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Disturbance interval observer based geometric control for quadrotor
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Abstract: In this paper, a geometric tracking control strategy based on interval observer is designed to solve the tracking

control problem of quadrotor under disturbances. Firstly, for a class of disturbances generated by some exogenous systems,

a disturbance interval observer is constructed on the basis of the Luenberger observer by using the interval estimation

technique, which realizes the estimation of the upper bounds and the lower bounds of disturbances. Secondly, in order

to evaluate the effect of disturbance on the attitude of the quadrotor, a disturbance effect indicator is designed using the

disturbance interval information, and an inner loop geometric controller is constructed. Then, exploiting the information

of disturbance obtained by the interval observer, an outer loop position controller is proposed to ensure that the tracking

error meets the predetermined constraints, and the tracking errors are proved to be bounded. Finally, the effectiveness of

the proposed control strategy is verified by simulations.

Key words: quadrotor; interval observer; disturbance effect indicator; geometric control

Citation: CAI Qing, QIU Hongling, FEI Cheng, et al. Disturbance interval observer based geometric control for
quadrotor. Control Theory & Applications, 2026, 43(3): 489 — 498

1 35

VUi 3T AL B RIEVF 2 U2 F 1 DR H,
WL RS L OB IR DA R is s N T
I F DY g 3 To N HLAE 525 (3R 53 AT A [F] R AT
G0 ) AT B R AN AT 1.

SR N~ S o P 7 ot LN £ g e el RN = B
A U 455 AR PR Fl B A R k. 3K s o 5 1 T K
Ez R e A= R (SRS R et gy P IR CIE I
FLHAE =R RRR ISR b SRR, dE e 1 &
AN, LA AR R 5 2 FE R AR,

Wik H 1 2023—09—17; FH H: 2025—-04—22.

T38{Z{E% . E-mail: junshen2009@163.com.
AL THTIRZE: R

MR AT 5, SRS AT e = T S 4 1
PERERAL. SCHR (81 2 Bl I BHJE HEAT AR, SR i
VAR et HRE AT A, et T U AN LT
R s SCRR (918 B AR 455 IR ZZ M
R EVERMARKISMEIASN, SLIL T DU I AHLA
FEHE AT, SCHR (101K 0 S0 5 A0 LA 42 1 45 4,
BT T BRI S AR 9, ARt 7R
BRiRZE. U IR i o 1 DY e 3 e AL A3
B, (HAGIAEIS B ORAIER, B IR L.

VRN —Fh B R (R R X5l 2R 458, DU e 38 TE AHLALE

FI & BB ARSI H (61973156), B AU A AR A RIS SLRRBHTTHRIITH (XCXTH20220324) % B).
Supported by the National Natural Science Foundation of China (61973156), and the Postgraduate Research & Practice Innovation Program of NU-

AA (XCXJH20220324).



490 B owo#H w5 N

PREFACR 2 BB A R ZWSOE FE sz, Sebr b, 4
AT RGP A AR SEBhR RG R
M 01925 i 4 A6 R 458 ) 2 M AH RIS, $Ral T AR
P N — o A T M. B, O 2
SCHRIE PB4 7 ST AL SCHR 11738
st REEHIFEmSE H 1 PLah R s 25 (dis-
turbance effect indicator, DEI), Jf3& T b % it T #3h
R ik 2 10 7 58 A S A i AR MR e SCR (1210
BN T BE 7RI O DY ke 3 0 AL i 4508 2, AT
P PRER R ZE NSO L. th T8 A 5 OGE Rt fe
(I8 77, DRI, AT AR 28 35 i ds 28 v 2% RS R
P LA R ZEWEIOH L

I FH B et 42 ) 2% 12 BE T HT P2 2 S P sl i)
R T RPN A ST AT DA Rt s AT
v, (R TR ZE BAEAE AR T HER A TS0 R 4t
2. 54k 1 28 SR ARG B A ORI 28 AN [, X[
LI A0 DASR AL 5 2 1T RGUIRES B A T e
) b RIS, XA E AR EREE SR LA v L A
YE2 Birsn, B AR R0 s DY e 32 o ALz S RE
1) ) e P A B 78 4B 7T, B AN U TPl X TR
R PRI E S e

Z PRV R R, ASCESR LA AE T DY e 3
TE AW I, B H 7 5T s DX TR] U 5 I 8))
R U4 77 58 ASCH) FZE 0Tk : 1) fEBIIXTH
TR TSN X TR UL 2%, SEEU6T AR EN S MRS
R AMERGTE 2) fEALE IS, 5IA—AN
Ly B R A AR S B TR S A, AR RS X
A B ERER R ZE AT IR, ORUEAL B PRERKEE; 3) B4
ARSI, B Psh XA IR HEES RGN
i) A S BB 7 o, R PLah et e A il 2%
IS RE.

2 R
21 FS5HH

FEA SO, R 2 BA AE I n 4E 1) B AR5,
R A IEA TR &, 1, 2nWr A 5 B,
| - || R LA MTHFEA € R, wr(A) &5
FEAMIZE; At =max{0,, A}, A= = AT —A; \y(4)
I (A) 73 AR A ) B RARFIEAR DA S 5/ INVRFAE
. 4R IEXCBESO(3) = {R € R¥®|RTR =
RRT =TI, det R=1}. X} T[4k, b € R?, S(a) i
ES(a)b = a x bR AFRHFE, S(a)Y = a. ofgliik
HiR.

