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ABSTRACT

This paper initially discusses the application of a Sliding Mode Controller (SMC) for drone control,
encompassing vertical takeoff and landing. Subsequently, the dynamic model of the quadcopter is
formulated using the Newton-Euler method. Despite the challenges posed by the nonlinear characteristics
of Unmanned Aerial Vehicles (UAVs), empirical evidence from previous tests and simulation studies
underscores the efficacy of the SMC in delivering satisfactory performance and robust resistance against
interference. Moreover, this research endeavors to present a quadcopter model and simulation, leveraging
the SMC alongside the Newton-Euler formula to enhance control precision in the face of external magnetic
disturbances affecting the UAV. Both the position and attitude of the UAV are governed by the SMC. The
dynamic and control models of the quadcopter are implemented and visualized in MATLAB, culminating
in results that substantiate the efficacy of the proposed controller across diverse scenarios. Furthermore,
the performance of the proposed control method is compared with alternative methodologies such as PID,
particularly in scenarios involving disturbances. The simulation results indicate promising and practical
implications.

Keywords-sliding mode control; UAV; backstepping; quadcopter; MATLAB/Simulink

. INTRODUCTION these systems with higher requirements. The UAVs have

shown versatility and efficiency in various fields such as
The research on Unmanned Aerial Vehicles (UAVs) for Search And Rescue (SAR), meteorological research,

civil or military applications has promoted the need to operate infrastructure testing, homeland security, and traffic

www.etasr.com Nguyen et al.: Trajectory Tracking Control for a Quadcopter under External Disturbances



Engineering, Technology & Applied Science Research

Vol. 14, No. 6, 2024, 17620-17628 17621

monitoring, and precision agriculture. Quadcopters are widely
utilized due to their convenience and flexibility in narrow
operating ranges. They can fly in low areas, hover, and provide
detailed information about that area through the control station.
Many different controllers of quadcopters have been proposed,
such as the Proportional Integral Derivative (PID) and Fuzzy
control[1-4], Linear Quadratic Regulator/Gausian (LQR/G) [5],
Sliding Mode Control (SMC) with LQR/G, SMC, backstepping
control, adaptive control, optimal control, robust control,
intelligent control, etc. to control position, altitude, and Euler
angles [6].

The quadcopters have strong nonlinear properties and are
affected by many external factors when operating. PID-based
trajectory tracking control for quadcopters is an easy to
implement method with low computational load. Still, it is
difficult to determine the appropriate parameters Ky, Kj, and K4
(due to the need for an accurate quadcopter model). The PID
controller reacts poorly to rapid changes, such as wind and
aerodynamic disturbances. If strong winds or strong external
forces act on the quadcopter, the PID controller may not be
able to maintain the trajectory and may even increase
oscillations and instability. Today's research often combines
PID with other control methods, such as model predictive or
robust control, to improve efficiency and meet more stringent
requirements for quadcopter control under various disturbance
conditions [6-10]. Backstepping control is a recursive
algorithm that divides the controller into steps and gradually
stabilizes each subsystem. The advantage of this algorithm is
that the convergence is fast, resulting in a small amount of
computations, and it can control disturbances well. The most
significant limitation of this algorithm is its poor robustness.
The backstepping approach is applied in [11-12] for the
postural stabilization of a quadcopter. Thanks to its ability to
obtain a fast output control response to the uncertainty of the
input signal, SMC has become one of the most popular control
methods for quadcopters. Authors in [13-14] presented a
sliding controller to control the slope of a quadcopter. The
quadcopter system is divided into two position and attitude
subsystems. Sliding controller integrated with Radial Basis
Function Neural Network (RBFNN) ensures faster
convergence of state variables to their desired values in short
time [15-17]. A sliding controller hybrid with a backstepping
controller for position tracking of the quadcopter is proposed in
[18-19]. When using a PID controller is applied to control the
position of the quadcopter, as in [13], may lead to huge errors
when a disturbance is acting on the quadcopter. Most relevant
studies do not mention when the system is affected by external
disturbances. Adaptive control is a control method that can
self-adjust the controller parameters to adapt to rapid changes
in the flight environment, such as changes in altitude, wind
speed, or mass of the quadcopter and complex and variable
environmental conditions. Adaptive control can minimize
errors and improve the accuracy of the quadcopter in
maintaining its position and flight direction due to its ability to
continuously adjust the control parameters over time to ensure
the stability and trajectory tracking of the quadcopter. The
disadvantage of this method is that it has a more complex
design than traditional control methods such as PID and LQR.
In some cases, adaptive control can lead to instability of the

quadcopter during flight if the controller is not designed and
adjusted correctly, and slow response may occur in complex
flight environments [20-22].

