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Backstepping-based attitude control for a quadrotor UAV with
input saturation and attitude constraints
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(College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing Jiangsu 210016, China)

Abstract: We investigate the robust backstepping-based attitude control strategy for a quadrotor unmanned aircraft
vehicle (UAV). Because of its complex structure, a nonlinear mathematical model of UAV is difficult to be built accurately.
Thus, in the process of controller design, we need to consider the following factors comprehensively: model uncertainties,
unknown external disturbances, input saturations and attitude constraints. A neural network (NN) method is employed
to estimate the model uncertainties of the system; the nonlinear disturbance observer is introduced to compensate for the
external disturbances; the hyperbolic tangent function is used to approximate the saturation function for solving the input
saturation problem. In designing the controller, we use the barrier Lyapunov function (BLF) to guarantee the constraints
of the attitude. Finally, a backstepping-based controller is developed to control the attitude of the quadrotor UAV. The
closed-loop control system is proved to be uniformly bounded by using Lyapunov stability theory. Simulation results are
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given to demonstrate the effectiveness of the proposed control strategy.
Key words: quadrotor UAV; backstepping; nonlinear disturbance observer; neural networks; limited control

1 5|3 (Introduction)
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2 )@ 3R (Problem description)

2.1 DU REASER (Quadrotor attitude model)
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Fig. 1 Structure diagram of quadrotor UAV
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1 -~
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3.3 ¥R (Backstepping scheme)
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Lyapunov i £ (barrier Lyapunov function, BLF) V ()
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HrP oA IE R

7E X
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Fig. 2 Schematic illustration of barrier Lyapunov function
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1 KII4K
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—In
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-1 b $7b 43
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/ﬂ\:qji €1 = [611 €12 613]T%%%?§i§%%§r‘ﬂ%, K, =
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1 SEBRRIH, R E T IR R T AR
FRK BRI SR A B AGL || A = Ag), S FHER
Lyapunoved HHIZH K, = K. — A.

Hlew| < Kyi(i=1,2,3), ilf3V; 1EE HCYiES:.
DAL, Vi ) 2 T

: el I,é
Vi=
KT I, Ky, — el Ihe,
el Tpé;
KT Ky — e Ipes
el L6
KT, Ky — eflye;
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Xfe iy, Al
=X —-Yy=Xo—Yy=es+a. (45
AR QBT T R
a=—(K}K,—ele))K e, (46)
Hi K, = KT > ONfFiS4L
¥ @6) A (45), 7T
é1=ey — (Kp Ky, —eje;)Kie. (47)
HEA @), Vil SN

T
. e dyes
Vi= -3¢l Kie; + :
' VT KITL K, — el e
el Iye, et Ies

KbTIgKb—erlfIgel KELbe—elTL/,el.
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RAERGD)FIR @), ex XTI T FH T
bo=Xo—Yy—a=
FX)+G(X)v+ L'WT(X) +
D(t) — Y, — é. (51)
VT BT ML S e o tn Rk
v=G Hz)(Ya+ & — Fey — Kpey —
F(z)— L7'WT®(X) — D). (52)
FE2 BHRAYATHG() = Gx)H(z). 4 iER T
MRS FAE R /N B AR BT, 3(9) G () 7T 385 [F] I,
T80l TE D) BR B ) R R 24 1E, I (18) FH H (z) 2 ]
I FRE. 27 L, G(x) R ATI .
Z R GDHFIR(52) /155
eXé, = —elKoey + el LT'WH(X) +
egD — ey Ze; <

—6E(K2 - 0.513><3)€2 - 6’21‘561 +

eI L7'WTP(X) + 0.5 D)%, (53)
He W=W-W,D=D-D.
PR (0 EE R T

W = APB(X)(es +e) L7 +0gW), (54
Hrp: A= AT >0, 0y > ONFFEITTSEL
zi b, EH Lyapunov B EUE U T
1 1
V=Vi+eres+ seper+
2 2
1
2
¥ (34)(40)(53)RAI(55), TR

V=
Vi +eTéy +eTes + DTD + tr(WTAIW) <

D™D + %tr(VNVTA’ll/T/). (55)

—ef (I — 0.5I5,3)e; + ef LT'WTH(X) +
0.5|D||> = DY(L — (0.5 4 0.567)I5,5)D +
0.50% + 2151\15[/”2 — 3T Kiey —
eX (K5 — 0.515,3)es + L LMW (X)) +
0.5 D||? + tr(WTA~W).