76 DY e BTG AMLIEAT BB, 5l N W B R
I3 AA AR 2R, 43 ) AR W = {2y, Y, 2w} Bl
EERB = {zy, Yo, 20 JITIERC = {x¢, Yo, 2} FIE
VUi T AHL R GAE CAT I RE 52 B e )zl |t

o543 %
AR AR Z M K R 5N, HLBh )R
pP=0, (1)
mv = —ugRes + mges + dy, (2)
R = RS(w), 3)
Jw=-Sw)Jw+u, +d,, 4)

For: m AR VU e # TE AN & gf03R H 7 4
p =[P« py P ERPMu=[p, py p,]" eRPPHIRE
DY e 38 e AHUTT O A5 M AL bR R W B AL B R
R = [bip, bay, bsy] € SO(3)RFHAR AR RAHN T
BIMEAAR RIIER w = [we wy w,]T € RMREFDUjiE
FICNMAENLAR A bR R B I A, T3 1R %
HEdy € R3Md, € R*Z7HMEH T & ¥ RGN
BFRAIRAINEILED; up € RFu, € R353 7548
LR SRR A5 e = [0 0 1]

K1 BB R R A

Fig. 1 Reference frame of quadrotor

ANSCHR (1615481, ASORPEal d e M

BiZ 1  hshd i FANE R G
= A
{ g Eg + R, (5)
d = C¢,

Hrp: ¢ e RVERGOPRAHE; £ € RVZEARKN
I AR ) &, 3 ARk < k<R, kAR CENH & Ae €
RV*NANC, € RYN & B 50 H B B, 3 H(Ae, C)
=i p VNI
2.2 EHIHR

AR H AR R E— eI 24 N DR T
NMUBR BRSSO HA SR B, o WIS 5 AN S
#, B e 38 T AM LI AR AT B pg AT R g,
3 i X Es s

FEBEHHR BN DX TR AL 38 2 /i, B 5e4h i R g X
PAR AR5 B

EX 1D I RAEEA € RV AEEXT M2k
JCRVZAET, WK ANMetzler i FE.



3 SRPRAE: JETHRAN X AN A MO DU BEIRTE AN L LT Ht] 491
RS2 WERFEREA € R T A R HHESIELL, 2P~ (Ae — LC;) PyMetzler i H.

6 S, WIRR AN Hurwitz 5 .

SIER 1Y BRELLM RS

5(t) = As(t) + w(t),

Ho, RG0REs(t) R, A€ R, w(t) € R™. 4N
H A Metzler 5 [, Hs(0) € R, Ms(t) € REAAE
Bt > OBOL.

SIZR 2081 i 5h,b,b € R™MiliEb < b < b M
Atb— A b < Ab< ATbh— A™b.

N T RHRENd#AT A T, BINGBI AR By € RV
RSB &5, AT 2

§=Pn+ Ly,

=P (A — LC)Pn+ P o+ P 'k, (6)

d — Cgf,
Hp: P e RVNAIL € RVXS Ry £5 %t 5E B, o =
(A¢ — LC:)Lv + L[(usRes — mge3)™ (S(w)Jw —
u)TT e RY, v = [mo" (Jw)T|" € RE.

Bt DX DL 25 0] 4 B2 e 1B R FRgEAT A6 1,

ESCHR 11912640, X TR 25 A 2l T
{ =P A — LC:)PR+ P o+ 6, -
i) =P (A¢ — LCg)Pn+ P o + 0,
K@ = (PY)*k — (P V) k6O = (P )"k —
(P~ k.

ESUH B BAL TR ZE L e, = 7 — n, TR
Z e, = n —n, WABAEEAMTHRZES 252
én = P_l(Ag — LCE)Pén + @ — P_lli, (8)
é, =P '(A¢ — LC¢)Pe, + P 'k — O,
WRIE(6)-(7), AT AR N 3zl B 7
J: Og(PJrﬁ — P_ﬂ) + Cng/,
d == OE(P+Q — P_'f_]) + CELZ/,
Koo d=[df )", d=[d; d7]".

EE1 FHERINERGGEMN TR TLA
HLAZE(1)-(4). HHFEP~ (Ae — LC¢) PFEMetzlerfii
B Ho& Hurwitz2E B, I HIX EDIGII 2§ (7) Iwaa it
xZ2e,(0)Mle, (0)2AE 0, AP LT IRE eq =
I dfley = d — dfeARf ELAT G,

IE SRR EMTHRZES) /154(8), WA

()]

O P lh=(P ) (R—r)+(P") (k- k),
Ph—0= (P ) (k—£)+ (P ) (F— k),
HTEPHT >0, (P ) >20,k—k>0,k—k >0,

Hk, k, R A3, IO — PP~k — O ¥R
G

HurwitzA3 €, HAJUEA THiR 2 €, (0) M e, (0)F S,
AR AR 2ze, Me, AR HA T, FIH(7)230
(6) 1) DX [RDIL I 25

