B AR 2018 4F 4528 4 457 1.633 ~642

doi:10.3772/j. issn. 1002-0470.2018. 07. 009

ETRSFZE5SZRBHMNEE TR B ERBHESEH"

AR RRFO

HOF KRER

(RABFAFEERFE IR FKE RN 430081)

i B HAMRBHWERE ATHENELSEEEF A, R -—METRIE55F
WAy B MRS BRI T R, B e, R E AT RS AT I ) A, A b
ATEMERARSBA LR BB IRy B, JET, LIEER B G EL £
L, HARBGFRE,AARSEH TR HREEA T, it L ERE, TxT4
B F ARG FASEEBEFHBEEHT, it L ss g, FELIFREEARE
HERBIT T RAAWA TN, &/, #at Matlab 3t £ F S ks B ATHE,
BEREN, ERARFES BT E A TR HFIRT L7 &4 f LI fe B AT

2B B R R B A BT R

Kkl WaREATE, BEER, Ry Tk, SERE, gEN, RERE

AR, i TP HERR RAT A AR BUN (R
ARG BLBIRIG , B 2R AT S BIF 7T U
I HLPUESE Al ml i aed 4% 8 P A e 3 1 L AL 3k
S 6 AN P EE R TR AR B R
BRAFIEEl . NI TG | 5 Rt =S #i4it
FL 7 0 S U ARAT) 2 B

SR, U3 RATH 2 — M IR S RS 2
AR AR A RS, O HAZ IR IR AL A
Z RIS 1 S IR RS S A PR B 1 T
e AR BT SR, F 2 XA T R i T
8, SCHRE3 RTINS % AE 45 & LOR it
JE Pt A , B 1 3 L4 e R AT R (S RORAT
T ATREE . SR, B FY 3 IO 4% i O N RE AR A
HRAR 4 R BCR , DR R DR W ] BE R B R G AR
TE o SCHR[4 )45 bk 5 W, 20 5 A

AR AR SRR AT T DU e 38 114 2 1 3t , SR ) s s
TR FTE ®AT AR b, S0 P 1 5 35 A 8 A5 A 10 2 il
HRCRAR S, (B B0 A B T AL B FR . SCRRES, 6]
>R PID Fif], A LU AL e R PID $aif] , 23Tk B Y
JEF RAT AR RF BT T — B AR et PID %
SR o A AT AT RE AT S T T S
RGP 2RI TR LS. BA RS HE
WG, SCHRL 7,8 1 R 2% [ 3 B 4%
i, 12759k AR s 1 55 2 P A A 7R 2 R A PA] 34
RGN RS FBRR T SAIA T i 5 5 gl
ARAGI e Tz i O ik 1) DU RE R AT i BEAE 3R A%
RAFRPEfIvERe . XA PRIk BAT LAY A O B
PERE S &R, (R THERIAS BT X R 2% IR Z
SAARMERE , SEPR AR T

R L SR A P T OBV B4 1 3 B A
5 ARCES SRS 5 W B ] S 3 T RO R A
I AR ] 0 75 st B4 R AR A R TR B S
A Ty IR REDSA R R, 4R Y I R O B

O HEZFHAFIFEE4 (61573263,61703314) , B 5 T S HF A R4 B2 (2017 YFCO806503 ) il b 44 B4 32 #4118 (2015BAA018)

BHNHE ,
@
@ EfEMEE, E-mail; wuhy@ wust. edu. cn
( Wik H $91:2017-12-15)

J,1991 AR B A s BFFE O 1) < PO E T AL A 5 1] 5 E-mail : 527093252@ qq. com

— 633 —



FEORIEIN 2018 4F7 A 5528 & 55 7 I

WUFRY A IERLRE ST o B BRI Soxt DU jie s kAT 4%
PEAT SN J) 2 i W S5 48 b AT T AR 2 A K
IR BER VNG e Biii B IR PO R (AP e oF i BLR 7P N 1 8
FEXS A UK IE , fff AR 22 i A ) 5 i
P AR BRSO R B 38, 2 T OB A B 3 Y
TRk B R A i T —Ffi A
MR 2544 . ) , 76 Matlab FRHEAT T 42
SRR D7 FLSI , S5 R IE 1 AR O 1 A R

