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Integrated guidance and control design
for automatic landing of fixed-wing unmanned aerial vehicle

ZHANG Cong1,2,3†, WU Yun-jie1,2,3 , FANG Di1,2

(1. State Key Laboratory of Virtual Reality Technology and Systems, Beihang University, Beijing 100191, China;
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Abstract: A novel integrated guidance and control (IGC) approach is proposed for the landing of a fixed-wing unmanned
aerial vehicle (UAV). In this approach, the sliding-mode variable structure control (SMVSC) and the active disturbance
rejection control (ADRC) are combined in the structure of the dynamic surface control. A 6-DOF model of the UAV and
the model of the relative line of sight (LOS) between the UAV and the target are built. The integrated guidance and control
is designed under the dynamic surface control framework with sliding-mode variable structure control. By introducing
ADRC technique to the design, we raise the system robustness against the uncertainties in the unmodeled parameters and
the external disturbances. The ADRC also suppresses the vibration of sliding-mode variable structure control. This control
approach enables the UAV to smoothly fly to the target point, while satisfying the constraints on the landing LOS angle.
The design philosophy and modes of thought are described in details. Finally, simulation results are presented to illustrate
the effectiveness of the control strategy.

Key words: unmanned aerial vehicles (UAV); bank-to-turn (BTT); integrated guidance and control; dynamic surface
control ; sliding mode variable structure control (SMVSC); active disturbance rejection control technique (ADRC)
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, [8–9] ,
. [6–7] (dyna-

mic surface control, DSC) (sliding
mode variable structure control, SMVSC) ,

,
, ,

.

BTT
,

.
(adaptive disturbance rejection control, AD-

RC) ( ,
, ) ,

, . ADRC
[6–7] .

2 (Mathematical model)
, 1.

1

Fig. 1 Coordinates

AXY Z , Oxyz
, Ox4y4z4 , q1, q2

, T .

2.1 [7](Relative LOS model)

,

q1 = arctan(
yr√

x2
r + z2r

),

q2 = − arctan(
zr
xr

).

:

q̇1 =
vry(x

2
r + z2r )− yr(xrvrx + zrvrz)

r2
√
x2
r + z2r

,

q̇2 = −vrzxr − zrvrx
x2
r + z2r

,

: xr, yr, zr

; vrx, vry, vrz
.

2

[
q̈1

q̈2

]
=

⎡
⎢⎢⎣−

2Ṙ

R
q̇1 − q̇22 sin q1 cos q1

−2Ṙ

R
q̇2 + 2q̇1q̇2 tan q1

⎤
⎥⎥⎦+

⎡
⎢⎣−

1

R
0

0
1

R cos q1

⎤
⎥⎦
[
ay4

az4

]
+

⎡
⎢⎣

aty4
R

− atz4
R cos q1

⎤
⎥⎦. (1)

: R ,

R =
√
x2
r + y2r + z2r ; [ay4, az4]T

; [aty4, atz4]T

.

2.2 [6–7](UAV dynamic model)
:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

α̇ = −L+ P sinα

mV cosβ
+

g cos γV cos θ

V cosβ
− ωx cosα tanβ + ωy sinα tanβ + ωz + dwα,

β̇ =
Z − P cosα sinβ

mV
+

g sin γV cos θ

V cosβ
+ ωx sinα+ ωy cosα+ dwβ,

γ̇V =
L(tanβ + sin γV tan θ) + Z cos γV tan θ

mV
+ ωx

cosα

cosβ
− ωy

sinα

cosβ
−

g cos γV cos θ tanβ

V
+
P (sinα tanβ − cosα sinβ cos γV tan θ + sinα sin γV tan θ)

mV
+ dwγ

V
.

