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Abstract: In order to address the attitude control problem for hypersonic morphing vehicle affected by parameter per-
turbation and external disturbances, a data-driven model predictive control (MPC) approach is developed based on the com-
posite observer in this paper. To tackle nonlinearities in aircraft modeling and control, this study introduces a data-driven
modeling method based on the Koopman operator theory. An autoencoder neural network is employed to approximate the
optimal lifting function of the Koopman operator, enabling the extraction of a linear nominal model on finite-dimensional
lifting space using extended dynamic mode decomposition (EDMD). Additionally, to mitigate the adverse effects of dis-
turbances, a synchronous estimation scheme is proposed to construct a composite observer for hypersonic vehicles, which
consists of a Luenberger-type observer based on Koopman lifting model and a synchronous disturbance observer. Sub-
sequently, a MPC controller is designed based on the linear nominal model and disturbance estimates. The recursive
feasibility and the input-output stability of the controller are proven. Finally, simulation results validate the effectiveness
and feasibility of the proposed controller.
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Fig. 1 The design block diagram of attitude control system
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liEv)

Uy, = Ugpp, + Uy (37)

4.3 EARAATHER N RS e v

ZLIEBHMYV £ 48 1%\ i i F8 08 P (input-output
stability, [0S), B, IR 5| BAUE&:

I3  4be R #H|a—b|| < Liyor, H

Z.,., b e Z;.

BRik4 HFEEGIEAu = KzF Lyapunov i
¥V (z) = 2" P z(if5

DXFrEzed, AV (Axz)—
Sopl(z, @)= 213, + |Aul,

2) V(z)1E® b E&LipschitziE 4L, BIXHE RN 24,
22 E@,ﬁﬂ/(zl) (Z2)|< Lszl —ZQHEEJ“ =
1, :={zZeR" | V(2) < an}, 3P C Xy, _; =
{z€Zn, 1| Kzec AU}.

®Ri&sS XFifized, (F1EX;, WAz € Zs,

HHZ, ={zeR"| 2Pz < a,}.

FEF L5 BB A, ATER AN T e

EE 2 (MU RG—BCH TR TRARESHM
FEHI 2 R THMYV R 45, ic D AMPCHR AL 1] 7 (34) 1)
AATIRESEE, R4S AL, N

1) E R ARG EBIRE Ry < ﬁoﬁ

RYSHED R I; o

2) M 2o € D, ARG IRERIRE R —HH
T,

WE 1) B4, IE D& —NEEAELE.

XVzi_1 € D, Az, = Azi|k+BAuflk+fk €
DRor. v LU RN BT B2, € D, Tk —1
i 20 8 B I Ay, = Uiy = {Duggy, -+
Ay n, i} PEAC T RRAE ke I 2047 AE — A W4T fiR

Ay,

Aul, .., j=0,--- N, — 2,
Auk+jk:{ B k+jlk—1 p (38)

Kzpin, 1k, J = Np — 1,

V(i)g —l(Z, AU’)’

W A
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a) Aty € AU = AR, FIFTAT % KAzl
Kz € AU, SMERE M 24, -1 € Zp C PIIFOL;
b) Zpes N1 € Zet UM Ziinv, -1 — Zi e 1<

Lﬁv"flﬁy. R4, H
V (2k+NP—1|k-) <V (2k+N 1k 1) + ’YLva'fol <
oy +vL,L; Ml . (39)

H R S AT A, Zyn, e € P, B 2 ) A
Awpin, —1p = KZpin,— 1) B Zeeny e € Zts

o z(k+j|k)e Z;: H|zp— Zkp—1]| < AMERS
AT I AGpy, LSRR =1,--- N, —
2 TN B 386 || 2o e — Zngpe |l < Livy, R4E 5]
fi3ﬂ%ﬂ2k+1\/p_1|k € P,

y‘jngerf”k € P C ZNp71, Fit DA TR &S 7E
j =N, — INZZr17H. Bk, D 2— 88 IEAN
B, B RGAED FRFREM.