1 HERETEH A EHD

DU RS KAT A R ARG R e A
mE 1 R, g A B A AR AR R AU A bR R
E(OXYZ) R RATERER 2R B(OXYZ) KR F| (F, |
Fy F, g4 BT T, m FRoR e ©AT 4% 6
[, g HEIINE, 0.y @ 73537 U HESE AT 6
MR TN ES A IR EEA ML S
o

B1 MERXITHRZHNSNE

R U BER AT R A 6 A A i el
IR L2 Bl Jr T8 AT A 48 2 - B R
% DU ES AT e ez sl R P Y BRI, 280
— RIS ST DU A TR B R
FAFIR:

— 634 —

" . o U,
%" = (cosgsinfcosy + singsiny) —
m

y o .U
y" = (singsinfcosy — cospsiny) —
m

U
2" = (cosfcosy) ;l -g

(1)
no_ (']w _']Z)el /+lﬂ
[ A
6” _ <J: _-]x) ’ +l&
-y, Ty
” - (']x _J)) 1’ U4
¢ = v+

KD H, 6Ly, 2 05 FR BHARAR R T PO iE3E «
TTARAE X Bl Y Blokn Z o) i, [ iRTiese
Hl BEHUAAER RS EE R, U, (U, Uy, F1 U, Ky
HH 4 AR Y £ RS DUE I R G Rl AR, .
J, FT, G 5h TRAT AR GEALIAR AL BR R = AN 4 B
P, D) BIEXT 6 ANJ7 B B BEARAR LLS 1Y
D7, Bk 6 AT Y H i EEAAERY «, v, 2 AR
FRE T 0] 9 R 3l A H R ASEX = AN E A AR bRl 1)
W5 S H B

DU R AT AR CATARAS 20y 4 A7 R
ATiE . bRl IE A2 A A G E R A,
HARR A

U =b(o] + o, +o; + )

U, = b(o] - o)

U, = b(w; - w;)

Uy = d(o) +o; -, - o))
K(2), b MR AT ) REL, d NHEE AT &
B, 0w, 0; o, FEPUEHE, U, S IE
HEE, U, e iE A m s missil e, U, hAEL
I IE SRS I, U, o ro g il e

B (1) Fom ek E s m e
X' = f(X, U) (3)
Hi, X =000 vy oo 22 xa yy'1'h
RGHRER, U=[U, U, U, U] NRGHE
WA, O 4ET R GRS E R —B 2 R GRS

(2)



X WA BT RO S S B DU e AT AR A T N S S

x, =6
x, =x', =6
X3 =Y

(4)

X, =xy =y
G430 (3) A (4) TR SR R PR ¢
Trée s J12A i = (5) Frn .

x', = x,
(J, -J1) !
! Y z
x'y = ———wxs + U,
J.Y ]f’(
!
x'y = x,
R AN
4 2% 3
J, J,
!
x's = x4
(J. -J,) 1
’ x y
x'6 ] X%, + 7U4
z z (5)
x'y = xg
x'y = —(cosx,cosx;) — g
m
’ —
X9 = Xy
v, o
¥y = (cosx,sinx;cosxs + sinx, sinx; )
!
Xy = Xy
x'y, = E‘(sinxssinxwosxl — cosxssinx, )

2 W RO B BT

I T PUESL RAT AR TE 4 A LAY T 23
6 /> 1 R o I UAE R T DU R AT A% AR A
SERl B R PUEE AT R Sz sh i ) 4 T8 E
U R 2 RS o 24T x -y,

HIfFiE3EIE y - 6. 73 314 4 D EdEeh U, .
U, Uy U, o HpuiEsd ReTas ) BT iz sh f iz
SR RIET A [ 1 B 038 B, B L_E R 3 3 5 B
LI S A IR . T S R s L
A S MR R | LA XY A R A 1 S S 3
THEEIRT I , SOAS SCfft RS A 2 2% i A48 1 50K
WMEHE U, U, D3 RITH AT A E 8
TR DT R R ) k7= 2 g AT Hf
BhALIAIZ B, BT LA BI85 A
ASCAS A 3 N W R A S R AR U,
U,.