:⎧⎪⎨
⎪⎩
ω̇x=−(c1ωy − c2ωx)ωz + c3Mx − c4My + dwx,

ω̇y=−(c8ωx + c2ωy)ωz − c4Mx + c9My + dwy,

ω̇z=−c5ωxωy − c6(ω
2
x − ω2

y) + c7Mz + dwz,⎡
⎢⎣c5c6
c7

⎤
⎥⎦ =

1

Iz

⎡
⎢⎣Iy − Ix

−Ixy
1

⎤
⎥⎦ ,

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

c1

c2

c3

c4

c8

c9

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

1

(IxIy − Ixy)

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

Iy (Iz − Iy)− I2xy
Ixy (Iz − Ix − Iy)

Iy

−Ixy
I2xy+Ix (Ix − Iz)

Ix

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

:
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ax2 =
1

m
(P cosα cosβ −D)− g sin θ,

ay2 =
P

m
(sinα cos γV + cosα sinβ sin γV)+

L

m
cos γV − Z

m
sin γV − g cos θ,

az2 =
P

m
(sinα sin γV − cosα sinβ cos γV)+

L

m
sin γV +

Z

m
cos γV .

(2)

: m ; Ix, Iy, Iz, Ixy
; V

; P α, β, γV

; [ωx, ωy, ωz]
T

; [ax2, ay2, az2]T

; dwα, dwβ, dwγ
V

, dwx, dwy,
dwz , .

, :

:

CD = c0D + cαDα+ cβDβ + cδzD δz,

:

CL = c0L + cαLα+ cδzL δz,

:

CZ = cβZβ + c
δy
Z δy,

:

Cl = cαl α+ cβl β + cω̄x
l ω̄x + cδxl δx + c

δy
l δy,

:

Cm = c0m + cαmα+ cβmβ + cω̄z
m ω̄z + cδzmδz,

:

Cn = cβnβ + c
ω̄y
n ω̄y + cδxn δx + c

δy
n δy.

: δx, δy, δz ; ω̄x=ωxLref/V , ω̄y

=ωyLref/V , ω̄z=ωzcref/V , ωx, ωy, ωz

; , cxy, y x

, . S , Lref

, cref , ρ ; q
, q = 0.5ρV 2.

: D = CD · qS,

: L = CL · qS,

: Z = CZ · qS,

: Mx = Cl · qSLref ,

: My = Cn · qSLref ,

: Mz = Cm · qScref .

3 (Integrated guidance
and control design)

3.1 (Mathematical

model to design model)

,

. ax4, ay4,

az4 :⎡
⎢⎣
ax4

ay4

az4

⎤
⎥⎦=L(q1)L(q2)L−1(ψV)L

−1(θ)

⎡
⎢⎣
ax2

ay2

az2

⎤
⎥⎦ ,

ax2, ay2, az2 :⎡
⎢⎣
ax2

ay2

az2

⎤
⎥⎦ = L−1 (γV)

⎡
⎢⎣
ax3

ay3

az3

⎤
⎥⎦ .

: ax4, ay4, az4 → ax3, ay3, az3,⎡
⎢⎣
ax4

ay4

az4

⎤
⎥⎦ = L (q1)L (q2)L

−1(ψV) ·

L−1(θ)L−1(γV)

⎡
⎢⎣
ax3

ay3

az3

⎤
⎥⎦ .

(1) :[
q̈1

q̈2

]
=

⎡
⎢⎣−2Ṙ

R
q̇1−q̇22 sin q1 cos q1

−2Ṙ

R
q̇2+2q̇1q̇2 tan q1

⎤
⎥⎦+

⎡
⎢⎣

aty4
R
atz4

R cos q1

⎤
⎥⎦+

⎡
⎢⎣0− 1

R
0

0 0
1

R cos q1

⎤
⎥⎦ ·

L (q1)L (q2)L
−1 (ψV)L

−1 (θ)L−1 (γV) ·⎡
⎢⎣
ax3

ay3

az3

⎤
⎥⎦ , (3)

L(q1), L(q2), L−1(θ), L−1(ψV), L−1(γV)

