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RS RITTHR, AT A RL S H R 2 TR SRR LS HLBh A8 I EELOIE B2 Kk, B9
A ISR R AR AR RIBOR, W A2 45 ST UL A 55 PO 75 3R, 0o R RS 5 Jh Jee AN By
224 B AT B AR R TR R X

PAT X HALIAE 55, BRI AR A PH REDUAR I 45 . 2T 12 3 55 B Z AR SIS TR B AN = 2
HUMAAL, AT G T BB 12 RGP EVE, Rl MBI B AR T, M R G
iR WIS, JES HARENLENRE . B RO PO BA S5 R 2 1 ) B AR ANH 2 2 02 AT il
i 67, EHEE T A BHUR 80 15 R G R E AL IR A & 1 (7] 7 8:9), Tk, Cai 55 00V $2
W7 A AR B B SRR T, O T I AR S R T IR A A PR ER T R AL SCHR [11)
BT BE BRI 73, BERHUR AR T — Mo T 2805 B R BRI R B & RS L 3
P 7%, Thakur 55 21 R85 AR RE 43 A A 0 NI TR R 8 3f  JERIPE 38 43, vt 1 3 I 4 o) R0k sk
BUFTR s IR ERIER . JTAFEoR, A5 B TP 28 0 4 00 AR 2 1 bR BB KA AL 8 0, AR 2 2 B AN
SE FRGEIIRESE P IR AU TR FE U3~ 5, oxd DU e 3 T8 AL R SR B #2861 17 L, SCHR [14] 156
T T — RO R 28 0 28 R SR NS 5, SR S R P A 2 X 28 S o LI 25 Al o AL AR T AT
FHIRSE, BETHE ) — P SR BRI T . A TR ISR IR S5 B RIS DL, SCIR [15]
K 2 SR P 48 A8 R 48 P I ARERYE I, RIS S5 OGTE AR 25 TR A B2 AR 22 S AN T8,
RUEMTR BRI T — P RN LS IR R G N AZ T R, 25, BIEHAT IR EBE RSO, STk [16,17]
TIPS EIERNBOR, TRTT T WIARATR 25 ) 28 254 1) 7] L.

3, HURERESHIEhE R I 252 20 A 5177 KBDEE . KPS Rl i, iX
K ERFEMLESERIRG I, JF HARAT o) e BB LS EH R g R M0 H., J8 1 58 ke € 22 (A7 1
DRGSR RO 55, ZORMUREFHILEARERARR. Bt HATH WIS, J9PRIE R
JECRE AT G L, TR % R 25 A T8 AR 25 A T BERR A R I B < Ay 128190 25 JR A A A B
A Fy 3R 52 PR A 1), SCHR [20,21] SR 1 — MBS 2542 1) 75 2%, HES VAR 5 it S8 TR
BARRAR, B G HEESE, MR CREL R, FEE 5N DA S A T AT
PN, JRAE T RGERERIE. SOk [22] BB TI0A 5, R R BT A B RS 5%, B
e T ARG HERETE, ORIE T M3 LA WL RAE IR E I A

BEAN, R RIMIR 48 B BT IRAT IR, PATHURA SRS H A 2 N E 2] R e 5 B i 9, [F
I th 2o id BT SRR SR TR 2, JCH 2 R4 TR B, O 1 I X S AN A B SRR A,
PR PERI B T2 S 23~300 fgiltn, FE SR IRBIAESE R, SCHR [25] X e IR PP AR
1T 7RI IR S 0. SR [26] 2 TIPBLI B T — A R AR, USRS HOA
B E PE RN P0G OL T BRI TR 85 RIS Aa 8. BeAb, B BIHAT IR W] B A A= b 5 L, %
TR BOR, SCHR [27] $2 8 T — R RVERERINTUR S8 LB HHEHIUE. STk [29] #E— DR
SRR GHE MR INEME S, BOE T AR T H RSO ITE AT R AL S SR T X, £ RIE
LARE R FIN AR T 845 5L