PR B ERAE U, U, Uy B U, Z 05, T
AN 4 AL 0, \w, 0, o, AT PR
ATERINBh F B o, 7 12 AR A F i
DIAS B o7 B PR RS AR BRI At , DA S e 42 ) D i 38
R0 2 .

%,9,2,9,0,7

___cwmmpy | SOe00Y
— | [}

NP ; e | |
N P SHHE | T : IS
E | l
i s s bl wm o 2
EE 'r':::::::::::::::::‘ % (2} N ‘El
i : > ftimiE N
. ! L s
bl ! )

| [}
L] | i

R URENIE B A%
2 MR WITHREREHE

2.1 £ERBEEFRIZT
TSR BN gEE 2 TR
A TS CA T R JC A B SO U Y AR
RATHEOL, S BAN AR, SN AT d (1),
FRFLA LR is liE 1B 2l ) 2

U

2" = (cosfcosy) — — g +d(1) (6)
m

P =i siip

z”m = bmrl - g (7>

i, 2, ASHERRL, b, NEGESHL, r NIRELH

o

B =

— 635 —



ERORIEI 2018 457 H 2528 4 S5 7
e, =z -1z, (8)
BRI PR KA -
s, =€’y + e (9)
K e, RIS B
s’y =" +ee’, ="+ ce,

_ cososy; br, +d(t) +ce’;  (10)
m

T2
;o COSHCOSZU
m

58", = s, = b, ris, +d(t)s, +s,¢.e',

(11)
HPRIIE 58" < 0, BeitaEhlEehy

U, = Cosy”éOw( —e, L el =1 byr | =D, —x,)
x sgn(s;) (12)
TE ST PR K sgn(s,) A
1 (s, <0)
sgn(s;) ={0 (s, =0) (13)
-1 (s, >0)
Rl AT
s;s'p = —c e s L +cepe’ssy =1 b, r 11 s, |
—barisy +d(t)s; =Dl s 1 —m 1 s
(14)

Hr, Dy om, i, D
mlosd (15)
2,y AR PR Y AL

KO HHET V' <0, fZEES s R e ]
LRGSR EN

F AR E T 2 W R U, iR @
A AR U, n] L R RTRE R iR

U, =]Z(—05| e's |+ —r4—D4—n4)

si8' < -

x sgn(s,) (16)
Hrr, es, Dyomy HEEL es HRZEWREL, J. WD)
it , ry AERERHIE, sgn(sy) NFFZ K%L
2.2 RERFhEIEREHEIEIT
RER Sy B AL Ao AT iE B I «
SEE y - 6,
TR A AT x -y
— 636 —

-y, Wif5is

frait

(" = (cosgsinycosf + singsinf) —
(17)
y" = (singsinycosf — cospsing) —L
) m
- U
(0" = (J)Jijz)’)”éo' + Tz
’ ' (18)
v Wamdoy, o W
Y = ]}l (2 ]y

X TR K B 3 A A B, A SO S S
U2 RE N K DA RN SN EE X e R AN 1Y)
FRE A R BT 7R L IR AL 2 b P SOR A 3 Y W
FETE, W] AR B Ry i FE . R oA it
x — vy B S

MPURERE RATASTE « il iz S, EAR IR £
6 XF o Al F Iz S R, (2 X R i A] L) 220
XA A 0 FT LAAE /N A BEAR B o IR LG R 6T )3 1Y)
x —y IR B AR AL

! p—
X g = Xy

x'yy = cosxg sinx; — + F,
m
(19)

x'y = x,
A AN
- ]} 2V6 J},
Horp, F, 95093

XEXH%%XE €y = X9 = Xgq, ﬂﬁ%‘:

ely = x —a'y (20)

Vo = e (21)

EX Xy = e + &gy = Ccoey, Hor Cy NIEHEL,

ey M REFUE I, 00«

e = X — X9y + Coy (22)
B LA
e’y = x, — X9y = € — Coly (23)
T
V'y = ege’y = ege, — coey (24)

