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Abstract: An adaptive super-twisting sliding mode control strategy is proposed to solve the problems of
quadrotor UAV is easily disturbed by uncertainties in the environment in actual flight. Firstly, aiming at
the chattering problem of traditional sliding mode control in the application process, the super-twisting
sliding mode control in high-order sliding mode theory was used to weaken the chattering problem of
the system. Then, aiming at the parameter adjustment problem of the controller, the adaptive control is
used to automatically adjust the controller parameters to realize the trajectory tracking control, and the
stability of the controller is proved based on Lyapunov theory. Finally, the simulation results show that
the proposed strategy has faster response speed and higher accuracy.
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1. Introduction

Thanks to the continuous development of sensor technology and computer technology, UAV
technology continues to mature, and is widely used in military, agriculture, exploration and other fields!'-
31. However, due to the particularity of the flight environment of the quadrotor UAV, there are many
uncertainties in the flight process, which will affect the tracking effect of the UAV on the desired
trajectory. Therefore, how to improve the anti-disturbance ability and tracking accuracy of the system
has become an important problem to be solved urgently in the actual flight of the quadrotor UAV. In this
regard, many scholars have proposed many control schemes, such as sliding mode variable structure
control™, backstepping control®, adaptive control®, and cascade proportional-integral-derivative
control”). In the above schemes, sliding mode variable structure control is widely used in the control of
motors, aircraft and robots because of its simple structure, fast response speed and insensitive to
disturbance.

With the wide application of industrial control system, because the output of traditional sliding mode
control has chattering, the actuator of the system is difficult to execute the control output of high
frequency jitter, so it is difficult to apply it to high precision control system. In order to solve this problem,
scholars have proposed reaching law methods®, boundary layer methods® and high-order sliding mode
methods!'. Among them, the high-order sliding mode method is widely used because of its unique
design idea, which can effectively suppress chattering. Aiming at the trajectory tracking problem of the
quadrotor UAV, the main work of this paper is as follows: 1) Aiming at the chattering problem of the
traditional sliding mode control, the controller is designed by using the super-twisting sliding mode
theory in the high-order sliding mode theory to complete the trajectory tracking control of the quadrotor
UAV. 2) For the parameter adjustment of the controller, an adaptive law is designed to automatically
adjust the parameters of the controller. Finally, the simulation results verify the effectiveness of the
proposed strategy.

2. Modeling of quadrotor UAV

In order to describe the motion of the quadrotor UAV, the earth coordinate system and the body
coordinate system are established to represent its position and attitude. Fig. 1 shows a schematic diagram
of the structure of the quadrotor UAV.
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Fig. 1 Structure diagram of quadrotor UAV

The rotational speed of the four rotors increases or decreases at the same time, and the UAV moves
up and down. The UAYV rotates around the three axes of the body coordinate system respectively, and
the UAV performs roll, pitch and yaw movements. Assume that the quadrotor UAV is a uniform and
symmetric rigid body. In the earth coordinate system, starting from the kinematics of the rigid body, the
Newton-Euler equation is used to describe the motion of the quadrotor UAV, and the following
mathematical model can be obtained!":

X:—E+u +d,

m m
j>=—%y+%+dy
2=—E+u—z—g+dz

m m

1 . (1)
b= [ma+00(1,-1.)-k/6 ]+,
:]i[u3+¢1/; L-1,)-k0)+d,
zﬁz%[%+gz59(1x—ly)—kf¢}+du

High precision trajectory tracking is the main goal of controller design when the quadrotor UAV is
in flight. The flight altitude is controlled by a virtual control quantity u, generated by the position
controller, and the yaw motion is controlled by a virtual control quantity u, generated by the attitude
controller. The desired attitude Angle ¢¢ 6, is calculated by the position controller based on the
position virtual control quantity generated by the desired position command, and then the virtual control
quantity u,, u; generated by the attitude controller completes the control of the rest of the flight actions.

The virtual control quantity #, and the desired attitude Angle ¢4 6y are shown below.
¢, = arcsin [(ux sin ), —u, cos )/ul}
0, = arctan [(u)r Cos Y, +u, siniy )/uz } )

_[2, . 2, 2
Uy = Ju, +u; +u;

Fig.2 shows the structural block diagram of the quadrotor UAV controller. The structure contains two
loops, namely the attitude control loop of the inner loop and the position control loop of the outer loop.
Firstly, a position super-twisting sliding mode controller was designed for the position loop of the
quadrotor UAV, and the corresponding position virtual control quantities were obtained. Then, the
expected roll Angle and pitch Angle were calculated according to the position virtual control quantity.
Finally, the attitude super-twisting sliding mode controller was designed to track and control the
quadrotor UAV.
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Fig. 2 Control structure block diagram

Definition The following functions are used throughout this article, defined as:
sig(x)" =|x|" sign(x) 3
Where Sign () is sign function, o € R and satisfies 00, Y e€R.

