx}p 117!

o}71M, B(n) = { ZeRP |zl < n},
n = [ 28206{26+6-2(82+£8)172}/(eAn(Q))]?72

Table 1. Constants in Equation of Motion (Eq.(17))
for Swept-Wing Fighter at Two Flight Conditions

Condi - Condi - Condi~ Condi-
tion 1 tion II tion | tion II
Yg -0.196 -0.280 Dy -23.18 -10.70
Zq -1.329 ~1.746 mg -0.173 -0.251
lB -9.990 -20.910 mg -0.814 -1.168
Iy -3.933 -5.786 mg, -28.37 -31.64
tq 0. 107 0.108 ng 5.670 8.880
1, 0.126 0.221 np 0.002 0.013
leg 8.390 13. 160 npa -1.578 -1.583
IBO. -684. 4 -543.80 n. -0.235 -0.377
ls, -45.83 -60.270  ng, -0.921  -1.282
lg.g 63.50  64.60  ng, 1.132  2.459
lge" -7.64 -10.050  n,. -6.510  -8.300
Yoa 0.0071 0.0119 zg, -0.168 -0.224
g/v 0.0345 0.04127
JNE A9
AL,y ¢ HWIY FF
I ly, 1z @ &) it BHYRYUE (kg/w?)
ixiiy, iz ‘?’"}ﬂ %’gﬁ’)f‘
pogr. P ¥UE ZTF5 HM4EFRLE (Roll rate,
Pitch rate, Yaw rate : rad/sec)
Voo AgEdolAe ugAM &% (m/sec)
a : 9z (Attack angle: rad)
8 : gGuojnnY¥Z (Sideslip angle: rad)
¢ : MAAZ (Bank angle: rad)
0 : F7AAY (Pitch angle: rad)
5. : BEzwgri(Aileron)?] HEZ (rad)
8c : WEEF(Rudder)?] W& 2 (rad)
5¢ : %7 El(Elevator)?] ¥ ¥ 2} (rad)
1 : WEQe 29E / Iy (sec™!)
n : FE5R RUE /Iy (sec™!)
n : HN$EFe RWE / [z (sec?)
y : oy&2 o8 s/ uNIe 5% (sec”?)
z &9 A9 /s uPrYg LFY (sec™!)
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