IS EIRTHE AT DUR B, SRS TP 22 2% ) B I SRR R 226 U5k S A5 B2
IR TT, JF H— S8R AR & s FLR ) BINOR S BB H R g b, EAMERIL, BA 15 T F ik
H IR R A N S 252 ) 5 5 [24,26,27,29] B ARE FENTUR & M EAFE LIRS 0L, JF HOCHR [29]
Hh 7 BB P AR SL A Sl A 2, BAREVE TR FE 0 5 RE SN A 22 R 28 HORE M. DRI, AR
F S AP e AR E P . AN P A 52 R DA KA BRI PR AR 4% 48 3542 1l R LR TT T A,
BEUE T AR AR 2% () G N S AP . EEADEH RS (1) di A TR PEREIEHIEOR, X
IR LAV RAAT AL, 45 S HOEFEVEH, ORIUE A E R 200 R IR L PR (2) JE T4% 17 3 oy b 42 I
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2% (radial basis function neural network, RBFNN) 2544, $&H HI&E B 58 HiiE, fELRIEIT R4 FIB A
e 1 (3) Wit — B S R AL, [R5 BB S 5 R 0 S 5 e, 5 0 [ o IR AR 5T 5] N
R, RS BE T Zeno IR, TELRAIE P13 2 Gk e 14 1 [R] IS R 58 P I A P YR i o5 .

2 EBIMHFERIE R
A HE KRR 5, T T DU e &) ) B T i g 21

.1 ) 1
q= 5(‘1X +qol3)w, qo = —iqu, (1)

Jw=—-w Jw+u+d, (2)

Hrh, Q= [q7, q0)T € R* RINEEV T, ¢ € R? H g0 € R 735l AHREMPR S5, 2% AL
W qlq+ ¢ =1; J € B3 RRMRSB LN RIEFE; w = [w,ws, ws]T € R® RIRHUR A AL ALIR
FAHNT TARNE S AR RIS AL w = [ur, uz, u3)T € R® FORHMANRA B =Hhizw) /15,
d € R? FRMURESZ B SMBTIH, BIRHA . Moh, I; € RP>3 KR PAIHRE, X145 & 1 1n)
1= [r1, 7, x3)T, XIHT 2% AN

0 —T3 T2
T = | x3 0 —x1]-

—T2 T 0

M Q FoREBNIH Q MBS, WG Q* = [—¢T,q]" € RY. @EMILH Qu = [a, quo]™ M
Qv = laf, o)™, ENZHFIRIEEHEL RN

(3)

qa0qb0 — qa Gb

a + a + ¢;< a
Qa@Qb:[qoqb 404, QQI.
ZRENUR A PATREENBNE S, LA RS AL A E N Qa = (4, qao] ™ € R* Fl wy = 0.
MEZEFIRE Qe = [qF, geo]” € R* FAEEIRE w, FI/0EIT Q. = Q50 Q Al w. = w — CT(Q.)wa
THEAR] K 0(Q.) RARBETREHME, FiELH C(Q.) = (%) — ¢ qe) Iz + 2¢F qe — 2qe0qr. T
I, LR ZALBN SRR iR R 2 B3l 1 AR

(4)

Ge = %(qex + qeol3)w, Geo = _%Qeva
Jw=—-w*Jw+u+d.

N AR TR, G aNIRA LR LB, X 238530 ) AR 2 i R .
g1 ([31]) “BHahdiEd, PrRsrENE J REEZELL. X HMEESEHFE
x = |1, 72, 23)T, W
Jmin||x||2 <z'Jr < JmaXHxHZa (5)
Forb Jin 1 Jax 2305 BRHRE BB/ ATRORHAEAA.
5 L8 B PAT FELEHRFIRAT 55 LA BERR A DN B 58 U A R, 5 ZEORUEATR S L8l i 1 Hh 2835 M s 4R 24
W2 AR

|wi| < Wmax 1= 172737 (6)
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Hr wnax > 0 N FCVFIIECR AL, IX HEARBE 3 N7 A oK 3 20 R AR ).

DRI, AR SRR ) F AR o2 TR0 1, A XA AR A5 BT B AR B ANHH E 1k A T PR AR 45
PR GE (1) A (2), BEVHEIE X2 1l 5 A i e SHEms 2D AN 06 B2 R4 BRI A, SEBUIfR 128351
gy, [FIN PRAESE 25 M L AR 240 2 20 (6) FTsZaR.