In this paper, an advanced SMC is proposed based on
Lyapunov stability theory for position control and attitude
control of the quadcopter taking into account as input the
external disturbances. The simulation results will compare the
case when there is no external disturbance and when there are
many external disturbances to see the performance of the
proposed controller. In this study, we design a control law to
ensure the system's stability and track the trajectory of the
quadcopter when there are unknown parameters, such as the
moment of inertia and external force. The contribution of this
paper is briefly described by the following points:

e A full quadcopter mathematical model built with external
disturbances is proposed.

e A solution to overcome the chattering phenomenon in
conventional SMC is proposed.

e The control quality of the proposed SMC method is
compared to the PID method during experimental
implementation.

II. KINETIC MODEL OF THE QUADCOPTER

The structural model of the quadcopter and the coordinate
systems used in building the dynamics model of the quadcopter
are shown in Figure 1. The reference system associated with
the earth is the Ogxgyg zg coordinate system, and the reference
system associated with the quadcopter is the Op xp yp z
coordinate system. The origin is chosen to coincide with the
quadcopter's centroid. F;, M, €, are the respective forces,
torques, and speeds generated from the propeller blades [23].

Fig. 1.

Structural model of the quadcopter.

Using the Newton - Euler method for the UAV model, we
get the quadcopter's equations of motion as follows:

{meZFth_Fd_%_Fn @1

16F = M — My, — My, — M,
where Fy, = Rg(¢,0,¥%)[0,0 XF, F;]” is the total thrust of the

four propellers; F; = diag(ky, k,, k3)I'T is the air resistance
against the quadcopter's motion; F, = [0, 0, mg]" is the force of
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ravity; F), is the total resistance of the noise types not included = Loy, _ 1 . _b o _ _Mng, _ Lly,
g Ys i . . ’yp R . hll_,_'h12_,_p-02'h13_,_'h14__,_6' his = Iy'
in the above components; m is the drone’s mass; g is the y y y y z
acceleration due to gravity; M = [My , Mg, My]" is the sum of d Mny U . o
> e hy==;h, =——%; Uy = = (cosPsinfcosy + sin@siny);
the moments of the roll, pitch, and yaw angles; M,, and M, are 16,7 I ¥ m (cos@ v Osiny)
the gyroscope moments; M, is the resisting moment component 05 = wy— w; + w3 — Wy
of the disturbance.
A mOsi ; :
Substituting the position vector and force components into Uy = 3 (cos@sinsimp + sinpcosy);
2.1), we get the quadcopter's translational dynamics equation U
;s fgllowst'g a P Y a U, =, (cos@cosb) — g;
o ke ) o NUn Py We have:
(x =-——x+ (cos@sinBcosy + sin@siny) T .
{ y=- %y + (cos@sinBsiny + sinPcosy) % - % 2.2) =X
" ky . Uy Fyy X, =hix; + hy+ U,
kz=—;z—g+(cos®cos€); - )
X3 =X,
where F,,, F,,, F,, are the repulsive forces of the disturbance Xy = hyxy + by + U
in the x, y, and z directions. . g
X5 = Xg
Substituting the moment components into (2.1), we get the ] ¥ = hext h 4+ U
kinematics equation for the rotation of the quadcopter as X=fX,Uu)y=+4 "¢ 7 T (25)

follows:

N _ ]_p . Uz Mnp
b=6p2 - Loy ot toe

PN e ]_p . ﬁ_ Mno

6= 0Pt 2Oy o+ iy~ 2.3)

P =00 le;ly +d 2t - @
where & = 2 — £, + (X — £ is the total speed of the
propellers; Mg, Mpg, and My, are the resisting moment
components of the disturbance acting on the roll, pitch, and
yaw angles.

