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ABSTRACT

The current paper discusses the application of Sliding Mode Control (SMC) to a quadcopter. The
controller is designed based on the system's nonlinear model. An adaptive sliding mode controller is
developed specifically for the quadcopter's attitude subsystem, aiming to mitigate the undesirable
vibration phenomena typically associated with conventional sliding mode controllers while ensuring robust
trajectory tracking for the quadcopter's attitude. The stability of the proposed controller was verified
using the Lyapunov stability theorem. The quadcopter Unmanned Aerial Vehicle (UAV) model and the
performance of the proposed controller were simulated and validated in MATLAB/SIMULINK
environment. The results demonstrate that the proposed controller effectively positions the quadcopter
with minimal error, maintaining the UA Vs flight along the prescribed trajectory. Additionally, it performs

well in trajectory tracking under collision noise and vibration reduction conditions.
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I.  INTRODUCTION

The use of Unmanned Aerial Vehicles (UAVs), especially
quadrotors, has become popular in military, academic research,
and commerce. UAVs are utilized in 3D indoor reconstruction
from photogrammetry [1, 2]. A quadrotor has many
advantages, such as vertical takeoff and landing, hovering
ability, small size, high mobility, and low price. Choosing the
right controller for a quadrotor UAV remains challenging for
both indoor and outdoor fields. This occurs because the driving
characteristics of the quadrotor are a combination of
translational and rotational dynamics as well as high
nonlinearity. Many control techniques for quadrotor systems
have been proposed in the literature. Authors in [3-7] used a
PID controller to stabilize yaw angle and yaw angle motion.
However, when employing a PID controller, it cannot meet the
requirements in noisy conditions. Other attempts to control the
quadcopter were made based on feedback linearization [8-11].
This technique is limited for some applications due to its lack
of precision. In [12-15], the authors solved the problem of
system stability in the presence of environmental disturbances.
However, the FL controller is not really suitable for sensor

noise. Therefore, this study deployed a sliding mode controller
to stabilize the quadrotor flight trajectory in the presence of
environmental disturbances. The article applies the control of a
quadrotor system based on Sliding Mode Control (SMC).

II. RESEARCH CONTENT

A. Dynamic Model of the Quadrotor

The quadrotor system dynamics modeling of [16] was used.
The mathematical model is written as a state space equation:

X=f(X.U)
where X is the state vector, U is the control input vector, and

X :[(D,Cb,@, 0,%,¥,x,x,y, 7, z,z’]T eR"” . The state space

vector can be rewritten as:

_ T 12
X—[x],xz,x3,x4,x5,xﬁ,x7,x8,x9,xm,x”,x12] eR

v=[uvu,uyu,]
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where U, , U,, U;, U,are the height, roll (p), pitch (6), yaw
angle (V) controllers, respectively. I, I,, and I, denote the
moment of inertia at the z -, y -, and x - axes of the quadrotor,
respectively, ,1is the z - axis moment of inertia of the rotor and
Q, is its total angular velocity. ¢ and s denote the cosine and s
sine functions. Cg,is the drag coefficient in x, y, z directions
and C,,,, is the aerodynamic friction coefficient. The sliding

mode controller works based on intermediate control laws for a
series of state variables defined as follows:

I,-1. Cro J -1 c
=L S =— ) =—"r ) ==t =1
4 I 4 . A LTI AT
J I.-1 c c Cay
Ay == 0, =——; LDy = =25 Ay ==
77 4 7 A i A - Ao
c 1 1 1
211:_ﬁ’alzl_x;az :I_y;azzl_

U = (CMSWCW - SMSW) =c, 5. ¢ —S. S,
Uy = (CWSWSW —S,44C, ) =¢85, 8, —S5.C

Equation (1) can be rewritten as:

X, X,
x, Ax, %, +aU, + A,x; + 1,Q, x,
X, X,
X, A%, % + a,U, + Asx; + 4,0, x,
X5 Xg
X Ax,x,+aU, +/18x§
. @)
X7 X
X U, U, m+A,x,
x‘) xlO
X U U Tm+ 4yx,
X, X2
| %, | [—g+(cPcO)U, Im+ 2 x,

B. Controller Design

1) Selection of the Sliding Surface

The task of designing the control law of the sliding function
is to ensure that all state trajectories of the system gradually
approach the sliding surface and maintain that state right after
the sliding surface is captured. The desired equation has the
form of (3):

ay™
B(x) = (Nx +Ej 3)

where x is the control variable or state vector and e(x) is the

tracking error defined as x, —x . N is a positive constant that

interprets the surface dynamics and f'is the relative order of the
sliding mode controller.

