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Attitude tracking of aircraft based on disturbance rejection control

WANG Lu, SU Jian-bof

(Department of Automation; Key Laboratory of System Control and Information Processing, Ministry of Education,
Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: This paper studies the attitude tracking control problem of an aircraft. With the consideration of internal
uncertainties of system and external disturbances, the controller proposed stabilizes the system to be uniformly ultimately
bounded (UUB). Firstly, the error model of attitude tracking objective is established based on quaternion. Then, the control
system is divided into inner loop of observer and outer loop of controller, respectively. The system model is compensated
into the nominal one by a linear extended state observer (ESO). A controller is hence designed for the compensated system
to achieve desired performance, whose UUB stability is proven by Lyapunov theorem. Meanwhile, the performance of
linear ESO is analyzed in frequency domain. Experimental results show that the proposed control scheme can accomplish
the task of attitude tracking successfully and effectively.
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BEXFBL B3, AR SOR R EESO 5 4% G AR 2 P4
HTEARGS S, F TR AE B A E IGO0 AT
A P LS AN BRERFR R n) . ke, 2% REWChE A1 475 (1)
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AT AL IR ) B, T R AR L AR
LR, BRI RGN E) LA RIA 5 Mo &R
Gt R I R 2 AE RS 1A 158 b, BN R 485)
JIFRERIBET ZEES O, K- A AR B A 8 ANff i 1
HNERBN )5 ) 2 BRI AME A bR RS, 3E 1 BTt
T A BUE bR AR RS, SEIL AT E 0 T IS
PRIEEE. f5eJe, A LyapunovE 8 £3 31 R 40 11— B ¢
4 #(uniformly ultimately bounded, UUB)4& & P &5
10, HArHT 7 ZetEESOMM O R GE1E BRI 5200
2 ARG RLF ) B H 8 (System model and

problem statement)
2.1 RGHR(System model)
AT SRR I AN AR R, M B AR bR
R F e, BARBAR R Fy. A DU e B0 AR 2 ATl
&, fEI R G,
1

QO = _iqua

1
4= 5 (a0l +[gx))w, M

Jw=—-w X Jw+ Fu,

o goFl g2 B VY A bs A S |3 4, g =
1 q2 q3]" €R3, R AN KM g+¢i=1; weR?
TR TR E, T 09— B A B AR i )
PR A BET € RS2 IE 8 H X R u = [ur ug
uz]t € REN ARG HIEIN, FR&E—D =Mk,
FusEHAE $AT 388 ) 98 B, AR SCH T8
Wi A SERE IR BN S A 1) RAT AR AL, SIS, RE PR FO ]
W, [ xR ) = I RO RRHLRE, X Tq = [¢
¢ q3]t € R3, HOHRAFE N

0 —q3 @
ax]=1q¢ 0 —q
—q2 1 0

2.2 |a];8# iR (Problem statement)

18 AT AR A IR R i )L AR S
H[qa wa wal, O CATAS 0D JoEk, W1 M
FS FUHEE A I B4R . IR B8 A I B A7 9
1.

BARAANR 22 T, B IR LA () DY TC R 2 A A T RE

o = Ga090+4i 9> 4=qa0d — G09a + q X qu,
w=w — Rwy,
(2)
Hh R=RRT RN ZMIE. BAEMHERe
SO(3) A=W iFAHi W
R= (g —q"q) s +2qq" +2q[gx]. 3)
PH AR JH R R 25 (1) S, RERBAS BN W R I RATAR L

5(6013 + [(jx])d), (4)
©=J (@ + Rwq) x J(& + Ruwq)+
Fu] — (Rwq — [@x]Rwq).

