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Wind Disturbance Rejection Control Law Based on AESO for a Hybrid 
Tail-Sitter UAV

Shuyang Wang1, Jing Zhang1, Lingyu Yang1

1. School of Automation Science and Electrical Engineering, Beihang University, Beijing 100191
E-mail: w747922247@163.com

Abstract: Hybrid tail-sitter unmanned aerial vehicles (UAVs) are sensitive to the wind disturbance in the vertical take-off and 
landing (VTOL) stage, which can easily affect control performance and even stability. Aiming at this problem, this paper 
proposes a wind disturbance rejection control law based on adaptive extended state observer (AESO). This method combines a 
nominal control law and a novel disturbance observer. Among them, the nominal control law uses 
proportional-integral-differential (PID) control method to achieve a good control performance without wind disturbance. The 
disturbance observer based on AESO algorithm can accurately estimate wind disturbances while eliminating peaking 
phenomenon under sensor noises. Simulation results demonstrate the effectiveness of the proposed control method.
Key Words: Wind disturbance, Tail-Sitter UAV, adaptive extended state observer, peaking phenomenon.

1 Introduction
The tail-sitter unmanned aerial vehicles (UAVs) have low 

requirements for take-off and landing locations, and can
cruise at high speeds horizontally. In addition, the UAVs
have the advantages of good maneuverability, long flight 
time, and simple structure. Therefore, tail-sitter UAVs are 
widely used in the military and civilian fields, and have good 
prospects. In the military field, small tail-sitter UAVs are 
used for detecting enemy situations, locating and firing, 
electronic warfare, ground (air) attacks, and communication 
relays. In the civilian field, tail-sitter UAVs are used in the 
rescue of natural disasters such as earthquakes and floods, 
monitoring forest fires, and aerial photography [1].

Hybrid tail-sitter UAVs face problems such as complex 
low-altitude flight conditions, being sensitive to wind 
disturbances due to light weight and large windward surface, 
and severe attitude and position changes after wind 
disturbance in the vertical take-off and landing (VTOL) 
stage [2]. It is of great significance to design the wind 
disturbance rejection control law for the hybrid tail-sitter 
UAVs in the VTOL stage.

Facing the problem of the wind disturbance, the classic 
PID control law can no longer meet the control requirements. 
Wang et al. [3] and Kim et al. [4] used Kalman filtering to 
estimate aerodynamic parameters online, and measured or 
estimated wind speed information to compensate for wind 
effects. This method improves UAV altitude and heading 
control performance, but it is slower than other methods. 
Waslander et al. [5] extracted wind speed estimates from 
accelerometer data to estimate wind disturbances and 
compensate them. This method can improve accuracy, but 
the precondition is to attribute all deviations from 
acceleration to wind disturbances. Xiao et al. [6] repeatedly 
modified and optimized the rules of the fuzzy controller 
through improved genetic algorithms and feedback data of 
the attitude changes, so that the controller had the ability to 
learn independently. This method can improve the 
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performance of the controller when dealing with wind 
disturbance. But it is too computationally intensive, and easy 
to fall into a local optimal solution. It lacks feasibility in the 
actual vertical take-off and landing stage. and easily falls into 
a local optimal solution. Qi et al. [7] established a 
closed-loop control loop for second-order linear active 
disturbance rejection control (LADRC) and designed a 
feedback control law to meet requirements of attitude control. 
The system is robust and has fewer adjustable parameters, 
which is easy to implement. However, the method has 
limitations of general linear control methods. In order to 
realize the stable flight of UAV in wind shear, Xu et al. [8]
combined the anti-step adaptive control algorithm with 
sliding mode control method to obtain the anti-step sliding 
mode adaptive control algorithm. Simulations show that 
under the influence of wind shear, the backstep sliding mode 
adaptive control algorithm is more robust, but its attitude 
control time is longer than other methods.

In the above literature, there are mainly two methods for 
dealing with wind disturbance. One method is to directly 
measure the wind speed or use other known quantities to 
estimate the wind speed for compensation [3,4,5]. However, 
it is far less intuitive to estimate the impact of wind on UAV
attitude through wind speed changes than to directly measure 
UAV attitude information. Another method is to directly or 
linearly control the controlled object based on the attitude 
error [6,7,8]. However, in these methods, it is generally 
assumed that the wind speed changes slowly. And they have
the disadvantages of complicated structural, slow 
convergence speed, and excessive calculation. In order to 
overcome the shortcomings of the above methods, this paper 
proposes a wind disturbance rejection control law based on 
adaptive extended state observer (AESO). Proportional
-integral-differential (PID) control method is used to 
stabilize the inner loop without wind disturbance, and the 
AESO algorithm is used to estimate and compensate for the 
wind disturbance. This method can directly estimate the 
disturbance torque to the UAV, and there is no obvious 
peaking phenomenon under sensor noises.
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2 Hybrid Tail-Sitter UAV Modeling

The hybrid tail-sitter UAV is shown in Fig. 1. This UAV is 
mainly composed of the fuselage, wings, ailerons, elevators, 
rudder, fins, propellers and electronics. In the VTOL stage, 
the propellers provide lift. The UAV attitude control is 
realized though changes in the speed difference between the 
left propeller and right propeller, the common inclination of 
the left and right propellers, and the deflection angle of the 
two fins [9].