B(x) =N e(x)+e(x) “4)

This approach is based on the Lyapunov function to access
the conditions of the sliding surface [17]. The Lyapunov
function is described as:

e
T=—-B 5
) o

to stabilize T <0 it means that: T=BB<0.

The purpose of the proposed controller is to achieve
asymptotic position and attitude tracking for the quadrotor
achieved using an SMC strategy. This is accomplished by
reducing the tracking error to zero to attain the required
tracking performance. The first stage of the SMC method
involves guiding the system states towards a predetermined
sliding surface and a stability control law is formulated to
ensure that the system stays on that surface.

—X,,e, =€ 6)

€ =X €

i id
wherei=12.....,6.
B, =-LSign(B,) @)

where L; > 0 indicates constant speed.

1, B,>0
Sign(Bi) =40, B,=0 (8)
-1, B, <0

The glide mode is based on the approach law including
phase approach and glide phase. The drive system approaches
phase to maintain system stability. The sliding phase ensures
sliding to a balanced position. This law limits the switching
parameters B to a constant speed L. If the value of the L, is

too small, the time to reach it will be long. A too large value
will cause chattering, so choosing the right value determines
the success of the controller. The sliding surface of the sliding
mode controller is selected from (6). From there, the sliding
surface can be selected based on the tracking error as follows:
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Tracking error and sliding surface for roll, pitch, and yaw
dynamics are provided by (9), (10), and (11), respectively:

¢e:d)d—d):el,B1:N1CDe+d)e )
0,=6,-0=e,,B,=N,0, +6, (10)
l//g:l//d_l//:e3aB3:N3l//p+l//g (11)

The vertical surface along the X and Y directions is given
by:

x,—x=e, =x,B, =N,x, +x, (12)

yd—y=‘35:ye,Bs=N5ye+)"e (13)
Tracking error and sliding surface error for the altitude
dynamics are provided by:

By=N¢z,+%,2,=2,-z=¢ (14)

In the above equations Ny, ....... , Ng satisfy the Hurwitz
condition and are greater than 0.

The position controller is designed to control the UAV
translational dynamics model in the X and Y directions.
Consider U, and U, are the directions of U, . Directional

control is used to direct the y movement (left and right
movement).

The attitude controller is designed to stabilize the yaw,
pitch, and roll angles of the quadrotor.

The altitude controller is designed to stabilize the altitude or
vertical movement along the z-axis.

The control law is designed based on the sliding surface of
the position, altitude, attitude, and direction of the quadrotor.
2) Roll and Pitch Angles SMC Design

The tracking error and the transition surface for the roll
angle are defined in (9) and the derivative of the sliding surface
is:

B, =Nyé +¢6 =N, (b, -d)+d, - d;

(15)
B, =-LSign(B,):
From (2) we get:
o= X, = A, %, —lzxf -4Q x, +aU,
which is substituted into (15) and U, is calculated by:
1 xld—ﬂ1x4x6—lzx§—/13ﬂlx4+Nlél (16)

S +LSign(B,)

For the sliding surface dynamics and pitch angle tracking
error determined in (10), the derivative of the sliding surface is
given by:

B, =N,é, +&, =N,0,+6, =N, (0, -0)+d, -4 (17)

Substituting B2 from (7) and @ from (2) into (17) allows
us to calculate Us;:

. 2 .
1| X, —Ax,x, —Ax; —AQ, x, +N,é,

=— 18
| +L,Sign(B,) (19

3) SMC Design for Direction and Yaw

The error and sliding surface of the quadrotor are
determined by (11). The derivative of the sliding surface is
given by:

Bs =N;é; +é, =Ny, +y,

L (19)
=N, (l//d _‘//)‘H//d -y
Replacing (7) and (2) in (19) gives:
1 de —ﬂ,,x2x4 —ngg +N3é3 (20)

74, | +LSign(B,)

4) SMC Design for Z-axis Translational Motion

The relationship between the control input U; and the
gravitational and aerodynamic forces along the z-axis is used to
determine U,. The sliding surface and the error of the z- axis
dynamics are determined in (14). The derivative is given by:

By =Nge, +€; =Ngz, +7, =N (2, -2)+Z, - %
6 676 6 6 é(d ) d (21)

B, =—LSign(B,);

Substituting the translational dynamic equation Z in (2) into
(21), the height control input U is calculated by:

m |:.Z.d =X, +g+N6é6:|

U =
: +LSign(By)

(22)

