Nonlinear Analysis: Modelling and Control, Vol. 24, No. 4, 545-560 ISSN: 1392-5113
https://doi.org/10.15388/NA.2019.4.4 eISSN: 2335-8963

Trajectory tracking control of a quadrotor UAV based
on sliding mode active disturbance rejection control”

Yong Zhang?, Zengqiang Chen® ', Mingwei Sun®, Xinghui Zhang"

#College of Artificial Intelligence, Nankai University,
Tianjin, 300350, China

chenzq@nankai.edu.cn

PTianjin Sino-German University of Applied Sciences,
Tianjin, 300350, China

zhangdayong810@163.com

Received: June 11, 2018 / Revised: December 25, 2018 / Published online: June 27, 2019

Abstract. This paper proposes a sliding mode active disturbance rejection control scheme to deal
with trajectory tracking control problems for the quadrotor unmanned aerial vehicle (UAV). Firstly,
the differential signal of the reference trajectory can be obtained directly by using the tracking
differentiator (TD), then the design processes of the controller can be simplified. Secondly, the
estimated values of the UAV’s velocities, angular velocities, total disturbance can be acquired by
using extended state observer (ESO), and the total disturbance of the system can be compensated in
the controller in real time, then the robustness and anti-interference capability of the system can be
improved. Finally, the sliding mode controller based on TD and ESO is designed, the stability of the
closed-loop system is proved by Lyapunov method. Simulation results show that the control scheme
proposed in this paper can make the quadrotor track the desired trajectory quickly and accurately.

Keywords: sliding mode control, active disturbance rejection control (ADRC), extended state
observer (ESO), quadrotor UAV, trajectory tracking control.

1 Introduction

Quadrotor UAV is an underactuated system, which has some advantages such as vertical
takeoff and landing, autonomous hovering, high energy efficiency [13], autonomous con-
trol, etc. Quadrotor is widely used in civil and military fields. In the civil field, quadrotor
UAV can be used in power inspection, ground monitoring, aerial photography, pesticide
spraying. In the military field, because of its high covertness and reliability, it is very
suitable for performing battlefield reconnaissance and assessment, target discovery and
other military tasks [16]. However, the multivariable, nonlinear, strong coupling and sen-
sitivity to disturbances of the quadrotor UAV system itself make it difficult to control [27].
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Air resistance and other external disturbances are also encountered during the flight, so
various external interference issues need to be considered when designing the controller.
In addition, the dynamic model of the quadrotor UAV is complicated, and some of these
aerodynamic parameters are difficult to measure accurately, thus these unknown uncer-
tainties further increase the difficulty of designing the controller for quadrotor UAV. In
consequence, trajectory tracking control [11,29] of quadrotor UAV has attracted attentions
of the researchers widely.

At present, researchers have done a lot of algorithms for quadrotor UAV, these control
algorithms can be divided into linear control algorithms, nonlinear control algorithms
and intelligent control algorithms. In [18,28], PID controller is proposed for controlling
the quadrotor. In [23], LQR gain adjustment control is used to realize attitude and
path tracking control for quadrotor UAV. Backstepping and sliding mode control have
been used in quadrotor UAV, which presented in [5, 10, 19, 22]. In [20], robust control
scheme is proposed to cope with the trajectory tracking problem for UAV. There are
some other control methods for quadrotor UAV such as adaptive control [3, 6], predictive
control [1], neural network control [8], fault tolerance control [4], etc. But these methods
either rely on precise mathematical models or require knowledge of the upper bounds of
uncertainties, which are easily influenced by internal uncertainties and unknown distur-
bances. In [25], an adaptive neural output-feedback controller have been established for
a class of uncertain nonlinear systems with unmodeled dynamics and the lack of full-
state measurements. In [30], adaptive fuzzy control scheme have been used for uncertain
nonsmooth nonlinear systems. In [26], Robust fuzzy adaptive control strategy is used for
a class of nonaffine stochastic nonlinear switched systems. Despite the adaptive neural
control or adaptive fuzzy control, the control design process is complicated, programming
is difficult, for multivariable and fast response system, is not very suitable. The control
method proposed in this paper has fast tracking speed and strong anti-disturbance ability,
the control design process is more simplified, the controller has fewer control parameters,
this method is more suitable for engineering applications.