We let X = (x,y,2,%,9,2,¢,0,9,¢,60,1 )7 be the vector
of state variables. x; =¢; x, =¢; x3=0; x, =0 ; x5 =
YiXe =Y X, =X Xg =X Xg =Y X9 =Y X141 =23
X1, = Z. The equation of state describing the kinematics of the
quadcopter has the following form:

X=AX,U)=
X = X,
Xy =y 4 (cos@sinbcosy + sin(Z)sinl/J)ﬂ — fnx
2 m m m
X3 = X4
. ky . . . . Ui  Fny
X, = —=y + (cosPsinbsiny + sinPcosy) — — —=
m m m
X5 = Xg
. Ky . U, R
X = ——2— g + (cosPcosf) = — ==
= " mom 2.4)
7 — 8
o=z _ : Uz Mng
dy = 0P — Ry bt
X9 = X190
%= Oy s gD e
Iy Iy Iy Iy
X1 = X1z
. <o l=ly | dU, M
X1, = 00 "I_zy + T‘* _ny

I, *
From the system of state equations of the quadcopter (2.4)

k F, k Fny k,

weset:hy = —=2;hy= -2, h,=—2h, = -2 h = —=;
1 m’ 2 m’ 3 m’ 4 m’ 5 m’

_ Fnz . _ Iy_lz . _ Ir . _1 . _ Mng .
hs—_z‘ h7—T‘ hs—_E-QZrh(a—avhlo—_T'

Xy = Xg

Xg = hyX19X1; + hgX1g + hyg + hoU,
X9 = X19
X109 = hy1XgX1; + hypxg + hyy + hy3Us
X11 = X190

X1z = hysxgxig + hyy + hygUy
III. PROPOSED QUADCOPTER SMC CONTROLLER

In this section, we have built a control scheme to control the
position and attitude of the quadcopter using SMC. Position
and attitude controllers were constructed, and the stability of
the proposed controller was proven.

A. Synthesizing Principle of the Quadcopter Controller

We can see that there are six output signal channels,
including three position channels (x, y, and z) and three angle
channels (roll, pitch, yaw). However, these channels are not
independent but interdependent. The main dependencies are
explained in detail below:

e X channel: When we want to control the quadcopter to fly
along the X axis, we need to create a control signal to
change the pitch angle (¢) corresponding to the speed
(signal from block M2) while still creating lift force,
generating signal U;. The roll (¢) and yaw (i) angles will
be kept at zero. After arriving at the new position, the pitch
angle must also be returned to zero, and that value must be
kept stable.

e Y channel: When we want to control the quadcopter to fly
along the Y axis, we need to create a control signal to
change the roll angle (¢) corresponding to the speed (signal
from block M2), and at the same time still have to create lift
force, that is, create U, signal. In this case, the pitch (6) and
yaw () angles will be kept stable at zero. After arriving at
the new position, the roll angle must also be returned to
zero, and that value must be kept stable.

e 7 channel: When controlling altitude, we need to increase
the speed of all four propeller motors (generate signal U,).
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In this case, the roll, pitch, and yaw angles will be kept
constant at zero.

In Figure 2, the controllers for the posture loop include the
roll and pitch channel controllers, whose set value depends on

s B \ X-channel ;
< : \ controller
X X
Yda [ Y-channel slsmhe
e+ > > setvalues
= controller £ ®
i . or posture LI
\r y and 2,
’ translation
channels
Zd Z-channel
P > | 9
& controller d

Z VA ) i

V4 N Ya\\ channel

Ve controller

Y di

the x, y, and z length speed control channels. In contrast, the
yaw angle controller is an independent controller. The U,
signals will be synthesized and have a close relationship with
the U4 signal of the yaw channel to control the x, y, and z
channels while maintaining a stable yaw angle.