Cxlcx3

5) SMC Design of X and Y Axes Translation Motion

The same method is followed to formulate the control laws
U, and U, to stabilize the corresponding positions of the
quadcopter in the X and Y directions. The dynamic force in the
X direction of the selected sliding surface and the error are
described in (12) and the derivative is calculated as follows:

B, =N,, +¢, =N,x +& =N, (%, —x)+% — X
4 4%4 4 4% e 4(d ) d (23)

B, =-L,Sign(B,);

Substituting the dynamic equation in the X direction in (2)
into (23), the desired position controller in the X direction U,
is obtained as:

_m réw — Ay Xy +N4'é4:|

* U, | +L,Sign(B,)

(24)

For position dynamics in the Y direction, the selected
sliding surface and error are described in (13) and the
derivative is given by:
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B, =N.é +& =Ny, + 3,
:Ns(yd_).})_{'yd_y (25)
B, =-L,Sign(B;)

Substituting the dynamic equation in the Y direction in (2)
into (25), the desired position controller in the Y direction U ’

is obtained as:

, :E jét)d _.ﬂ'l()xl() +N5é5 (26)
U, | +LSign(B;)

C. Chattering Reduction

The slide controller may vibrate due to the function
Sign(B;). The control law in (16), (18), (20), (22), (24), (26) in
a finite time controls the direction and position of the quadrotor
and will converge to the reference position. However, the
function Sign(B;) will cause vibration due to chattering around
the sliding surface. Some studies attempted to reduce the
vibration caused by chattering by trying different methods such
as neural networks and boundary conditions around the SMC
sliding surface [18, 19]. In this study, creating a boundary layer
around the sliding surface is used to reduce the vibration of the
system. To limit the effects of vibrations, the saturation
function Sat(B;) is used instead of the Sign(B;) function. The
saturation function equation is [20]:

1, B(i)> A
Sat(B(i)) = %, B(i) <A Q7
-1,  B(i)<-A

where A is the boundary layer. The essence of the saturation
function is to select the switch control at the boundary layer
and apply normal feedback conditions. In this way, the
chattering phenomenon is completely limited.

The SMC controller relies on the saturation function. The
limit on the quadrotor system is rewritten as follows:

U _i X4 _/7~1X4X6 —/12)(; _/13le4 +N1é1

* a|+LSat(B))

U 1 _)'c3d = A X, %, —ﬂsxf -0, x, +N,e,
* g, | +L,Sar(B,)

1 _).Csli _/17x2x4 _ﬂxxé +N3é3

ay| +LSat(B;)

(28)

U, = Uﬂ[xw ~Zx, +N&, +L,Sat(B,)]
1

U, = Uﬂ[je% — XX, +Nyé; + LSat(By) ]
1

m

U, = [Z,—Axp, +8+Neé, + LSat(By) |

c.C

x17x3

When using control law (28), the actual position of the
quadrotor will ensure convergence to the reference position in
finite time and significantly limit the chattering phenomenon
around the sliding surface.

III. RESULTS AND DISCUSSION

A. Simulated Results without Noise

The control goal is to track the trajectory. Figure 1 shows
the SIMULINK model of a quadcopter with position and
attitude control modules in the loop. The system was tested
with and without interference. The UAV simulation parameters
are displayed in Table I. Simulations were conducted to
evaluate the performance of the sliding mode controller using
the sat and sign functions. Figures 2, 3, 4 show 3D and 2D
orbits, position, and attachment angles.

r_psi_des| refTra)

Trajectory N xyzanz
wl—»lue

t»
w2l dphi ciht cpsi1)
dpnioneses ] L
xvzi

B thC psic: -
- it s ‘—\ Attitude control ’—Ddum it dpsi
5
s >

dphi diht dpsi

;— phithtpsi  ROLL PITCH YAW

PhIC thiC psiC

Position ‘Control Quadrotor

Sliding Variable

Fig. 1. Simulink model of the SMC system.
TABLE L. UAV PARAMETERS USED IN SIMULATIONS
Parameter Value Unit
K 13328 x 10* | Kg.m
K 13858 x 10° | Kg.m?
m 14 Kg
l 0.56 m
I, 0.05 Kg.m’
I, 0.05 Kg.m’
I 0.24 Kg.m’
g 9.81 m.s