ﬁﬂ% € = 0, )rlIJ Vlg = O, Fﬁu%@ﬁiﬁl@%*ﬁﬁ
I,
E X Lyapunov pRELH

1
Vie = Vo + 76?0 (25)



X WA BT RO S S B DU e AT AR A T N S S

C()eg + €9€ + 6106 10
(26)
Ble'y ==cpen—ey +ey, Hirfre,  NIEHEL, e
h READ S

CIEES
e; = e’y + e + € (27)
R
V' == coey + egeyy +e0( = oy — €9 + €5)
= — coey — Crp€ry F €105 (28)
WMfe, =0, WV, <0, HHRFEI, & L
Lyapunov pREUH .
V=V + %eg (29)
B
V'y == coey —cpery +ees +es(—cie; —eyy +e,)
= — coes — €€y — C3€5 + eges (30)
Ble'y =—cyey —ey +e,, Hfc, HIEWHEL,
ey N REME T &
e, = cie3 +e, +e';y (31)
0y
V', == coey — ety +eppes +es(—cies —e +e,)
= — cyes — g€y — C3€5 + ee, (32)
Hrreyey ARG, B RGAFE , 7 TH ARG

i,
H1=0(28) 4%

= (1 + coepy) (%9 — %9y) + (co + ¢19) %y

== (cy +¢pp)xgy + 5" — 2"y (33)
sy = e, (34)
E X Lyapunov pRECH
V, =V, +%s§ (35)
Iy
V', == coes — crp€ry — €365 + S3e5 + s538'5 (36)
T F, EARN 7 B ST A, BOLAl
HHE F, . 1%0&’%’%‘5171@% g3 KON A 5%

‘TQ’HX: F’x =
i&“ﬁﬁ%lﬂiﬁﬂﬂi:

E X Lyapunov pRELH

Vi =V, +LF3 (37)
2y

Horh, FOIAGTHREE R F, = F, — F .y B—IEH#
%{é&o D—I\[J:

Vo=V, - LF B
Y
= _6963 _6106%0 —c3e§ +5305 +535'3 _LFx ﬁ"x
Y

(38)

RE V', <0, Wit A G A

= (( = h(Bsgn(s,) +s,)

U

= (2 + ¢egcyy + Cocy + 504 ) COSXSSINA, -

+ (1 +coey) (w9 = 2g,) + (g + 1)y + 2"
+ (2 + egcyg + cocy + 0500 ) %"y

U, U,

2 . .

+ Xgcosxssiny; — + 2x,%,SINx5 08X, —
Sm

2 —
+ x,C08X5S1Nx; —
’ ‘m

. . 1

+ (¢g + ¢y + €3 ) xXgsinxssiny; —

m

= (g + ¢;y + ¢3)x,C08%5C08%; —

= (&g +¢5 + coeipe;) (2'y = x'y,)
- (09 + clo)x’% -«

= F, + (¢35 + ¢y +c9)a"y,

U
+ (x",)")/ (cosxscosxy, —)
m

Jz - Jt ']}'
- 7 'x2x6) 7 (39)
)R, it G A
i?,x = ‘ys (4())

[Fi) BT - 0 R FS By — 0 ORI
Uy = ((=(eyy +¢ +eyepey) (a7 —a'yyy)

U,

+ (2 + ¢y +yy¢) +Cppe, ) cOSKSINE, —
m

. : i
- (¢), + ¢y + ¢, )%, sinxg sinx, -

— h(Bsgn(s,) +s,)
U,

2 . 1 2 .
— XgCOSX5SINX, —— — X,COSXsSINX; —

— 637 —



FEORIEIN 2018 4F7 A 5528 & 55 7 I

A

= (e +ep)a'yy, = F,
+ (1 +cpepn) (a0 —xy)
+ (e +ep)a, +a', + (2 +¢¢,

”n
+eye +epe)ay,
1
+ (¢, + ¢, + ¢, )x,c08x85c08%, —
m

U

_2 . 1 o

Xy XSINX5COSX, — — X&' |1y
n

+ (¢ +epy +ep)ay,

U
+ (2",,0) ")/ (cosxscosx, El>

J, - J. J,

=) (41)
ERANEKE IR
F'o= s, (42)