Above all, establish a mathematical model of the UAV in 
the VTOL stage. For convenience, making the following 
assumptions when modeling the UAV:

(1) The UAV is a rigid body;
(2) Mass and moment of inertia are time-invariant;
(3) The center of gravity of the UAV is consistent with the 

geometric center.

Fig. 1: The hybrid tail-sitter UAV

2.1 Coordinate Frames

In order to solve the singularity problem of Euler angles, 
the following coordinate frames are established [10]:

The global inertial frame , ,x y z
Select a point O on the ground as the origin of the global 

inertial frame. Then select a direction through the O point in 
the horizontal plane as the x-axis direction. The z-axis passes 
through point O, is perpendicular to the horizontal plane, and 
points to the center of the earth. The y-axis is in the 
horizontal plane and is perpendicular to the x-axis and the 
z-axis. The direction of the y-axis is determined according to 
the right-hand rule.

The body frame , ,b b bx y z
The center of mass of the UAV is the origin of the body 

frame. The by axis points to the wing tip of the UAV 
and bz axis points to the tail of the UAV. The direction of the 

bx axis is determined by the right-hand rule.
The rotor frames , ,ri ri rix y z

The center of each propeller is the origin iO of each rotor 
frame. The rix and riy axes are on the corresponding propeller 
plan. The riz axis passes iO , and points to the opposite 
direction of the propeller thrust. The rix , riy and riz axes 
conform to the right-hand rule. When the propeller is not 
tilted, the axes of the rotor frames are parallel to the axes of 
the body frame.

2.2 Kinematic Equations

The conversion relationship between Euler angle and 
angular velocity is

1 sin tan cos tan
0 cos sin

sin cos0
cos cos

p
q
r

1 s1 s1 s
000

0

(1)

Among them, p , q and r are the UAV's roll angular 
velocity, pitch angular velocity, and yaw angular velocity; 

, and are the UAV's roll, pitch, and yaw angles, 
respectively.

The attitude of the UAV is expressed in the form of a 
rotation matrix as follows:

0
0

0
BE BE

r q
r p
q p

BE BER R (2)

BER is the transformation matrix between the body frame 
and the global inertial frame.

To avoid singularity problems, a quaternion modeling 
method is used [11]. The differentiated quaternion matrix is 
as follows:

0 0

1 1

2 2

3 3

0
01

02
0

q qp q r
q qp r q
q qq r p
q qr q p

q00q0q0

111q1q
22q22q2q2

3q3

(3)

Among them, 0 3q q are intermediate quantities for 
modeling.

2.3 Force Equations

0 0
1 1 10 0BE RB surface aero

x
= + + +

m
y

m m
g -Tz
000= 0y = 0yy
0x

zz gz gz
R R F F (4)

Among them, , ,x y z are the position coordinates of the 
UAV, g is the acceleration of gravity, surfaceF is the force 
generated by the deflection of the UAV control surface, 

aeroF is the aerodynamic force received by the UAV, and 
RBR is the transformation matrix between the rotor frame 

and the body frame.
Assuming that the inclination and direction of the two 

propellers are the same in the VTOL stage, the 
matrix RBR can be written as follows:

cos 0 sin
= 0 1 0

sin 0 cos

p

p

RB

p

p

R (5)

p is the inclination of the propeller.

2.4 Moment Equations

Ignoring the gyro torque of the two propellers, the moment 
equation of the UAV is simplified into the following form in 
the body frame:

f b b f b fin prop vectorTb bbI I M M M (6)

Among them, fI is the moment of inertia matrix, b is 
the vector of angular velocity in the body frame, finM is the 
torque vector generated by fin deflection, propM is the 
torque vector generated by the speed difference between the 
left and right propellers, and vectorTM is the torque vector 
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generated by the thrust vector after the propeller tilts. The 
expressions for finM , propM and vectorTM are as follows:

0
0

1 2
2

fin

C SlVL

M (7)

0
0RB

pro

p

p2 prop1

rop =
M M

M R (8)

0
0vectorT prop RB

T
rM R (9)

In finM , the moments in the pitch direction cancel each 
other out and can be ignored. is the air density, V is the 
airspeed, S is the fin reference area, and l is the distance 
from the center of gravity of the UAV in the by direction to 
the center of the fin. LC is the yaw control derivative, which 
can be expressed as: 1 22 ( )l lLC , where 1l and 2l

are the left and right fin deflection angles. 1propM 2propM
are the torques generated by the left and right propeller 
rotations. In vectorTM , propr is the distance vector from the 
center of gravity of the UAV to the center of the two 
propellers in the body frame, and T is the force generated by 
the propeller rotation.