F B (TMR(), PeanflittiRZn] LI — B 5k
LINY75a

{ eqa = CePte, + CcPe,, (10,
eq=C:P e, +CePTe,,

HTCe20, (P20, (P")” >0, He,Me, &
et HA ), Rt TR Z e Mley /& 3B HA
Gri, MRS difEd < d < d. IEEE

EFEPHLEP (A — LC:) P NMetzlerf [ H.
Hurwitzf3 58 7 3K it —Sylvester /7 #2181 P14, —
MP™ =QC:,Q =P 'L, M Fl As %A MIF
FROEE, 0 R 51 BEEE Y T IHR PRI D R,

SIE 300 it Lf (A — LC:)Fl Metzler i
B MATAH A B RFAEAE. T R AP R g1, ¢ € RUVELG
(Ae = LC¢, qu) (M, qo ) B FTRMIE, A2 P71 =
05;'0,,Q = P7'L, fi+:
q1 qz
0, = : , Oy = :
@ (A = LC)N g MY

1 TR (201 R VAR I, A
HEIEEE—AEE R R LT Ay — LC M BA M
[l AR ALAE, 285 PR AL 5 B3 A & gy .
4 PBBt
4.1 LHRTHES

LR, = RIR, & LEFIRERHP(R.) €
BiRZer € R3, A H R %Ee, € R®A

R, %

1

W(Re) = 51]1'[[3 — Re]7 (11)
1

= 5(Re — RT)Y, (12)

ey = w — Ry wa, (13)

;H\:EF'I Rd = [bld bgd bgd] € 50(3)4ﬁ%@jﬁ§%}\
HUPBZER, wq € RMGRIUHRE T AN U R 3.

X0 (A D)—(13) RIS T) 38, W e VR 72 51 3 543
A

¥(R.) = ete,, (14)

= %(tr[RZ]I — Rl)e, = E(R.)e,, (15
o =W+ S(w)R wg — RYq. (16)
I AT AR, R, = RTR € SO(3) B



492 oA R 5 N A

43 3

TR NI T HRHGE

R, = exp(S(pn.)) =
cos pls + (1 — cos p)nent + sin pS(n.),
(17)
H: n e RMCRTEH MBI E, — 1 <p<T
RFE LA, BT E A LSS
U(R.) =1—cosp, (18)
eRr = M, Sin p, (19)
ler||* = sin® p = (2 = W(R))P(R.),  (20)
TR || er |G VU NEE T ANUIA LA Ry AL PRE RS
R 6] ek f L) IR 52 H.
RRTHESTE R, B RERE
Vi = kW (R.) + %ezJew, (21)
a9 FR36), ViR S ECH
V, = krepe, + et (=S(w)Jw + uy + d.—
J(S(w)Rwa — Ri ), (22)
MZS AR AR TN
u, = — kier — kae, + S(w)Jw — J(R) dq—
S(w)Rrwy) — d,, (23)
Horb: by Ml ARG R, d BB, AdHE, d, 7T
DAL T #REhIX 8] [d,, d, | TR,

2% & B3 B 0] DU e 3O AHLR S 152 2 A R
RN RS AR i S R

‘g2 XITFIEHTHIRETLAN RS
(D—(4), B REREH LT (R.) <6 <2, Hp§k
—MEE L

AT A, R BN T 7 25 DELK 43 H
BT R G, HEETF DU i E T AL S
Ehilgs. He4 A FDEIRE e

EX 3 TR ANLESIRERR(12)-
(13), % e; = cJler + ey, HH cR—NAEMHEEL,
H, =sgn(d, oe,) = [Hy;, Hyy Hi3)' € R Hy =
sgn(d-oey) = [Hyy Hay Ha3)" € R®, Hrbisgn(z) =

L, =0, e 3k "
fe AR A R _EIR Hy A H, 1)

—1,z<0
5, BN TR RS E SN
Hy=[Haq Hao HdB]T € ]R37 (24)
Hr:
07 (H1i7 HQz) S {(_17 _1)}7
Hdi =
1, HAth,

S0 = 1,2, 3L

2 MIETCHR[11], 34 FIDELR 2 T3 X (4]
HI_E T AR, BRI X (0] N B RS2
FF X (24)FIIDEL, L5328 (23) 1] Lt
ur = — kier — kae, + S(w)Jw — J(RYwq—
S(w)RYwq) — 0.5(d, +d,) o Hy, (25)
BRQSHMRANKR6)T, [RHNALREIRZE RGsh)
Jéw - — k:leR - kgew + dT*
0.5(d. +d,) o Hy. (26)
4.2 PrEEHI
HRAE DU e 32 TE AHLSN J7 22 (1) A(2), FoAr B A
ER R 22T T

€p =D — Pd, (27)
€y =0V — Vq, (28)
€, = €y, (29)

mé, = —usRez + mgez + dy — miy, (30)
7 G DU e AUAE RAT R AT Re Al Ar B PR
EriRZEe, = [ep1 epa epa) T mai W LIS
—l1 < Epi < li, 1= 1,2,3, (31)
Hrl, € Ry 2 Mhae s, ol Sl 48 & B 47 B R
ERGE IR, EST U N IS Bt e R A P2