2 FRATAE N RN s VRN S PRSI 1 AT
BB AT BB BUR IARRRAE A Jo, BB
BIRZENAT = J — Jo. FBEFRARRRE N Fy, L5
ENAF = F — F,. WFIFH RSP
u=v+ F'L(@ + Rwa)J; +

FilJo(Rwq — [@x]Rwa), (5)
A LUK R G080 ) AR A Ay
©=J, ' Fyv+ Jy  Fo(d + f). (6)

RGN LG+ Rwq)J; = (&4 Rwq) X Jo(@+Ruwy).
S shdfs B B hd. FRERGRINIEATE
PR, ATLARIA A T B
f = —[0w + L(& + Rwy)d* +
§(Ruwq — [@x]Rw,)], 7)
Heps £ (FFy) Y (FyAJ — AF ).

BRI, ZR G0 R H B AR Bt i il g Al i 22 &
GRER P (q = 0,0 = 0). HERSHFERIEAR
PERT N, 24 HALMG = O R = I, @& LA,
MR =LHO = 0w = wy. REW B EIRER
G5 RGN LSO ).

3 BEHIRG T (Control system design)
3.1  #H) H#5(Control objective)

2 R BIH LR R GBI A AR AN 2 1 5 R 4
[R5 K 2 AE IR S ) 2B L, ARy B
B RGIS B AT DRG0, AT PRSI R
i o3 NER N RGEBN ) SRR A ER A AR S 15
RN BBAT T, XTI IR RS, 75 ey
1) A BB AN E PEAN SRS, Al — AN MEESOX &
Gt S VAN 8 PEREAT Al vk, JFAEF 0 2% TP b AT H M,
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3.2 ZHMESO#& il (Design of linear ESO)

VERITE R GE8)) J) Y b 1) 3R 40 N S AN i PR
SR R G RINERE, R 2 SBREAR
JE, MESOREMSRFIX LA MEAE A — N ke At
ATAGTE, JEAERE IR A, IX L, & IR RGER
“s:

d'(t) = Jy ' Fo(d+ f). (8)

BRI, ZR Gl LISt R B

©=Jy Fov+d,
. 9
d' = h(t),
Hrh () AEEHBd () —Fr 32
BT ) 26 PEESO:
%1 = J(;1~Fov:i— 2+ gl(@— %), o)
Zy = 92(“-’ - 21)-

F O 10), B (10347 hr AR e,
4
SZ:1 = (ZAzj d/? + 5w+ g1(@ — 21), (11

82y = go(@ — 21).

(1), BHEEPEhd 2 2, KL RN
s g2 ’
z2_$2+gls+g2d’ (12)

AU 5 38 25 2R gy A g R IE B0 23 BF 22 0 5K
524g15+go AEHurwitz 1. X B, AR4 SCHR (911 F g, =
2wy, g2 = Wp.
3.3 #EHI#S BT (Controller design)

FI L PEESOM T B R G E 508 2,, AT
T RAT S I3 N i, AT SR 30T 28 ) A PR R
fE.

b iksett Kﬁ%ﬁ AL P A R R 4.

E XU FIPREZEN: 2 =& + ki q.

IGIN R GE I IT R R
. 1 ~
(10 = _§q~T(‘Q - qu)a

1

q= 5(@0—73 + [QXD(Q — k1q), (13)

* k ~

2=y Fovt+d'+ = (Gl +13x)) (2 — k1q).
Wt N RGN

V= —F071J022 — [kz + %Foiljo((‘jolg +
[Gx])|w — (14 kik2)q. (14)
Ho kg, ko 1B R
(5), B RGN N
u =
k
—Fy ' oz — [k + EIFO_1JO(Q~OIS + [gx])]w —
(1 + k1ko)q + Fy ' L(@ + Rwa)Jg +
F;lJo(Rwg — [@x]Rwq). (15)
& X —ANUT R ¥ Lyapunov PR %L
1 - ~

Vi=[(1—q@)* +3a"al + 527 (F; ' Jo)$2. (16)

11 51% Lyapunov p& 068 T 15 18] 1) 5 48, 0K =X
(IR, HJAA2)]

