3rd International Conference on Automation, Control, Engineering and Computer Science (ACECS'16)

Proceedings of Engineering & Technology (PET)
pp. 834-840
Copyright IPCO-2016

Modeling and Sliding Mode Control of a Quadrotor
Unmanned Aerial Vehicle

Nour BEN AMMAR, Soufiene BOUALLEGUE and Joseph HAGGEGE
Research Laboratory in Automatic Control (LA.R.A), National Engineering School of Tunis (ENIT)
University of Tunis El Manar, BP 37, Le Belvédere, 1002 Tunis, Tunisia
E-mails: nourelhouda.benammar @enit.rnu.tn, soufiene.bouallegue @issig.rnu.tn, joseph.haggege @enit.rnu.tn

Abstract—In this paper, a detailed mathematical model for
a Quadrotor Vertical Take-Off and Landing (VTOL) type of
Unmanned Aerial Vehicles (UAVs) is firstly established for the
nonlinear attitude and position control. All aerodynamic forces
and moments of the studied Quadrotor UAV are described
within an inertial frame. The dynamic model is obtained using
the Newton-Euler formalism. A nonlinear Sliding Mode Con-
trol (SMC) approach is then designed for this vehicle in order to
stabilize its vertical flight dynamics. The tracking of an helical
desired trajectory is investigated for the SMC-controlled Quad
rotorcraft. Demonstrative numerical simulation are carried out
in order to demonstrate the effectiveness of the proposed control
approach.

Index Terms—VTOL aircraft, Quadrotor UAV, modeling, flight
dynamics, sliding mode control, attitude and position stabiliza-
tion, Lyapunov theory, path tracking.

I. INTRODUCTION

An Unmanned Aerial Vehicle (UAV) refers to a flying
machine without an on-board human pilot [1], [2], [3], [4],
[5]. These vehicles are being increasingly used in many civil
domains, especially for surveillance, environmental researches,
security, rescue and traffic monitoring.

Researchers have led to different designs for this type of
aircrafts. A Quadrotor UAYV is one of the Vertical Take-Off and
Landing (VTOL) designs which are proven to have promising
flying concepts due to their high maneuverability. The complex
mechanical structure of the Quadrotor, its strongly nonlinear
and coupled dynamics, its multiple inputs-outputs and the
observation difficulty of its states allowed this VTOL aircraft
to be a popular topic of research in the field of robotics and
nonlinear control theory. So, modeling and control of this kind
of nonlinearl systems became increasingly difficult and hard
tasks in the practical design and prototyping framework.

Several linear control approaches, such as PID,Linear
Quadratic Regulator (LQR) and Linear Quadratic Gaussian
(LQG), have been proposed in the literature and applied for
attitude stabilization and/or altitude tracking of Quadrotors
[6], [7]. However, these methods can impose limitations on
application of Quadrotors for extended flight regions, i.e.
aggressive maneuvers, where the system is no longer linear.
Moreover, the stability of the closed-loop system can only be
achieved for small regions around the equilibrium point, which
are extremely hard to compute. In addition, the performances
on tracking trajectories of these control laws are not satisfac-
tory enough comparing with other more advanced methods.
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To overcome this problem, nonlinear control alternatives, such
as the feedback linearization [8], SMC [9], [10], [11] and
Backstepping [13] approaches are recently used in the VTOL
aircrafts control framework. An integral predictive/nonlinear
H strategy has been also proposed and applied by G.V.
Raffo et al. in [12]. In this paper, a nonlinear SMC approach
is proposed for the attitude stabilization for a Quadrotor. Roll,
pitch and yaw dynamics are separately controlled thanks to
Lyapunov-based designed SMC controllers. A nonlinear model
of the studied UAV is firstly established using the Newton-
Euler formulation.

The remainder of this paper is organized as follows. Section
II presents the flight dynamics modeling of the Quadrotor UAV
based on the well known Newton-Euler approach. Section III
is devoted to design a nonlinear SMC approach for the UAV
flight stabilization and path tracking. All numerical simulation
results, obtained for modeling and control, are presented and
discussed in Section IV. Section V concludes this paper.

II. MODELING OF THE QUADROTOR UAV

Design and analysis of control systems are usually started
by carefully considering mathematical models of physical
systems. In this section, a complete dynamical model of the
studied Quadrotor UAV is established using the Newton-Euler
formalism.