2) & kB 2k — 1IN 2 s B 2 R AT, =
Jp—Jr

ATy < Jpy—Ji =

V(Zkiny k) — V(Zksn,—1jk-1) +
Np—1

;} U(Zries Apiipi) —
UZhrich—1, AU )] =
Np—2

Z [l (zk+z\ka Auk+z\k)

U Zkyik—1, Au’k+z|k D+
(5 k4N, 71|k>sz+N k) — WZh—1, Aug_q) +
V(Zean, k) — V(Zesn,—1jk-1), (40)

Hor: Jr Nk — TN ZIXE R Ay, TRIUIRES
@JZ {Zk—l\k—ly ce ,5k+Np_1\k_1}E/‘]’fJCﬁ[\l%l§ﬁ. jkj"jk
I ZIE S P51 Awp )y, 32 TRE 5 { 2o,

s Zreny i ) T LR IR AL AR BR B Zp 1 =
= Auy_1. N Awpy 1€ AT A,
Auppie = AU Hi=1,--- N, — 1, lIFH
U Zksihy Agife) — L Zripp—1, Aup i) < vLeLi,
Hr LA BRI (2, Aw) [T Lipschitz 4. 2,
BV (Zkiny-a) =V (Zen,-apo1) < VLLE
FRNZ(40), HRE4TT 5

AJy <

U(Zkt Ny 1]k sz1c+1\rp—1|1c) — Uzk—1, Aup_y) +

*
Zk-1 A’u’k:71|k71

V(Zrengie) =V (Zosnp—1px) +
_ Lt

L LY '+ L= )y <

( L= ok

L,

Ly — l(z—1, Auy_q), 41)

T J; > 1z, Auy) LI G189, TJ; 2 —MO-
S-Lyapunov B& %%, 1 % A %y A2 € 10 @ X, AT A
kILI{EO(SP(xk) — U (x,)) A

5 PiESHT

A SCIAT B3 A TSR [ 18147 H P v e A i AR
TERAT 48, BRI 2 R SRR 2 1, B SBR[ 4
AWM LM A E R N 2 35040,
P LR, 1 BB SR AR I L S s i 0 L) 5
PR TALASR], e, B 4 B A 4] 4 v o8 A FE 2y
5 960 km 16 488 m/s, 2 il f17 HAT 46 T4 70 km Al
6 535 m/s(22 7).

F T B£8Rl il Koopman 51T+ 4 BR UK AE
PRSI 258 S B O FHEGEREN,, = 16, RIN =
10,n = 6, MR R BAUE = 1, as=a3 =50, ay =
107, encoder-5decoder™ & 11 7 0] B £ 23, & R
#5& Dar = Ear = {Linear, ReLU, ReLU, ReLU, Lin-
ear}, encoder & JZ [ #f1 2 Ju 4L & Ey, = {6, 100, 100,
100, 10}, decoder % JZ i #1122 e & Dy, = {10, 100,
100, 100, 6}.

Vo =R WL B Ol 7 R R o e M = i
a5 iﬂﬁ%ﬁ%iﬁwﬁ%ﬁ

Ady, = 500(—0052—0 + sin E) N-m,

Ady = 300(— cos % + sin @) N -m,

Ad; = 1000 cos % sin 2—0 N-m,

AC,, = AC,, = AC,, = £20%.

(42)

EEWIMEBESHEL = 0.6,k =2, ky = 1.6. F
PO Z8 A 25 DL 2.

002 [ b T -
0.00 |~ i — 3
-0.02 : e A

T/ ((°)-s?)

0011 I

~001 ; L 1

w2/ () s2)

0.02

0.00 |-

— 0.02 1 1 ’ 1
0

W3/ (°) - s2)

t/s
Bl 2 TP AN T4

Fig. 2 The diagram of disturbance and its estimation
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AW ZR BE A G TIPS, (H 3L
B8 32 R T U1 23088 1A PR 14 A Al K oopman 1
(AT IR 22, IXATAS A 5 S bn T3 h 48 2 (i A7 A
2, X—I GRS AR 4. 1S M — 2.

IEEUNMPC28) [ AR AL R T 425 il (fee dba-
ck linearization MPC, Fb-MPC) 27V FlI3& T 4% [f1) 3 bR 5
(radial basis function, RBF)f{] Koopman MPCPOME
XPEC . Horb, BT 2 7 2K (2), Fb-MPC 4%
ilEE:Ne

wo= g (v, o)~ do ). @3)
o, v ARG 2R A AL S5 15 B 1 28 1 bR B A Y
I MPC T 1) S A R 00428 i 43, 428 o) 4 2 80038 i
it ?'\ij =N, =10, Q = Igxs, R = 0.0011343, P
R (B5)THEAT 2, W A5 FH [ ) 1]
#3181 RBF-KMPC 45 [i] 35 R 50T AR A 4% 47 1 bR
#((thin-plate spline), RBF-KMPC F1 A 3 771 1 T4
L #5K F 284115 2 A 0 2%, 275 3R [25], X
HFHE 107> 1075 1075]T.