(56)
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HW =W — W, BRGEHIRNR(S6), 17
V < —3elKie; — el (Ky — 0.515,3)es —
D™(L — (1.5 + 0.567%) I3,3) D —
ef (I' = 0.5133)er 4 0.5p° —
U@NWTWy+£MWW. (57)
FREUn s
2r(WTW) = [W]? + W] = [W]* >
IW1> = W,
B REHMRAA(57) 152
V< =3¢l Kie; — ey (K2 — 0.513x3)es —
ol 1

B — 1 2 J—
5 2§>IIW||
DY(L — (1.5 + 0.567)I5,3)D +
(mf+%wwﬁgﬂw+a

(58)

efT(F — 0.5[3><3)€f — (

(59)
For:
R = min{)\min(?’Kl)v )\min(K2 - O-5I3><3)7
Amin (I — 0.51353), Amin (L — (1.5 4+

1
205~ 5¢)
0.5572)13X3),Amin(A2(/12f))},

C =0.5p% + %HWHQ.
N T ARIUE IS R 48 1) AG E 1, P48 5 R B R 4t
WS EHIEK,, Ko, T, A, L, £V Koo N 24 2
K > 0, Ky —0.51543 > 0, I'—0.51343 > 0,

1
L — (15 +0.567%) Iy > 0, % 56 >0
HgIE2, 5| B3R (59) AT 14

C C

- — D)e 60
O0SV<—+(V(0)——)e™™.  (60)

EE ?%#‘&EEE/%‘:‘L%%D|€M| <Kb2(7/: ]., 2, 3), E_Kc
= [Kcl K KCS]’ A= [A¢> AQ A¢], U?ﬁ%ﬁiﬁﬁbﬂ
Y,

1Yi| = |Yia + enn] < |Yia] + |e1n] <
Ay + Ky = K.

FEATAE: Y| < Ko, V3| < Kes. 4

Y= Y V" <[] [Ya| V3] < K. (62)

H1 20(60) P 01V A2 W S, Htllm V =C/xk. [FIHY,
FRAE =06 1)F1 3K (62) AT %0 DU e 3o A ML A 1A BLY
JEIRHNFAF K. 25 b, RGO EHIER o E- T
VT e ML LSRRG 2R e, LS
T AR5 T PR il 2 A

(61)

4 1 EIF(Simulation verification)
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Fig. 3 Backstepping attitude control structure
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5sin(2t + 20°)
5cos(1.5t +10°) |,
10 sin(t + 40°)

—0.4361 sin(1.6¢ + 30°)
—0.4984sin(1.8¢ + 50°)
—0.6720 cos(2t + 20°)

& 1 Wi ERAMBEAR SR
Table 1 Quadrotor UAV model parameters

S8 il

Epilel
FeFE LRI
SAWAE Y0
R RS,
X G R g
Y SR gy
ZHEE B 5,

VU e TE KRR AN B s PRI R R

Yy = (63)

d(t) = (64)

12N
0.275m
1.335 x 107" N - min/r
1.5 x 1078 N - min/r
6.23 x 1073 Nm - s2/rad
6.23 x 1073 Nm - s2/rad
1.12 x 1072 Nm - s?/rad

[sin ¢
AF =0.02 | cosf |, (65)

| cos ¢

[sing 0 0
AG=002] 0 cos® 0 |. (66)
L O 0 cos¢

32 il iy N B VR [A) By = [0.5 0.5 0.8]T Nm,
BBEERBA=[5 5 10]T (°), LIREERIRK, =
[5.1 5.1 10.1]" (°), Mot iRERH K, = K. — A
=[0.1 0.1 0.1]T (°). RGHIEHRE:

X,(0) = [1.635 4.874 6.359]" (°),
X5(0) = [0.01 0.02 0.015]" (rad - s 1).
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%ﬁjﬁ%yﬂf = dlag{IO, 107 10}, A= 10[13><13,
L = diag{40,50,50}, 0o = 0.513.13, K; =

diag{100, 100,100}, K, = diag{1400, 1400, 1500}.
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Fig. 4 Comparison between actual output ¥ and
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without constraints
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B AEARSCT R (S2) Bl #ER T, DT
MWV A PRERRE B, T A2 AN T I AI A A
Tff e PRS2, A EZRMET- O 25 5 22 I 268 T H0W
MZEA RAMEE T MR POAE R AN s PRI KI5
52 PR A PR R R 25 A . fh 2, AR, A ERER R
RATE R ZE TR K, AR, BREZ R ZA AL, H3(62)
FrahA A n] En DY fig 3 J0 AW A5 0 B 7E 45 7 (1) 43
BAWRAN, RELEESZIR. RN, RZHREPEASRER %
ZE NI 7N, W LAFE A AE AT FLIN ] A 51 5 28 A R
R T RZEFSIR. B LEAZREAEZ R
Iz il A\ v SR A A\ uxt L, B BT AIE I N TE
2R PR IO U 2% R 2 X 2 T HE I 28 5, 35 o
ANE TS, 25 b, SODEEAT 88 B BUF I PR
PEREF] R AP & e, HAE FEAT S8 AR M 1
BUT, PR3 ALEASSZ IR,
5 Z5#(Conclusions)

AN EE RS T VYT E T AL R A, 2%
JERERUANT EME L AT B NN DL AR 2 PR
IR, Wit T AP AT, FEa@ 07 FLAE [
AR RN, S5 RR M O EE R, HAE
NS DL, DUE 3T AL UG AAEL € %
A PRI AR

& Y Hk (References):

[11 BOLANDI H, REZAEI M, MOHSENIPOUR R, et al. Attitude con-
trol of a quadrotor with optimized PID controller [J]. Intelligent Con-
trol and Automation, 2013, 4(3): 335 — 342.

[2] Bl B, £8I, % FUNE Y RER AT M RB0R S o
HA (7). #s 5, 2007, 14(6): 113 -117.
(NIE Bowen, MA Hongxu, WANG lJian, et al. Study on actualities
and critical technologies of micro/mini quadrotor [J]. Electronics Op-
tics and Control, 2007, 14(6): 113 - 117.)

[3] OLFATI-SABER R. Nonlinear control of underactuated mechani-
cal systems with application to robotics and aerospace vehicles [D].
Boston: Massachusetts Institute of Technology, 2000.

[4] W0, 2, 5. DUR R BT R EE BB S 1] (1]
FHEIS 5N, 2014, 31(8): 1053 — 1060.
(YANG Huiliao, JIANG Bin, ZHANG Ke. Direct self-repairing con-
trol for four-rotor helicopter attitude systems [J]. Control Theory &
Applications, 2014, 31(8): 1053 — 1060.)

[5S] BOUABDALLAH S, NOTH A, SIEGWART R. PID vs LQ control
techniques applied to an indoor micro quadrotor [C] //Proceedings of
IEEE/RSJ International Conference. Sendai: IEEE, 2004, 3: 2451 —
2451.

[6] RINALDIF, GARGIOLI A, QUAGLIOTTIF. PID and LQ regulation
of a multirotor attitude: Mathematical modelling, simulations and ex-
perimental results [J]. Journal of Intelligent & Robotic Systems, 2014,
73(1/2/3/4): 33 - 50.

[71 LINQ,CAIZH, WANG Y X, et al. Adaptive flight control design for
quadrotor UAV based on dynamic inversion and neural networks [C]
/IProceedings of International Conference on Instrumentation, Mea-
surement, Computer, Communication and Control. Shenyang: IEEE,
2013: 1461 — 1466.