Li(t) =
T, —t
( T )1’51' (l@o - l7,oo) + li,om 0 g t < E’
li,ooa t > E’

(32)
Ho0<e <1,i=1,23 1o =10(0), 5o
Bl < e;(0) <05l o T K SRVFERIER R 22, T
RO < oo < Loy Ty A& R FOVFERER 1R 22 U8 15 I8 [A].
L () RTINS0

live —lio T —t. =
ii(t) = {T§<1el()>( 7 )OSt
0, t>T,.
(33)
FRERGDIRLEAL, 2 n = [n no 03] T, HH
i ;=123 (34)

i = 7\/m,
i pi
FTA BRESN )DL B RE R E (3 1),
PAUR PR BRSO B s 1 4
piz 3 W o Yk

3
Vo= > i, (35)
i=1

N



53 BEPREE:

gh530(34), Vo I T S50

’ 8 lzze i (& le
Vo= N ey, 069
FEXes = [ear exr €a5]" = v — v, € R, JLrpA
A Ve = [ver Ve ves]”, FIULASE]
’ . [epi e zlz
ERESICEr A

(37)

le
_kepi + Vi + €p7’ ;H\:l:l:lk

BT L4 Ao = L

RAEBL BroRNERGT)H, TS E]
) 3. kl%e? 3. 1%e,;eq
V, — — i pi e . 38
Lo apEt L poan
S22 HEEK
1
Va=Vo+ §m62Tez, (39)
VI T S E N
. 3 le 2 3 l2€ i€2;
V _ 7 pz + 1 “pr-at +
Sl Eoey T Loy
eg(—UfReg, + mges + dy — mi}c)7 (40)

N T RPN BRSSO RE A e, 72 SCHTHLAAR AR
b IR 2Bil1bs g ST TR R R A

U= —Ke, — ksey — mges — ds +mi,,  (41)

al?

Hor: e K = diag{ ka1, kas, kas }s kai = m’

i =1,2,3; a2 4E U 5L cifz%?jtijjdfﬂﬁ{mﬂa,
TSP M 2250, dy vT AR T 3830 X 18] dy, de] 9
HAT = AA.

Flt, A BTt A

ur = —U" Res = ||U|| e3 R} Res, (42)
P @)K GO, 153U F AL B RS 8) 7
2

meéy = — Ke, — kses + Ar — A, (43)

Hof: Ay = [An A Ap)t = di — 0.5(d; + dy),

= ||U||e3 R} ResRes + U.
4.3 FEMS

EE2 XTHURRLANARS (H)-@), W)
IRERIRZEW RV (R.(0)) < 6 < 1, VIGHA1 B iR 2
—1;(0) < epi(0) < 1;(0),i = 1,2, 3. WIRFLEF L
a >0,k >0,k >0,k3 >0,¢c>0v >0,
o > 0,75 > 0, fiif5

M =

FEFPrA) X (AT 25 DU e 38 Jo AL LA st 493
i Ck'l B CcY1 - Ck2 . afmax 1
Ckg
_2)\III(J) kQ — ’)/2 —C 0 9
a max
- J; 0 a(ks —s)|
kl C
2 2!
Q=< ) o
2 2 1
0 0 iam

1E7E, M (25) #1 (42) [t er, e, nfles— 34
gt BB R R e i 2 (3 1).
UE B IEAHEE TR R B
V =V, +aVs + cepe, =

1
k¥ (R.) + eTJe + cepe,+

1
—a Z n? + —amey e,, (44)
2 3 2
H T YR E SR EHR 2P (R.(0)) <6 < 1, iR#E(20)
=X (34) AT LA 2
k 1
iHeRW + *Am(J)HewH2+
3 2
Z + —aml|es||? + cege.,,
ZiE—e, 2
(45)
V <o flenll + shllesl*+
2 5 R M w
3 2
5 ; ) + QOzmHeQHQ + cegen,
(46)
HrpodE i s B8, Q IEE WAV ZIEnN.
VRTm S ECN
V =kiete, + el Jé, + cel E(R. e, + ceté +
3
Y nn; + amey és, (47)
=1

K 2o A 43)RAZI @D, T LA 2
V= erEew — ckle;{J—leR — Ckgng_IGM—f—
cel E(R.)e, + cegd tA + el A —
5 kl2e2

Oélzl ﬁ — Oék36’2r€2 + Oze;FAf—
aey Ac +0.5(ceg J ' +el)((d, + d,)—
(d, + d +) o Hy), (48)

:/H\:EPA — [A‘rl A.,-g A.,-g] dT - 05(dT + JT)
BT (el +€2) ((d, +d,) — (d, +d,) o



494 oA R 5 N A

43 3

Ha) 555, Lhi = 1 M, B &~ m b

1) Hyy = 1. i, %5’?%@1%?%%5’]%“@%
T 11, *ETEE%(M)?Q (cem +ew1)((dyy +dr) —
(d.1 +dr1) o Hay) = 0