,

L (q1) =

⎡
⎢⎣

cos q1 sin q1 0

− sin q1 cos q1 0

0 0 1

⎤
⎥⎦ ,

L (q2) =

⎡
⎢⎣
cos q2 0 − sin q2

0 1 0

sin q2 0 cos q2

⎤
⎥⎦ ,
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L−1 (θ) =

⎡
⎢⎣cos θ − sin θ 0

sin θ cos θ 0

0 0 1

⎤
⎥⎦ ,

L−1 (ψV) =

⎡
⎢⎣ cosψV 0 sinψV

0 1 0

− sinψV 0 cosψV

⎤
⎥⎦ ,

L−1 (γV) =

⎡
⎢⎣1 0 0

0 cos γV − sin γV

0 sin γV cos γV

⎤
⎥⎦ .

(3) ,[
q̈1

q̈2

]
= B0

⎡
⎢⎣ax3ay3

az3

⎤
⎥⎦+ fΣ0 + dΣ0, (4)

:

B0 =

⎡
⎢⎣0 − 1

R
0

0 0
1

R cos q1

⎤
⎥⎦ ·

L(q1)L(q2)L
−1(ψV)L

−1(θ)L−1(γV);

fΣ0 =

⎡
⎢⎢⎣
−2Ṙ

R
q̇1 − q̇22 sin q1 cos q1

−2Ṙ

R
q̇2 + 2q̇1q̇2 tan q1

⎤
⎥⎥⎦ ;

dΣ0 =

⎡
⎢⎣

aty4
R
atz4

R cos q1

⎤
⎥⎦ .

B0 2× 3 ,

B0 =

[
b11 b12 b13

b21 b22 b23

]
.

ay3

az3, ax3, ax3 = 0,

B0

⎡
⎢⎣ 0

ay3

az3

⎤
⎥⎦ = B′

0

[
ay3

az3

]
. (5)

B′
0=

[
b12 b13

b22 b23

]
, (4)

[
q̈1

q̈2

]
= B′

0

[
ay3

az3

]
+ fΣ0 + d′

Σ0, (6)

d′
Σ0 = ΔB0 + dΣ0, ΔB0 ax3 = 0

.

,
,

,

L = qSrefc
α
Lα+ dL, (7)

Z = qSrefc
β
Zβ + dZ, (8)

Mx = qSrefLref(c
α
l α+

cβl β + cω̄x
l ω̄x + cδxl δx) + dMx, (9)

My =qSrefLref(c
β
nβ+c

ω̄y
n ω̄y+c

δy
n δy)+dMy, (10)

Mz = qSrefcref(c
α
mα+ cβmβ + cω̄z

m ω̄z +

cδzmδz) + dMz, (11)

dL, dZ , dMx, dMy, dMz

.

(2) :⎡
⎢⎣ax3ay3

az3

⎤
⎥⎦ = L(γV)

⎡
⎢⎣ax2ay2

az2

⎤
⎥⎦=

⎡
⎢⎢⎢⎢⎢⎣

1

m
(P cosα−D)− g sin θ

P sinα+ L

m
− g cos θ cos γV

Z

m
+ g cos θ sin γV

⎤
⎥⎥⎥⎥⎥⎦ . (12)

(7)–(8) (12), α , sinα ≈ α,

⎧⎪⎪⎨
⎪⎪⎩
ay3 =

P + qScαL
m

α− g cos θ cos γV + day,

az3 =
qScβZ
m

β + g cos θ sin γV + daz,

(13)

day, daz sinα ≈ α (7)–(11)
.

,
β , β=0. (13) (6),

,
γV , sin γV = γV , ,

: [
q̈1

q̈2

]
= B′′

0

[
α

γV

]
+ fΣ0 + d′′

Σ0, (14)

B′′
0 = B′

0

⎡
⎣ P + qScαL

m
0

0 g cos θ

⎤
⎦ ,

d′′
Σ0 = ΔB′

0 + d′
Σ0.

