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Sliding Mode Control strategy Based Extended Kalman Filter
Observer for a 6 DOF Quadrotor Helicopter

Samir ZEGHLACHE, Djamel SAIGAA, Kamel KARA

Abstract—The control of the quadrotor helicopter includes
nonlinearities, uncertainties and external perturbations that
should be considered in the design of control laws. This paper
presents a control strategy for an underactuated six degrees of
freedom (6 DOF) quadorotor helicopter, based on the sliding
mode control (SMC). The main purpose of this work is to
proposed a non linear observer based on extended kalman
filter (EKF) to estimate the unmeasured states. Finally
simulation results are included to indicate the quadrotor UAV
with the proposed controller ensure a good tracking of a
desired trajectory and remain robust to the external
disturbances.

1. INTRODUCTION

Autonomous Unmanned Air vehicles (UAV) are
increasingly popular platforms, due to their use in military
applications, traffic surveillance, environment exploration,
structure inspection, mapping and aerial cinematography, in
which risks to pilots are often high. Rotorcraft has an
evident advantage over fixed-wing aircraft for vari
applications because of their vertical landing/talegg
capability and payload. Among the rotorcraft, drotor
helicopters can usually afford a larger pa than
conventional helicopters due its four rotors. Mpsgder, small
quadrotor helicopters possess a great bility and
are potentially simpler to manufacture. %e advantages,
quadrotor helicopters have received Wuch terest in UAV
research [1].

The quadrotor is an E(@tuated system with six

outputs and four inputs, and tates are highly coupled,
Many efforts have been control quadrotor helicopter
and some strategieg h n developed to solve the path
following proble X is type of system, First of this
works the quadrgeQr been controlled
swhe author in [2] take into account the
gyroscopi cts and show that the classical model
indepgq @D controller can stabilize asymptotically the
the quadrotor aircraft. Moreover, they used a new
function, In this paper we are interested
principally in a dynamical model of the quadrotor Then, we
present a control technique based on the development and

in 3 DOF su
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the synthesis of a stabilizing control laws b ing mode
approach ensuring locally asymptotic stg#ility and desired
tracking trajectories expressed in te centre of mass
coordinates along (X, Y, Z) axis an gle. Which leads
to an exponentially stabilizin cc&)ller based upon the
PD2 and the compensation c@riolis and gyroscopic
torques. While in [3] the aut evelop a PID controller in
order to stabilize altitude. a PID controller and a LQ
controller were propo tabilize the attitude. The PID
controller showed the ity to control the attitude in the
presence of & @ p%rturbation and the LQ controller
provided axgNa\g®sults. In [5] the authors the combination
of the baing technique and a nonlinear robust PI
control o integral action gain is nonlinear and based on
a switc@ function that ensures a robust behaviour for the
| eontrol law. In [6] they proposed the Backstepping
Logic controller (BFL) and Backstepping Least Mean
uare controller (BLMS) as new approaches to control the
ttitude stabilization of quadrotor UAV. And there are many
works which control the quadrotor in 6 DOF, First of all,
several backstepping and feedback linearization controllers
have been developed. In [7] present the nonlinear control
techniques applied to an autonomous micro helicopter type
Quadrotor using the backstepping approach, In [8] presented
the Backstepping Approach for Controlling a quadrotor
Using Lagrange Form Dynamics In addition, two neural
networks are introduced to estimate the aerodynamic
components, one for aerodynamic forces and one for
aerodynamic moments. In [9] a mixed robust feedback
linearization with linear ooGH controller is applied to a
nonlinear quadrotor unmanned aerial vehicle. In [10] the
control strategy includes feedback linearization coupled with
a PD controller for the translational subsystem and a
backstepping-based PID nonlinear controller for the
rotational subsystem of the quadrotor. And there is another
non linear control technique applied to the quadrotor such as
in [11] applied a robust adaptive-fuzzy control. This
controller showed a good performance against sinusoidal
wind disturbance. In [12] presented the comparison between
a based model method and a fuzzy inference system to
controlling a drone.

