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Nonlinear robust control of a tilt tripple-rotor unmanned aerial vehicle

with experimental verification
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(School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China)

Abstract: For the modeling and control design of the tilt trirotor unmanned aerial vehicle(UAV), the dynamic char-

acteristics of this UAV are analyzed. The dynamic model uses the motor speed and the tilt angle as the control inputs.

Then a nonlinear adaptive robust controller is designed to compensate for the unknown external disturbance and parametric

uncertainties. On this basis the asymptotic convergence of the track error is proved based on the Lyapunov methodology

and Barbalat’s lemma. Finally, the real-time experiments are performed on the hardware in loop testbed. The experimental

results show that the proposed control strategy has achieved good control performance.
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T SEBSIAIE. AL B SRS FEAE0. 1 mEA, TR AR
I IS BELE2° LA, it A4S BEAE S LAA.
SCHER 6175 18 T B JCHI FATL Jot &, ook 1 i =
JiE 3 I ANHLI BN B8, 535 ) SR m& W 1 J7 T, 25
BN SR R B 7, Bt TS SALE
P28, JEAES SR [STAHA I S50 & B SE Rk 19k
BAIE. X SCHR 51 B Saa 2 51, STk (6] AL E AN
LA HIREEEAA P, SCER (71 s X = et
NHUE IR RAT kR 52 20 3h J9 58, SGsE, &5
BE )6 S5 RN R 3R 5 FRAE N, L 1 S RS IR 3))
IR, FEE O X = e T8 AN 3% |
FWEHEAT T =4 A (P BT T80, IS T
LSRN el p )

SCHR (817, ¥ 37 AL Sl 24 4% (Ecole na-
tionale supérieure des mines de Paris) 1 fiff 70 A\ 53 7E 151
A e T AN e B0 B o AL 73 %
1AL SR, % TE MRS TR
RS, W RS SR =T I AMLRIBN /12
B FEERXTIX 28 = e 3 0 AW LPIZE R AN ) 4z )
W] AT T —FhJE T F1H (flatness based control) 4%
Hil 77 Z&. N T Sk 5 ) BUR, 78 12 3 A 92 R Si(mo-
tion capture system) |58 | [RTEHE ©ATSL0, %
UL EARZ N2 m, GRS EEAE0.2 mBA Y, 451 2%
FIBONERAE.

SCHER[9]H, BN RE T K% (Indian Institute of Tech-
nology, Madras) fJH/F 78 N 53 5% =X = ig 38 I AL
(132 S RE BN 7 TR T BRI o i, FE 3
fith ST 7 ORI B )RR, it =g
BT NNAL BN ) W g 13T ROoPiE
PIAEZRE LU o b 2, AT T A SRS E 1 53
M A 17 FL3SIE.

B3 ARk K5 RO RIE 58 2 e ety s = e 3 e AL
oy 5 [ 8 B RAT SAHES &, ORER R AR &, fERT
MR FHL R 7 222 MEAL, FFAETC AL, PR
B3 T MO RGBS, KRR
R = o N WL [R), 3950 AHLEIALB 14 RE, (2
WAETE AW T B 1) 43 #r S HAz il AR N B
k. SCHR[10] 3 ZE0F TR X KT AW B 77 22488, I
B T S S G AT IR, STER(111EC
FENEE - il oy ey ol e S R 1 A s 7 K A R Ve S
iy, SCIL T R ) S A, AT T UE
FLIGHIE.

ZRG O BIFH SR, 1R A it X = e &
To N AR R 4 il (R T2 i SR BN 2. 3, (R R A —
sepn) A 2, EEARE: 1) ZeE T ANE TIEL
PE SRR S R H ATE R s il 7 58 DL 145 1)
N, KEFARFZEBICANL AT R 32 2 1 5
PLah, B RO R s 2) 8T X =i