Active disturbance rejection control technique [12, 14, 15] is a new control strategy
emerged in the 80s of last century. The ESO is the core of the whole system, which can
estimate the total disturbance including internal unknown and external disturbances, and
the total disturbance can be compensated by the state error feedback 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. Because the
quadrotor UAV is continually affected by external disturbances and model uncertainties,
this can destabilize the UAV easily. A better method to handle with these disturbances is
ADRC strategy.

In this paper, a sliding mode active disturbance rejection control strategy is proposed
to deal with some difficult control problems in the quadrotor unmanned aerial vehicle
system such as nonlinearity, strong coupling and sensitive to disturbance. This control
method neither depend on precise mathematical models nor require knowledge of the
upper bounds of uncertainties, it not only can solve the difficulty of flight control, but
also can eliminate the complicated external interference and get good flight performance.
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The main idea is to combine the advantages of sliding mode control method to track the
desired trajectory smoothly with the ability of ADRC to reject the model uncertainties
and external disturbances. TD is used to obtain the differential signal of the reference
trajectory, which can simplify the design processes of the controller. ESO is used to
obtain the estimated values of the vehicles velocities, angular velocities, total disturbance,
and the total disturbance of the system can be compensated in the controller. Finally, the
sliding mode controller based on ADRC is designed, and the stability of the closed-loop
system is analyzed by Lyapunov method.

This paper is organized as follows: A typical quadrotor mathematical model is intro-
duced in Section 2. Sliding mode control scheme based on ADRC for quadrotor system
is designed in Section 3. Stability of the quadrotor UAV system is proved in Section 4.
Results of simulation experiment are illustrated in Section 5. Finally, some concluding
remarks are given in Section 6.

2 System modelling

The scheme of the quadrotor UAV [7,17,21] is shown in Fig. 1. In this figure, F; (i =
1,2, 3,4) are lift forces of the four rotors, respectively. O, = {X;, Yy, Zp} is the body
fixed frame, O, = {X,, Y., Z.} is the fixed frame with respect to the earth. Quadrotor
UAV is an underactuated system with six degrees of freedom and only four control inputs,
and it is also a system with some characteristics such as multivariate, strong coupling,
nonlinearity, sensitive to disturbance.

Assume that the quadrotor UAV is a rigid body and the body structure is symmetrical.
The mathematical model of the quadrotor UAV system [2, 24] can be expressed by the
following equations:

= %( - kfj:)a
§ = (Fy = kgy),
E= L (F —mg — ky2),
§ = UFitFatFaFy kf) | U L) gy 6]
Q.S I(=F1— F2+£'3+F4 ks) + (Iy *I )gw,
1L _ ke(=Fit+F If’s+F4) kg + (1 —I )9<f>,
where
F, cos ¥ sin 6 cos ¢ + sin ¢ sin ¢
Fy| =(F1+ Fo+ F3+ F,) |sintsinf cos ¢ — sin ¢ cos 2)
F, cos 0 cos ¢.

x, y, y are positions of the quadrotor, 6 is the pitch angle, ¢ is the roll angle, and 1) is the
yaw angle. F, Fy, F3, Fy are 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 Uy, Us, Us, Uy are introduced
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Figure 1. Free-body diagram of quadrotor.

Table 1. Quadrotor system parameters.