Db 00 4 il R T oe B8, R
S B3 TE A ] AL S A T A 2 Y
LIRS I

Y n !
x,, + 2”5, = (¢5 +¢5)e’s

J.
(1 + eseg)es — esgn(s,) = hes,)) .
(44)
XA (12) ((16) 53 (43) | (44) A3 M)
sl ok I, A5 A A
SR> Sy,

3 L5 AT

7E Matlab FpfE PUSESL AT ae i 0 LR S, U
JiE3E WA AR5 B AR GNP 3 s AEIE 3
PR 2, FURHIAR @, W B R AN 22 i L 47 1 5
EO R EIE R U, R0 U, , TIAE R IRE) T R e A
o3, FIARAR &, Fy, SE iR SO B S RPIRAS 1 A
R PR F Ol T URE 2 BRI U A
U

FoR BN 4 b R AR ) ) # R rp g

m 7 | 7y Vi==N/AN 3t v HEL
U1 = ( — k7(68 — 0737) +g - Fz ﬂﬂ@%ﬂﬁﬁfitﬂémﬁzﬁiﬂ%&o —F@XTJ‘Z'KI%EIEHE/‘J?E%IJ
COSX; COSX, . . .
3 ST
, , JiE AT R
+a", = c;e’s = h(s, + Bsgn(s,))) (43)
X, ¥, z, pitch, roll, yaw
. |—>_pitch

spacemose dx, dy, dz, dpitch, droll, dyaw =

] — L opren |
S-Function5 IEI » U1 To Workspace14

spacemodel o Workspare L »| 7z control f |} To Workspace5 '
- - To Workspace17

S-Functioné ,—v yawm S-Function
To Workspace3 To Workspace4 To Workspace18

)
o e To Workspace19

L—»{ yaw_control_f —| ——{_dyaw_]
Ll eyaw | To Workspace20

S-Function3 A ,

yd > yd To Workspace7

anticipant o e To Workspace21

b > ——{ ]
‘]| u2 controller_f > To Workspace22

J To Workspace10 >
Track the target y_contro,_f > To Workspace23
S-Function1 Dp_Pitch >

N quadrotor aircraft N ——__ar ]

xd To Workspace11 To Workspace24
m—— To Workspace2
To Workspace27 To Workspace15
—
» x_control_f |I] To Workspace16
—| To Workspaces To Workspace12
To Workspace25
Clock To Workspace26

i

Dp_Roll
To Workspace9

3 MEETRBEERSGE

— 638 —




X UGAE T RPN S S RO B DS KA TR 38 N SRS

ARSI i B DU BE R AT 2R i S aniEl 4 By

NI Ny

ar AR (E AR 1 s,

ol

<& "?

4 MiERCITHRIWE

F1 MEETHENSH

AR b ¢l LKA
b 2.2893 x10~° N - ¢
d 1.1897 x10°° N « ms’
m 2.467 kg
l 0.3875 m
J, 0.05887 kg« m’
J, 0.05887 kg + m’
J. 0.13151 kg + m?

[, P4 T 2R A S S HGE BN R 2 ¢, =
C; =C5 =C; =¢C =¢Cg=¢, =¢cp=2,e=1,k=

5,D =10,

RS TR ARR A X, = [ £

m W T T
E 6 6 g loroi1l
3.1 HNIBERER

YA A, TP FL AT 4 BRER 45 12 1Y Lk
B TE o il L BRER Y 8s, MR {ELN 5 B IE X Hh
2,1 y B EREREZ y = 1, AE 2 5l 1 B A 4
9 2s, WF{EN 0.5 AYIESZITER, 5 EAT 2] S FIE 6
NN ES S

ML S AR T U3 RAT R E T4
BIRZS , RAZT 1s Z )5 PUER ©AT 4 sl BEAR 4 3
BREA T E RIBLILIZE . TER 6 ez ex ey 735 AF
2wy SANTT ARG R R P AR 22 XA

RER KA 10em,

10

g 0__/\/
R

z(m)

t(s)
5 MEEHIBRERAE MZ%E

ez(cm)

ex(cm)
=)