BT NHLRIEERI T %, SCHR [5-81H W 2, EARtAT
T HUE 07 H BRI IRk, 7 B = AH % R E 1 23 A
3) AR IR TSNS AR BT, KT 7T
FCR AR & AT S HOA 72 1, DRI AE 3% 7 S 1
ek, S H RSO E PEAME. BEXF_EIR B
FIIA L, A EETAEESE: 1) #n i =k
BTG, BESLAN LR S AU Vi 18 )5
BB, FEueit 1AL B0 S R AR R MY S AN
PE. 2) FERE AT IR T 32 B B A SR an s, Wit
T RT X =R AN AR L B 2 2s, Sk
WAZ I =T BIC AL 5 15 B (8 A e PR R A%
i, FEREATRREVE AT, 3) N T IR UE TR E
A EH g, R B F R R 207 Bk
B LSeR T A AT IS HISENG, B 1 AU R SE
AR, MRS R EERI AT SEE 5 TSI
2 HHEA=ZRELEAINHESEREEI N
2R (Attitude and altitude dynamic model
of the tilt trirotor UAV)
2.1 AFR R B AL (Coordinate system definition)
WMENFTR, 7 R =R e AV LiEs)
FHIR AR, HALTE LA AARR R, 73 R AR AR 2
{T}FA&AAFR 22 { B Y. WAV AARR F {1 IR s Ar T i T,
AR F{ BYR R T = BT ABL BTG, =353
Wi e TN B 1R, {Ex, Ey, E,}F{By, By,
B, } o3 MIZRN IR EAA bR 2 { T} A AANR 22 { B} AR 3
ANl

1 =T AL AR A R R B ]
Fig. 1 The tilt trirotor UAV and the coordinate system

RO S SCAUR S 34T, AR H R s S

EX 1 EBERERR{IF, iR =R T
AHLRE B ARR N (L) = [6(t) 0(t) p(t)]T, H
Hp(t), O(t), 1 (t) 7 BIRREEE A IR AT A

EX 2 (AR R{T} T, Wi =Rt
MU PRS A B B RR N

ma(t) = [o(t) 0(t) ¥(t) h(t)]",

Horp B AT E SURE S Mb(t), 0(t), ¥(t) LA
b, h(t) RRIZTENNLI AT F .

EX 3 AR R{I} T, Wi =Rk
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JHLB bR E XN

na(t) = [¢a(t) al(t) pa(t) ha(t)]",
Forr: @a(t), 0a(t), va(t), ha(t) 73 MK R B b5 iR %
FA IR IR F AN S B, HoaZ B AR S O TR
B 3 HCA FF, 2 55 na(t) € Loo, Na(t) € Lo K
fa(t) € Loo.

EX 4 TEWEASR{I}T, i = e # T
AL 48 385 0 T8 1) A7 33 B 3R 7 (8, FEAR AR AR R
{B}F, B A& LASEIE R RN NQ(L).

FEARHE bR RATIROL, v A E R

R 1 AR =R T AN
— WA, HLAR 5T o7 B AN 32 H At PR 25 1) 5 ), PR FFAS
AR, FE WG HAE AT ISR A AR SR T AR

B2 EBUEARFRR{T} T, B AT
A ENEE T AW M S I i 2 ¢ # £90°, 0 #
+90°.

22 HEHAX=JRBLANLESMIE 12 ER
(Attitude dynamic model of tilt trirotor UAV)
it X = TG AL A3 AT (D Hb
A2,
T=JR+02xJ0, (1)

Wi 7 = [7,(t) 7(t) Tp(1)]" € R*INHUE A =

Jig 370 N B & % 458 18 1) 3 ) 58 1) &, Hrbr,(¢),

o (1), Ty () 73 T VR B A AVRRI (v ST 308 1 1 51 0

JRRN G =B IS NS IR, Jy— X A

HERE, 1K)

J = diag{[j ja js|"}, (2)

Ferbja, go, Ja 23 N TE NAAE TR « ARSAOIA0 i A 3 3

MBI, o C A E & R R{B} T &%

AN 1A Q5B EAR R T} T I Ay,

KRR Q2 =W (ny)n(t). U(ny) R B 45000 [,
1 0 —sinf

U(n)= |0 cos¢ cosfsing

0 —sin ¢ cosf cos ¢

. 3)

Bear (DA () B X =R T AME S 15
JIFERLA
M (m) i (t) + C(p, )i (8) + 1a =¥, (4)
Horp: M (ny) € R3S FoRRHEsERE, Hog SCM ()
= T JU R —IE X RIEE, C(ny, 1) € R>*IRIR
RBEE BRIy 5 [0 J5ERE, HoE Uh
C(n,m) =T J0 + 0T (Wn,(t) x JE),