The attitude control of the hybrid tail-sitter UAV is 
realized by controlling the speed difference between the left 
and right propellers, the common inclination of the left and 
right propellers, and the deflection angles of the two fins. 
The motion state of the UAV can be obtained from the 
aerodynamic characteristics of the UAV and related dynamic 
equations.

3 Wind Disturbance Rejection Control Law Based on 
AESO

The structural framework of wind disturbance rejection 
control law is shown in Fig. 2:

Fig. 2: Wind disturbance rejection control law

For the tail-sitter hybrid UAV, the PID control method is 
used to control the inner loop’s attitude. To solve the 
problem of wind disturbance in VTOL mode, AESO is used 
to accurately estimate wind disturbance under sensor noises.
In this way, the UAV can stabilize its flight attitude and have 
good dynamic performance in the VTOL stage under the 
wind disturbance.

3.1 Nominal Attitude Controller

The PID control method [12-13] is used to control the 
attitude of the UAV in the VTOL stage. The ultimate goal is 
to make the UAV fly smoothly under ideal conditions 
(without wind disturbance).

The influence of the coupling effect between channels can 
be ignored, and only Euler angle is used as the feedback 
amount. PID control law for UAV roll, pitch, and yaw 
channels are designed as follows:

0

( )( ) ( ) ( )
t

p d i
d tt = k t +k +k t dt

dt
eu e e (10)

Where pk is the proportional gain, ik is the integration 
time constant, and dk is the differential time constant. The 
three channel error expressions are as follows

Roll channel error roll refe t ;
Pitch channel error pitch refe t ;
Yaw channel error yaw refe t ;
Among them, , and are the actual roll angle, pitch 

angle, and yaw angle of the UAV, and ref , ref and ref are 
the expected roll angle, pitch angle, and yaw angle.

3.2 Disturbance Observer

After adding the wind disturbance to the model, the 
accuracy of the nominal control law will be affected directly.
The PID control method can no longer achieve the required 
control performance. A better control method is needed to 
achieve the required control goal. A novel disturbance 
observer is introduced here to estimate and compensate for 
wind disturbance. 

The Extended State Observer (ESO) [14-16] expands the 
unknown disturbance into a new state variable to estimate the 
system disturbance and compensate it without any direct 
information about the disturbance. In ESO, the linear 
expanded state observer (LESO) has a simple structure and a 
good function. But when sensor noises are added, the 
estimations of the LESO change significantly at the initial 
stage, resulting in peaking phenomenon. However, AESO 
can eliminate the peaking phenomenon of high-gain LESO to 
a certain extent while ensuring high estimation accuracy [17]. 
Therefore, AESO is used to compensate for the wind 
disturbance.

In order to facilitate the calculation, the moment equation 
of the UAV is re-formulated as follows:

( ) ,b b b gust(b (F G u (11)
Among them

1

1

1

( )= ( )  

( , ) ( )
b f b f b

b f fin prop vectorT

gust f gust

F I I

G u I M M M

I M

f

g (12)

Among them, u is the reference input. For convenience, 
( ), ,b bF G u will be abbreviated as f , g in the 

following.
For the nonlinear system (11), the control method based 

on AESO algorithm is adopted. For the pitch and yaw 
channels, the AESO for observing gust is designed as 
follows:
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Pitch channel

1

2

1   

    

 

q

q1 q2 q q q

q2 q

qe t z t t

z t z t l t e t f g

z t l t e

q

t
q1 q2zq1

q2zq2

q (13)

Yaw channel

1

2

  

    

 

r

r1 r2 r r r

r2

r1

r

e t z t t

z t z t l t e t f g
z t l t e

r

tr2zr2

r1zr1 (14)

Among them, q t and r t are pitch angular velocity 
and yaw angular velocity, respectively. 1qz is the estimated
value of the b in the pitch direction; 1rz is the estimated
value of the b in the yaw direction. qe t and re t are the 
pitch angular velocity and the yaw angular velocity 
estimation errors, respectively. 2qz is the estimated value of 

gust in the pitch direction; 2rz is the estimated value of 
gust in the yaw direction. il t is the time-varying gain of 

the observer. Using the AESO convergence theorem proved 
in [17], il t is designed as:

1 !
,

! 1 !
( ) ( ) ( )i

i

n
l R

i
t

n
t t

i
(15)

1 1

0 1 2

2 2

, 0,

( ) ( )

t

, t , t
t ,,

t

t
t

t t (16)

Then the formula (17) can be obtained:
n 2 i

i it
2

1( ) (lim | x o)z |t t (17)

Among them, n is the order of AESO, and the order of 
AESO is 2 for nonlinear system (11). From Equation (17), it 
can be seen that with the increase of the gain 2 , the 
estimation error of AESO will gradually become smaller and 
approach zero. Therefore, parameter il t is selected 
according to the above requirements.