To facilitate the design, system (1) is rewritten into two subsystems: position loop and attitude loop:

P=V
.k, F “@
V=-"V+-—-+G+D,
m m
0=0
(%)

Q=J"'(1-2xJQ-k,2)+D,

3. Design of control system
3.1 Design of super-twisting sliding mode controller

Assumptions 1 Both the desired position and yaw signals are continuous and have second derivatives.

Firstly, the error between the pose of the UAV system and the desired pose and its derivative are
defined as follows:

e =P-P
’ ‘ 6)

e, =0-0,

é,=V-P,
. @)

e, =02-0,

Based on the super-twisting sliding mode theory, the controller design is carried out in this section.
In order to ensure the rapidity and stability of UAV tracking the desired trajectory, the non-singular
terminal sliding mode surface!'?! is selected according to the tracking error as follows:

s=é+ J‘[ﬁlsig(e)“1 + B,sig(e)™ + @e] d¢ 8)

Where the parameter (3, [3,» (3 isapositive constant, parameter v; (¥, is chosen such that:
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O<q <1
2o (€))
a, =
I+

Substituting the error equation and the system equation of the UAV, the equivalent control law can
be obtained as:

.k

u =mP,+-LV-G-A4
eqp ( d m p) (10)

u,,=JO,+J"'2xJQ+J 'k, 2-A,)

Where 4, =[4, A, A1 A, =[4, 4y A]"5 A4 =0usig(e)™ + Bisig(é)™ + Bie;
(i =x, ¥,2,0,0, @b) . The switching control law designed using the superhelix algorithm is as follows:
u,, =m [—iplsig(sp )2 - lpzj.sign(sp )d t}

uswa = J [_laISig(sa )1/2 - Z’aZ J Sign(sa ) d t:|

Taking the above into account, the nonsingular superhelix terminal sliding mode controller based on
nonsingular terminal sliding surface and superhelix switching law designed for systems (5) and (6) is
shown as follows:

an

u,= ueqp+u

Swp

(12)
u,=u, tu

eqa swa

3.2 Adaptive law design

Assumptions 2 The disturbance of the interfering system is continuously differentiable and satisfies

|d,-|§(5l- . Where 0 (i =X ¥ z ¢ 0 1/1) is an unknown constant.

The adaptive law design method for the six degrees of freedom of the trajectory tracking control
system of the quadrotor UAV is similar, and the design of the adaptive law for position X will be
illustrated as an example in the following. If the interference satisfies the above assumptions, for

Equations (4), (5) and (12), the adaptive law of /\x1 5 /\x2 in position X of Equation (12) is as follows:

N )@ > s#0

x1
0 s=0 (13)
e? e

A, =X+—+—+

Where € >4, X, 7, and w, are positive constants, then § and § can converge to 0 in

finite time. The control quantity at position X in Equation (12) can be obtained by substituting it into
(8) and taking the derivative:

5, ==Aysig(s,)"? =\, [ sign(s,)dt +d, (14)

Let ¢ =S8, é =sign (SX ) +d._, Then Equation (14) can be expressed as:
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¢ =-\,sig(e)"” +e,
. 15)
e, =—M\,sign (e1 ) +d.

Selecting vector = [|el| sign e1 ) e, ], consider the following Lyapunov function:

1 * 1 *
V(”’)\xl’)\xZ) = I/O(”)_FZ_()\)CI _)\xl)2 +2_()\x2 _sz)z (16)

Y 72
dxre e
Where A, ., are positive constants, V(1) =n"Pn, where P = 2 2 , X
£
2

Y,, 7, are positive constants, € is any number. The derivative of a with respect to ¥, (n)

-1/2 .
| €e, — Ay

Vy(n) =2X,¢ésign (e, )+ 2e,6, +%)\3,é]sign(e] )—= A, |1/2 é,sign(e) (17)

Substituting Equation (15), we can obtain

2
v, (n)= [—ZXAH _£ ;“ + s)\sz|e1 |§ J{

2

A .
62“ J€2Slgl’l (e)

(18)
. 1 . _1
+2e,d —5|e,|2 sign(e] )dx _§|31| 26
Since |di|<5i ) dj < 67, can be obtained
2 2
: e\ 1 €
Vo(n)< [—2x)\x1 - 2"' + &?)\xz)|el 2+ (ZX + 5 ] }ezsign (e)
(19)
1 . 1
+2e,d. |el|2 szgn(el)d - |e1| 26 +(62—dx2)el|2
According to the inequality condition, it can be obtained
. 1 T
v, ('I)<——|e 7 Oy (20)
1
Where
2 2 2
€ e €A €
§ 30 W A R WSS S NS R
4 4 4
Q- ) @
e e\ € €
—X———— 4N +— ——1
4 4 2 2
To ensure that Q is positive definite, let
2
e €A
A, =x+—+—2 (22)
4 4