Impact > r _Q:ad_co;xer_ d;xar_nic_ m:d; |
disturbance | |
U, ! '
1 | |
| | -
| Translational | | x
| Dynamics P4
{ Ml | |z
|
Roll-channel U, | |
> 4
controller | I
‘ 4) { Rotational : .
dynamism ¢
. A Y '
| Pitch-channel Us; I, : Ll g
controller | | l/)
.. 7.1 |
< 0 L" (N |
| |

Fig. 2. Block diagram of the quadcopter channel control system.

B. SMC design for Position Control of the Quadcopter
We set the tracking error:

€1 X1 — X14
e3| =[X3 —X3gq| =
es X5 — Xsg

93] [xs - x3d] [x4 - de] (3.1)
— Xs5q — Xsq

The sliding surface is selected as follows:

S1 ciey + €y c1€; + )
s =|S3| =|c3e3+ c 63| = 5 = |c363 + 163
Ss Cses + Cg€5 C5€5 + C€5

c1(xz — X14) + 2 (X3 — x1q)
= |c3(xs — Xx3q) + C4(Xs — X39) (3.2)
c5(X6 — X5q) + C6(X6 — X54)

Substituting x,, X4, X¢ from (2.5) into (3.2), we have:
c1(xz — x1g9) + c2(hyxy + hy+ Uy — x74)
§ =|[c3(xs — x30) + c4(h3xy + hy + Uy, —x34) (3.3)

Cs5(X6 — Xs5q) + Co(hsxe+ hg + U, — x54)

In the SMC there are two components, which are
equilibrium and robust terms:
u = uEQ + uR (3'4)

The equilibrium component will be selected by setting the

sliding surface's derivative s = —ks and giving the system's
uncertainty parameter = 0. Then we have:
UgQx
uEQ = uEQy
UEgqz

—x7q) — ky51) |
X3q) — k353)| (3.5)

[i (—cs(x6 — x5a) + c6(hsxs — X5a) — KsSs) |

1 .
[z (—c1(xz = x10) — (M X

1 .
Z(_CS(xz} — X34) — C4(h3x, —

The robust component will be chosen as up = —nsign(s),
so we have:
1 .
~ L (nysign(s)
URyx 12
up = [uRy] =| =~ (nssign(sy)) | (3.6)
URz 1 .
— . (nssign(ss))

n is chosen such that it is equal or greater than the maximum
value of the uncertain parameters in the system.

Substituting ugg; Ug into (3.4) we have:
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= (a0 = xi0) = (bt = x{0) = kysy = mysign(sy))
6_14(_03(754 = X3q) — Ca(h3xy — x34) — k3S3— n35ign(s;)) (37)
| (—esrs = x5a) + o (hsxs = X5q) = ksss = 1ssign(ss)) |

After obtaining the control signals Uy, Uy, U, we calculate
the control signal U, in the system as follows:

U, = m\/u,g + U2 + (U, + 9)? (3.8)

C. Proof of the Stability of the Controlled System
Substituting the SMC rule in (3.7) into (3.3), we have:

$1 —kqSq
33] = |—ks3s;

—ksSs

—mysign(s;) + h,
— n35ign(ss) + hy
— nssign(ss) + he

To prove the stability of the control system, the positive
definite Lyapunov function is chosen as follows:

552

V1 | |
vyl = |
Vs
2
2 SSJ

Calculating the derivative v, we have:

¢ = 3.9)

v= (3.10)

2a _515'1] [51(_k151 —nsign(sy) + hz)]
17:3 = |s,53 | = |s3(—k3s3 —n3sign(ss) + hy) | (3.11)
| Uk |

s _SSS.SJ lss(_kSSS - nssign(ss) + hﬁ)J

__k1512 —s1(msign(sy) — hy)

o
Us | = |—kss5 — s3(n3sign(ss) — hy) (3.12)
[ Ve | .
57 L—kssZ — s5(mssign(ss) — he)
We have:
2 .
—kysi — sy (msign(sy) — hy) —kys% — |s11(ny — hy)
—k3sF — s;(3sign(ss) — ha) | < [—kss? — |s3](3 — hy) | <
l—kssg — sg(Mssign(ss) — h6)J —kss¢ — Iss|(s — he)
—kys?
151
—k3532 <0;
—kss?

since we have the condition #. The # is chosen so that # > the
maximum value of the uncertain parameters in the system.
Therefore, according to the Lyapunov stability theory, the
system is stable.