FEREM (111), C (1, ) B TCER BN CRIE BT &,

Ta = [Tap(t) Tao(t) Tay(t)]" € R>*IEIR1Z =i
To NHLR B, A, R T iEE b R En a5 s 7.
WEN TR, AR R{B} T, & X% = e I A%
JVE L Bk FE AR PR A BT 0 BURE f1(t), B fa(t),
B fa(t). ZRCHR 13177 %0, | J15E R0 2 % AMre =
€1 = o = 3 NARFIIEHHL, Rt & i B S 156 AT
FToRN

n=cfi,i=1,2,3. )

PRI, FERAARR 2 { B} T i U= 3 AL 445
HIE S S eI TT I R RAEHU R Z A IR R A

) (fo— fi)lo
To
Ty
(6)

Jacosaly — (fi + f2)ls
cfi — falisina — cfy — cfscosa
I, by, R3S HER I By, 1, 25 1R B,, 1,25
IRV B BT AN TS, B &,
2.3 X =ReR T APLE BRI /12 R (AL
titude dynamic model of the tilt trirotor UAV)
TEAARR{ B} T, X Fg(t) Nzl EAiE A=
JREIC NN E T, AT
Fg=fi+ fo+ facosa+ fq, (7
EateR: £ (6) ARG R BY FI%TE AMLEE s
R SZ AR AN E) 710 ¥ bR B (¢) 4 245
PEARFR R {T} T, 75 2% X = e B o AL FLiliE
(13N /15N (8) s,

. F
h:—BcosgbCOSH—g, 8)
m

S hAGRARIEALT R T} F I AN K47
RSE P
2.4 EHLFE S BB 1 s m AR K3 1
2 # &Y (Dynamic model with the motor speed
and tilt angel as the control input)
ik — 0 T A 2 = e B IE AHLRFE HI R,
BB HIOR, SCIE % = e R T ANLHENLS Bt
FENLIEIT B b LA 5 m B H 8. sAbE Uik
A= E T AL E RIS AL E Aw, (1) (i = 1,
2,3), ZMCHR [14], ENLFEE 5 2(6) T T AHLE i
BT I1f:(8) (0 = 1,2,3)i XK ARf; = bw?, Hrhb
FoRTE I R, N — RFNIEFHL WAL (6) M (),
FEARVEAR AR R { T} T, M 2 = e 3 06 A HL % %4500
18 e B B A I ] AR R

Ts 100 0 0
To 010 0 0

= Du(t .
w| T loo1 o RO I R
h 000 cospceost —g
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RNTIE T CHIHES A&, HieE T S0 2505
ﬁ(6)¢fi?ﬂ%ﬁ%ﬁl62$\m)(jjr FINHNr = cb, N
— R E. PSR SHHED € RV LIERRA
—bly b, 0 0
—bl; —bls 0 bl

P = r —r =bly —r|- (10)
b b b
_ _ O _
m m m

RO TFu(t) 5 & L K AU A 42
SRR, RN

ut)=1| , . . (11)
w3 cos a
TEBEALRR R{T} R, HHE(4)(8)—~(9) P F it AL ik

w; (i = 1,2, 3) 5 BRI o 2 Hil i N AT X =i
BINHE G B 7, ans(12)Fr,

i2(t) = I + q(m)Pu + d, (12)
Hp: T e R™USERIRAN[-M1Cny (1) —g]", d=]d,
dg d1/, dh]T S R4X1, Ro™HA
d=[-M 74 %cosqﬁcos 0",
dg, dg, dy, d 73 HFTR S WEIEZ BTSN, q(m)

e R¥ nl5{Ediag{[M ~'¥" cos ¢ cos 0] }.

W HITE AN E KT ) 28005 ) 56 R H e DL
I, R HAR AR R . ASGEd Wt R ARt
BEH S HIE R, AN AR ARG ILT, @it
P AN AU X = e 3 e AL 25 5w REYAL sl
TR ERNSHIL.

