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Active disturbance rejection back-stepping control of fixed-wing
unmanned aerial vehicle

FEI Ai-ling, LI Ning†, LI Shao-yuan

(School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: In this paper, attitude and velocity control problem of fixed-wing unmanned aerial vehicle (UAV) are in-

vestigated. In order to deal with model uncertainties and external disturbances, extended state observer (ESO) based on

back-stepping controllers are designed to depress system disturbances so that system performance could be improved. First-

ly, the velocity error model and attitude error model of fixed-wing UAV are established. Among that process quaternion

is adopted to be attitude error model variables to avoid singularity and complex trigonometric operation when describing

UAV attitude with euler angle. Then extended state observers are designed to estimate system disturbance. The estimated

values are included in controller design procedure to depress system disturbances and ensure that attitude and velocity of

fixed-wing UAV converge to the desired value. Lastly, system stability is proven through Lyapunov theory. The simulation

results demonstrate that proposed method is capable to depress system disturbance.
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(ESO); back-stepping control; quaternion

1 (Introduction)
20 80 ,

,

.

, ,

. ,
[1–3].

,
[4–5].

.

[6–9]. ,

.

,

;

, ,

[10].

,

,
[11].

: 2015−12−23; : 2016−07−04.
† . E-mail: ning li@sjtu.edu.cn.

: .

(61374109, 61304078, 61590925), 973 (2013CB035500), 863 (2015AA043102) .

Supported by National Natural Science Foundation of China (61374109, 61304078, 61590925), 973 Program (2013CB035500) and 863

Program (2015AA043102).



10 : 1297

,

, .

.

,
[12–13].

[14–15],

. ,

.

, ,

. :

,

;

;

,

, ,

.

.

2 (UAV modeling

and problem statement)
2.1 (UAV model)

,

, .

F n F b Fw. 3

1 , : α

, β .

1

Fig. 1 UAV model and coordinate
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,
[16]
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ṗn = Rn
bv

b,

mv̇b = fthrust +Rb
wf

w
aero +mRb

nfg−
mS(wb

n,b)v
b + dt,

q̇n,b =
1

2
qn,b ⊗ [0 (wb

n,b)
T]T,

Jẇb
n,b = −S(wb

n,b)Jw
b
n,b + τb

aero + dr,

(1)

: vb F b ; wb
n

F b F n F b

; fthrust = [T ; 0; 0](T ),

fg = [0; 0; g](g ); fw
aero Fw

, τb
aero

; dt, dr
; fw

aero τb
aero (2)

[17]. fw
aero τb

aero u

, (2) Ft(v
b
r ,

wb
n,b, α, β), Mr(v

b
r , α, β), Wr(v

b
r ), Bt(v

b
r ) Br(v

b
r ),

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

fw
aero = q̄S[CD CL CC]

T =

Ft(v
b
r , w

b
n,b, α, β) +Bt(v

b
r )u,

τb
aero = q̄S[bCl c̄Cm bCn]

T =

Mr(v
b
r , α, β) +Wr(v

b
r )w

b
n,b +Br(v

b
r )u,

(2)

: S ; b ; c̄ ; q̄

; q̄ = 0.5ρV 2
a , Va

.

2.2 (Problem statement)
,

.

.

,

.

.

Vg

qn,w(qn,w F n Fw )

, Vg Vd, qn,w
qn,d. Ṽg

, Ṽg vb

(3) :

Ṽg = Vd − Vg = Vd −
√
(vb)Tvb. (3)

qd,w Fw

, qd,w = [±1 0 0 0]T , Fw

, .

qd,w (4) :

qd,w = qd,n ⊗ qn,b ⊗ qb,w, (4)
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qb,w α β (5)
[17]:

qb,w = [cos(α/2) 0 − sin(α/2) 0]T ⊗
[cos(β/2) 0 0 sin(β/2)]T. (5)

eq , eq qd,w
(qd,w = [λd,w (γd,w)

T]T)

eq =

[
1∓ λd,w

γd,w

]
, (6)

eq (7) , Rw
n

eq wn
b,w .

ėq = T (eq)w
w
b,w = T (eq)R

w
nw

n
b,w, (7)

: T (eq) (8) , wn
b,w F n

, F b Fw . wn
d,n

; ww
b,w Fw , F b

Fw , wn
d,w wn

d,n, w
b
n,b, w

w
b,w

(9) :

T (eq) =
1

2

[
±γd,w

λd,wI + S(γd,w)

]
, (8)

wn
d,w = wn

d,n +Rn
bw

b
n,b +Rn

bR
b
ww

w
b,w, (9)

wn
d,n . (9)

,

.