The transition from 1 to 2 needs to be continuous [17]. A 
monotonically increasing linear change process is adopted 
for the hybrid tail-sitter UAV.

For a given form of wind disturbance:
[0 ]gust , pitchgust, yawgust TM Observations of wind 

disturbance is 2 20, ,f q rgust z z
hgust, yaw

fgust

T
IM .

4 Simulation Results and Analysis

The reference values of the roll channel, pitch channel and 
yaw channel are set to 0.2 rad. The PID control method’s 
parameter and simulation results of each channel are shown 
in Fig. 3.

Roll channel: 10prollk , 4drollk
Pitch channel: 16ppitchk , 2dpitchk
Yaw channel: 12.5pyawk , 2.5dyawk
The simulation results show that the designed PID control 

law can achieve a good control performance without wind 
disturbance.

(a) Roll channel

(b) Pitch channel

(c) Yaw channel

Fig. 3: Three-channel’s attitude angle based on PID control method 
in an ideal environment

When the pitch and yaw channels are each added a 
piecewise constant wind disturbance with the maximum 
amplitude of 1 Nm, the required control performance cannot 
be achieved by the PID control method alone. At this time,  
use AESO to estimate and compensate for the disturbance. 
The comparison between PID control method and the whole 
wind disturbance rejection control method after adding wind 
disturbance is shown in Fig. 4.

By comparing the effect of PID-only control method, it
can be seen that when AESO is added, AESO compensates 
for the wind disturbance. Although it cannot completely 
eliminate the effect of wind disturbance, because it takes 
time for AESO’s error to converge to zero, it can be clearly 
seen that adding AESO greatly reduce the impact of wind 
disturbance on the attitude control of the entire system.

The change of the propeller inclination and the fin 
deflection angle is shown in Fig. 5:
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(a) Pitch channel

(b) Yaw channel

Fig. 4: Comparisons of the control performance in two channels 
after adding wind disturbance

(a) Propeller inclination

(b) Left fin deflection angle (The right fin deflection angle is 
opposite to the left one)

Fig. 5: Propeller inclination and fin deflection angle 

It can be known from Fig. 5 that the change of the 
propeller inclination and the fin deflection angle is within a 
range of ± 0.5 rad, and the actual physical devices can meet 
this requirement without damaging the control target.

The comparison between wind disturbance and AESO 
estimates is shown in Fig. 6:

(a) Pitch channel

(b) Yaw channel

Fig. 6: Comparisons between the wind disturbance and AESO 
estimates in two channels

It can be seen from Fig. 6 that the estimations of AESO are 
basically consistent with the actual wind disturbance. And 
the unknown wind disturbance is estimated well.

Based on the addition of wind disturbance, random noise 
signal with a range of ± 5% is added. LESO causes peaking 
phenomenon due to high gain, and AESO solved this 
problem. The comparisons between LESO estimations and 
AESO estimations after adding wind disturbance and sensor 
noises is shown in Fig. 7, and the statistical data for the first 
0.25 seconds is shown in Table 1.

From the simulation results in Fig. 7 and the data in Table 
1, it can be seen that the AESO tracks wind disturbance 
changes rapidly and estimates accurately. After adding 
sensor noises, it is found that AESO almost completely 
eliminate the obvious peaking phenomenon of LESO, and 
the design of AESO achieved good results.

Table 1. Mean squared error of the estimations in the first 0.25s 

Pitch Channel Yaw Channel
LESO AESO LESO AESO

Mean
Squared

Error (Nm)
0.01819 0.003942 0.02087 0.004889
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(a) Pitch channel with LESO

(b) Pitch channel with AESO

(c) Yaw channel with LESO

(d) Yaw channel with AESO

Fig. 7: Comparison between LESO estimations and AESO 
estimations in two channels after adding wind disturbance and 

sensor noises

5 Conclusion

In this paper, a wind disturbance rejection control law 
based on AESO is proposed for solving the problem that the 
hybrid tail-sitter UAV is sensitive to the wind disturbance in 

the VTOL stage. This method is based on the hybrid 
tail-sitter UAV model. By designing the nominal control law 
and the novel disturbance observer, the hybrid tail-sitter 
UAV attitude control performance is improved in VTOL 
mode under wind disturbance and sensor noises. The 
simulation results show that the method has a good effect 
under wind disturbance, and it can also solve the peaking 
phenomenon caused by high gain under sensor noises.
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