3 RS 5 BEMNARRI BT (Nonlin-

ear controller and adaptive law design)

N TAETIHE 5 R GRE T, BLALH

LUNE 33
i3 ZEANE TR, LEE T

RS2 P 7 H A v BT P A 2 Bl 77 S e
P FHISA T, W LARR N
[Ta(®)]] < 61, I7a@)[] < b,
I fa(t)]) < b5, I fa(®)]) < b4,
HH16,, 0a, 03, 04 NARHIET AL
3.1 BREFRZE SIS (Tracking error and sli-

de mode definition)

NSEBUUR A= R AW UE 355 v B 4] H

by, oAb e ERESRZE N
e(t) = na(t) — na(t), (13)

Hrp:

e(t) = [es(t) eo(t) eu(t) en(t)]",

es(t), eq(t), ep(t), en(t) T MFAREE A AN i
FL A AN T P R R 2 . e R (13) SR T B TR g — By

SEA I T, WS
é=na(t) —na(t), €=rip(t) —da(t). (14
SRR (15 FE AR I s (¢)
s(t) = é + Ae, (15)
Hrp:
s = [s4(t) 5,(t) 5,(t) sn(t)]",
S (t), so(t), sy (t), sp(t) 73 MNZTE NNHIR E, A0,

PR e P VAT, A € RYOCH—IEXT A &
BHERE, FomoNdiag{[ A\ Ao A3 A\q]T}. s 12) A1k
(5 R BN RGN FEEW N PR

§ = IT + qPu + d — ij4(t) + Aé. (16)
3.2 EHIgS BiEMNE T (Controller and adap-

tive law design)
EER R (16) R TR HBh A, A SO B it
A

= ¢ g (=K |s|7sgn s — Kas +

v(s) — I +ija(t) — Aé), (17)
oz sgn TS iR AL SRR R H S HHE D
ftiTt, o579 RAAR MBSO r T, TR

—bly bly, 0 0

| by by 0 bl

S=| p —F —bly —F|- (18)
bob

b
m m m
KANF K, i=1 9,3 4 79 TEXF e 1t 3 58 56 B, 7] RN
N
Kz,¢:1,2,3,4 = diag{[k'u kio kis ki4]T}' (19)
KA Fv(s) € R4l a8 o Br s v i — A 8] )
i, tibE SCH

v(s) = [vs(s) vo(s) vy(s) vals)]"
HHE—Fr 380 2 an A4
0(s) = —K3sgn s — Kys. (20)

M B4 rT AL 2B ANVERS Y m BEIEIE A R
A I, #a(16) HdrT RN
lel

d= 0S8, |Q| <517
m

Horr: o € RY™ [ —SEXT A BE, € LN o = diag
{[p1 p2 p3s pa)*}. NERFTE, (BT HIESSHUANTH
HO P, & SR AAEREN € R™UNIL € R,
SR

< 537 (21)
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Ny = (ks + K2, |s6]* sgn syt
Skirkarss + 2(2ka + k3 |so|? sgn sy—
(2]56]7 oy + k11 )vg,

Ny = (dkgy + k2,) |5, |7 sgn s, +
Bkioknns, + 2(2ku + k2y) |s, | sgn s, —
(2 ‘39‘% koo + k12)vg,

Ny = (4ksz + ki) ]swlé SgN Sy +
3kizkassy + 2(2kas + k35) \sw\% SgN Sy —
(2 \&p’é kas + kis)vy,

Ny = (4ksy + K2)) |5h|é sgn s, +
3kiakossy + 2(2kay + K2,) |sh|% sgn sp—
(2 5n]* oaa + kv,

(22)
I, — [lg(ug - uy) n llug.sme]’
J1 J3
cos ¢(lyuy — lzuy — lzu
Ly = ¢(14.31 32)_
J2
l1us cos 6 sin ¢]
' J3 (23)
sin @(lsuy + lug — lyuy)
Ly = | . =
lyuz cos ¢ cos 6
ek bt |
J3
L,= Wcos@cos¢.