D. SMC Design for the Attitude Control of the Quadcopter

We set the tracking erTor:
x11 — X114

X7 — X7q Xg — X7q
x9 —X9q | = [ %10 — Xoa (3.13)
— X114 X12 — X114

The calculation process is similar to the one above. We
have:

[ ﬁ [—c7(xg — x74) — cg(hyX10%12 + hgX1g — %54) |
—k;s7 = n75ign(s;)]

x5a) = C10(R11XgX12 + RypXg — X54)

—koSg — M9sign(sy)]

——[—c11(¥12 = X11a) — €12 (RasXgX10 = X11a)

N115ign(sy1)]

The process of proving the stability of the system is
performed similarly as above.

[—co(x10 —

(3.14)

c1oh13

c12hi6

—ky1S11 —

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Reducing the Chattering Phenomenon

SMC has several advantages: robustness against
uncertainties and disturbances, high accuracy, finite-time
convergence, and simplicity. However, it has the disadvantage
of the chattering phenomenon because it uses the sign(s)
function in the control signal. Therefore, we need to devise a
solution to overcome this phenomenon. In this study, we
replace the sign(s) function with |S|)‘sign(s). The simulation
results in Figure 3 demonstrate the effectiveness of this
solution. In similar paper [24], the authors mentioned external
disturbances in building a kinematic model of the quadcopter.
However, they assume that all external disturbances are zero
when performing simulations. Thus, we will not clearly see the
nature and outstanding advantages of the SMC. In addition, in
[24], the authors did not mention the chattering phenomenon in
sliding control and how to overcome it. We overcome both
these limitations this study. External disturbances were
considered and solutions to reduce the chattering phenomenon
in the SMC were provided. Equations (3.7) and (3.14) are
rewritten as:

C—lz (—c1 (2 = x14) = €2 (hyxy — X140 |

— sy sign(sy))

o, (mes g = x30) = a3y = x30)
—k3s3— r)3|53|’15ign(s3))

1 . .
= (—cs(xg — x54) + co(hsxs — x54)

—ky5y

4.1)

N

—ksss — 775|55|'15i9n(55))

1 .
calts [—c7(xg — x7q) — cg(h7X10%12
+h8x10 — X54) — k757 — 171571 sign(s;)]

[—co(x10 — x94) — €10(h11%5%12

— C10h13 4.2)
+h12xs X5q) = koSg — 1glsg|sign(ss)]

—— [—c11(¥12 — ¥11q) — €12 (R1sXsX10

7)11|511| sign(s;1)] |

Clzhle

L —X{1a) — k11511 —

www.etasr.com

Nguyen et al.: Trajectory Tracking Control for a Quadcopter under External Disturbances



Engineering, Technology & Applied Science Research

Vol. 14, No. 6, 2024, 17620-17628 17625

5 = Control signal

~o 5 10 15 20

0 5 10 15 20

Fig. 3. Solution for chattering phenomenon.

Numerical simulations are presented in this section to
exhibit the proposed controllers' effectiveness. The parameters
of the Quadcopter used in the simulation are given in Table I.
Parameters are assumed according to the parameters of the real
quadcopter. The time the system moves towards the sliding
surface depends on the coefficient n. The larger the n, the faster
the time of the sliding surface, but this causes a larger
chattering phenomenon. To ensure that the time of moving
towards the sliding surface is both fast and does not have the
chattering phenomenon, we propose to add the coefficient |s |*
so that when the system moves towards the sliding surface, the
variable |s | will approach 0. At that time, 7. |s|* is zero, so the
chattering phenomenon is eliminated.

shown in Figures 5-6. When flying the quadcopter along the
second trajectory, excellent trajectory tracking quality is
demonstrated, as shown in Figure 7.