: ΔB′
0 (7)–(14)

. d′′
Σ0 .

,
, β ,

β=0, cosβ=1, sinβ= tanβ=0. sinα
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≈ α. ,
(7)–(11) ,

:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

α̇=−L+Pα
mV

+
g cos γV cos θ

V
+ωz+d

′
wα,

β̇=
Z

mV
+
g sin γV cos θ

V
+ωy+d

′
wβ,

γ̇V =
L (sin γV tan θ)+Z cos γV tan θ

mV
+

ωx+d
′
wγ

V
,

(15)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ω̇z=−c5ωxωy − c6(ω
2
x − ω2

y)+c7qSrefcref ·
[(cαmα+c

β
mβ+c

ω̄z
m ω̄z)+c

δz
mδz]+d

′
wz,

ω̇y=−(c8ωx+c2ωy)ωz+c9qSrefLref ·
[(cβnβ+c

ω̄y
n ω̄y)+c

δy
n δy]+d

′
wy,

ω̇x=−(c1ωy − c2ωx)ωz+c3qSrefLref ·
[(cαl α+c

β
l β+c

ω̄x
l ω̄x)+c

δx
l δx]+d

′
wx.

(16)

: d′wα, d′wβ, d′wγ
V

, d′wx, d′wy, d′wz β=0,
sinα ≈ α (7)–(11) ,

.

(14)–(16) ,
:

ẋ0 = x1, (17a)

ẋ1 = f1 +B1x̄2 + d1, (17b)

ẋ2 = f2 +B2x3 + d2, (17c)

ẋ3 = f3 +B3u+ d3. (17d)

:

x0 =

[
q1

q2

]
, x1 =

[
q̇1

q̇2

]
, x̄2 =

[
α

γV

]
,

x2 =

⎡
⎢⎣ α

β

γV

⎤
⎥⎦ , x3 =

⎡
⎢⎣ωz

ωy

ωx

⎤
⎥⎦ , u =

⎡
⎢⎣δzδy
δx

⎤
⎥⎦ ,

f1 = fΣ0, B1 = B′′
0 , d1 = d′′

Σ0 = [d11 d12]
T,

f2 =

⎡
⎢⎢⎢⎢⎢⎢⎣

−L+ Pα

mV
+

g cos γV cos θ

V
Z

mV
+

g sin γV cos θ

V
L (sin γV tan θ) + Z cos γ

V
tan θ

mV

⎤
⎥⎥⎥⎥⎥⎥⎦
,

B2 =

⎡
⎢⎣1 0 0

0 1 0

0 0 1

⎤
⎥⎦ ,d2 =

⎡
⎢⎣
d′wα
d′wβ
d′wγ

V

⎤
⎥⎦ =

⎡
⎢⎣d21d22

d23

⎤
⎥⎦ ,

f3 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

− c5ωxωy − c6(ω
2
x − ω2

y)+

c7qSrefcref(c
α
mα+ cβmβ + cω̄z

m ω̄z)

− (c8ωx + c2ωy)ωz+

c9qSrefLref(c
β
nβ + c

ω̄y
n ω̄y)

− (c1ωy − c2ωx)ωz+

c3qSrefLref(c
α
l α+ cβl β + cω̄x

l ω̄x)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

d3 =

⎡
⎢⎣d

′
wz

d′wy

d′wx

⎤
⎥⎦ =

⎡
⎢⎣d31d32

d33

⎤
⎥⎦ ,

B3=

⎡
⎢⎣c7qSrefcrefc

δz
m 0 0

0 c3qSrefLrefc
δy
n 0

0 0 c9qSrefLrefc
δx
l

⎤
⎥⎦.

(17a)–(17d) ,
,

. , B1, B3 ; f1, f2, f3
; d1, d2, d3 .

.