2) Hyy = 0. KT, %ﬁﬁtiﬁXﬂ“?%é}EE‘J%”ﬁ%E
T, MR (24) ﬁ (Cem + 1) ((dy +dr) —
(d, + dﬂ) o Hy) < 0

E%T(Cem +ew)((dry +dr) = (doy +dra) o
Hq) <0

FE ST, 4 Fi = 2,3, AT LABE KAl

i (ceqJ ! +el)((d, +d;) —(d, +d;) o Hy) < OfH
R 2, R B AT S

V < —kofles]? —

cllE(Re) Il +

Am(J)
5, ki2e?,

ay _ i akslles||*+

=1 (122 pz)
&
A ()
1A
47,

lerlllewll—

1A-]?
4

) + elles]*+

A2
43

(mllerll® +

+ asllea|® + + allea||[[Acll,
(49)
/E\:EP’YL Y2, ’)’3%4'5@'%@
FIFH (4 1)—(42) T LIS 2|
| Al =l U|ll|(e5 RY Res) Res — Raes|| =
U |[[bsn, x (bsp X bsa)ll, (50)
H T ||bsp, X (bap X bsq) ||7FR by, Flbsq 2 0] JHE #% F &
HIIETZAE, 254 30(19) Al A
AN < [[Ulller|l = fuaxllerlls (51
o £ AP E TS AN LT BESR AL AR 77 B KA.
g5 M 17), ITLAE]
|E(R)| <1, (52)
BARGD-52)RANFIX @9+, A

. k
V <= (ko 2

_72 _C) Hew”2+ )\ (J)

lewll llewll -

akl?e?

3 % p1
_1':21([? _

)2
p’L
A7 A
ko — 2 C” T T
Oé( 3 73) ||62H + 4)\111(&])’}/1 + 4,}/2 +
|| fH

ckq v

)\M(J) )\m(t])) ||6R||2

+ fmax |2l llerl], (53)

2
*Eiﬁﬁm)ﬁf%nb?biieg > 1(i = 1,2,3), Bk
i “pi

V < — min { (M), ok} (Jler]) + llew] +

621
e+ 5 2
cll A7 HA || | A

s ag A BANT | HAE ey
o (Dm | Ay 43

) + A, (54)

LMo % /)N, T DUR CRAERE M &2 IR E 1. 455
R46)F1(54), AT LAE R

Ve min {)\m(M)aolék} VA, (55)
max{ Ay (Q2), 504}
/\l:lj
ky c
2-5 2 ’
= ¢ Liw o
2 2 1
0 0 iam
R (SS) AT N
g Ay, A A
. min {\, (M), ak} WV R T,

maX{)\M(Qz) a}
Al %ler, ey, n*ﬂegﬁgﬁﬁﬁﬁ’l

N TR R ER R 22 AT AT, 2 o=V (0)+

a, 5. €2,
Z W @M KGO 150 < Y- B
=1 -
20
E’.JH: O[—|—2 z\ pz\ +2 19EEH:‘
. _2f2 < 1, LR B 2 R AR 2 PR (32).
HFEE.

5 MhEKIESaHr

22 SCHR [23), 07 35 DY i 2 T8 AL &N
2.48, e i e i i 2P0 e 2= AP G EEES L =
0.22m, Tt 1 & Bler =72x 107, L 1 E¥er =
1.44 x 1077, % 3l 1 &#J, = 0.0756 kg-m?, J,, =
0.0756 kg-m?, J,, = 0.1277 kg-m?, TS AL & KHE S
fuax = T3 N. $5HSHCH

A = [03 131 , Ce = [13 03] .
05 0 05 I
5.1 FREEMEREXTEL

N T Ui BH A S 77125 (disturbance interval obse-
rver and DEI based secure geometric control, DDSGC)



%3 BEPAE: HET-HEh X LI 4800 U e AW LA 495
PRI R, 3 — /N AR 3L T 0 28 1) 22 4 T AT 428 1~\ .
#1124 (observer based secure geometric control, OSGC) . —_ DDSGC
T HLBIAMER TLT #2510 (disturbance compens- Z 0 O8GC 1
ation based geometric control, DCGC)i#ATXT L.