“/'1 pr—

—2(1 = Go)Go + 24 q + QT (F; 1 Jp) 02 =

(1—Go)@" (2 — k1@) + G" (Gols +

[Gx]) (2 — k1q) + 27 [—G — ko(© + k1q) —

Fy'Jozs + Fy M Jod'). (17)

52 ML HEESOMMEEN TR ZE d & d' — 2,, 3
HqT[gx] = 0nE

‘./'1 pr—
kG GG R -2 G-k 2T+ QT F Jyd <
—ku]| )1 — 2| 21* + Anax(F  To) 192 1]

(18)

WA L EESORIR B AL V15 22 W 3EAN IR R
G, WITCHh R GAE T A PR B se ).

3.4 TS HT(Stability analysis)

I3 1% B RN AEAE AN PSRN A R R AR 2 1
PASANAEAE SN EBIR BhIN R GEHRasE vk, IR ahiash
SN P B AN MR R Gk YRR S

EHE 1 HELGIRN T RGE AR E
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iRz dJEUUBK.
UE R SCRERBN AL TR 2 K
d‘ s + G185 d’

= — (19)
S +ng+gz
MZPEESOIPARZS A% 4] S A
x = Az + Bd/,
- (20)
d=Cz+ Dd,
s A= |0 79| p=| 7| c=jo 1], D=1.
1 —ag1 0

ZEFdet(sIs — A) = s* + g15 + go, 1T AJ&Hurwitz
FERE. PRI, X TR SR E XN FRREQ, AN IEE
SIFRHME P AL PA + ATP = —Q.
& X — N Hi ) Lyapunov RV, =
Lyapunov PRI I 8] PR 45005 2
Vs <
—ka[lG]1* = F2ll 211 + Amax (F5 o) 1€2] 1] —
Anin( @1 + oo (PP (Bl 21)
TR, wa Mg A AR, ik, H&5Hhshd
XTI @A CRGEN, BI— 2 fA e — MR ()
FIES o ||| < a(||@]]) + n. Hd BIE X5, %
SEMEPRL(@ + Rwa) A R TG
A PR 25 CASE 1, RIAZEE 70 1 B A A] ARl — Sk
Tl @[ — K R ET L Hﬂﬁ?ll( VIR E SCEN, £

Vi+xTPx, 1%

FL(® + Rwq) 135 21 A5 458U, T R
ild AR AT IR 2 tHer'IIwIIEI’J#/AﬁIﬁ iR

A7 R 2O [K 4 TR IV I 5, DR B
i&ab as, a31fﬁﬂ_FI£§ftﬁEi

|d'|| < a1]|92] + a2 £2|* + as.
¥t 2n), 53
Vo < —ki[ldl> — e[| 2] = esllz])® + 1, (23)
Hrp:

C1 = k‘g —
)\max(Fo_

— EAFAEIE R

(22)

alAmax(F()ilJO) -
1JO>)\max(C)

2\

Fo ' Jo)ll€2]| —
Lo)?

as Amax(
[a3Amax (Fy
4
a1 Amax (‘P))‘max(B)
Az
2 A max (P) Amax (B)

A3
A AIIla.X F_IJ Al'l'laX C
Co = )\min(Q) M ( 0 5 0) ( )

2)\max(P))‘max(B))‘max(C) -

162112,

(a1 A2 + a2A3) Amax (P) Amax (B) —
[a3 A masx (P) Amax (B)]?
2 ’
= p1 + o,
A1, A2, As, f, Mzﬁﬁﬁﬁ-

BBy > uler fetlicy > O/ 2| i -7, W%t
TG 1] 2(t0)]| < Q0. MAER|| G| > /il
192]| > Viler sz > /s I, Vg SsE
(9. SEIN, WA BURA G, 2R A7 AL HL gk
EAREEN. TG, 2)7(q, @) MM FE
WpE, P, (g, @) BEBB LS B MEE N, RIRS

JZ£UUBIY.
EH 2 WRRGAZ BN T, AT
FERS A ZHER AN 52, W) vH 2R PEESO R AE 2P

S 2 Ae Al A AR 25 R G AE T s AL 4 )R
REFEE .