3.2 (Design of
integrated guidance and control)

:

1 a=[a1, a2, · · · , ai, · · ·, an]T
b=[b1, b2, · · ·, bi, · · ·, bn]T,

ab,am am= [am
1
, am

2
, · · ·, am

i
, · · ·, am

n
]T, ȧ= [ȧ1,

ȧ2, · · · , ȧi, · · · , ȧn]T, i = 1, 2, · · · , n.

1) .

(17a)–(17d) d1,
d2, d3. , ,

,
. ADRC

ESO ,
. ADRC

. (17) ,
(17b)(17c)(17d) 1 ,

2 ESO ,⎧⎪⎨
⎪⎩
ei = z1i − x0i,

ż1i = z2i − β1ei +Biui,

ż2i = −β2fal(ei, a, d).
:

x01 = x1,x02 = x2,x03 = x3;

e1=x1c−x1, e2=x2c−x2, e3=x3c−x3;

u1 = x2,u2 = x3,u3=u.
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(17b) ESO: β1=diag{β11, β12}, β2=
diag{β21, β22}, βij , i, j = 1, 2.
(17c) (17d) ESO: β1=diag{β11, β12, β13},
β2 = diag{β21, β22, β23}, βij , i = 1, 2,
j = 1, 2, 3. 3 ,

, z21 = d̂1 → d1, z22 = d̂2 → d2, z23 = d̂3

→ d3.

ESO fal :

fal (e, a, d)=

⎧⎨
⎩

e

d(1−a)
, |ei| � d,

|e|a sgn e, |ei| > d.

ESO [11]:β1j≈ 1

h
, β2j≈ 1

1.6h1.5
.

, h , j = 1, 2, 3. 0 < a < 1, d
. ESO , ,

(17) (18).

ẋ0 = x1, (18a)

ẋ1 = f1 +B1x̄2 + d̃1, (18b)

ẋ2 = f2 +B2x3 + d̃2, (18c)

ẋ3 = f3 +B3u+ d̃3. (18d)

ESO ,
, d̃1, d̃2, d̃3 ESO

.

1 d̃1=[d̃11 d̃12]
T, d̃2=[d̃21 d̃22 d̃23]

T,
d̃3 = [d̃31 d̃32 d̃33]

T, |d̃ij | � d̄ij ,
i = 1, 2, 3; j = 1, 2, 3.

2) .

(18)
, backstepping ,

[6],
, ,

, :⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

z1 = (x1 − x1c) + C(x0 − x0c) =

[z11 z12]
T,

x̄2c=B
−1
1 [−K1z1−H1sgn z1−f1−Cx1]=

[αc γVc ]
T,

x2c = [αc βc γVc ]
T, βc = 0,

τ2ẋ2d + x2d = x2c,x2d(0) = x2c(0),

z2 = x2 − x2c = [z21 z22 z23]
T,

x3c=B
−1
2 [−K2z2−H2sgn z2−BT

1 z1−f2+ẋ2d],

τ3ẋ3d + x3d = x3c,x3d(0) = x3c(0),

z3 = x3 − x3c = [z31 z32 z33]
T,

u=B−1
3 [−K3z3−H3sgn z3−BT

2 z2 − f3+ẋ3d].

(19)

3) .

(18) (19)
.

(20)

v1 =
1

2
zT
1 z1. (20)

(20) , x̄2c,

v̇1 = zT
1 ż1 =

zT
1 [f1 + B̄1x̄2c + B̄1(x̄2 − x̄2c) + d̃1 + Cx1] =

−zT
1 K1z1 − zT

1 H1sgn z1 + zT
1 d̃1 + zT

1 B̄1z̄2 =

−
2∑

i=1
k1iz

2
1i −

2∑
i=1

(η1i|z1i|+ d̃1iz1i) + zT
1 B̄1z̄2 �

−
2∑

i=1
k1iz

2
1i −

2∑
i=1

(η1i|z1i|+ d̄1i|z1i|) + zT
1 B̄1z̄2.