Y. Zhang et al.

m Quality of the quadrotor 2

l Length between the centre of the aircraft and the rotor  0.35
ke Torque coefficient 0.035
ky Coefficient of air resistance 0.012
I Rotational inertia of the x-axis 1.25
I, Rotational inertia of the y-axis 1.25
I, Rotational inertia of the z-axis 2.5

g Gravitational acceleration 9.8

kg
m

m
Ns2 /rad?
Kgm?
Kgm?
Kgm?
m/s?

to transform with the lift forces Fy, F5, F3, F,. The variable transformation formula can
be expressed as follows:

Uy 1/m 1/m 1/m 1/m | |Fy

Up| _ | -l/1, yL, YL, —lIL,| |F )
Us I, —lI, /I, I, | |Fs|"

U4 *kc/Iz kc/Iz *kc/]—z kc/Iz F4

Combining (1), (2) and (3), the mathematical model of the quadrotor can be rewritten
as
% = Uz (cos ) sin 0 cos ¢ + sin ) sin ¢p) — %kf:ic,
i = U (sintysinf cos ¢ — cosyysin @) — %kfy,
Z =Uj(cos¢pcost) — g — %kfz',
0=Us— %f@ + 7121211 P,
6 =Us— 7o+ 20y,
b=Us = F+ =20,

Since the position loop has only one control input Uj, therefore, we can select two
intermediate variables 6 and ¢ from the attitude loop to control position loop indirectly.
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Set

U, = Ui(cos ¢ sin 6 cos ¢ + sin ) sin ¢),

U, = Uy (sint) sin 6 cos ¢ — cos ¢ sin ¢),

U, = Uy(cos ¢ cosB).
Solving system (4), we get

U.
Ui = cos ¢ cosf’
0= arctan(Ux o8 w; Uy sm¢>7

= arct 0
¢ = arctan <cos iR

3 Control scheme

U, siny — Uycosw)

549

“)

®)

(6)

)

In consideration of the quadrotor dynamic characteristics, it is concluded that the quadro-
tor system has two loops, and the two loops can be divided into six channels. The altitude z
channel and the yaw angle ¢ channel are independent channels, the = — 6 channels and

the y — ¢ channels are two cascade subsystems.

Firstly, the sliding mode controller based on ADRC is applied in the position loop for
translational movements. Using the reference trajectory x4, Y4, 24, the virtual inputs U,,
Uy, U, can be obtained, then Ui, 64, ¢4 will be calculated through equations (5), (6),
(7), respectively. Then, the same control strategy is used in attitude loop, 04, ¢4, 1g are
used in the rotational subsystem as the Euler angle references. Finally, Us, Us, U4 can be
obtained to achieve the quadrotor UAV stabilization. The block diagram of the quadrotor

UAV control scheme is depicted in Fig. 2.

position outputs

Eq.(6)
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Figure 2. Control scheme.
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3.1 Tracking differentiator design

Since the quadrotor is an underactuated system, which has four control objectives: altitude
z, position x, position y and yaw angel v, therefore the TD [25] should be designed for
these four channels. Taking the altitude channel as an example, the design algorithm is
given by

Vz1 V22,
Uzo = than(v,1 — 24, Ve, 7, h).

Here v, is the tracking signal for z4, and v, is the differential signal of v,;, r is the
speed factor, which can determine the convergence speed, and h is the filtering factor,
fhan(-) denotes the optimal synthetic rapid control function, which is proposed as

d=rh?, ag = hv,a, Y = (v21 — 24) + ao,
alz\/m, ag=Ct0-|-sig11y‘“2_d7

a = (ap +y) fsg(y, d) + az (1 — fsg(y, d)),
fsg(z,d) = 1 (sign(z + d) — sign(z — d)),

fhan = —r (%) fsg(a, d) — rsigna(1 — fsg(a, d)).