Time=100.01

* A R
10 . 50
N
5 | -10
o ' 20
20 | 10
15 ) 10 0 10
10 £ 0
5 . -10 -10
o 0 y axis X axis
@ (b)
Fig. 4. 3D simulation model without noise. (a) First trajectory, (b) second
trajectory.
Orientation Euler Angles Rate
100
20 \ - - - Desired . - - - Desired
% 0 a . ——Actual i 0 M- ? ——Actual |
P \\j " 100
0 20 40 0 20 40

20 - - - Desired
ol ! L ——Actual

- - - Desired
——Actual

TABLE L PARAMETERS USED IN SIMULATIONS
Parameter Value Parameter Value

m (kg) 1.1 b (N.s%) 6.6231.10°

g (m/s%) 9.81 d (N.m/s’) 0.3512.10°
I, (kg.m?) 0.0225 [ (m) 0.2
I, (kg.m?) 0.0225 k. (N/m/s) 5.657¢*
I, (kg.m?) 0.0452 ky (N/m/s) 5.657 ¢
J,(kg.m%) 7.5.10" k. (N/m/s) 6.261¢”

To best evaluate the effectiveness of the designed
controller, the quadcopter flew along two different trajectories,
without and with noise, as shown in Figure 4 and Figure 8.
Simulation results demonstrate that the proposed controller can
operate effectively across various trajectories, yielding good
control performance. The two considered trajectories are both
fairly complex and exist in practical scenarios. In the ideal case
without interference, we see that the proposed control
algorithm has very good trajectory tracking control quality.
Even if the UAV's initial position is not in the desired orbit, the
UAV can move to the desired orbit after a short period as

< V
-20
0 20 40 0 20 40
45.1 100
---Desired|| - - - Desired
5 45 ——Actual O{ 0b—-— | ——Actual
S 2.
s
44.9 =1
0 20 40 0 20 40
Time [s] Time [s]
Fig. 5 Orientation vs time without noise for the first trajectory.
Position Linear Velocity
20 - - - Desired - 5 - - - Desired
E 10 ——Actual E 0 /\ /\——Actual
= & -5
0 F=—
0 20 40 0 20 40
20 - - - Desired — 5 - - - Desired
= ——Actual = ——Actual
E1o £0
= ‘>-5
0F
0 20 40 0 20 40
20 - - - Desired - 5 - - - Desired
E 10 ——Actual E 0 :\/\ —A/ctual
R N -5 M
0
0 20 40 0 20 40
Time [s] Time [s]
Fig. 6. Position vs time without noise for the first trajectory.
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x(m) vs time(s)

-10 - -
0 20 40 60 80 100
P y(m) vs time(s)
0t
10 - ,
0 20 40 60 80 100

z(m) vs time(s)

0 20 40 60 80 100
Fig. 7.

In the second scenario, external disturbances affecting the
UAYV were considered.

Time=100.01

4

15 \\/ / .
10 y fé 0

< =
5 ‘ ) -10

720
04
i 10
RS J 10 0 10
10 q 0
5 ¢ . 10 -10
o © Yy axis X axis

(@ (b)
Fig. 8. 3D simulation model with noise. (a) First trajectory, (b) second
trajectory.

The simulation results in Figures 8-10 show that the
trajectory tracking control quality of the proposed algorithm is
still very good. When disturbances occur at various time points,
the proposed controller assists the quadcopter in quickly
returning to the desired trajectory after being perturbed and
deviating from its path, as indicated in Figure 11.

B. Experimental Results

To experimentally verify the control algorithm, we tested
the F450 quadcopter's ability to fly according to a given
trajectory automatically in a real environment. The parameters
of quadcopter F450 are given in Table II. Figure 12 shows the
desired flight trajectory in a space with dimensions of 20 m
width, 20 m length, and 15 m height.

Vol. 14, No. 6, 2024, 17620-17628 17626
i roll (in deg) vs tilme(s)
— Actual
50 —— Desired
-
. #i [ g I
50 ; i | |
0 20 40 60 80 100
Pitch (in deg) vs time(s)

100

20
= 0
-20

0[]

20 40 60 80 100

Position and orientation vs time without noise for the second trajectory.