The sliding mode control has been applied
extensively to control quadrotors. The advantage of this
approach is its insensitivity of the model errors, parametric
uncertainties, ability to globally stabilize the system and
other disturbances [13]. In [14] author used the sliding mode
approach to control a class of underactuated systems
(quadrotor), In [15] the authors presents a continuous sliding
mode control method based on feedback linearization
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applied to a Quadrotor UAV, In [7, 16] These papers present
a new controller based on backstepping and sliding mode
techniques for miniature quadrotor helicopter, In [1] presents
two types of nonlinear controllers for an autonomous
quadrotor helicopter. The first type is a feedback
linearization controller that involves high-order derivative
terms and turns out to be quite sensitive to sensor noise as
well as modelling uncertainty. The second type involves a
new approach to an adaptive sliding mode controller using
input augmentation in order to account for the underactuated
property of the helicopter.

In this work, we present a control technique based
on the development and the synthesis of a control algorithm
based upon sliding mode to ensure the locally asymptotic
stability and the desired tracking trajectories expressed in
terms of the centre of mass coordinates along (X, Y, Z) axis
and yaw angle, while the desired roll and the pitch angles are
deduced unlike to [8].

However, the extended Kalman filter is considered
to be the best solution in order to estimate unmeasured states
and the effects of additive uncertainties. Finally all the
control laws synthesized are highlighted by simulations
which gave results considered to be satisfactory.

II. QUADROTOR DYNAMICS MODELING

A quadrotor helicopter is a highly nonlinear, multivarial
strongly coupled, and underactuated system (six degr

freedom (6 DOF) with only 4 actuators). The majforces
and moments acting on the quadrotor are p@

propellers. The generalized coordinates for th raft are

$\\ (1

¢ centre of mass of

q=(xy,2y.0,p)c R

Where (x,y,z) denote the position
e, and (y,0,p)are

and roll angles and
torcraft (Fig.1).Therefore,
aturally into translational and
ented in [17] by the following

the quadrotor relative to the iger

the three Euler angles ya
represent the orlentatlon
the dynamic model parj
rotational coordma

equations.
e R?
Yw,0)e R*

Figure 1. The quadrotor in an inertial frame
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mx =—usin@

my =ucos@dsing

mzZ =ucos@cosp—mg

V=7, 3)

Where

u=fi+hHL+/3+/
fi=ka? Vi=1234

@"9 5

4 &
=% 6 ©)

)1 (7)

&here [ is the distance from the motors to the centre of

gravity and 7, is the couple produced by motor M,. Since
the Lagrangian contains no cross-terms in the kinetic energy

combining ¢ and 7 (eq 6), the Euler—Lagrange equation can

be partitioned into the dynamics for the & coordinates and
the # dynamics. we obtains

Jij==C (mnh+t (8)

In order to simplify let us propose a change of the input
variables:

~Cmnh+Jz )
Where
fw
T=|7, (10
?(/J

are the new inputs. Then

=7 (11

Where x and y are the coordinates in the horizontal plane,
and z is the vertical position (Fig.1). y is the yaw angle
around the z-axis, @ is the pitch angle around the (new) y-
axis, and ¢ is the roll angle around the (new) x-axis.

The control inputsu,7,,,7gand 7, are the total thrust or
collective input (directed out from the bottom of the aircraft)
and the new angular moments (yawing moment, pitching
moment and rolling moment). The different physical
parameters of the quadrotor are presented in Table.1 [17]
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and U, computed to follow the desired xy movement.

TABLE L. PHYSICAL PARAMETERS OF THE QUADROTOR Finally the rotation controller is used to stabilize the

m. | Motor weight 0.10 kg quadrotor under near quasi-stationary conditions with
! _ control inputs 7,,,7,,7, .
m, | Battery weight 0.60 kg P yrecte
m Total weight of the quadrotor 0.52 kg
/ Distance from motors to the 0.205 m IV. EXTENTED KALMAN FILTER OBSERVER
centre of gravity
g Gravitational acceleration 981 m/s2 The Kalman filter was developed by man in
1960. Due to advances in the developme f digital
computing, the Kalman filter is a sué ®©f extensive
II.  STRATEGY OF THE QUADROTOR research and application. Kalman ﬁlt% s been applied
The Quadrotor model (3) can be rewritten in state space 10 the areas of acrospace, navigawQmwflanufacturing, and

many others.