3.2 Extended state observer design

In order to compensate the disturbances in the controller and to obtain the velocities and
angular velocities of the UAV, let 21 = T, xy = T, x3 = f1,91 = Y, Y2 = U, Y3 = fo,
2 =z22=2%23=[f3,00 =0,00=0,03 = f4, 01 = ¢, 02 = ¢, ¢3 = [f5, 91 = 1,
o =, 3 = fg, where f; (i = 1,2, 3,4,5,6) are total disturbances of the each channel,
therefore the six channels’ ESO of the quadrotor UAV system can be designed as

fff1 =22 — f1(21 — 1), ??1 =92 — B1(91 — Y1),
?2=ﬁ3—52(fﬁ1—$1)+Um 1?2:@3—52(@1—y1)+Uy7
&3 = —f3(%1 — x1), U3 = —B3(1 — y1),

21 =% — Bi(51 — 21), él =0y — B1(61 — 61),

Zfz =23 — [2(%1 — 21) + U, éz =03 — Bo(01 — 01) + Us,
Z3 = —f3(%1 — 21), 05 = —B3(61 — 61),
%1252—51(&51—(251)7 1;121/32—&(1/31—1/}1),
%2253—52@1—&51)4-(]37 1;2:1;3—&(1&1—%)4-(]4,
b3 = —B3(¢1 — 1), Py = —B3(1h1 — P1).

where 31, (2, 33 are observer gains, and 31 = 3w,, B2 = 3w,2, B3 = w,°>, w, is the
bandwidth of the ESO.
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3.3 Sliding mode controller design

TD can provide the differential signals of the target track. The velocities, angular veloci-

ties and the total disturbance of the UAV are come from the ESO. Combining the advan-

tages of the sliding mode control strategy to track the desired trajectory smoothly with

the ability of the ADRC to handle with model uncertainties and external disturbances,

therefore the sliding mode controller based on TD and ESO can be designed as follows.
The sliding mode function of the quadrotor’s six channels can be written as

Sp = kgoey + €g, sg = kgaeq + €9,
Sy = ky2€y + éy, S¢ = k¢26¢ + é¢,
S, = kyoe, + €, Syp = k’lﬁeib + édM

where k‘ag >0, k’¢2 > 0, k’¢2 >0, k‘xg > 0, k’yg > 0, k’zg > 0, and

€r = T1 — Z4, ey =t — b4,
€y = Y1 — Yd, ey = P1 — Pd,
e, = 21 — 24, ey = 1 — g,

where x4, Y4, 24, 14 are references of the system, 64, ¢4 are obtained from equations (6)
and (7), respectively. Then the sliding mode control law based on ADRC of the six
channels can be designed as

Up = —kp18y — 0y — &3, Uy = —kp189 — 09 — 63,
Uy = —ky18y — Oy — ¥, Us = —kg154 — Vg — @3, €]
Uz = _k21§2 - @z - 237 U4 = _k’lblé’l/} - ’lA)w - '(/)37

where kg1 > 0, k¢1 >0, kwl >0,k;1 >0, kyl >0, k,; >0, and

§g; = leél + éa:v §9 = k92é‘9 + ég,
Sy = kyaey + &y, S¢ = kp2ég + €,
§z = széz + éz» ‘§¢ = k¢2é¢ + é’/”
Uy = kyoby — iq, Vg = ko2g — 04,
f)y = ky2éy — Yd, Up = kg2éy — ¢a,
@z = kzgéz — :Z:d, 7}1/1 = k1/12é1/1 - ¢da
ém:i’lil’,d; ég:olioda

€y =91 — Ya ey = 1 — da,

€, =21 — 24, ey = Y1 — g,

€y = Ty — 24, ég = 02 — b4,

€y = U2 — Yd, €y = P2 — da,
é2:7:'27'éd7 éw:d@*wd,

and through equation (5), the control variable U; can be obtained.

Nonlinear Anal. Model. Control, 24(4):545-560
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4 System stability analysis

4.1 Convergence of the ESO

Because the quadrotor system can be divided into six channels, and the mathematical
model of the each channel can be written in a same state equation form, thereby, taking
the position x channel as an example, its state space equation can be expressed as

T1 = g,
T =23 + Uy, )
5.53 = fv

where f is the total disturbance, U, = Uj(cossinf cos¢ + sinsin ¢), the linear
extended state observer of equation (9) can be constructed as

T = &y — Bi(d1 — 71),
Ty = 23 — Bo(21 — 1) + Uy, (10)
T3 = —f3(%1 — 71),

and L = [3; B2 B3]T are observer gain parameters.