(1)–(3)(6)(8)–(9),

,

.

(10) :⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

˙̃Vg = V̇d− vb1
mVg

T− (vb)T

mVg

(Rb
wf

w
aero+mRb

nfg−

mS(wb
n,b)v

b + dt),

ėq = T (eq)R
w
nw

n
d,w,

ẇn
d,w = ẇn

d,n +Rn
bJ

−1[−S(wb
n,b)Jw

b
n,b +Mr+

Wrw
b
n,b +Bru+ dr] +Rn

bR
b
wẇ

w
b,w+

Rn
bS(w

b
n,b)R

b
ww

w
b,w,

(10)

vb1 xb .

, T

Ṽg , u(u = [δa δr
δe]

T), δa , δr , δe
) eq .

3 (Control system design)
3.1 (Control block diagram)

,

,

, .

,

2 .

2

Fig. 2 Control block diagram of system

3.2 (Extended state observer

design)
,

.

dt ḋt dr ḋr ,

ESO ESO dr, dt.

3.2.1 ESO(Translational ESO)⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

˙̂x1 =
1

m
(fthrust +Rb

wfaero) +Rb
nfg−

S(wb
n,b)v

b
r +

1

m
x̂2 + l1(v

b
r − x̂1),

˙̂x2 =l2(v
b
r − x̂1),

(11)

: x̂2 dt , l1, l2
. d̂t = x̂2, ṽbr = vbr − x̂1, d̃t = dt − d̂t,

ṽbri ṽbr i , d̃ti
d̃t i , (1)(11)

(12) :[
˙̃vbri
˙̃
dti

]
=

[
−l1 1

−l2 0

][
ṽbri
d̃ti

]
+

[
0

1

]
ḋti. (12)

ESO l1>0, l2>0 , (12)

ḋti ,

d̃ti , d̃t .

3.2.2 ESO(Rotational ESO)⎧⎪⎪⎨
⎪⎪⎩

˙̂x3=J−1(−S(wb
n,b)Jw

b
n,b+Mr+Wrw

b
n,b)+

J−1(Bru+ x̂4) + l3(w
b
n,b − x̂3),

˙̂x4 = l4(w
b
n,b − x̂3),

(13)

: x̂4 dr , l1, l2
. d̂r= x̂4, w̃b

n,b=wb
n,b − x̂3,

d̃r = dr − d̂r, ESO ,



10 : 1299

d̃r .

3.3 (Controller design)
,

,

.

,

,

;

.

3.3.1 (Velocity controller design)

, Ṽg Lyapunov

V =
1

2
Ṽ 2
g . (14)

Lyapunov , (10)

, Ṽg Lyapunov

V̇ = Ṽg[V̇d − vb1
mVg

T − (vb)T

mVg

(Rb
wf

w
aero +

mRb
nfg −mS(wb

n,b)v
b + dt)]. (15)

Ṽg

Lyapunov ,

(16) :

T =
mVg

vb1
[V̇d + κ1Ṽg + ξ1|Ṽg|r1sgn Ṽg]−

(vb)T

vb1
[Rb

wf
w
aero +mRb

nfg −

mS(wb
n,b)v

b + d̂t], (16)

: d̂t ESO , κ1, ξ1, r1
, κ > 0, ξ1 > 0, 0 < r1 < 1.

, (16)

(15)

V̇ = Ṽg(−κ1Ṽg − ξ1|Ṽg|r1sgn Ṽg − (vb)T

mVg

d̃t) �

−κ1Ṽ
2
g − ξ1|Ṽg|r1+1 +

(vb)T

mVg

|Ṽg||d̃t| �

−2κ1V − 2(r+1)/2ξ1V
(r+1)/2 +

(vb)T

mVg

|Ṽg||d̃t|.
(17)

dt , d̃t = 0, Ṽg

;

, d̃t , Ṽg

.

3.3.2 (Attitude controller design)
,

z1, z2 (18) :⎧⎪⎪⎨
⎪⎪⎩

z1 = eq,

z2 = wn
d,n +Rn

bw
b
n,b +Rn

bR
b
ww

w
b,w+

k1(R
w
n )

TTT
e (eq)z1,

(18)

k1 .