UE W RAAEAER S 000, W AN e v
FEET—AF . S, 757% R Q0) BTk i £ 1
ESOARZ 73 (0] 5B, X T WA IRZS 2(0), RGOIRA W
jis

x(t) = eMx(0) + fot =" Bddr.
SN FRBN dE AT T, WIZPEESOf it
2, = Ce™(2(0) + A7'Bd) — Ce*'e " A™' Bd.
(25)
a1,

(24)

i ZA2) %01, dEITEE AL THE 2, (1 B
H-CA™'B = 1. N, 155

d = —Ce™(2(0) + A™'Bd), (26)
RIXTY £ (0), ZEHE
cs = bo||C|| + bod/||2(0)]],
{;mx(j)' <HA <o(]’/H (0)]] o
Wi
]| < esl(0)je*. (28)

H1 T4 A& Hurwitz 6, PRI dRE 95 15 H0lk 815
0. HiLyapunovi¥i & BL15), £77E —/NLyapunovf £V
AL

billd]® < Vi < bofld]?, (29)
Vg < —bs|d]]*. (30)
HFlgl <L fla)*<[(1-a)*+q"q<2[4q]*
& S — Lyapunovif (Vs =V, + TV, Hop T =
1/ A\ min (k2)bs. HIV3II5E AN
ba([lgll* + [192]1* + [|d]I*) <

Vs <bs(llg” + 19217 + 1d]®), 3D
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Hrp B LR RRE L, )58 RS AR TE AR
m(Fy ! AAESEL, FEBEh =M tEESO A
by = min{1, Amin (Fy JO)7Fb1}, lljpkju %Ebw;r ¥ fA@ H o
\ 2F_1J (32) 21 = Jy Fov + 23 + 3wy (@ — 21),
by = max{2, 2mex(Fo o) Sy = 24 302 (@ — 21), (36)

ST, Va1 () S 30T LA
Vs <
—k||G]|* — Ko 2] + [|2]||d]| — Tbs||d||* <
1

~bullgIP + 1) = 55— s I < <V
(33)
o
bg = min{k;, %},
b, = 1 min{bs, %} oY
bs 2

IR, ¥ A 2o PEESOMIEZ 1 [ i as il 4% fig %
(LRI RGFRHRE T 2 VAT A

DL BN e BE AT, Y RGATAESNRA S0
N, fEZ PEESORIMEH R, e 43 214 R fRE e
4518, 19 RGEAFAE WA E N, RG22 /TR
A E A NUUB. v UL, REHI WA EE R T2
RGOS HIVER, B Ra e P = A ORI 5 ).
4 ESO ™ #E 4 M7 (Performance analysis of

ESO)

X (12) R ESOMIZ R T 411, ZEEESO
) A N R 5 E AT A PO 2
(disturbance observer, DOB) &A1), Hrh, A(12)H
[ R S8 PN BB I AG VHE 14538 2R £ 5 DOB &
gerb ) AT IR QUEN AR S, A hE
BEAGTHPL B R 231, 0T R GE A7 A0 1 e A g
7, % 2l LA I B AR AT ) T TR T 2k
PEESOIM RIL UG 22 G0 1 e 5.

FERESOF ARG IR A 2 VEAE AP 5KIRAS I
B RGNPIRS TR, M KRS G R G A
P FI— B FEE N RGPS IAFAE. SRR, S8
AR RS H B AR X LR R S8 —BY, 5+
AR AN H AR, KT 1A — N ] T O 4%
M5, F Tl M R, wi R R DA SO6)
TR ANAS i 1 1 e T S A 2 BRI 2
W, Bl AN AE % 18 L Y L PEESO R L A%k 5
HLESOTE RE IR i AL, I HL, ik — A2 43 B 4 42 EESOBfY
DRI (an: IR RS K m —r Ea E %),
ZEESORI M e 2> tnfif 5UZ.