Substituting Equation (22) into Equation (21) can be obtained

Published by Francis Academic Press, UK

-101-



International Journal of Frontiers in Engineering Technology
ISSN 2706-655X Vol.5, Issue 12: 97-105, DOI: 10.25236/1JFET.2023.051215

2 3 2
£\,

2xA, + _X€_52_f__§__£

€
€ 2 4 4 4 2
_Zr=

Q4

(23)
< £
2

3
The condition for Q to be a positive definite matrix with the smallest eigenvalue A . (Q) >

follows from the Shur complement property
2 3 2
9 3 9 3 9
“tlext At + 46| =1
4 4 4 4 4
A, >

x1 2
e e (24)
2+ || S -1
25

e>4

It can be obtained from Equation (20)

. | R € T € 2
|4 L——7- <—— =

0 (’7) |el|1/2 n On 4|el|1/z nn 4|e1|1/2 ”’7” (25)

It's going to be ”l]”i = |el| + ej
1
|l = lei |2 @9
Therefore, Equation (25) can be written as
V() <=2, @7

From A (P)”’i”i <V,(y)= ”TP” < A (P)||’7|

2
5> it follows that

[%Tﬂwnz N

Combining Equations (27) and (28), we obtain

Vo ()< =10 (n) %)

Where [ =—————. The derivative with respect to V' (1, A

'x12
422, (P)

max

A,,) has
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. 2 1 ey | .
V(’I’ >\x1 > Ax2) = _II/OZ (’7) + ’Y_()\Xl - Axl ))\xl + _()\.rZ - )\XZ ))\XZ

1 2

1
> w

=-[V? -]
‘ (”) 27,

*

)
B

1 PR 1 N
+7()\x1 - )\xl))\xl + +_()\x2 - )‘xz))‘xz

1 2

*

A

x1

-A

x1

A

x2

-A

x2

w, . w, «
+ A=A+ Ao — A 30
2% 1 'x1 \/E 2 X2 ( )

. 1 . 1 ‘g
< —min(l,w,w, )7 (1) + =— A\ =20 +-— (A, = A,)")?
27, 27,
1 v 1 .
+_(Ax1 _)\xl ))\xl + +_()\x2 _)\XZ)AXZ
N 2
-\

X2

A

x2

)\xl - )‘:1

L@ LW
Nl V27,
It is assumed that A, , is all bounded when the adaptive law (13) is used. Then there exists a

constant )‘,:1 , )\*2 such that (A | — )\;) <0,(\,— )\:2) < 0, then Equation (30) can be written as

X

1
V(A0 A0) < —min(l,w,,w, )V (1, A5 A,)? +& G
Where £=—[\, -\ LS QR O W N g Let £=0, then
'x1 'x1 % 'x1 \/ﬁ 'x2 'x2 72 'x2 \/E ’

the adaptive law of /\x1 , /\x2 can be obtained as

(32)

4w, 7 . . . . . B ,
Selectinge =—= [—= | equation (13) is consistent with Equation (32). When & =0, Equation
W 1

(31) can be written as

Vg,

X

1
15 An) S —min(/,w,, w) )V (1, A, A, ,)? (33)

Therefore, V (11, A

15 )\xZ) can converge to 0 in finite time, and VO (1]) can also converge to 0 in

finite time, so the sliding mode surface will converge to zero in finite time.

4. Analysis of simulation results

MATLAB/Simulink simulation platform is used in this simulation experiment, the system and
controller model are built in the platform to verify the effectiveness and stability of the proposed

controller. The step size in Simulink simulation is 1x 107> s . The parameters of the quadrotor UAV are

as follows: UAV mass m =1kg, wind drag coefficient k, =0.02, moment of inertia on X axes
I, =0.005445kg/m? , moment of inertiaon y axes I, =0.005445kg/m? , moment of inertia
on z axes I, =0.010890kg/m?, and gravitational acceleration g =9.81m/s? . After repeated
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simulation and debugging, the optimal parameters of the position loop and attitude loop controllers are
as

selected

o=[55 510 10 5]",p,=[2 2 2 2 2 2], x=[1 1 1 1 1 1],e=
[5 5 5 5 5 5], theinitial value of all 4, is 0.

Fig. 3 shows the trajectory tracking curve of the quadrotor UAV in 3D space. Fig. 4 shows the pose

response curves.
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Fig. 4 Position and attitude response curve

5. Summary

In this paper, combining the super-twisting sliding mode control theory and adaptive theory, an
adaptive super-twisting sliding mode control strategy is designed for the quadrotor UAV system. The
simulation results show that compared with the traditional sliding mode controller, the super-twisting
sliding mode control theory adopted in this paper not only has high tracking accuracy and speed for the
desired trajectory, but also can significantly suppress the system chattering. In addition, the strategy
adopted in this paper is more accurate for the control of attitude loop. In the future research work, we
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expect to design a more effective control strategy to further weaken the chattering of the controller, and
to develop a more efficient pose control scheme for the quadrotor UAV.
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