[8] ZHENG E H, XIONG J J, LUO J L. Second order sliding mode con-
trol for a quadrotor UAV [J]. ISA Transactions, 2014, 53(4): 1350 —
1356.

[9] DAS A, LEWIS F, SUBBARAO K. Backstepping approach for con-
trolling a quadrotor using lagrange form dynamics [J]. Journal of In-
telligent and Robotic Systems, 2009, 56(1/2): 127 — 151.

[10] SANTOS M, LOPEZ V, MORATA F. Intelligent fuzzy controller of
a quadrotor [C] //Proceedings of International Conference on Intel-

ligent Systems and Knowledge Engineering. Hangzhou: 1EEE, 2010:
141 - 146.

[11] VOOS H. Nonlinear and neural network-based control of a small
four-rotor aerial robot [C] //Proceedings of IEEE/ASME Internation-
al Conference on Advanced Intelligent Mechatronics. Zurich: IEEE,
2007: 1 -6.

[12] CHEN M, GE S S, REN B. Adaptive tracking control of uncer-
tain MIMO nonlinear systems with input constraints [J]. Automatica,
2011, 47(3): 452 — 465.

[13] ZHAO Z, HE W, GE S S. Adaptive neural network control of a fully
actuated marine surface vessel with multiple output constraints [J].
IEEE Transactions on Control Systems Technology, 2014, 22(4):
1536 — 1543.

[14] LI'Y, TONG S, LI T. Adaptive fuzzy output-feedback control for
output constrained nonlinear systems in the presence of input satu-
ration [J]. Fuzzy Sets and Systems, 2014, 248(1): 138 — 155.

[15] GAITAN A T, BOLEA Y. Modeling and robust attitude control of a
quadrotor system [C] //Proceedings of International Conference on
Electrical Engineering, Computing Science and Automatic Control.
Mexico City: IEEE, 2013: 7 - 12.

[16] MCKERROW P. Modelling the Draganflyer four-rotor helicopter [C]
/IProceedings of IEEE International Conference on Robotics and Au-
tomation. New Orleans: IEEE, 2004, 4: 3596 — 3601.

[17] TAYEBI A, MCGILVRAY S. Attitude stabilization of a four-rotor
aerial robot [C] //Proceedings of the 43rd IEEE Conference on Deci-
sion and Control. Bahamas: IEEE, 2004, 2: 1216 — 1221.

[18] CHEN M, TAO G, JIANG B. Dynamic surface control using neural
networks for a class of uncertain nonlinear systems with input satu-
ration [J/OL]. IEEE Transactions on Neural Networks and Learning
Systems, 2014. DOIL: 10.1109/TNNLS.2014.2360933.

[19] REN B, GE S S, TEE K P, et al. Adaptive neural control for output
feedback nonlinear systems using a barrier Lyapunov function [J].

IEEE Transactions on Neural Networks, 2010, 21(8): 1339 — 1345.

[20] GE S S, WANG C. Adaptive neural control of uncertain MIMO non-
linear systems [J]. IEEE Transactions on Neural Networks, 2004,
15(3): 674 — 692.

[21] CHEN M, SHI P, LIM C C. Adaptive neuralfault tolerant control
of a 3-DOF model helicopter system [J/OL]. IEEE Transactions on
Systems, Man and Cybernetics: Systems, 2015. DOI: 10.1109/TSM-
C.2015.2426140.

[22] TEE K P, REN B, GE S S. Control of nonlinear systems with time-
varying output constraints [J]. Automatica, 2011, 47(11): 2511 —
2516.

e R

BEM  (1993-), B, WLATFAL, HETHESs e el e R T AL
LSS, E-mail: wqt19930110@163.com;

B (1975, 3, LA S, BETHT ST A ARG i ]
FREEHI LA ©ATHEHI%%, E-mail: chenmou @nuaa.edu.cn;

RIKFE (1955-), B, ML, H AT WS a8
AeE il DL R 4 2 F 4 At AR 4511 5%, E-mail: wugingxian@nuaa.edu.

cn.