B R G DB R =B S0k

(1/ - h1 (t),
(35)
d/ = h2 (t)

z3 =Wl (@— 21).

VYR PEESON

2 = J; Fyu + 2o+ dwy (@ — 21),
2y = 25+ 603(@ — £1),

. ) 5 37
23 = z4 + 4wy (@0 — 21),

%4 == wg((b - 21)

L5 ARADZE AL, T 1G22 e 443 321 3K(10)(36)—
GNP N ENEESO MR LB INB) BB i THEL I
iR KA

N
27 82 4 2wps + w2

. 3wis + w}

2y = d 38
27 P4 3wy 4 3wls + WP (38)
. 6w s® + 4wss + w; ,

Zo —
27 5% dwas® 4 6w2s? + dwids + wh

IE B =R AU R HEESOM R GE B 5h 33k
AL THE AL 356 R 00 A Q1 (s), Qa(s) FIQ5(s).
AT LU H, IX 3N S (AR B VR340 4 By, B EE DR
R I — Y. B T2 EESOM i N i H i id 5
DOBZ5:A4, [, H%48 FHDOBE-H Fsu e 1 (1) 4 sk
AT HIWT. R A(s) 4 RGP e PE LS, MR
G RFRE M Db BLA AN

[Q(s)A(s) ]l < 1, (39)
HhQ(s)h RGBS BB TIHME IR 128 R 5. W)
AR 1, Q(s)FEH—ABE 4 m s e A mT Re Al
RGOV B AR E 5T

HF 3N 2k HEESO/ 5 11 431 2% 35 4y 1 rad/s, £
FNQ(s) AR i Y. 4t B 2 .
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Fig. 2 Frequency response of Q(s)
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HH B2 7] 4, ZEZEPEES O R iy il L L AR AN AR
ITEDL R, Q(s)7E A IR g AR 1) 16 2 K S 39 K.
KB, Q(s)7EH AR Ry A B 25 14 Ry > FRAR R
SE T, BT RS0 s 5 mr, W28 X1
FEn AR S R B8 U5, R A PR 6 RS
SANEE R, LRI RS

HOFTIZEMEESOMIMIEAR A : wo=1rad/s, w; =
0.576rad/s, wy = 0.407rad/s. 1524 Z i 3 4 K13 —
4R, bl — Q(s)WE T RG IS0 RE.
I3 %0, JEH IR LA BE A 3N AN [ R IR D6 e 2%
HLATAH R) R v Ak e, G v A B AT AH A (R A5
PR 41 — Q(s) MIAZREFE /T LG H, 7ERUER
e M E BRI AL IS DL, (KBTI Ze HEESOTEAR AT B
XFFHEAN I AHIRE ) B 255 T =2 EES O. SR 7
HROBL, P 2R EESO AT —ANBROK 1 Ry I A, IX
o TR BRI N AR A OK B T B, 1A S b
R, A 0] e T BUBEA A R G R 8 T W %2
Q(s) MIAZFFE T LUE H, MM 2 tEESOTE h AL )
VTR (2 PR R AR B S e fe e PR X —
AT BB FRERUANf 2 HERCK I R e, 7 K HY
1 R EANTHITERE, A BEPRUE RS EFEIE.