1, |d̃1j |� d̄1j , j=1,

2. η1j > d̄1j , zT
1 B̄1z̄2 ,

v̇1 � 0. x3c.

, (21)

v2 =
1

2
zT
1 z1 +

1

2
zT
2 z2. (21)

(21) , x3c

v̇2 = zT
1 ż1 + zT

2 ż2 =

zT
1 ż1+zT

2 [f2+B2x3c+B2(x3−x3c)+d̃2−ẋ2c] =

zT
1 ż1 − zT

2 k2z2 − zT
2 H2sgn z2 +

zT
2 (d̃2 + ẋ2d − ẋ2c) + zT

2 B2z3 =

−
2∑

i=1
k1iz

2
1i−

2∑
i=1

(η1i|z1i|+d̃1iz1i)+zT
1 B̄1z̄2−

3∑
i=1

k2iz
2
2i−

3∑
i=1

[η2i|z2i|+(d̃2i+Δẋ2i)z2i]−

zT
2B

T
1 z1+z2

TB2z3 =

−
2∑

i=1
k1iz

2
1i −

3∑
i=1

k2iz
2
2i −

2∑
i=1

(η1i|z1i|+ d̃1iz1i)−
3∑

i=1
[η2i|z2i|+ (d̃2i +Δẋ2i)z2i] + zT

2 B2z3 �

−
2∑

i=1
k1iz

2
1i−

3∑
i=1

k2iz
2
2i−

2∑
i=1

(η1i|z1i|+d̄1i|z1i|)−
3∑

i=1
[η2i|z2i|+ (d̄2i +Δ¯̇x2i)z2i] + zT

2 B2z3.

Δẋ2i ,
, |Δẋ2i| � Δ¯̇x2i. 1
|d̃1j | � d̄1j |d̃2j | � d̄2j , j = 1, 2, 3.

η1j>d̄1j , η2j>d̄2j+Δ¯̇x2i, zT
2 B2z3 ,

v̇2 � 0. u.
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, (22)

v3 =
1

2
zT
1 z1 +

1

2
zT
2 z2 +

1

2
zT
3 z3. (22)

(22) , u

v̇3 = zT
1 ż1 + zT

2 ż2 + zT
3 ż3 =

zT
1 ż1 + zT

2 ż2 + zT
3 [f3 +B3u+ d̃3 − ẋ3c] =

zT
1 ż1 + zT

2 ż2 − zT
3 K3z3 − zT

3 H3sgn z3

+zT
3 (ẋ3d − ẋ3c + d̃3)− zT

3 B
T
2 z2 =

−
2∑

i=1
k1iz

2
1i −

3∑
i=1

k2iz
2
2i −

2∑
i=1

(η1i|z1i|+ d̃1iz1i)−
3∑

i=1
[η2i|z2i|+ (d̃2i +Δẋ2i)z2i] + zT

2 B2z3 −
3∑

i=1
k3iz

2
3i −

3∑
i=1

[η3i|z3i|+ (d̃3i +Δẋ3i)z3i]−

zT
3 B

T
2 z2 =

−
2∑

i=1
k1iz

2
1i −

3∑
i=1

(k2iz
2
2i + k3iz

2
3i)−

2∑
i=1

(η1i|z1i|+ d̃1iz1i)−
3∑

i=1
[η2i|z2i|+

(d̃2i +Δẋ2i)z2i + η3i|z3i|+ (d̃3i +Δẋ3i)z3i] �

−
2∑

i=1
k1iz

2
1i −

3∑
i=1

(k2iz
2
2i + k3iz

2
3i)−

2∑
i=1

(η1i|z1i|+ d̄1i|z1i|)−
3∑

i=1
[η2i|z2i|+ (d̄2i +Δ¯̇x2i)|z2i|+

η3i|z3i|+ (d̄3i +Δ¯̇x3i)|z3i|].
Δẋ3i ,
, |Δẋ3i| � Δ¯̇x3i. |Δẋ2i| � Δ¯̇x2i,
1 |d̃1j | � d̄1j , |d̃2j | � d̄2j

|d̃3j | � d̄3j , j=1, 2, 3. η1j>d̄1j , η2j>d̄2j+

Δ¯̇x2i, η3j> d̄3j +Δ¯̇x3i, v̇3 � 0.
, . .