Let E;(t) = x;(t) — ;(t), ¢ = 1,2, 3, combining equations (9) and (10), the ESO
estimation error dynamic equation can be written as

B = —B1E1 + Ey,
Ey = —B By + B3, (11)
Es = —psE, + f.

Let ;(t) = E;(t)/w,' "1, i = 1,2, 3, then equation (11) can be rewritten as

M (t) = —Zsm + wons,
M2 (t) = — 2o + wons, (12)
13(t)

Set 1 = 3w,, P2 = 3w,?, B3 = w,>, equation (12) can be expressed as

13)

where

Theorem 1. Assuming that f is bounded, then there exist a positive constant ¢; > 0 and
a finite time T > 0 such that |E;(t)| < €;,1=1,2,3, forallt > T > 0.

http://www.journals.vu.lt/nonlinear-analysis
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Proof. Solving (13), the following equation can be obtained:

t .

n(t) = e*Min(0) + / e“°M(t_T)NL2 dr.
Wo
0
Let
/ i
Q(t) = /ewoM(t_T)Nr(P dT.
0
Since f is bounded, | f| < D, D > 0, then
D
QO] < 5 [|(MTIN)i[ + [(M e N ]]. (14)
o
Since
0 0 —1
M7t=1|1 0 -3|,
01 -3
then
1, i=1
M7IN) | =<7 ’ 15
(RN N 05

Since M is a Hurwitz matrix, there exists a finite time " > 0 such that for all ¢t > T,

1,7 =1,2,3,
[ ()] < 5
’(GWOMtN)i’ S 13'

Wo

Since 1" depends on w, M [31], then set
) a1 a2 @13 . bi1 bz bis
M~ = |a21 a2 a3, e Ml = 1by1  boy  bos
a31  aszy as3 b31 b3z b33
Forallt > T,
1

w3 1= 17
|(M~1e“"M'N) | = |ajbis + aiobas + aigbss| < { s (16)
! oo =23
Combining (14), (15), (16), we get
3D 4D
QO] < 5+ 5 (17)
Let n5(0) = |71(0)| + |n2(0)] + |n3(0)| and forall t > T, i =1,2,3,
w 1s(0
He oMtn(O)L_‘ < w£3)7 (18)
then
s(0 3D 4D
()] < 2O 3D (19)

We3 wWod Wb’
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Let E5(0) = || E1(0)| + |E2(0)] + | E3(0)]|, according to n;(t) = E;(t)/w,"~! and (17),
(18), (19), then

E,(0) 3D 4D

+ + =e;. (20)

E;(t)] < . -
| z( )| = wOS wo4—l wo’?—z

From equation (20), if the total disturbance is bounded, then the estimation errors of
the ESO are convergent, and when increasing the bandwidth w,, of the ESO, E;(t) is going
to zero. O

4.2 System stability analysis

Assumption 1. The state variables of the quadrotor UAV are measurable and can be used
for the sliding mode controller design [9].

Assumption 2. Reference trajectory x4, ¥4, 24, Yq are bounded.

Theorem 2. Assuming that f; (i = 1,2,3,4,5,6) are bounded, then there exist constants
koi > 0@ = 1,2), Ifm‘ >00=12), k‘wi >00=1,2), ke > 00 = 1,2), k‘w >0
(i =1,2), k,; > 0@ = 1,2) such that the closed-loop system is stable.