3 (17) 2 (18) 7T 40, 4 2 HUE Mo & ik, 30
(17)HR BT BT F 42 1) 80 L, 75 06 J2 5 B0 B D
# 0, RIS ISR [1617E B & MR e th 5l A%
SCHET, TR ) REUS THE DA T ihaR(18) ki

BHUETHED, FEOM &SRR T B A

= ——(cos @ sin ¢ Ny + cos ¢ cos O N3—
Isjs

sin HNl)(’U,l — Uy — U4),
p = (LyNy + LyNy + LyNs + LyNy),

(24)
—(by—b .
maX(O’ w)ﬂv b < bda K < 07
M g Fl )
i b< by, u>0,
Fla d, 1>
A~ M ~
_ B by < b < by,
b I d
I ~
— b>b
T ) us <0
_(b_bu) H 7
0 b, u>o0.
maX(? € )Fl’ /‘I’>
(25)

KREHFIKQ25)H, I, Ty, by, b, M HIESZ Z54, H

Wby <b<b,0<by—e< b by + &, FH4E Sk
[16]439%??%2%5’1%% Mgyt aT g, @S H AT
AR AT S I S 2 BRI, [R]E AN 520 P
W R G E M. A7) R (18)43 2 R 4t ]
WEh 15 A

$=qdu+d— K1|s|%sgn s — Kys+wv, (26)

Hor: dFRR(10) P S EUERED 5 HAR THERED 2 7,
DRIy BB 40D, S H A HED, 72 22, ATRR
N

~bly bl 0 O

| =bly <bls 0 bl

=1 F —F bl 7>
b b, 00 @7)
m m m

b=0b—b,

r=r—r

3.3 FasEthsr#r(Stability analysis)

T 1 X RA6)FTRIIBh 1% RS, Bt
FEHIZR =R A7)-0)FrR, B M= (24)-(25)Fr
7R, BEI IR R G5 R ahni ke g, ﬂ%%%i‘ytlggo e=0,

limé = 0.
t—o00

UE N T 7 EEEE Lyapunov {5i% pREL, 255 SCHR
[17], sesb 5 N — 2 € R JFE XNz = [

22 2’3]T, Hr

50/ sn s
1
2
o = | [l sens, (28)
[5.]" sens,
|s,]* sgns,
z=[sy s, s, su|", 23 =[vg Vg vy VK] .

Stk B ) S5, T

Z=Az+ —— ! (29)
2|z 1|
;E\[P: A c RIQXIQ’B c R12><1 /\D'J%%Fjj
K1 —(Ky—o0) 1 I
2la]  2lal  2[a] !
A=| K, —(Ky—0) I |+ GO
ShL K O
[ qPu
B=|2|z|qdu| . (31)
0

ﬁiERLyapunovfl%iilZI V(¢ )?'j

V=:TPz+ F1b2

— T2 (32)
4| Y (

4\ al
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Hp e RPN —IEEfRE, Hl&RA
(4K;+ K?) KK, -K,;
P:§ K\ K, 2K,+K; —K,|. (33)
—K; —Ky 2[4

X032 R TR —F 5 4L, w45
V =:Y(ATP+ PA)z +

(2:TPB — Ibb — Ihit).  (34)
2|z

4%@(24)—(27)%)?&#% H &R RN GHF, 15
22T PB — I'bb — [y = 0, G4 I S K
Vo= 2T (ATP + PA)z = —27Qz, (35)

HrhQ e R*PHIERIRANQ = Q1 + Q2, WXB6)FT
TN

_K13+2K3K1 —K12_
——————— Ouxa
2 ‘Z1| 2 ‘21’
Q= Ouxs r A |+
-K? PR
L 2|21 2|z
E 04><4 04><4
04><4 (K22 + K4)K2 — K22 =
_04><4 - ng K,
Q1+ Q2, (36)
Hrp:
r_ K\ Ky(5K; — o) + 2K, K,
2|z ’
—6Ks — 0)K
A= ( 2 Q) 1

4 |Zl|
295 2 LR 26
k2j > 210j7 ] = 17273747
4k;4jkl3j > ]‘]‘k%]kg] + 13k3jk§j7 ] - 1, 2,3,4:7
(37)
KGOPHIEQ, Q¥ NIEERFE, HQW N IEEHR
B, 34 R V() < 0, HIER 2(t) € Lo, (1) €
Lo, N ABarbalat5| B8, AliEE
lim z = 0. (38)

t—o00

BRI, MR BEQOR TR IE E I, P R 40 i f e,
HIRERR E e (t) LG () BHas 70, iEEE.
4 SEIG4E B (Experimental results)
4.1 SEBFE M4 (Introduction of testbed)

SR FH B2 32 4 i =X = e 30 AL
S BT G AR SR BT T AR 2R IS R
A% G R I EAUN AR RS, To AHLER

A VT AR S A IR A s, 2 5 AL
el SREHLEL iy, JF T S & sh i R R SR R,
THEH A R AR . SRR & BRI A SR A A
IEAEZL190.5°, Ml EAEEEL002.0°. RGuf%
HEHR 500 Hz, FHRBETHS SCHR (18] 4K S
FEAEMLEL.