3.3 (General structure
of IGC)

,
,

, 2 .

2

Fig. 2 General structure diagram of IGC

,
,

.
, ESO ,

, ,
. 3 ESO,

, . ESO
,

. back-stepping
,

.
2 .

, ,

,
. ADRC

, ,
.

,
, ADRC ,

.

4 (Velocity control)
,

.

(23):

V̇ =
1

m
(P cosα cosβ −D −mg sin θ). (23)
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α β , (23)

V̇ =
1

m
(P −D −mg sin θ). (24)

s = V − Vc, (25)

Vc .

ṡ = −ks, k > 0.

(24),

P = −mks+D +mg sin θ +mV̇c. (26)

P = (Tmax − Tmin)δth.

(26)

δth =
−mks+D +mg sin θ +mV̇c

Tmax − Tmin
. (27)

, (25) (27)

⎧⎨
⎩
s = V − Vc,

δth =
−mks+D +mg sin θ +mV̇c

Tmax − Tmin
.

(28)

5 (Simulation)
(17) (18) ,

. :
h = 0.01 s, [x0, y0, z0] = [0, 0.5, 0] m,

AX 60 m/s , [xm, ym, zm] =

[−3000, 500, 400] m .

, Qc = [0, 0]T. 20% ,
x1y1z1 (6 + sin t, 2+sin t, 1+

sin t) m/s [12]. ESO β1j= 100,
β2j = 500, j = 1, 2, 3, fal a = 0.5, d = 0.01.

(−30◦, 30◦). 4
. 4 1.

1
Table 1 Simulation situation and control parameters selection

C K1 K2 K3 H1 H2 H3 ESO

1 diag{0.06,0.06} diag{0.12,0.12} diag{5,5,5} diag{50,50,50} diag{0.2,0.2} diag{10,10,10} diag{100,100,100}
2 diag{0.06,0.06} diag{0.12,0.12} diag{5,5,5} diag{50,50,50} diag{0.2,0.2} diag{10,10,10} diag{100,100,100}
3 diag{0.06,0.06} diag{0.12,0.12} diag{5,5,5} diag{50,50,50} diag{0.2,0.2} diag{10,10,10} diag{100,100,100}
4 diag{0.06,0.06} diag{0.12,0.12} diag{5,5,5} diag{50,50,50} diag{0.5,0.5} diag{25,25,25} diag{250,250,250}

1 , 1
1 . 1

, ESO
, . 2 3

, ESO. 4
2, 3 4

, ESO. 3–9.

3 3

Fig. 3 Flight path of UAV landing

4

Fig. 4 Displacement to time



11 : 1495

5

Fig. 5 Relative angles

6

Fig. 6 Relative angular rates

7

Fig. 7 Virtual angle control volume

8

Fig. 8 Virtual rate control volume

8′

Fig. 8′ Local zoom of virtual rate control
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9

Fig. 9 Rudder control output

9′

Fig. 9′ Local zoom of rudder control output

,
,

0,
. ,

. 1 ,
, ,
. 20%
. , 3 4, 2–4

, .
, 5,

, . 6 ,
,

1 , 2–4 , 2
4 . ,

7, 2 4 ;
, BTT 0, 3

2 4. ,
8 8′, 4 .
, 9 9′, 4
; 2 ;
3 2 4 ,

, .

2–4 ,
. 2 3
, . 2

ESO , . 4
ESO ,

, 3,
2; . ,

, ADRC ,
,

. , ADRC
.

6 (Conclusion)

,
. ,

,
. ,

, . ,

, .
, ,

.
, ADRC

.
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