Proof. Define the Lyapunov function of the quadrotor system as

1 1 1 1 1
V=cs2+ =82+ 28,2+ -sp® + =

1
2, 1.2
2 2 2 2 550" g%

2
then

V = 5382 + 548y + 5.5, + 5059 + 5454 + 545y
= 5y (kp2by + €2) + sy(ky2éy + ) + 5. (ksoé, +€,)
+ s9(kg2éo + €9) + 54 (kp2és + €g) + sy (kypaéy + Ey)
= 5o (kz2és + Uz + f1 — Za) + sy(ky2éy + Uy + fo — §a)
+ 52 (k2bs + Us + fa — Za) + so(koaéo + Ua + fa — ba)
+ 8¢ (kgaty + Us + f5 — da)+5y (kyaéy + Us + fo — ta). Q1)
Combining (8), (21), we have
V = sy (kazée — k18 — 0y — &3 + @3 — ia)
+ sy (ky2éy — ky18y — 0y — 3 + y3 — ¥ia)
+52(ka2é, — k18, — 0, — 23+ 23 — £q)
+ sg(kp2¢o — ko159 — Vg — 03 + 03 — y)
+ 55(kgaéy — kp18s — by — b3 + 63 — da)
+ sy (kpoey — ky18y — Dy — s + P53 — 1)
= Sy (kpaZo + T3 — kz152) + 8y (ky2la + U3 — ky15y)
+ 5, (ksoZ2 + 73 — k15.) + so(kez0o + 03 — ko130)
+ 8¢ (kgada + ¢35 — kp18) + sy (kyatha + s — ky15y)

http://www.journals.vu.lt/nonlinear-analysis
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= —ky185° + Su [karkao®1 + (koy + ku2)To + &
— ky15y% + sy [kyrky2dn + (kg1 + kyo) o +
—ka18.” + s [karkaoZ 4 (Kay + kao)Zo + 23]
— ko156” + 30 [ko1ko201 + (ko1 + ko2)02 + 03]
— k156> + S [/%1]%2&1 + (kg1 + kga)pa + ¢3}
— k15> + sy [kwlkwﬂzjl + (ky1 + kya)o + 12)3], (22)

2]
3]

Nl @1

where &; (i = 1,2,3), 5; (i = 1,2,3), % (i = 1,2,3), 0; (i = 1,2,3), ¢; (i = 1,2,3), ¢;
(i = 1,2, 3) are observed errors of the ESO. According to Theorem 1, since the ESO can
make the errors converge to zero, therefore equation (22) can be rewritten as

V x —kyp18,” — ky18y” — ko182 — kp1se® — k184 — ky18y> < 0.

Therefore, if only kg; > 0 (2 = 1,2), kg; > 0 (i = 1,2), ky; > 0@ =1,2), kz; >0
(G=1,2),ky; >00@=1,2),k,; >0 =1,2), then V <0, the closed-loop system of
the quadrotor UAV is stable. O

5 Simulation results

The trajectory tracking simulation research of quadrotor UAV system is carried on using
MATLAB. In order to illustrate the mobility and the validity of the proposed sliding mode
ADRC strategy, a cylindrical spiral as a reference trajectory is used in the simulation, the
effectiveness and advantages of the proposed control scheme are presented by compara-
tive performances with the classical active disturbance rejection control.

The cylindrical spiral defined as: x4 = 0.5 cos(0.5t) m, yg = 0.5sin(0.5t) m, z4 =
2 + 0.1t m, 1pg = 60°. Set the initial position coordinates of the quadrotor UAV as
[0,0, 0], while the initial attitude is [0, 0, 0]. Denoting wy (t), w2(t) and ws(t) as system
disturbances and adding them to the attitude loop, we can write

wi (t) = sign(sin(0.9t)),
wa(t) = sign(sin(0.9t)) + cos(0.3t),
w3 (t) = 0.5sign (sin(0.5¢)) + cos(0.3t) + 2 cos(0.9¢).

The parameters of the controller in the simulation are chosen as r = 2, h = 0.01,
Wo = 50, kxl = 1, k‘xg = 1, kyl = 1, /ﬂyg = 4, kzl = 10, k‘zz = 50, kgl = 0.1,
koo = 0.1, kg1 = 0.1, kga = 20, ky1 = 10, ky2 = 30. The simulation results are shown
in Figs. 3-7.