3 BiENiTHRFEEALN ST

3.1 TR EERBAIRERE R

N TEBURS LS R0 s i 2 20 (6) B2, R Tl e RE R ARG A 18R e R AE 2 R e ik
NVEREIA AW, BT E B AR, E 56 SUHBIR R s = w + age (o > 0), 85 51 AVERE R HON 4 B
AR ) B AT PR

—a1p; < 8; < asgp;, 1=1,2,3, (7)

0 < ar,a0 <1 RIEEEG p; ATIBRHITERERREL. 8% € X p; ARSI EREL, BT L p; > 0
H py < 0. 5 RV RE RREICA Fa 408 R BN TE D) 8 o 25 B2 3 BLPRAVT 328 P i 528 e 501 v Pk e
e, Bae T
= (pio — pico)e " + pico, (8)
Hrr, >0 NIEFEEG pio M pioe 530 9 VERE BRI 26 A ZAH.
W, X RA MR (7) AT A AT, 58 SR 72 e R AL

g =Tilxi), 1=1,2,3, 9)

Hoi, xi = si/pi- Ti(xs) ARG (K6 AT SR 2, BT DR PR

1) Ti(x:) > 0;

(2) limy oo Ti(xa) = —a1 A 1limy, o0 Ti(x:) = az.

AR, W LRz, SRR s, YRR AR (7) T LS RO 2 Sl i
e 1A FHE.

SHICHR [33], B Ti(xi) N

Ti(xi) = log(eX' ™" — 1) —log(e™ ™" —1). (10)

%3¢ (9) Sk ST
&y = V1 (Sz - VQ), (11)

Hoh, vy = diag((§2, 52, $52]), Vo = diag([x141, X22, x3p3]). T BEIE, T, 21 Ti(x,)-
L BRI A P L i KR 2R MR PR M R ek B PR T, A B & s, W2 20 (7)
BRI, MG TSR B p; AR X IR AR AL, BT s, BRI S FI AR S 1 R AR 4 ORAIE, BAAA s,
) B KR AL a1 pio B aspio (|si] < max{ay, az}pio), FaSIRERNT piso, WEHE LR T
PERERREL p; HIZEPESE . BUNANEESL |wi| — o < || AL, &S o & o +max{ar, as}pio < Wmax,
W\Uﬁﬁiﬁé’]ﬂi |wi| < Wimax B L.
23t FIR o #r, B AR R 2 AR U T EARIE R BV R ' s, HiEshii e s (7), P AR E
oAk, R ERERZ AT o, A SRR, IXAE A E 2 PR MR 28 2848 R G B3] 4% i i) it {50 %
WATLIHR IR 2 RGHPRASH FAae f bl a8, B2 F RE R Z R KRG T M 28 % it
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3.2 ETHEMEHBIERN B4 L ITH T
HAESHIET RBENN MAHEMEREL F(2) = [f1(2), ..., fo(2)]" € R™ BATEE KRR B4 AE
BARKDEERE F(x) #8EH RBENN 7E'54E Q, C R? N LME SR E T E T
F(x) =W7'H(2) + ¢(x), Yz € Q,, (12)

H, z € Q, AMEMKIIRNEE, W = [w,...,w,|T € R HEAEEENERRE m>1 N8
Fa & BTN o(x) NIBITIRZE, WL [le(2)]| < ¢* (¢* > 0); H(z) = [hi(2),..., hin(z)]T € R™
AR Y 25 (I BRE BR A, Hor () (=1, ... om) I8HE H T (Gauss) BREUE XK R:

1 (z—&)"(z— &)
hi(a) = ey (TS TE)), (13)

Hor, g e R LA, b N i g, 4 W ONEAEEGE WM THE, ARG THR 2 e O
W:W W, W F(z) BN
F(z)=WTH(x). (14)

P oRE A B RBENN, STH538 Y B 3 S o P S0k, 2 42 H s, i Bk el %,
KR EAL G R ZE RSN 1 TTIEN
Je=Vi(—w Jw+u+d+ aJGQ)w — JV3), (15)

Hr, GQ) = (¢ + qeols). FHRERINUR ISR ARK, 2 XAFENETON F(r) = —w”Jw +
aJG(Q)w — JVs.
P RER (12)

Jé =Vi(WTH(z) + p(z) + u + d). (16)

B H & NS A ) 2
w=r1(ty), tE€I[thtrsr), (17)
() = —(14f) (ﬁanh <€Tzﬁ> + D,ptanh <5TV;D’”“>> , (18)
7=KVi'le+W"H, (19)
W =THTV, — ATW, (20)