10
0 1 2 3 4 5 6 7 8 9 10
t(s)
AZ !
g
=0
v
o P T T
0 1 2 3 4 5 6 7 8 9 10
t(s)

6 Ui RN ERER IR 2 Hh 2k

P 7 Do = 4 s ] v DO 38 AT AR R R P, A
Pl LA H DU R AT 9 T I R G iR B
TSI Z LR

4

34
PN
N

14

0>

15
1 5
0.5 0
y(m) Pos x(m)

7 =4 jE T e B AT ER B

— 639 —



FEORIEIN 2018 4F7 A 5528 & 55 7 I

3.2 MBI SN

TRATHRTE SE PR AT I AR v 23l B 45 Bl AN T
YU, GIAnRE T Rk T8 . B L {5 B
ATARE WAT i R B B TR O B RATIRE,
e 8 frR, ALTALEE dz de dy EIIA—
NI IAES T, 755 V0T PUHERPL B ER
FnE 8 s,

10 T

EOW
=

-10
0

2 4 6 8 10 12 14 16 18 20
1(s)

0 2 4 6 8 10 12 14 16 18 20

0 i 4 é é fO f2 f4 f6 f8 20
t(s)
B8 T TMiEEHTRERE

HIPE 8 mf LA 2, 76 5s Ak AR B Z )5, &
PLI AR ,2s ZJ5 LG I F 3 0 14 8 3 [l 3135
TERYBREZ TR, DREFF AR AT IEWTI P 4% A 1
LR RE R4, BAT ARG iR
3.3 =R

TEVUER AT R, al DL i WK 4 A Fa il
HER T E B RAT RS, DA DU 3% 1E 2 i 4 4>
EERIA (U, Uy, Us, Uy) KBENFE RITHIRICR o
9 DUTHEFE AT A 7R I B % v 1 A A i

#(s)
B9 =HlEmLE

— 640 —

S ELAE R AR, VO e 3R AT 1 I R
b AR R G B AN S Ak, )2 - 2
P& ABIEARR IR L — DB/ NTE LA, AT DR AR
RATAR AR AT
3.4 XfLEEZIo R

AT gRAE F AR Ty B A, R R T
A A BB TR AR BT . BR T Rk
S EAN ARYE B E WA AR R, T
THHAME T2 AL

ky =5,c, =0.4,h =20,8 = 1.5

i EA5 KA 10 & 11 K] 12 fR,

FEAS SCHR M R Rl A L 1 £ LS SR RN
AT SOD R0 3 07 A L ) 07 L5 AR DX
oo AT LUE H AR SR S 70 00500 R B A R k2
Vel B, G R B ] BRERASCR A i B A R B

5 6 7 8 9 10
t(s)

B 10 7O B TR BR B A B o 2 PR

5
£(s)

B 11 iR BIERER IR ZE 2k



X WA BT RO S S B DU e AT AR A T N S S

0 2 4 6 8 10 12 14 16 18 20
1(s)
B 12 FHRTMEENTRERE

W EA LRI T UERE T o [R) I 5 1) i 5 4 1 B |
SR> Gy . NI SO R R — 2 I

4 2 @

AT Sfete— @ B AR T A7 f] 50 DO e 3
B AL K R Gy 4 AVEIE , B4 2 s
AR 2 ASFEAEIE o B AN [ 38 38 53500 (8 AR
T 252 PR R T B3 A0 7 A i B B T4
il SRJE ] Matlab #E47 (5 HCSCH, SC5 R WK
Fr o REASUE ML BRER i Y B0, O LA 1 BLAN AR
SN OL N REE I A R R R, AR PR Sk AR E AR
A& QRERER TP R Ak A R T S AP
50 A& NI AT 4 AR T HEA T TOXE HE, 4
RWIATCHE T A P2 1) R 45 A 1) B, 2800, B I 3
RED /D A i, 4 R 1 i8], JF H AT S B i
SERE ST o a5 ECUE B 4% ) 7 YA MERA T AT, X2
Jr B DU TRESE AT A OB 9E BA HE A 3 S