where X = f(x)+g(X,U) and X =[x,...,x;,]" is the state .
vector of the system such as: The Kalman filter ffoWlcs a means for inferring
. missing  information (gt indirect (and noisy)
X =[x,%,,,2,2y.y,0,0,0,¢] (12)  measurements. It provm ¢ optimal (minimum variance)
. . state estimate when t ynamic system is linear and the
From (S)t. a?d (12) we obtain the following state . ... cha@@i&s of the various noise elements are
representation: know The X optimal recursive estimation algorithm
X =x, based on t -square sense for estimating the states of
dynami near systems. That is, it is an optimal
X, :i”x estimat or computing the conditional mean and
m coyNjance of the probability distribution of the state of a
X3 =X, ar stochastic system with uncorrelated Gaussian
1 ocess and measurement noise.
Y4 = m Uy Since the state models are nonlinear, the EKF can be
o= applied to estimate state variables. The Nonlinear discrete
5 16 models with white noise are given as follows:
xg =—ucos (xy)cos (x,,)-g (13)
m @) xle+1)= £ (xlih i) + wlk)
i =, Q ) =) (k) as)
Xg = T'y, t w and v are the system and measurement noise.
Xo =Xy For linearization process in the model, the partial derivative

Loz @ is introduced and discrete state models are:
X0 =7o

X =x
o )2 lkh )
2= - T 16
? 0 &) | goeserny (1o
U, =—,
* 14
{u , 0%Xg SiN X (19 _ ah(x(k))
P H(k)_ T 17
: - o (k) (k)=x(k /) {17
c ieve a robust path following for the =Y
qua @ elicopter, two techniques, capable to control the o . .
helicgg in presence of sustained external disturbances, Estimation of an error covariance matrix
parametric uncertainties and unmodelled dynamics are P’(k+1):F(k)P(k)F(k)T 10 (18)

combined. The proposed control strategy is based on the
decentralized structure of the quadrotor helicopter system, Computation of a Kalman filter gain

which is composed of the dynamic Equation (1). The overall } . ) ; T 19)
scheme of the control strategy is depicted in Fig. 2. The k(k+1)=P(k+1)H (k)[H(k)P (k+1)H (k) +R}
translational motion control is performed in two stages. In  Update of a error covariance matrix

the first one, the helicopter height z is controlled and the

total thrust U, is the manipulated signal. In the second stage, P(k+1)= (I—K(k+1)H(k))P’ (k+1) (20)

the reference of pitch and roll angles (g,and ¢,, State estimation

respectively) are generated through the two virtual inputs R R R
R (k1) = X (k)+ K (k1) (k+1)=h( X (k+1))] 1)
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Where:

P-(k+1) is a priori error covariance matrix
Q and R respectively and are independent from the system
state [4].

V. DISCRETIZATION OF THE QUADROTOR MODEL

The corresponding discrete time model is given by:

x(k+1)=f(x(k),u(k))
y(k)=h(x(k))

We are assuming that the sampling time Ty is very

small compared to the system dynamics. The discrete model
of the quadrotor is given as:

(22)

[T, xy(k)+x, (k)
3 (0) ==, sy (o

T, x4 (k) + x5 (k)

x4(k)+nlz7" c0s (x (K))sin (x,, (k)

T, xg(k)+ x5 (k)

SOURD= g (1)1, g+, ol () cost ()

7, xg (k) +x; (k)

(23)

7, %, +xg(k)
T, Xu)(k)‘*'%(k)
T, Ty + x,0(k)
T, x5 (k) + xy, (k) $
|7 7, +xp, (k) ]
3‘1("’)‘ @
X:(k) O
000000010000 XJé‘Mk)
00000001000 ﬁ(k) x; (k)
__000000001 o (k) || % (k)
yR)=hO)=0 0 6 0 0 0 0 0% x (k) || xo (k) (24)
oooooooo‘ () | | x(k
000000 Q XQEA; r.,ik;
O XlU(k)
\ xll(k)
9 _Xlz(k)_
1

The matrices
system in

follQ
T\

ation F and H, we can linearize the
oment of operation. They are given as

00000 0 0 0 0]
0 0 000 0 0 — T, cos (xo(k)) u 0 0 0
00 17,0000 0 0 0 0
00 0 1 0 0 0 0 =7sin(x,(k)sin(xo(k)u 0 =T, cos (xy (k))cos(xo (k) 0
000017 00 0 0 0 0

F(k)zg 2 g g 2 (1] (11 ;) 77m(v,(Ai})m(x“(/:))u 2 T\cus(x.,(k)(zsin(x”(k))n g (25)