HA e =[e1,e9,83|T; K, 8,7,k > 0 NIEHE; T > 0 NIEEXNAFE; D, NHEAERE, HRTHES X
R e (k=1,2,...) NE k IREHRIfOR R 2, Sl LS (21) Yeg:

tir = Inf{t > t||E;| > Blug| +e %", Vi}, (21)

HAr 8 >0 (i=1,2,3); E = [E1, By, E3|" RonfilikiRZE, XN E =7(t) — u; inf{-} RRNBREED
THIF. N T BB HE, RS r=7(t). EAEERRE, AU (21) RATLLEH, K 8 i3k
B SE K, R B B R 5 RN, A\ B RSl A5 ) 2 5 L (18) AT LUE H, B
(34K RIRE 2 FEUEHIE 52K, HEBPATH P e JTA IR, B (IG5 B — M.
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BEAN, N 7B TR MR T, 25000 [35), IRAEfl AR ZE B 2 Sl L] (21), #ES H
u T Z AR &

E; = 7i(t) — u; = M Bus + Aoe %t € [ty trg1), (22)
M=X =\ u; >0,
1 2 (23)
AM=A A=A, u; <0,
HA A € [-1,1). ¥ EXE AmERTEA:
T A2A (24)

YTIEMB 1+ M8

H A =[em0t e7%t 7! T R (24) HABEEH TEWEHIE S, UH TREMS .
EIB1  EFRAFERRUANE E M AN TP A 2 IR AE S TR PR AU 88 L8 R4
(1) F1(2), FEARR LI ERTE O, R B IE N F AR HIE2E (17)~(20), FER AR LS (21) &
FFEHNE T, ARIEMAIEE LR (6) 62400 2, I e SEhrm SUN BT, RIS B T4
fi AL, PS5 MO LE TR AR 4 e il R, RORPRAIS 1 42 i 2 AT 258 2 [R] R 3E 15 B 5 7 .
FREM S, LU Lyapunov B

V= %5TJ5 + %tr[WP‘lﬁ/], (25)
b, tr() FoRIEFERIZE. X Lyapunov BEL (25) BEATSR, JRKEEX (16) A1 (24) AAN, RIS
V =T Je + e[ W]
= IViWTH(z) + o(z) +d) + eTViu + tr[WF*lW] (26)

ETvlT _ ETvl)\QA
14+ M 14+ M0

— IV (WEH(2) + o(x) + d) + 4 [T,
e, ARFE (18) W4 TV T <0, WE

T T Ty, = T
e ViT <& Vit _ —Tv, (Ttanh (E vlT) + D, tanh (Nle)) ) (27)
K

1+M8 148 K
B3 T s i p M AERSE K, 77 0 < |p| — ptanh (2) < 0.2785x L B0, gt —34 F =
p
— ptanh (E) < — |pl +0.2785k < —p + 0.2785k (28)

JROL, WU 1 E

T —
— TV, 7tanh (5 v”) < =TV, 7 4 02785k, (29)
T €TV1Dm T
—c Vletanh< - > < =TV D,, + 0.2785k. (30)

¥ (29) 1 (30) AR (27), W (27) ATALTE N

ETvlT T T
< - F— D, + 0.557k. 31
1+ /\1ﬂ g V1T g V1 + K ( )
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aie

XgTVIA _ PallA V4

1+M8 1-5 (32)
R (31), V AT N
V<"V (WP H(z) + o(x) +d) — TV 7 +0.557k
— Y, Dy + e[ WD 4 >‘2|||11\H2TV1 I (33)
¥k (19) A1 (20) RN, V 2B ATk TR A
V < — Kele + tr[—yWIW] + 05576 — TV D,y 4+ €TV (0(2) + d) + IAzIH?IH;TWH. (34)
S Dy WL [ Dinll = 226 + Jlo(a) + df], M (34) AT Ny
V < —KeTe +0.557k + tr[—yWTW). (35)
MR W R S R 3T Young A2 o g v] 453
[ W W) < =2 IWIE + 2wl (36)
#a (36) A (35)
V< —KeTe %||VT/||2F+0.557/-;+%||WH2F. (37)
BT Bk, B4 v ol LS R E
V< —mV + 1, (38)