OSGCHIFI A 31 L 23 kR BN 47 (51, I L% 1l : P J
SEFHR B HEAT R B LA 3 B B % 2 6 S 2 4 "
L), A B IR EFMERE R AL = [1.1 1.1 1.1]"; DCGC 5 Y T
FIHRB M 2SR B AT Al o, I E s AT \ 1 2 5,325
EE. R 1O AL A 8ty BTN osaes
R R R R < ol N\ — —DCGC
di = é; + ksmu, d, = é, + knJw, »
6 = —ks(—ugRe3 + mges + é;), 15 s 0 s
ér = —kn(=S(W)Jw + u, +&,), t/s
ok kAR R HL
7 I R DY e 36 ANLAZ 2040 S HRsh 200 - c i
di = [~2cos(0.5t) — 2cos(0.5¢) 2sin(0.5¢)]7, K - Jfaflfgié]c‘
d, = [—sin(0.5t) —sin(0.5¢) cos(0.5¢)]". ‘ — —DCGC
HERFE GRS B Rk, = 0.8, ki, = 2.5. ’ ’ 10 :
B X LI #5 < = [0.01 0.01 0.01 11 1" k= v
— R, AR 2R 35 W8 N =0.01,¢=0.5,k, = 2 o B R
15.5,ky = 4, ks = 25,71 = 72 = y3 = 90. s B IES: Fig. 2 Position tracking results
PERERREIR E 5 T %;¢¥§;
T, =15, 10=1.5, [, = 0.1, 25—
6 =05, i=1,23. § °>A’
BI2gh H T 7 B ER IR 45 5, W] DU H 3F 7 v:35 5 ) 1 1
BT TP R RS, A3 AT LU, 45CDD- ’ " e
SGC =3 fir B BB 2k L A 20 R 4% 1, T bSGE oSG DeGe
OSGCAIDCGC =3 18 [y fir H JR #5822 K. B, B
OSGCHRE R HIDCGCH B IX HIA K. ? ) ——
99T RHOLE BRI R R, 3 A T4 AN 26w
X % %= (mean absolute error, MAE)E NV 16 45, & < /
XA B IRER P AT R 2R 2! : - !
Api = lim Z Hepi(k)H’ 1=1,2,3, t/s
k=0 ‘ —DDSGC — —0SGC —-—DCGC
M E4T] LU A S DDSGC A & 5 /MIMAE,
SRS RIRCRAR T 5 AR . E4h, A DDSGC 2 o
i A B LB 2 L R A R, =i N R r—
R B EREF AR Z /N T 0.05 m. B 5 ARk > O/ =
(1S 0% BB £, T B HE A SCH) DDSGC %5 . | |
PRI 2 T OSGCHMDCGC, J& RIE T A S 7 0 5 10 15

AT LSS PR ERTE AR LLORIE A7 B ERERERE. X (R 303)
R 5 57 B A AN LI AL 45 2R 73 ]
WE6-7RR, AU SR AL T IEsh X H Y, 3X
R TS SRS (A R

t/s
—DDSGC — —0SGC —-—DCGC

K3 A EERRZE

Fig. 3 Position tracking errors



43 %

496 B oH H w5 N M
0.06 _ §
8 o004t .
H
.S
0.02
0.00

AD; AD, ADs
I DDSGC [ 0SGC [ ] DCGC

K 4 (BRI IR EE

Fig. 4 Mean absolute error for position tracking

—DDSGC — —0SGC —-—DCGC
1.0 .
-3
5 %10 Y
=
1.0 8
0.5 ’ 1
MS k \ \\-‘
0.0 L
A s 10 15
0.0 . .
0 5 10 15
t/s
Kl 5 BARRERE
Fig. 5 Attitude error function
’é\ 5 L\ T T ]
z \ dri — —dn ——dn
=
=
R
S

Pz 1% / (N-m)

t/s

drs — —drs ——drs

Pz 1% / (N-m)

t/s

K6 fr EIAINES R

Fig. 6 Disturbance estimation in position loop
5.2 PEhBNifErasxtt

KT AT BRI R F5 1 5 R i R, K AR SC )
2 51 7 15N 5 bR HE P B #ME 5 ) 7 1 (disturbance

observer based control, DOBC)#47 %t bt PR /7711
EHISSHIHIMEE: o = 0.01,¢ = 0.5,k = 15.5,
ko =4.2,ky = 27,71 = 72 = 73 = 90. B4k, By
FEIR A SR X DI & XS s g4 T Ak v, 1
LR Y e T A2 B 0 R sl s

di = [~ cos(0.5t) — cos(0.5¢) sin(0.5¢)]%,

d, =0.5[6—sin(0.5t) 6—sin(0.5t) 6-+cos(0.5t)]".

T T

(9]
=

dTI - 7&7’1 7'7(/17'1

Pz /1% / (N-m)

\\/\\RVA d‘r2 **87'2 7'7d7'2

P35 / (N-m)

®E S/ (N-m)

0 5 10 15
t/s

K7 2SR

Fig. 7 Disturbance estimation in attitude loop

PBH R AR I SGE FE s i 8 Firs.
A UEHAEO0~3 s W Hay RAE T Z IRV, fE0~
1.3 s Hao KA T 2 kI, AL HIDDSGCHE
1 By Hb 0 BT B 3 5 R S R G PR A B RS L AR B
T DOBC, DDSGC [N& &R ZE 5 Eeyy, e1o FIUSIGE
FEREM, X2 B T HUah R FH 7 A8 2 it 6] N K430
VB N B — 8B4y, BB 3G N T 4 1) 2% 1 1 2.
DDSGCHIDOBCH % 25 1% Z= bR F Ui 8k B (8] 43 51
N1.4 sFI2.6 s, FRIIA S35 48 e i R FH 30
IR AR ZEUSE . 9] LLE HDDSGC AL
B AR 22U SO B ER T DOBC, 31X 1t B 1 i i A i
ZEWRSICH P RE i A B A 25 P RE.