K2 S8t a
Fig. 2 Testbed of trirotor UAV

4.2 "®ATSEE(Flight experiment)
1E TR R sEEe & B T =R E A

ML RATS2ES, s2E6 i 7245200 s, 0~ 70 sTEANLFZIE S
R E AT, 70~ 100 s IMAGE R RIL, RPLh &
B A, G £96.0 km/h, 76120 s 5150 s, 513835
UL/ SR BT, 488 H o 328 1) 2% 5 B AR [R]
TR, VRN LESEES. RAT SLIG S B 80585 A, ()
=100 0 1]%. SE-F & B X = e = I AL F 2

m=05kg, g=98m/s’,

L, =0.06m, I, =0.14m, I3 = 0.19 m,

J = diag{[0.015 0.027 0.016])"}.
42.1 H. ¥#H8%(H.controller)

AP H o P 330047 AT SR, IR 45 RN EI3 1
.

1.5
. 20—,(1)'(5) T ~ T
< 10F 710 30 50 70 O \ T
.e 718 ......................
0 50 100 150 200
t/s
1.5
10 —90f~ ]
S leedo 30 5070 oy
B gl S it )
0 50 100 150 200
t/s
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1.0 ! N ! L 1.0 T T T
S 8(5) F | | | 8 «o 0.8 \ — S
¢ 20 N L0 0 by 5|0 160 15|0 200
t/s ifs
Bl 3 Hootaii e B&MEmH X103
Fig. 3 Hoocontroller: attitude angle and altitude 4 : ' '
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4.2.2  JEZMEFEH] 8% (Nonlinear controller)
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Fig. 5 Nonlinear controller: adaptive parameter band 7
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Iy = 600, I, = 1200, b, = 1.0,
ba = 0.2, £ = 0.05,
K, = diag{[0.13 0.38 0.07 0.5]"},
K, = diag{[0.05 0.08 0.06 0.4]"},
K5 = diag{[0.012 0.01 0.013 0.3]"},
K, = diag{[0.09 0.06 0.07 0.15]"},
A = diag{[5.5 6 6.5 1]T}.
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5 45 (Conclusions)

AR s X =i 38 TC AHLBh 1) 28 K /AT
RIS AT A, B T — AR TR S R
WA s N B8 SR, FRst T —FhEZR
Pt e 5 OGN, SEEL T IR ANES SR
T8 (46, oRkh TR SHOA I E . R, SO T
T BT Lyapunov{i ik R B HIRR € T, FETE S
i HSLEF G 58k T RS 5 m N AT, IR
H  $# 283547 7 X EES2L8, 0 1 30 prdeda il &
R R

[ B A5 SC AR 37 FR B g A B s o S
5 — 5 R PR, 827 A0i% 2R = e 3T ANML3h 7 244
T DUREAR T3 oMy Rl 7B e vh4a il 2% i L R A i
H T BN TR 8 J1 S AR £ A BETE, AN SR
SR B 2 1 YR BT, XU R — 20 R
i) .

2E Wik (References):

[1] MAHONY R, KUMAR V, CORKE P. Multi-rotor aerial vehicles:
Modeling, estimation, and control of quadrotor [J]. IEEE Robotics
Automation Magazine, 2012, 19(3): 20 — 32.

[2] CEN Z, NOURA H, SUSILO T B, et al. Robust fault diagnosis for
quadrotor UAVs using adaptive thau observer [J]. Journal of Intelli-
gent and Robotic Systems, 2014, 73(1): 573 — 588.

[3] ZHAO B, XIAN B, ZHANG Y, et al. Nolinear robust adaptive track-
ing control of a quadrotor uav via immersion and invariance method-
olody [J]. IEEE Transactions on Industrial Electronics, 2015, 62(5):
2891 —2902.