Hoep oy = mind 25 Y}, A { T} 9 D70 BRKARAEA; o = 0557k + (W 3. 44 V I
58 S, W iR 22 7% B U STE LN
22
llell <4/ o (39)

L ETR, e A —BHFAEN, el T8 s AR (7) —ExWie, R RIEMHELR 1 7%,
IR LR MG L. JF HAREVERELISR (7) WA s; URAAEH p; MIBRZI RS B AR 1L, SR TT 15
s PR AR

0 = {s 2 Is|l < V3max{ay,as}ps, i = 1,2,3}
WALk, R, R T IR KT, |ss] < max{ar, as}pice, FIMIELLE LkFHSHL, s Kl EI Ak
/NP2 .
TE SUBTH Lyapunov BREL:
Vi=(1—q) + 4. ge- (40)
Xt (40) R FHT1E
Vi = qfw = —allgel” + llgell s (41)
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TROISE, 2 lqell > s/ I, V < 0. L&A HTATAN, g HOPLZHZEAE B
Q2 = {q.: llel| < VBmax{as,az}pi/o i =1,2,3}

Wizl T H S R T I0 75 K, B s UL, g R3] vBmax{ar, as}pise/a TEEIA. 5341, [0
Jit s FRIRE S, ATRT w R IR A AE R AR

Q3 = {w lwll < 2vBmax{ay, as}ps, i = 1,2,3}

Wiz3l, I B4 T E 55 K, BEE s 1 g IS, w FISEE] 2v/3max{ar, as}pico TEHA.
gk bt BEBERRGE —BA EE. A, SMEMETTN v = [gw], W o BIRAAERSE
Qe = {(¢e,w) : g € N, w € O3} WAL, FTLIIET RBENN [KLELR Al 1772 RENS LI kS B s I AN H
SET F(z) 13,

5 IRIE, D Gt filME 5 IR B T, B2 R S A Ak R ML 75 B AR HERR Zeno IR, BI
PR AN T S8 i B 20 2 T (R B T R B AR AR T2 B L T = tyr — by, FAE Rl R B %1 2 8] B
5] (), $% N oRIETE AN TAE R k, #R4ELE T > 0, HEFR Zeno LK.

i B ALE] (21), FRRAL:

IEI < 3Bl + 3[IAll- (42)

WG LR B nT AN RGUIRSA T, LRSS o B - A5, #—8 o A5 B + KRB
2ok, BV RGNS K o MR, PrlladfEe A 5. &+ B8 7, BB E 1952 X, K5
Xt HOR G AT 1

TNEN= 171 < T,y T € [th, tesr)- (43)

EREETE t =t B E(ty) =0, %30 (43) WL H
|E| < 7T (44)

gty (42), AFEI 3Bull + 3||All < 7T AL, FAATTG

- 3BIIUII: 3[Al -
XEY ¢ e [ty treyr), TEEOT =%t > 0, FTLL Al > 0. B IR Aa RHLH] (21) &R 5 E & N %
48 (17), NELE Zeno LA

T 0, te [tk7tk+1). (45)

4 HEWIERERSH

ARG ) B IS R A fid A BE (17)~(20) AR ML (21) BOA RCEREAT 07 BLBHIE. 2%
JE—RUNILE, LRIy

30 0.5 —0.3
J=105 20 02 | kg -m?
~0.30.2 10
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Figure 1 (Color online) Time response of the attitude
maneuvering errors performed by the event-triggered sam-
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Figure 2 (Color online) Time response of the attitude
maneuvering errors described as Euler angle errors

pling method

AR BIIBIAG SN Q(0) = [0.1,0.2,—0.2, —/0.95]", WL MIHELER w(0) = [0,0,0]T rad/s. &
E R KEBEREN wnax = 0.4 rad/s. BENENEFEIIFRFLEN Qq4(0) = [-0.1,0.5,0.2, —/0.7]T.
SRR TIARBN d = 0.005 x [sin(¢/10), cos(t/10), sin(£/20)]T N-m. L& RRAT 55 AT I 18] BA A $A
1T 88 FE R ISR AL A I, BB U RN 80 s, REGUERAEFEMIN 10 ms. #2 Fok, U GE R ECN
pi = (55(0) + 0.1 — 0.0001)e=03 4 0.0001(; = 1,2,3), Hr 5,(0) NI R s; VG, R R
a1 = ax = 1. HHMNERE o = 0.2, FHEE ARSI SEIKUGERCN 8 =0.01, K =5, k = 1,
Dy, = [0.1,0.1,0.1]T, 6; = 0.001. FEMLEFIFNEN = = [g;w], KBRS EHMHZ TN m =5, &
BB L b, =5, HLAE & (i =1,...,5) KIRIEAN —116, —0.516, 016, 0.516, 116, HH 16 FoR
B A, v =10, T = 215, I 2R RE.