5.3 V-REP{iERF

N TR AR Y JiE 3T AW LIRS Hh iz 3),
7E V-REP F5%f PUBESR TC ANLHEAT T 22, 183 V-REP
MIMATLAB 2 [A) (B TS IR B V-REP 1 ST ALy
B, HoA e R e 2 DU e R A O EE S L=0.22 m;
MATLABH! FH iz8 #2 38 tH 3K BUV-REPH VU Jie 3 6 AL



3 1

BEPRAG: Tl X T LI A DU e 3 TC AL LA 42 ] 497

FPRA IR, D9 76 V-REP 4 DY i 380
BRI, F MATLAB SRS H2 A N ety
YEAETE AN TR LI A s & bl
w3 I AW e 3 EHE I B fi(i = 1,2,
3,4) R ARN

0 — L 0 L f

=1L, 0 —-L 0 fs
Cq CqQ Cq CQ
CT CT Ct Cr f4
1.0 —DDSGC |
— —DOBC
=Y
0.5 .
00 Va\ | | | |
0 2 4 6 8 10
t/s
—DDSGC
. — —DOBC A
Ny ~ Hy
4 6 8 10
t/s
1.0 T T
i ——DDSGC
. 0.5+ U I — —DOBC A
Ny i Hy,
0.0 - Lt
0 2 4 6 8 10
t/s
1.0 T
——DDSGC
— —DOBC
g(m/h— 43
,10 | | | |
0 2 4 6 8 10
t/s

K 8 PahxH AR Z W SIOE L R
Fig. 8 The influence of disturbance on the convergence rate
of attitude errors

B py = [2sint 2cost — 2 4]T, B

i 0 F1 ¢d:g rad, VU Jig 3 6 A W1 48 67 B K (0, 0,
4) m.

e
I

65 li,O = 2a li,oo = 037

€ =05,i=123.

0.0 — =
£ 7 ——DDSGC
~ _05 | z - *DOBC
QO
,10 1 1 1 1
0 2 4 6 8 10
t/s
=
&
10
00 - T LI T T =
a B3
Q:& 0.5 B
_10 1 1 1 1
0 2 4 6 8 10
t/s

B9 (7B ERERR S 2

Fig. 9 Position tracking errors

V-REP 1 F 45 SR B R ER 1R 72 70 73] a1 B 10-11
R, AT AT BUE H DU e 3 AHLSEIL 17X SR
B ERER, Horb, g8 P ERERSCREUT, i B iR %
e SR FE R AR, T 2 BB AR 24 AFAE A 0.2 m/e A R ER
TRZE. BRISRUE, = TE AR B R 7 P00 A2 A N 22
ELR, B PRY] T AR EE AT L.

10 V-REPfjj 454
Fig. 10 Simulation result in V-REP

W/ m

t/s

K11 BRERRZE
Fig. 11 Tracking errors



498 w5 MO H3E
6 %Vﬁ [12] JIA,J, GUO, K, YU, X, et al. Accurate high-maneuvering trajectory
N . | N 2 7T s B 2y tracking for quadrotors: A drag utilization method. IEEE Robotics
ZISITEH:]' T ﬁP;FJFH TjEEjJEﬁ = @ ﬁ}zﬁﬁj\*ﬂ“ﬂﬁﬂm and Automation Letters, 2022, 7(3): 6966 — 6973.
M sl 4 e o 2h Y] R BT fx A b G L ) . )
ri He E/J %lﬂ;”ﬁﬁ 7'3 T %Uﬂ%ﬁ:ﬁﬂ U‘]:E W?Iﬂ’:u ri He, B [13] ZHOU Tao, WU Xionglin. Reference model based disturbance ob-
s X R 2s e s iy b N R e AT BN server control system. Control Theory & Applications, 2021, 38(6):
-y \ vy NN — \ = ; 823 - 832.
IR AT ) o8 s i P s OB H W P sl X 4 \ o e g A '
hE ST R A A %, S ST 5% BO A R b R, RIS
SSRGS, XA m s AR, $emia iRz RifH], 2021, 38(6): 823 - 832.)
LI&@UEE Eﬁ]\%{jﬁ}%ﬂ%”%ﬁ EP Xﬂ‘ﬁ:i}]j&/ﬂt%l\ %’ ﬁ [14] WANG Zhenhua, SHEN Yi, GUO Shenghui. Interval observer design
Ny N B N e M N - 2N for linear descriptor systems. Control Theory & Applications, 2018
PR RE R A =] 479k Spj B R A ptor sy: Ty pp! > >
i P fE uﬂéjﬁﬂ hLEIRZIATLAR, L j:@ha E%EEE 15077, 956 - 062
= 5 72 2 7 =\ - N 217 - N S o e s N
B5. D5 EAS KRR WIPT IR =17 Ree i RS &R CEARAE, VEBe, SOMERE. Hebbr™ SRS I AU . T e
SRR, MR B R b . 5L 2018, 35(7): 956 - 962.)
[15] GUCIK G, RAISSI T, ZOLGHADRI A. A note on interval observer
design for unknown input estimation. International Journal of Con-

§%iﬂ: trol, 2016, 89(1): 25 — 37.