20 T T T

M / dB
I
3

&
|

o)

(=

-100
-120

_140 Ll Lol Lol L
10 10° 10 10? 10

M / (rad-s™)

Bl 3 HUEIERAEEI Q () FIATA MY
Fig. 3 Frequency response of Q(s) with different

cut-off frequency

o 1-0Q4(s)

0 Lol M | sl MR
107 10° 10 10? 10°
& / (rad-st)

Bl 4 BUESPREAFIEER 1 — Q(s) ISR I AY.
Fig. 4 Frequency response of 1 — Q(s) with different

cut-off frequency

AR LA #T, 13210 T2 MEESO T - 451t

1) FHIFE PR, 26 PEESON) & #e 1t B i ik
7 =TT e

2) mEB S EESO AT B SR ICARE ) 4 i 1 e,
H O T vt 7 i e A 22

3) frB L HEBSOTE Hh A Bk 1 e e et (104 2 i R
Ge e RO, B2 tEESO N B AT 13
A PR
5 SEECHE(Experimental verification)

AN A=A PUSE R TCN CATAR2H 1441, GG TEA
SCHEH PR . AT A S - 5 W IS PR,

S GRS
Fig. 5 Aircraft testbed

RV AT SR EARA RS R S AR bR RE G, b
Ir) IS . () FELLA T8 Ry, wo B oy A4 RIS 177 1)
JITRE I TR 434 AL . e SOZ R GEII P il A
u = [wy wy wy]T, WL, 4 HA U N H A
W1 =Wt + Wy + Wy, We =Wt + Wy — Wy,
W3 = Wt — We +CU¢, Wqg = W — Wy — Wy,
(40)
Hohwr A IR, L5 wr = 240 rad/s.
PR Ny

CrpAr?l(w? — w3)
Fu = CrpAr?l(ws — wj) , (41)
CopAr3(w} + wi — wi — w?)
Horp AR Y RIS HULFE L.
A1 RATEARH
Table 1 Parameters of the aircraft
At ZH BT ik
Cr 0.012 PAWAE Y18
Cq 093x107° FeriZ B
p 1.184 kg -m™> T
A 0.0515 m? WER AT AR
r 0.128 m e AR
! 0.25 m e WAL
Js 0.014 kg-m?  BORENH
Jg 0.014 kg-m* RN B R
Ty 0.024 kg-m® Ul
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1 Bew ) E A 1 AN T, 30 3 4 5 0 vF S50y
TEwr AZ AL, £ F ol
F—
diag{4CrpArlwr, 4CrpArilwr, 8CopAriwr}.
(42)

b diag KR [a) =0 FEE .

SEET- B I AT R G B AR AL R A | 15D
5 L JG(inertial measurement unit, IMU)RI Hi #2427 4.
i — AN IR M AN IE B AR 0T R AT 2 AR PR IR
FAHEAT A UOL) 5 BB ) 3 R B R A &
1E, ARG R0 AT RS B R SR &
M5 ms, AL FEES AT 56 — IR STV S, AT
PR, HEAYE VT AR 2 (e R R R L Ak

B2 N T BAEAR SCHE 3 7 v P sh A v R,

16 AT AR T RS R SE B0 I A2 v, ZEHA AN RR
B3 BN 20,0388 N - mifIHsh F1 5, K 5:
PR AR T s SRR A HI R H R S S Bk
HUN: ki = diag{16, 16,10}, ky = diag{85, 85, 200},
ZMFESOMUEAA A 1.6 rad/s.

TE LRGN

T
gq1 = 0.125 cos(l—St),
Qa2 = 0.125 sin(%t), (43)

qa3 = 0.

FLrP AR G0 30 B A S o FTIUTER A TS o O AR AT
fi v] E DU e EU RIS B AR A 3

B IREFRCR M Ko R, BT AR IR AR 72 ith
2. 3 H B AP R B b W AR2. ek,
M RGNS TR, B EMEESORE IS AT R
TR B e A0 SR 3D s >k 1 5 mey, 0 8 0 R e %
TE3FL A 58 . BT, 4 T ZetEESOXS R Gl
BT A VERIAME T, AT A FA B R R A RN
JE. [, ER2RT BUA Y, RGN ZEAIRTIRGE 5 R
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