N1 IR BT R ) RVE LR el S8 A TR 5 T AL S, R S EOR EAR R RS, 2%
R8T ] i AR A R RS [R) R RARE 7 2, R BT HE 14 1 3 I B9 (1 4 ) 1 e AR 2 ) B 3 AT R
BHTIONE. AT 78, B I Rl A R 7 BRI S R GRS AR [R). i 7 BRI, PR
FETT 3T A5 22 R0 R 22 ISR I B AR — 3. S 71544 =5 1), A S R SRAE 7 SR IR
3 1) 1 R ph 2 R da ) 1R AR AL I, AP 14 BiToR. RN, ST S0 B S R A R 2 (IR S
W, B2 4T BB A RoR RSB IR AR I 28 Forb 0, o A1 ¢ 23 BRI A A g AR 54
£ IR EOREIFRATAT DU B, RS B LA ML B0 15 22 R0 A 1 B 1 ZE WSSO B 43 A8 I TE 0.001 rad
A1 0.0001 vad/s YEFE A, M BIEZH S REL M. m  HNE 4 do] LGS A 2, fE52 1 FaF
fil & RFETT T, o2 B A BOS R RS I B, #5004 10t ih 2R GG 28 B BRetR, B 45 1 88 O
AN R SIS BE T

Bl 5 g5 T AR 7 U BT AR LU, JE I R BT R BN, DRSS RS S I A E
BWBESS, LT AR 77 20, BT 0 S A e 2 ) S50 KM B2 B AR 77 45145 5 I SR A, ik
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Figure 3 (Color online) Time response of the attitude angular velocity performed by the event-triggered sampling method
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Table 1 Event triggering numbers under different initial angular velocities

Initial angular velocity w(0) (rad/s)

Triggering number

Reduction rate of triggering (%)

[0,0,0T
0.3 % [0.1,0.1,—0.1]T
0.6 % [0.1,0.1,—0.1]T
0.9 % [0.1,0.1, —0.1]T
1.2 % [0.1,0.1,—0.1]T
1.5 % [0.1,0.1, —0.1]T
1.8 % [0.1,0.1,—0.1]T

200
204
210
225
384
509
1172

97.50
97.45
97.38
97.19
95.20
93.64
85.35
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Abstract Considering the spacecraft attitude system subject to angular velocity constraints, limited commu-
nication resources, the inaccurate moment of inertia, and external interference, a neural network-based adaptive
event-triggered attitude maneuver control scheme is proposed. Specifically, the angular velocity constraint is first
transformed into the performance boundary constraint based on the prescribed performance method, and then
the equivalent error model of the attitude system is established using error transformation, which tactfully trans-
forms the attitude maneuver control problem with angular velocity constraints into the state-bounded stability
control problem of the unconstrained error system. Subsequently, by applying the radial basis function neural
network, an adaptive online updating law is designed to approximate the uncertainty term caused by the unknown
moment of inertia online. Meanwhile, considering the limited communication resources, a unified time-varying
event-triggered mechanism is developed by establishing the explicit relationship between the trigger control sig-
nal and the real-time control one. The control command and the adaptive law are synchronously updated once
the trigger condition is satisfied. By doing so, the frequent network signal transmissions between the controller
and the actuator are reduced significantly. In addition, the time-varying term in the event-triggered mechanism
strictly guarantees that no Zeno phenomenon occurs. The simulation results show that the proposed attitude
control algorithm can achieve the specified attitude maneuver task with higher accuracy, stability, and robustness
and reduce frequent control signal updates by about 97.50%, significantly reducing the on-board communication
burden.

Keywords spacecraft, angular velocity constraint, prescribed performance control, limited communication re-

sources, event-triggered mechanism
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