[11 YANG Xu, WANG Rui, ZHANG Tao. Review of unmanned aerial [16] ALEXIS K, NIKOLAKOPOULOS G, TZES A. Switching model
vehicle swarm path planning based on intelligent optimization. Con- predictive attitude control for a quadrotor helicopter subject to at-
trol Theory & Applications, 2020, 37(11): 2291 — 2302. mospheric disturbances. Control Engineering Practice,2011, 19(10):
(B0, FH8L, T, 15 T0 AR 2RI A RE AL FIELRIR. 1195 - 1207.

FEHIEEE SR, 2020, 37(11): 2291 - 2302.) [17] EFIMOV D, FRIDMAN L, RAISSI T, et al. Interval estimation for

[2] PFLIMLIN J, SOUERES P, HAMEL T. Position control of a ducted LPV systems applying high order sliding mode techniques. Automat-
fan VTOL UAV in crosswind. International Journal of Control, 2007, ica, 2012, 48(9): 2365 - 2371.

80(5): 666 — 683. [18] RAISSI T, EFIMOV D, ZOLGHADRI A. Interval state estimation

[3] FANG Xing, LIU Fei, GAO Xiang. Full-order sliding-mode control for a class of nonlinear systems. IEEE Transactions on Automatic
of manned submersible in the presence of lumped disturbances. Con- Control, 2011, 57(1): 260 — 265.
trol Theory & Applications, 2018, 35(11): 1626 — 1634. [19] YONG K, CHEN M, WU Q. Anti-disturbance control for nonlinear
OF B, 307K, B, E4 T FE B S i AW i d). i systems based on interval observer. IEEE Transactions on Industrial
WERIF, 2018, 35(11): 1626 — 1634.) Electronics, 2019, 67(2): 1261 — 1269.

[4] ANTONELLI G, CATALDI E, ARRICHIELLO F, et al. Adaptive ~ 120) HEYMANNM, WONHAM W. Comments “On pole assignment in
trajectory tracking for quadrotor MAV in presence of parameter un- multi-input controllable linear systems”. I[EEE Transactions on Auto-
certainties and external disturbances. IEEE Transactions on Control matic Control, 1368, 13(6): 748 —749.

Systems Technology, 2017, 26(1): 248 — 254. [21] LEE T. Robust adaptive attitude tracking on SO(3) with an appli-
cation to a quadrotor UAV. IEEE Transactions on Control Systems

[5] LEE T. Exponential stability of an attitude tracking control system Technology q201 2,21(5): 1924 — 1930 y
on SO(3) for large-angle rotational maneuvers. Systems & Control ’ ’ ) )

Letters, 2012, 61(1): 231 — 237 [22] ZHANG W, SHAO X, ZHANG W, et al. Unknown input observer-
’ ’ based appointed-time funnel control for quadrotors. Aerospace Sci-

[6] YU Y, DING X. A global tracking controller for underactuated aeri- ence and Technology, 2022, 126: 107 — 113.

?IIE?;Z}/IISI‘;;E dTes1gn, a‘nalys1s, xd prerlr'nent;:)]tzstsz ;mS (.]ua;(ir;);m. [23] LIN J, WANG Y, MIAO Z, et al. Robust observer-based visual servo
9511 ransactions on Mechatronics, » 210 - control for quadrotors tracking unknown moving targets. [EEE/ASME
’ Transactions on Mechatronics, 2023, 28(3): 1268 — 1279.

[7] ZHANG X, F{S‘NG Y, ZHANG X, et a}' A nf)vel geometric hierarchi- [24] HUA H, FANG Y, ZHANG X, et al. A novel robust observer-based
cal approach for dynamic visual servoing of quadrotors. [EEE Trans- nonlinear trajectory tracking control strategy for quadrotors. IEEE
actions on Industrial Electronics, 2019, 67(5): 3840 — 3849. Transactions on Control Systems Technology, 2020, 29(5): 1952 —

[8] LIANG W, CHEN Z, YAO B. Geometric adaptive robust hierarchical 1963.
control for quadrotors with aerodynamic damping and complete iner-
tia compensation. IEEE Transactions on Industrial Electronics, 2021,

69(12): 13213 — 13224. e A

[9]

(10]

(1]

GU X, XIAN B, WANG Y. Agile flight for a quadrotor via robust ge-
ometry control: Theory and experimental verification. International
Journal of Robust and Nonlinear Control, 2022, 32(7): 4236 — 4250.

SHARMA M, KAR I. Nonlinear disturbance observer based geo-
metric control of quadrotors. Asian Journal of Control, 2021, 23(4):
1936 — 1951.

GUO Z, GUO J, ZHOU J, et al. Robust tracking for hypersonic reen-
try vehicles via disturbance estimation-triggered control. /[EEE Trans-
actions on Aerospace and Electronic Systems, 2019, 56(2): 1279 —
1289.

R WIERTLA, HATHTSUT 1R 9 AHLE SR S 4% i,

E-mail: cai9844 @nuaa.edu.cn;

bR % &

TR A, H ARSI 9 IE R ST J R A,

E-mail: lingge945494@163.com;

W

L i ivee SME R I W WA S B S WA BN e e

ffill, E-mail: feicheng2017 @ gmail.com;

woR B, AR, BRI TR IE R SRR S

A, E-mail: junshen2009@ 163.com.