A. System description and aerodynamic forces

A Quadrotor is an UAV with four rotors that are controlled
independently. The movement of the Quadrotor results from
changes in the speed of the rotors. The structure of Quadrotor
in this paper is assumed to be rigid and symmetrical. The
center of gravity and the body fixed frame origin are coincided.
The propellers are rigid and the thrust and drag forces are
proportional to the square of propeller’s speed. The studied
Quadrotor rotorcraft is detailed with their body- and inertial-
frames F (b,z",y",2%) and F; (G,X% Y% Z%) respec-
tively, as shown in Fig. 1.

Let consider the following model partitions naturally into
translational and rotational coordinates [1], [3], [4], [5]:

n=(¢0,9) R (1)

where £ = (z,y, z) denotes the position vector of the center
of mass of the Quadrotor relative to the fixed inertial frame,

¢ = (z,y,2) € R®,
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Fig. 1. Mechanical structure of the Quadrotor and related frames.

1 = (¢, 0,1) denotes the attitude of the Quadrotor given by
the Euler angles ¢, 6 and .

We note that, ¢ is the roll angle around the x-axis, € is the
pitch angle around the y-axis and v are the roll angle around
the z-axis. All those angles are bounded as follows:

T s
—§<¢<§ 2)
T s
—§<0<§ 3)
—r<Y <7 “4)

Each motor M; (i=1, 2, 3 and 4) of the Quadrotor produces
the force which is proportional to the square of the angular
speed. Known that the motors are supposedly turning only in a
fixed direction, the produced force F; is always positive. The
front and rear motors (M1 and M3) rotate counter-clockwise,
while the left and right motors (M2 and M4) rotate clockwise.
As given in [1], [5], [2], the gyroscopic effects and the
aerodynamic torques tend to cancel in trimmed flight because
the mechanical design of the Quadrotor. The total thrust F’ is
the sum of individual thrusts of each motor. Let denote by m
the total mass of the Quadrotor and g the acceleration of the
gravity.

The orientation of the Quadrotor is given by the rotation
matrix R : F'; — Fj, which depends on the three Euler angles
(¢,0,7) and defined by the following equation:

cpcl  spshcyy — sl cpsbc) + sipso
R(4,0,v) = | stbch spsOsp + cipcl  cpsOs — spcy
—s6 s¢ch coch

&)
where ¢ (.) = cos(.) and s(.) =sin (.).

During its flight, the Quadrotor is subjected to external
forces like the gusts of wind, gravity, viscous friction and
others self generated such as the thrust and drag forces. In
addition, external torques are provided mainly by the trust
of rotors and the drag on the body and propellers. Moments
generated by gyroscopic effects of motors are also noted.

The trust force generated by the 7., rotor of the Quadrotor
is given by:

1
F; = ipAC’Tr%Jf = bw? (6)

where p is the air density, » and A are the radius and the
section of the propeller respectively, C'r is the aerodynamic
thrust coefficient.

The aerodynamic drag torque, caused by the drag force at
the propeller of the i, rotor and opposed the motor torque,
is defined as follows:

1
0; = §pACDr2wiQ = dw? @)

where Cp is the aerodynamic drag coefficient.

The pitch torque is a function of the difference (F5 — F}),
the roll torque is proportional to the term (Fy — Fb) and the
yaw one is the sum of all reactions torques generated by the
four rotors and due to the shaft acceleration and propeller
drag. All these pitching, rolling and yawing torques are defined
respectively as follows:

Tgil(Fngl) (8)
T¢:l(F4—F2) (9)

Tw:C(Fl—F2+F3—F4) (10)
where ¢ is a constant coefficient and [ denotes the distance
from the center of each rotor to the center of gravity.

Two gyroscopic effects torques, due to the motion of the
propellers and the Quadrotor body, are additively provided.
These moments are given respectively by:

}T

4
Mgy = QN[ 0,0/, (-1)" w; (11)
=1

Mg, = QN JQ (12)
where () is the vector of the angular velocity in the fixed
earth frame and J = diag [I,, I, I,] is the inertia matrix of
the Quadrotor, I, I, and I, denote the inertias of the x-axis,
y-axis and z-axis of the Quadrotor, respectively, J, denotes
the z-axis inertia of the propellers’ rotors.

The Quadrotor is controlled by independently varying the
speed of the four rotors. Hence, these control inputs are defined
as follows:

Uy F b b b b w?
u . ) o 0 =Ib 0 b w%
us | | 179 | | =b 0 Wb O w3
Uy T d —-d d —d wZ

(13)
where b > 0 and d > 0 are two parameters depending on the
air density, the geometry and the lift and drag coefficients of
the propeller as given in Eq. (6) and Eq. (7), and wq 23 4 are
the angular speeds of the four rotors, respectively.