5% 3k

[ 1] BHOHr. DUBER QAT L S I A I ST [ AL
WD), B VYR sCilE K7, 2014

[ 2] Nadda S, Swarup A. Development of backstepping based
sliding mode control for a quadrotor [ C]. In: Proceed-
ings of the 2014 IEEE 10th International Colloquium on
Signal Processing & ITs Applications ( CSPA ), Kuala
Lumpur, Malaysia, 2014. 10-13

[ 3] Ghaffar A A, Richardson T. Model reference adaptive
control and LQR control for quadrotor with parametric un-
certainties[ J]. International Journal of Mechanical , Aer-
ospace , Industrial , Mechatronic and Manufacturing Engi-
neering , 2015, 9(2) :244-250

[ 4] Bouabdallah S, Siegwart R. Backstepping and Sliding-
mode Techniques Applied to an Indoor Micro Quadrotor
[C]. In: Proceedings of the IEEE International Confer-
ence on Robotics and Automation, Barcelona, Spain,
2006. 2247-2252

[ 5] oy, M, 457750, MUhEsE ®ATasnydE gtk
PID 25450 [ T]. RS iR Kovsa i, 2011, 37
(9) :1054-1058

[ 6] MM B TE N B THHLZE S PID 5 K i 56 iF 5% -
(A2 (g SO [ D] E B Rk oA RS, 2008

[ 7] Akkinapalli V'S, Niermeyer P, Lohmann B, et al. Adap-
tive nonlinear design plant uncertainty cancellation for a
multirotor[ C]. In; Proceedings of the International Con-
ference on Unmanned Aircraft Systems, Arlington, USA,
2016. 1102-1110

[ 8] Zemufl, TbAs, 25T, 4. JE RIS { il Y
PUEF RATER I ()], T LI S ], 2013, 21
(12) :3260-3263

[ 9] &2, iz, DUl ATaR A8l s 2k &% PID 45
WLI]. A7 TAREOR R 224, 2012, 31(1) :114-
117

[10] f/ Y P e 3 JE N B TH LA e 42 ) O i 00 9« [t
23] (D] Kb EBRAROR KA, 2006

[11] Bouadi H, Bouchoucha M, Tadjine M. Sliding mode con-
trol based on backstepping approach for an UAV type-
quadrotor[ J]. International Journal of Applied Mathemat-
ics & Computer Sciences, 2007,1(2) :40-44

(12] YL, S . PUEd RAT a8 di i 5 PID 5l v e it
[J]. 7R3 T, 2013, 21(23) :147-150

[13] Frik. RURPURER A7 8% B A BT b oz ghfa il -
(AL a g 3C ] (D] bl B2 ey, 2013

[14] #AEFIR. PUBER AT 0 LB 5 AL IR -
(A t2e e 3C] [D ] BUM: UM i 7 B R,
2014

[15] A4t07, RMT, PRt JETROD B I ie s €AT a4
WS BSERI[T]. SHOREIR, 2015, 25(12) :1083-
1091

— 641 —



FEORIEIN 2018 4F7 A 5528 & 55 7 I

Adaptive sliding mode control of a quadrotor aircraft based on

backstepping and reference model

Liu Qiao, Wu Huaiyu, Chen Yang, Chen Zhihuan
(School of Information Science and Engineering, Wuhan University of Science and Technology, Wuhan 430081 )
Abstract

An adaptive sliding mode controller design method based on backstepping method and reference model is pro-
posed for the attitude and position control of nonlinear six degrees of freedom under actuated four rotorcraft. Firstly,
the dynamic model of the four rotorcraft is simplified and the system is decomposed into a fully driven subsystem
and an underactuated subsystem. Furthermore, based on the theory of sliding mode variable structure control, for
the underactuated system, the sliding mode control surface is derived by using the backstepping control method,
and its control law is designed. For the full drive system, the reference model is used to derive the sliding mode
control surface and design its control law. And the stability of the system is verified by the Lyapunov stability theo-
ry. Finally, the controller based on this control algorithm is simulated by Matlab. The simulation results show that
the method can track the trajectory of the four rotorcraft and has good stability in the presence of parameter uncer-
tainties and external disturbances.

Key words; quadrotor aircraft, sliding mode control, backstepping approach, reference model, trajectory

tracking
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