3D Trajectory of Quadrotor 2D Trajectory of Quadrotor

—Desired trajectory | g

—Saturation function
= =Sign function
8 =4}
6 s
Es 10 2l
N
2 5
" 0 X(m)
5
10 5 o 34 !
Y (m) 0 2 4 6
X (m)
Fig. 2. Quadrotor's 3D and 2D orbits.
z = Desired
= — ; T —Saturation function
=2 — -Sign function
N |
0 I I I s
5 10 15 25 35 40 45 50
Time (s)
Y
=6 T T
E4 1
5-'% . " L . ]
5 10 15 20 25 30 35 40 45 50
Time (s)
X
Y ]
X2[
0 . .
5 10 15 20 25 30 35 40 45 50
Time (s)
Fig. 3. Tracking the Z, Y, X positions of the quadrotor.
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= Roll — Saturation function z — Desired
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Q!“: 2 T i r ign function NE'% |/'I | | | | I " -s\agnr:.mocrl‘\onnc ion
% -5 1 5 10 15 20 25 30 35 40 45 50
[ 5 10 15 25 30 35 40 45 50 Time (s)
T Time (s) pitch Y
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- m— - = e
L5 ! W} ! ! ! r . 5 10 15 20 25 30 35 40 45 50
o 5 10 15 20 _25 30 35 40 45 50 Time (s)
,_P; . Tlme () Yaw %
;. —— . . :
5 C{ R AN N 2 N
® 5. L : L - Lot WS 5 10 15 20 25 30 35 40 45 50
& 5 10 15 20 _25 30 35 40 45 50 Time (s)
Time (s)
Fig. 4. Quadrotor attachment angles with saturation function and sign Fig. 7. Tracking positions Z, Y, X (there is noise from 7 = 10's).
function. —_ Roll |- saturation function
g 5 p
In Figures 2 and 3, it can be observed that the position €y
tracking error of the controller is very good with the error being 25
less than 0.1 m. However, the response time of the controller _
when using the sign function is 0.2 - 0.5 s larger than that E
acquired when using the saturation function (see Figure 4). The =
quadrotor's attachment angle when utilizing the saturation i-"_s
function will reduce oscillations caused by chattering T 8 40 48 W i e 0 B
phenomenon more than the sign function. The UAV trajectory © X ' ‘ ‘ ! ' ‘ ‘ T
Root Mean Square (RMS) tracking error without noise with the E | l ' ‘ ll%" + !i,l 'I | ’ ‘ I ‘ Gl ‘m
SMC set when using the saturation function is 0.5 m, while the > B At A5 2 528,00 A5 4 #65 B
RMS with the sign function is 0.9 m.
g Fig. 8. Quadrotor attachment angles with saturation function and sign

B. Simulated Results witht Noise

White noise (sensor noise) signal was added to the
simulations with the proposed controller with P = 0.0002 w and
T = 0.001 s, as shown in Figure 5. Noise was applied as an
input at time ¢t = 10 s. Figures 6, 7, 8 exhibit the quadrotor's
tracking orbits in 3D, 2D, Z, Y.

0 5 10 15 20 25 30 35 40 45 50
Time(s)
Fig. 5. ‘White noise impact from the 10th second.
3D Trajectory of Quadrotor 2D Trajectory of Quadrotor
—Desired trajectory
—Saturation function = ————
— -Sign function "3
=4 4
= E| Fr-----
5 -
E > -
Nol /10 2
10 /s :
5 0\\ /‘/0 0 ——e—*-wj
s o 2 4 6
Y (m) X (m) X (m)
Fig. 6. Quadrotor's 3D and 2D trajectory (there is noise from ¢ = 10 s).

functions (there is noise from 7 = 10 s).

It can be concluded that the controller is robust enough to
withstand the influence of disturbances. The system becomes
unstable when there is additional noise. Figures 6 and 7
demonstrate that is takes about 5 s for all coordinates to
converge to the desired value. In Figure 8, when using the sign
function in an environment with additional noise, the tracking
angles will jerk with large amplitudes due to the chattering
phenomenon. When utilizing the sat function, it can be seen
that the amplitude is stable, which helps the system to track
location better. The UAV trajectory tracking RMS error when
there is noise when using the saturation function is 2.47 m,
while the RMS with the sign function is 3.09 m.

IV. CONCLUSION

The proposed sliding mode controller has demonstrated
stability with the ability to move and track the trajectory of the
UAV. A non-linear model and a sliding mode-based controller
have been synthesized to ensure noise reduction, which can
improve the stability under the influence of disturbances. In
addition, in a noise-free environment, the proposed controller
with the saturation function has a negligible RMS error in
comparison to the 0.9 m error acquired with the sign function.
In a noisy environment, the RMS error will be greatly affected,
being 2.47 when using the saturation function and 3.09 when
using the sign function. However, the proposed control law has
helped the UAV operate stably at the reference altitude and
track the trajectory in the simulation. The next development
direction can apply the SMC controller with the saturation
function in real conditions with natural disturbances.
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