The results of trajectory tracking are demonstrated in Fig. 3. The simulation results
of position control and attitude control are shown in Figs. 4 and 5, respectively. Figure 6
shows the error comparison of the two methods, and Fig. 7 shows the control inputs of the
UAV system. In these figures, the black lines represent the reference trajectory, the blue

Nonlinear Anal. Model. Control, 24(4):545-560
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lines and the red lines represent the responses of the quadrotor UAV in cases of applying
the sliding mode ADRC and classical ADRC, respectively.

It can be seen from the Fig. 3 that although the initial value of the position is far away
from the reference trajectory, the control scheme that proposed in this paper can hold
the quadrotor UAV track the cylindrical spiral trajectory instantly and accurately, and the
performance of the sliding mode ADRC is better than the classical ADRC. The control
strategy proposed in this paper has faster response, higher precision, less overshoot and
less errors than classical ADRC. From Fig. 4, there is a higher overshoot in position x
response controlled by classical ADRC than the response controlled by sliding mode
ADRGC, the response speed of the proposed method in position z is faster than the classical
ADRC obviously and the tracking errors of the three positions achieved by the proposed
controller are lesser than the errors that achieved by classical ADRC.

The ways that the sliding mode ADRC and the classical ADRC make the UAV follow
the rotational references are shown in Fig. 5. Although the yaw angle responses of the
two methods can track its corresponding desired trajectory rapidly and accurately, but

http://www.journals.vu.lt/nonlinear-analysis


http://www.journals.vu.lt/nonlinear-analysis

Trajectory tracking control of a quadrotor UAV based on sliding mode ADRC

0.5 0.1
e l., c 0.05 ” /“ ,,‘
X A AN R A4 S
g 0 " N T A TR g 0 ";' “\‘.,/ \\,l/ ‘.\\'I
[} [} \
I —0.05) ’ - v
! {
-0.5 -0.1
0 20 40 0 20 40
t/s t/s
1 0.5
Ofym— === === Off = == === ==
e |/ g
Y I > o5l — = = SM-ADRC
g b s \ — — — ADRC
® 2} ® 4
-3 -1.5
0 20 40 0 20 40
t/s t/s
Figure 6. Errors.
20 40
15 20
10 " S o
=) a‘- ————————— o) -—
5 -20 v
0 -40
0 10 20 30 40 0 10 20 30 40
t/s t/s
50 0
-2
l —————————
B O i e S 4 |
:| — — — SM-ADRC
! -6 - — = ADRC
-50 -8
10 20 30 40 0 10 20 30 40
s /s

Figure 7. Control inputs.

557

the proposed scheme has better transient performances than classical ADRC, the pitch
angle and the roll angle responses from the classical ADRC are more oscillatory at the
beginning of the trajectory than the sliding mode ADRC. It can be clearly observed that
the variation ranges of pitch angel and roll angel of sliding mode ADRC are more narrow
and the adjustment time are shorter than classical ADRC.

It is clearly that the errors of the proposed scheme are less than classical ADRC,
especially the error x and error y of classical method are much bigger than sliding mode
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ADRC. From Fig. 6, it can be seen clearly that the performances are improved by sliding
mode ADRC. Because there is no sign function in the controller, it can be seen from
the Fig. 7 that the control inputs does not appear chattering in the sliding mode ADRC
strategy.

6 Concluding remarks

The sliding mode ADRC scheme is designed for the quadrotor UAV in this paper. The
differential signal of the reference trajectory can be obtained directly by using TD, the
estimated values of the quadrotor’s velocities, angular velocities, total disturbance can
be acquired by ESO, and the total disturbance of the system can be compensated in the
sliding mode controller.

Combining the sliding mode control and ADRC technique can maximize the advan-
tages of the two control methods. Sliding mode control strategy can hold the quadrotor
follow the reference trajectory in a smooth way with the ability of ADRC to reject the
model uncertainties and external disturbances.

It can be seen from the simulation results that whether position tracking or angel track-
ing can follow the reference trajectory quickly and accurately. As can be seen from the
comparison with classical ADRC, the performances of the quadrotor have been improved
a lot. Therefore, it can be concluded that the control scheme proposed in this paper is an
effective control method with strong robustness and anti-disturbance ability.
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