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A double closed-loop active disturbance rejection control (ADRC) scheme is proposed to deal with some
difficult control problems in the quadrotor unmanned aerial vehicle (UAV) system such as nonlinearity,
strong coupling and sensitive to disturbance, etc. Firstly, the virtual control variables are introduced to
decouple the quadrotor flight system that can simplify the mathematical model of the system. Secondly,

the extended state observer (ESO) is used to estimate and compensate the internal uncertainties and
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external disturbances in real time which can improve the robustness and anti-disturbance ability of the
system. Finally, the stability of the system is proved. The simulation results show that the control scheme
proposed in this paper can ensure that the quadrotor track the target trajectory quickly and accurately
while maintaining stability, even with external disturbances.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

In recent years, the quadrotor unmanned aerial vehicle has
been widely applied in both civil and military fields. Now, many
kinds of difficult and dangerous missions can be achieved by
quadrotor, such as research, succour, inspection, surveillance, aerial
photography, etc.

Because of its simple structure, low energy consumption, easy
operation, free hover, vertical take off and landing, the quadro-
tor has received extensive attention and deep research from the
experts and scholars around the world. The quadrotor has six de-
grees of freedom, including three position outputs and three at-
titude angle outputs, however, there are only four control inputs,
so it is a typical under-actuated system. The quadrotor system has
some characteristics, multivariables, nonlinearity, strong coupling,
sensitive to disturbance, which make it difficult to design the con-
troller for trajectory tracking. At present, many control methods
have been used for the quadrotor UAV. In [1-3], adaptive controller
is proposed for controlling the quadrotor. Backstepping and sliding
mode control have been applied in quadrotor UAV are presented
in [4-7]. In [8], fuzzy neural networks controller is designed for
the quadrotor in terms of its control efforts and tracking accuracy.
In [9,10], predictive control scheme is proposed to cope with the
trajectory tracking problem for UAV, and a nonlinear controller for
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the quadrotor is proposed in [11] using neural networks. But these
methods either rely on precise mathematical models or require
knowledge of the upper bounds of uncertainties, which are eas-
ily influenced by internal uncertainties and unknown disturbances.

Active disturbance rejection control technique [12,13] is a new
control strategy emerged in the 80s of last century. ADRC consists
of three parts: tracking differentiator (TD), ESO [14-16] and state
error feedback control law. The purpose of designing a TD is to
arrange a transition process for the input, and obtain a smooth
input signal to reduce the initial error of the system. The ESO is
the core of the whole system, which can estimate the total dis-
turbance include internal unknown and external disturbances, and
then the total disturbance will be compensated by state error feed-
back control law. ADRC is a control method that does not depend
on accurate system model, it has fast tracking speed, high control
precision and strong anti-disturbance ability, it has been widely
used in many theoretical researches, experiments and engineering
applications. Therefore, ADRC will be used to design the control
system of the quadrotor UAV in this paper.

In this paper, ADRC not only is adopted in attitude loop, but
also adopted in position loop, it is a novel control scheme which
called double closed-loop active disturbance rejection control. In
order to simplify the mathematical model of the system, the vir-
tual control variables are introduced to decouple the quadrotor
flight system, and the expressions of yaw angle and pitch an-
gle can be calculated through the system model and the virtual
control variables, then applied to the cascade control system. The
extended state observer is used to estimate and compensate the
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Fig. 1. Free-body diagram of the quadrotor.

total disturbances in real time which can improve the robustness
and anti-disturbance property of the system without the knowl-
edge of the system uncertainty in advance. The stability of the
system is proved, which can guarantee the position and attitude
tracking performance of the quadrotor UAV.

This paper is organized as follows: A typical quadrotor model
is introduced in Section 2. An ADRC based control scheme for
quadrotor UAV is designed in Section 3. Stability of the system is
proved in Section 4. Results of simulation experiments are illus-
trated in Section 5. Finally, some concluding remarks are given in
Section 6.

2. System modelling

The quadrotor has six degrees of freedom, including three po-
sition variables and three attitude angle variables. Because of its
special characteristics, under-actuated, strong coupling and sensi-
tive to disturbance, it is very difficult to establish its dynamical
model accurately. In order to establish the model of the quadrotor,
the fixed frame {E} and body frame {B} must be established firstly
[17,18], the lift force analysis diagram is shown in Fig. 1. As can be
seen from Fig. 1 that the quadrotor is mainly affected by the lift
forces of four rotors (Fi, Fy, F3, F4) and its own gravity, each ro-
tor’s lift force is proportional to the rotor speed squared, then the
position control and the attitude control of the quadrotor can be
achieved by the rotor’s speed voltage.