1 Lyapunov V1

(19) :

V1 =
1

2
zT1 z1. (19)

, (7)(18) V1

:

V̇1=−k1z
T
1 T (eq)T

T(eq)z1+zT1 T (eq)R
w
n z2. (20)

2 Lyapunov

V2 (21) :

V2 = V1 +
1

2
zT2 z2. (21)

(21) , (10)(18)(20) V2

:

V̇2 = −k1z
T
1 T (eq)T

T(eq)z1 + zT1 T (eq)R
w
n z2 +

zT2 [ẇ
n
d,n +Rn

bẇ
b
n,b +Rn

bS(w
b
n,b)R

b
ww

w
b,w +

Rn
bR

b
wẇ

w
b,w + k1R

n
wS(w

w
n,w)T

T(eq)z1 +

k1R
n
wγ̇d,w/2] =

−k1z
T
1 T (eq)T

T(eq)z1 + zT1 T (eq)R
w
n z2 +

zT2 [ẇ
n
d,n +Rn

bJ
−1(−S(wb

n,b)Jw
b
n,b +Mr +

dr +Wrw
b
n,b +Bru) +Rn

bS(w
n
n,b)R

b
ww

w
b,w +

k1R
n
wS(R

w
bw

b
n,b +Rw

bw
w
b,w)T

T(eq)z1 +

Rn
bR

b
wẇ

w
b,w + k1R

n
wγ̇d,w/2. (22)

(22) (23) :

u =

B−1
r [S(wb

n,b)Jw
b
n,b −Mr − d̂r −Wrw

b
n,b]−

B−1
r J(Rn

b)
T[ẇn

d,n +Rn
bS(w

b
n,b)R

b
ww

w
b,w +

k1R
n
wS(R

w
bw

b
n,b +Rw

bw
w
b,w)T

T(eq)z1 +

Rn
bR

b
wẇ

w
b,w + k1R

n
wγ̇d,w/2 +Rn

wT
T(eq)z1 +

κ2z2 + ξ2|z2|r2sgn z2], (23)

d̂r ESO .

(23) (22), (23)

V2 (24) :

V̇2 = −k1z
T
1 T (eq)T

T(eq)z1 − κ2z
T
2 z2 −

ξ2|z2|(r2+1) − zT2 R
n
bJ

−1d̃r. (24)



1300 33

k1 > 0, κ2 > 0, ξ2 > 0,

0 < r2 < 1. , (24)

, (23)

, eq .

4 (Simulation and analysis)
, (1)

, [18]

,

. (16)

fthrust = [T ; 0; 0] , (23)

(2) τb
aero, (1)

. ,

.

,

. 1 ,

ESO .

, qd,n

=[1 0 0 0]T, vd = 30. 15 s 25 s

,

, dt=[25 25 10]T,

dr=[15 5 5 sin(
2π

5
t)]T.

3 10 . ESO

,

3 4 , ,

, ,

.

1

Table 1 The parameter of control system

l1 40 l2 8256

l3 40 l4 4000

κ1 2 ξ1 0.2

r1 0.2 − −
κ2 30 ξ2 0.1

r2 0.1 k1 2

3

Fig. 3 Attitude control result under back-stepping method

4

Fig. 4 Velocity control result under back-stepping method

,

,

. ,

5 6 . 5

, ,

.

, ,

.

6

,

.

5

Fig. 5 Attitude control result under sliding mode method

6

Fig. 6 Velocity control result under sliding mode method

, 7

8 . 7 ,

,

,

, .
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, ESO ,

, qwn (4)

.

7 ESO

Fig. 7 Attitude control result under ESO based

back-stepping method

8 ESO

Fig. 8 Velocity control result under ESO based

back-stepping method

,

. ,

q0d,n=[1 0 0 0]T, ωn
d,n=[0 0 0.5],

9 , 10

. ,

qwn (1), q
w
n (2), q

w
n (3)

,

eq(1), eq(2), eq(3) .

dr(3) ,

, qwn (4)

, eq(4) .

ESO ,

, ESO .

9 ESO

Fig. 9 Attitude tracking result under ESO based

back-stepping method

10 ESO

Fig. 10 Attitude tracking error under ESO based

back-stepping method

5 (Conclusions)
,

,

.

,

,

.

.
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