Position Linear Velocity
- - - Desired — 5 - - - Desired
——Actual E 0berrs _,/\ ——Actual |
‘8 -5
20 40 0 20 40
— 5 - - - Desired
E . - ) ——Actual
> -5 \/
0 20 40
= 5 - - - Desired
E ok \/\M —— Actual
n -5 '

20 40 0 20 40
Time [s] Time [s]

Position vs time with noise following the first trajectory.

Orientation Euler Angles Rate
- - - Desired - - - Desired
—— Actual o ——Actual
“TEVTVVH o
S

20 40

- - - Desired
—— Actual

6 /s]

200 - - - Desired
46 711&‘131 E o ——Actual
S 44 : =
42 -200
0 20 40 0 20 40
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Fig. 10.  Orientation vs time with noise following the first trajectory.
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TABLE II. ACTUAL QUADCOPTER PARAMETERS
Parameter Values
Mass 1.1kg
Maximum current per motor Lyoior=4.28 A
Current of other loads on the UAV Lper=02 A

Serial cell number in PIN

Nieries= 38 Cell

Nominal voltage of the PIN Viat nomina = 11.1'V
Battery capacity 0 =4200 mmAh
Battery C-rate Crae=10
Battery discharge rule DR =80 %
Flying load Liying=30 %

0 5

Fig. 12.

10
X

15

The desired flight trajectory of the quadcopter, the trajectory of the

quadcopter when controlled by PID, and when controlled by the SMC.

The test scenario with the flight trajectory in Figure 12 is as
follows: from the starting point, the quadcopter flies vertically
to a height of 15 m at a speed of 2.05 m/s (E1), then maintains
the same altitude and x direction, flies forward in the y
direction for 20 m at a speed of 1.01 m/s (E2); then maintains
the same altitude and y direction, flies forward in the x
direction for 10 m at a speed of 1.01 m/s (E3); then maintains
the same altitude and x direction, flies back in the y direction
for 20 m at a speed of 1.21 m/s (E4); then maintains the same
altitude and y direction, flies forward in the x direction for 10
m at a speed of 0.73 m/s (ES); then maintains the same altitude
and x direction, flies forward in the y direction for 20 m at a
speed of 1.21 1m/s (E6); and finally keeps x and y directions
constant and lands at 0.59 m/s (E7). The quadcopter flight
processes in stages from El to E7 are shown in Table III along
with the maximum trajectory tracking error in the x, y, and z
directions. From Table III, we can see that the maximum
trajectory tracking error in general in all directions of the SMC
is always less than or equal to that of the PID controller.

TABLE III. SUMMARY TABLE OF ERRORS IN DIFFERENT
DIRECTION DURING THE QUADCOPTER TEST FLIGHT
Stage Error_x(m) Error_y(m) Error_z(m)
PID SMC PID SMC PID SMC
El(z) 0.15 0.15 1.75 0.5 2 1.5
E2(y) 0.75 0.4 1.5 1.0 0.1 0.1
E3(x) 0.75 0.1 0.75 0.75 0.1 0.1
E4(y) 0.5 0.5 1.0 0.75 0.1 0.1
E5(x) 1.75 0.75 2.0 14 0.1 0.1
E6(y) 0.5 0.25 2.0 1.6 0.1 0.1
E7(z) 0.75 0.5 1.0 0.5 3 0.6

V. CONCLUSIONS

In this paper, the use of a SMC to control position and
attitude of the quadcopter has been successfully implemented.
First, Newton-Euler equations were used to build the
mathematical models for control design. The proposed SMC is
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designed based on the Lyapunov function, so the system's
stability is guaranteed. Finally, the proposed control scheme
was applied to an autonomous flying quadcopter. The
simulation results show that tracking responses with minor
errors can be achieved with the proposed control system. In
addition, this work also considers the impact of external
disturbances to see the effectiveness of the proposed controller.
Our results overcome existing work and show significant
improvement. Besides, the proposed algorithm has been tested
experimentally, showing its performance when applied in
practice. Regarding future work, more investigation will be
conducted to determine ways to create a sliding surface that can
successfully account for time delay and provide a stable
system.
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