5 FLSLEG o3 A 7 4 BhAS [F 45 7 M ROR, Bk
SR LI 3-5 o3k 2-3, Horhex b 1 2 A A RIS
B W I 2% 11 KMPC 20 5 B, &2 AR 25 = ZZ (A
(1073)°) VPP ERERERE.

e 22 T = T
= 2t |
S| S 1 1
0 5 10 15 20 25
t/s
02 ‘ — : :
o 01r . .
i 00 W/Af“ 1 HF 1 1 i
0 5 10 15 20 25
t/s
4 T T T T
—_ F A ]
N2 % + E B
® -2 L S CA— 1 1 I
0 5 10 15 20 25
t/s
fa 418 AICT7i: pajsal
******** RBF-KMPC --------Fb-MPC NMPC

3 IR ERER 2
Fig. 3 The tracking curves of attitude angle

Pl 31 2.2 BA il A s W 2% ] DL ZE R T AR S
PERE, WA TE A AV A I RR A 1R 22, ISR I fd
NSRS T B AR A, T il

FIMPCR i [ bl T A S5 A B B AR
2 MR T INMPCARL A B 8], MPCARAD 34 2 T MAT-
LABAIYalmipt®!, o 4 3¢ J7 325 3K i % 18 Fl quadp-
rog, NMPCK fi# 2% {5 FH fmincon, FH %3 %0, 15 FHKoop-
man 4R 2SS0 7 MPC 2% 1SR A s Ta)

Yz / (°)

MR 22 / (°)

)

/

oK

) £ 3

12.46 s, T T"NMPCF£]1060.88 s.

0.2 T T B T T T T T T T
N T e W
Y} S—

0.0 K=
0.1
0.2

DO B

LA Ly 1 1
0 2 4 6 8 10 12 14 16/ 18 20

oo
AOON
T
1

175180185190195
—— A3k —— R RBF-KMPC
————— Fb-MPC - NMPC

Bl 4 A IR 2 I 2k

Fig. 4 Attitude angle tracking error curves

—~  20F -
i 0 S 4
< a0t A
0 25
25
t/s
20 ( T T T T
T O osssmencas 4
L’QN _20 r} \u\ - 1 1
0 5 10 15 20 25
t/s
Ak —— Xkl RBF-KMPC
————— Fb-MPC — NMPC

K5 SRt s h 2k

Fig. 5 The curves of equivalent rudder angle

F 2 FRIZMERERT L

Table 2 The comparison of tracking performance

ATk STkl RBE-KMPC FB-MPC NMPC

WA 0.9 1.6 5.3 21.5 28
yEMm 3.4 11.8 3.8 1.7 1.8
Hm 1.8 378 1.9 0.9 3.1
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% 3 MPCKf# & B 1a]

Table 3 Total time-consuming of MPC solution

AT NMPC

AR 5] /s 12.46 1060.88

A 35450, 4R iR ERa i Re LRI, 3%
HIIKS 7. Fo-MPCHERE A IRAS T fE SC il 55 v R A
FAVGN A BRERRES B, (B g%,uﬁa'%mﬂf%%%ﬁfﬁ'

JEZAEMR, 1, TERRAAE R Z ST, ARGk
A B ) Fo-MPC AINMPCE FR i ] B2 1L 7 I 3¢
IRANEE, Rl 75 FRERATUN A A A ) AR
B S PERE R 22, Bk = S FEPE. ML 2, RBF-KMPC
FIA S T EAMUB B R S AR s
RE, I 2RI B . AR ST E‘J%?’EAM
DS B SRS AR T 45 ) S, B RAF IR A
PERE, W SICH TR, R R D, RSt A
BEAL, Fd 5 N\ J7 T, RBE-KMPC 7E t=10 s I} ¢ 0w
FAAEAE R R BHIR, T A ST iR e A it 26 58
W GRS, A ST ANT I s AR R AN 2 v
(IR, ATy RE R I e e b R U R R M R
6 45

AT R ME ASRATHS AT AR Y (1) i P AR A
RATER, PR T T A UK S R A A U A
TP 45 1) T 2. A SR Autoencoder i £ /) 4% Al
EDMD#ig, YIZ453 2] 1A FR4EE N Koopman &+
FBRFRER PR, 18 #4 2 E T Koopman TH4EAR R 1)
ARSI E, 51 NCIRAS F U5 22 L N FR 4
WA, FERETE T S Tz RS 28 FIMPCHL
TEERERES. BLAL, S T HHEIANT TN KRG AR
W, Wit 7 — R ES T HOM RS, 15 B AE SRR, AL
Jr i B4 ) 5 VR AR TR AR AN A 5 P AT 4R
B, BEA5 SEILR A FRERAT S5 H AR, 780 ULBH 7 A SC R
FE IR A RS
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