[4] MOHAMED M K, LANZON A. Design and control of novel tri-rotor
UAV [C]//2012 United Kingdom Automatic Control Council Interna-
tional Conference. Cardiff: IEEE, 2012, 9: 304 — 309.

[5] SALAZAR-CRUZ S, KENDOUL F, LOZANO R, et al. Real-time
control of a small-scale helicopter having three rotors [C] /2006
IEEE/RSJ International Conference on Intelligent Robots and Sys-
tems. Beijing: IEEE, 2006, 10: 2924 —2929.

[6] SALAZAR-CRUZ S, LOZANO R, ESCARENO J. Stabilization and
nonlinear control for a novel trirotor mini-aircraft [J]. Control Engi-
neering Practice, 2009, 17(8): 886 — 894.

[7] ESCARENo J, SANCHEZ A, GARCIA O, et al. Triple tilting rotor
mini-UAV: Modeling and embedded control of the attitude [C] //2008
American Control Conference. Washington: IEEE, 2008, 6: 3476 —
3481.

[8] SERVAIS E, MOUNIER H, D’ANDREA-NOVEL B. Trajectory
tracking of trirotor UAV with pendulum load [C] //The 20th In-
ternational Conference on Methods and Models in Automation and
Robotics. Miedzyzdroje: 1IEEE, 2015, 8: 517 — 522.

[9] KULHARE A, CHOWDHURY A B, RAINA G. A back-stepping
control strategy for the tri-rotor UAV [C] //The 24th Chinese Control
and Decision Conference. Taiyuan: IEEE, 2012, 5: 3481 — 3486.

[10] CHEN A, ZHANG D, ZHANG J, et al. A New structural configura-
tion of tilting rotor unmanned aerial vehicle modeling [C] //The 35th
Chinese Control Conference. Chengdu: IEEE, 2016, 7: 2120 — 2125.

[11] CHEN C, SHEN L, ZHANG D, et al. Mathematical modeling and
control of a tiltrotor UAV [C] /2016 IEEE International Conference
on Information and Automation. Ningbo: IEEE, 2016, 8: 2016 —
2021.

[12] KENDOUL F, YU Z, NONAMI K. Guidance and nonlinear control
system for autonomous flight of minirotorcraft unmanned aerial ve-
hicles [J]. Journal of Field Robotics, 2010, 27(3): 311 — 334.

[13] HAMEL T, MAHONY R, LONZANO R, ea tl. Dynamic modelling
and configuration stablization for an X4-FLYER [C] //The 15th Tri-
ennial World Congress. Barcelona: Elsevier, 2002, 5: 217 — 222,

[14] HOFFMANN G, HUANG H, WASLANDER S, et al. Quadrotor heli-
copter flight dynamics and control: theory and experiment [C] //AIAA
Guidance, Navigation, and Control Conference. Hilton Head: AIAA,
2007, 8.

[15] HAO Wei, XIAN Bin. Nonlinear fault tolerant control design for
quadrotor unmanned aerial vehicle attitude system [J]. Control Theo-
ry and Applications, 2015, 32(11): 1457 — 1463.

OB, Bk, PUJE R To AL RGRIARLRIE A AR (1] 4%
HFELR 5, 2015, 32(11): 1457 — 1463.)

[16] ZHANG X T, DAWSON D M, DE QUEIROZ M S, et al. Adaptive
control for a class of MIMO nonlinear systems with non-symmetric
input matrix [C] //IEEE International Conference on Control Appli-
cations. Taipe: IEEE, 2004, 9: 1324 — 1329.

[17] SHTESSEL Y, TALEB M, PLESTAN F. A novel adaptive-gain su-
pertwisting sliding mode controller: methodology and application [J].
Automatica, 2012, 48(5): 759 — 769.

[18] XIAN B, ZHAO B, ZHANG Y, et al. A low-cost hardware-in-the-
loop-simulation testbed of quadrotor UAV and implementation of
nonlinear control schemes [J]. Robotica, 2015, 35(3): 588 — 612.

e B A

& F (1992-), B, WA, HATHEF 1y = e e AL
HIAELE %4, E-mail: jinxin@tju.edu.cn;

& (1975-), B, #dz, A S0, IEBEm 22 A, 32 B0t
FEI7 RN ARLRYE RG] TANLRGE L] R 4i%, B-mail: xbin

@tju.edu.cn.