From Eq. (13), it can be observed that the input u; denotes
the total thrust force on the Quadrotor body around the z-
axis, the inputs us and ug represent the roll and pitch torques,
respectively. The input u,4 represents the yawing torque.



B. Modeling with Newton-Euler formalism

While using the Newton-Euler formalism for modeling, the
Newton’s laws lead to the following motion equations of the
Quadrotor:

{méZFth—FFd-FFQ (14)

JQ:M—M(JP_MGIJ_M@

4 T
where Fiy, = R(¢,0,v) [0,0, ZFl} denotes the total
i=1

thrust force of the four rotors, Fy; = diag(nl,ng,ng)fT
is the air drag force which resists to the Quadrotor motion,
F, = [O,O,mg]T is the gravity force, M = [T¢,T9,T¢]T
represents the total rolling, pitching and yawing torques,
Mgy, and Mg, are the gyroscopic torques and M, =

diag (K4, K5, Kg) 2,62, 1/)2] ' is the torque resulting from the
aerodynamic frictions.

Substituting the position vector and the forces expressions
intoEq. (14), we have the following translational dynamics of
the Quadrotor:

1

= 1 (copcrsl + spsp) ug — By
m

j = — (costst) s — 2 1s)
Z=—copclu; — g — @2
m m

From the second part of Eq. (14), and while substituting
each moment by its expression, we deduce the following
rotational dynamics of the rotorcraft:

. I,— L) Jr~ - FKq- 1
6= Bt - 00 - 33 4
o (L=IL) s S s i
jo =l - )¢¢_TQT¢_T592+T“3 (16)
(L 21) .. e 1’ !
=T g — T8y
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where k12 .. ¢ are the drag coefficients and positive constant,
Q, = wj; —ws + w3 — wy is the overall residual rotor angular
velocity.

Taking X = (¢7 (Z.57 97 6.7 /ll)7 /lb7 x7 :‘t.ﬂ y? y-7 Z? ’é
tor, the following state-space representation of the studied
Quadrotor is obtained as follows:

T
as state vec-

S.Cl = X2
By = 3Q 24
To = a124%¢ + a3ilyxy + a2w5 + b1U2
ig = X4
By = Q 24
T4 = a422T6 + apllrTo + asxy + boug
f5 = T
. 2
. T6 = arTaTq + agxg + baug
X=f(X,u)= [———
. 1
g = agxs + 57 (copcst) + spsh) ug
Tg = Z10
. 1
T10 = a10%10 + 5 (chsts — spcy) uy
T11 = T12
. cpch
T2 = a11%12 + (fn, up —g

A7)

where:
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III. SLIDING MODE CONTROL OF THE QUADROTOR
A. Basic concepts of SMC

The SMC is a type of Variable Structure Control (VSC).
Its basic idea is to attract the system states towards a surface,
called sliding surface, suitably chosen and design a stabilizing
control law that keeps the system states on such a surface. For
the choice of the sliding surface shape, the general form of
Eq. (18) was proposed by Stoline and Li in [13]:

d\""
S(x)= <>\I + > e(x) (18)
dt
where = denotes the variable control (state), e (x) is the
tracking error defined as e(x) = x — x4, A, is a positive
constant that interprets the dynamics of the surface and ¢ is
the relative degree of the sliding mode controller.

Condition, called attractiveness is the condition under which
the state trajectory will reach the sliding surface. There are
two types of conditions of access to the sliding surface. In
this paper, we will use the Lyapunov based approach. It
consists to make a positive scalar function, given by Eq. (19)
and called Lyapunov candidate function, for the system state
variables and then choose the control law that will decrease
this function:

V(z) <0, withV(z) >0 (19)
In this case, the Lyapunov function can be chosen as:
1
V(z) = §S(a:)z’ (20)

The derivative of this above function is negative when the
following expression is checked:

S(x)S(x) < 0 21

The purpose is to force the system state trajectories to
reach the sliding surface and stay on it despite the presence
of uncertainty. The sliding control law contains two terms as
follows:

u(t) = teq (t) +up (¢) (22)

where u., (t) denotes the equivalent control which is a way to
determine the behaviour of the system when an ideal sliding
regime is established. it is calculated from the following
invariance condition of the surface:

{S(x,t)_()

$(2t) =0 23)



and up () is a discontinuous function calculated by checking
the condition of the attractiveness. It is useful to compensate
the uncertainties of the model and often defined as follows:

up (t) = —Ksign (S (t)) 24)

where K is a positive control parameter and sign (.) is the
sign operator.