The flight states of the quadrotor consist of three position co-
ordinates (x, y, z) and three attitude angles (6, ¢, ¥), 6, ¢ and
Y represent pitch angle, roll angle and yaw angle respectively.
The position coordinates can determine the relative location be-
tween the quadrotor body frame {B} and the fixed frame {E},
attitude angles can determine the flight attitude of the quadrotor.
Let Rpp(@, ¢, ¥) denote the transformation matrix between fixed
frame {E} and body frame {B} that using Euler-Lagrange formula-
tion, which can be expressed as

Rep(0.6,%)=[R1 Ra R3] (1)
where

[ cosr cos 6
sin ¥ cos 6
—sin@

Ry =

[ cosyrsingsind — siny sing

Ry = | sinysing sinf + cosy cos ¢
L cos 6 sin¢
[ cos i sin@ cos ¢ + siny sin¢
R3 = | sinysinf cos¢ — sin¢ cos ¢

cosf cos ¢

Table 1

System parameters of the quadrotor UAV.
Symbol Physical meaning Value Unit
m Quality of the quadrotor 2 kg
1 Length between the centre of the 0.35 m

aircraft and the rotor

ke Torque coefficient 0.035 m
kg Coefficient of air resistance 0.012 N's?rad?
I Rotational inertia of the x-axis 1.25 kg m?
I Rotational inertia of the y-axis 1.25 kg m?
I3 Rotational inertia of the z-axis 2.5 kg m?
g Gravitational acceleration 9.8 m/s?

according to the lift force analysis from Fig. 1, the lift forces of the
quadrotor in the body frame {B} can be expressed as

Fx; 0
Fp=| Fy, | = 0 (2)
Fzg Fi+Fy+F3+Fs

from equations (1) and (2), the lift forces of the quadrotor in the
fixed frame {E} can be calculated by

Fy 4 cos i sinf cos ¢ + siny sing
Fy :REB-FB:(ZF,) siny sin6 cos ¢ — sin ¢ cos ¥
F, i=1 cosf cos¢

then, the translational movement of the quadrotor can be written
as

X=(Fx—kgx)/m
y=(Fy —=kgy)/m (3)
Z=(F;—mg—ksz)/m

and also the rotational movement of the quadrotor can be ex-
pressed as
6 =I(—=F1+ Fa+ F3 — Fa—k6)/I2 + (I3 — 11§V /I

¢=1(—F1 — Fa+ F3+ F4—kf)/I1 + (I, = 13)0y /11 (4)

¥ =ke(—F1 + F2 — F3+ F4) —kpy1/I3 + (I — 1)66/13
Combining the equations (3) and (4), the mathematical model
[19-22] of the quadrotor UAV flight system can be represented as

X=(Fx—kgX)/m

Jy=(Fy—kgy)/m

z=(F,—mg—kfz)/m

§ =I(—Fy + Fy+ F3 — F4 —k6)/I2 + (Is — 1)y /1

¢ =1(—F1 — Fo+ F3+ F4 — k) /11 + (I2 — 13)09 /11

Y =[ke(=F1+ Fy — F3+ F4) —kgyr1/I3 + (I1 — 12)0¢/13
where x, y, z are the positions of the quadrotor, 6 is the pitch
angle, ¢ is the roll angle and  is the yaw angle, Fq, F3, Fy, F4
are the lift forces of the four rotors respectively, and other system
parameters are shown in Table 1.

In order to simplify the design procedures and the presentation
of the quadrotor flight system, the virtual control variables of the
whole system Uq, Uy, Us, Uy are introduced to transform with the
lift forces Fi, Fo, F3, F4, the variable transformation formula can
be expressed as formula (6), and Uy, Uy, U; as the virtual control
inputs in the position loop, which is given by the formula (7)

(5)

1 1 1 1
Uy ml T T ml Fy
U| |2 & & "hL||FR 6)
Us | | -L L L 1 F3
I I I I
Ua ke ke _k k| LF4
I3 I3 I3 I3
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