B. SMC controllers design for the Quadrotor

For the attitude control, we use the rotational motion model
given by Eq. (16). The translational dynamics model of
Eq. (15) is used to design the Quadrotor position controller.
Let also consider the state vector given by Eq. (17).

We begin by defining the tracking errors which represent
the difference between the set-point and current values of the
state: ]

€itl = €4
{ei:xi—xid,izl,l...,ll (25)

The sliding surfaces are chosen based on the tracking errors
such as:

S¢ =e9 + A€
Sp = eq + Aae3
S,/, = eg + Azes
S, = es + \se7 (26)

Sy =e€10 + )\569
S, = e12 + Age1n

Let consider for the roll dynamics SMC design the follow-
ing Lyapunov function:

1
V (Sy) = 5S;‘; 27)
While referring to Eq. (19) and Eq. (21), we deduce the
expression of the derivative roll surface given as:

Sy = —Kysign(Sy) (28)

By changing o with its expression and referring to the
above equations, the control law uy is given by:

o — 1| —ajz4w6 — azQry — asr3+
27 by | d1a— Mér — Kysign (Sg)

While following exactly the same steps as the roll controller
design, the control inputs u3 and u4, responsible of generating
the pitch and yaw rotations respectively, are calculated as
follows:

] (29)

1 [ —ayzom — agQrwa — aszi+
Us =31 s : . 30
57 by [ F3q — Aaé3z — Kosign (Sp) (30)
L [ —arzoxy — aszg+
= s - . 31
T [ F5q4 — A3és — Kzsign (Sy) @D

Using the same method, we deduced the control laws u;,
u, and u, for the stabilization of z, x and y positions of the
Quadrotor, respectively. These control inputs are computed as
follows:

m

- cpct

[—a11212 + Z114 — €11 — Kesign (S.) + g]
(32)

TABLE I
QUADROTOR MODEL PARAMETERS.

Parameters I

Lift coefficient b
Drag coefficient d
Mass m

Arm length [
Motor inertia J,
Quadrotor inertia J

Values and units ]

2.984 e-05N.s% /rad?
3.30 e-07 N.s%/rad?

05 kg

50 cm

2.8385 e-05 N.m/rad/s2
diag (0.005,0.005, 0.010)

aerodynamic friction coeffs. K1 2 3 0.3729
translational drag coeffs. k4 5.6 5.56 e-04
acceleartion of the gravity g 9.81 m/s?

Uy = uﬁ [—agws + d7a — Aaér — Kysign (Sz)] (33)
1
uy [ [_agxlo —+ Tod — )\569 - KSSZgn (Sy)] (34)

U1
IV. SIMULATION RESULTS AND DISCUSSION

In this section, the proposed SMC approach for the Quadro-
tor attitude stabilization is implemented in order to verify his
validity and efficiency. For the simulation, we use the physical
parameters of Table I . The initial position and angle values
are set as [0,0,0] m and [0, 0, 0] rad.

Even though the reference angle were changed in every
moment, the proposed control scheme managed to effectively
hold the quadrotor’s attitude in finite-time, as shown in Fig. 2
and Fig. 3 for the attitude dynamics control, and in Fig. 4 and
Fig. 5 for the position dynamics tracking. In Fig. 6, we present
the helical trajectory tracking of the Quadrotor. It is shown that
even though the quadrotor’s attitude and position are affected
by the abruptly changed reference angles, the designed SMC
controllers are able to drive all these state variables back to the
new reference angle and position within seconds. Moreover,
the aerodynamic forces and moments are taken into account
in the controllers design. Those demonstrate the robustness of
the proposed control strategy and its effectiveness.
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Fig. 2. SMC- based results for the attitude tracking of the Quadrotor.
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Fig. 4. SMC based results for the position tracking of the Quadrotor.

V. CONCLUSION

In this paper, we deal with the problem of the stabilization
and tracking of a Quadrotor vehicle using a nonlinear sliding
mode control approach. Firstly, the development of a dynamic
nonlinear model of the Quadrotor, taking into account the
different physics phenomena and aerodynamic forces and
moments, is presented thanks to the Newton-Euler formalism.
Sliding mode controllers are then designed based on the
Lyapunov theory to stabilize and track the Quadrotor attitude
and position. Several simulations results are carried out in
order to show the effectiveness of the proposed modeling and
nonlinear control methodology. Forthcoming works deal with
the tuning and the optimization of all SMC parameters with
metaheuristics-based approaches. In addition, the Hardware-
In-the-Loop (HIL) co-simulation of the designed SMC ap-
proach will be also investigated.
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