00000001 0 0 0 0
00000000 1 T, 0 0
00000000 0 1 0 0
00000000 0 0 1 T,
00000000 0 0 0 1]
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(26)
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o o o o o o
o o o o o o
oS © o o o O
=R = =
o o o o = O
o o o = O O
o © = O O O
o - o o o o
- o © o O© O

VI. SLIDING MODE CONTROL OF THE QUADROTOR

Denote X the estimate of state vecte @vith
R =lhnin ] [x 8555 06,6 (p,%$ 27)
To synthesize a stabilizing aw by sliding
mode, the necessary sliding con& SS<0 must be
verified; so the synthesized control laws are as
follows: 6

Uy :m(*klsig” (Sx)*‘hsx 1 o 1(’%2*5‘14))
SVACIEEM)

28
(S.)=q58. + sy +g— A% (28)

—isy))

Sy + g = A4 (&g =37

qs5Sy +Xoq — As5(%10 = %o4)

oof

The tracking errors are defined by:

{ei =X~ X
€ir1 = Xiy1 — Xig

With x;,; is the desired value

ie[L11] 29)

The sliding surfaces are chosen as follows:
S, =e,+4e,

S, =e, + Ae,

S, =e; + Aes

S, =e+ e

Sy =e,+Ag

S¢ =e, +Ae,

The Lyapunov function is defined by:

1

1w 31)
v(s,)=1s

if (V(SX) ) then (SS < 0) , we can say that the

necessary condition has verified and the stability of
Lyapunov is guaranteed

S, =e+ ﬂ’lel
The chosen law for the attractive surface is the time

derivative of (49) satisfying (SS < 0) :

(32)
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Sx = _kl Sign (Sx)_ql Sx 3 2 T T
. . A . - — ! !
=%y =i+ A (£ —xy) (33) 15 an _
1 . A E 'T0O10 Desired || E
=—u, — ¥+ 4 (8~ ) N o Real g
m 0 0 Estimate
Than: s ! !
. . a . 0 20 40 60
e =m (= kysign(S,)=qy Sy +¥ +4 (& —3,,)) (34) Time (s)
3 ‘
ux = uxeq + Aux (35) 1 Desired
2 {====Real |
According to (34) and (35) we obtain: e, [/' =
N | | |
Aux=m(—klsign (Sx)_ql Sx) (36) 0 ”"\‘ : "o
. A . | |
uxeq =m (xld + 2‘1 (XZ — X )) N 2‘0 4‘0 0
Time (s) T (s)
The same steps are followed to extract u y ,u, 7,7y and % Figure 3. Tracking simulagon reNts of d.eslred
. . . i ies al
The desired roll and pitch angles in terms of errors between frajectories along [ 29.0.0 J

actual and desired speeds are, thus, separately given by:

X, = arctg {_[ —hisign (S,) =4S, +%,— A (%, — %) )JCOS()%H):| (37) = 001

Estimation error along x Estimation error along xpt
T

T
777777777 - | |
sﬁo.m ————— e
i £
] 8
i

—kysign (Sz ) =4S, + s, g A (X%, 3
- | |
* <001 — —— — ===t - ===
I I
-0.02 L L
20 40 60

—kysign (Sy)_ 428, + %34 - (24 —xm) ] (38)

= arct:
g =i [—k3sign (S.)— 58 + %5y +g— A5 (%6 — ¥5,)

0.02 T T
The framework of the quadrotor control system

with the proposed controller based EKF observer is
presented in Fig.2.

T
j
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Figure 2. Synoptj E of the proposed controller ﬁro.uz o e [ B

£.004F - - - 4 - ---- Real g
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| | X~

008F - ——q--———F—-—-—-
Tos performance of the proposed approach, L
the corresp algorithm is implemented in simulation

for the p

and attitude dynamic of the quadrotor UAV.
obtained for the attitude and position

One can see that, the controller based EKF observer ensures
a good tracking, Fig.4, Fig.6 shows that the estimation errors

Thetapt (rad/s)

are low.
3 T T 0.8 0.15 T
! ! 01 — — — = | === Real
2 06 | — Estimate || & 0.05F — —
> ate — 0.05F -=- Q
O W S | 3 i T ]
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Figure 5. Tracking simulation results of desired trajectories along

al//’ H’ 6” ¢’ ¢]
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Figure 6. Control response of a quadrotor helicopter
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Figure 8. Global trajectory of the quadrotor

VIII. CONCLUSION

In this paper, we presented stabilizing control laws
synthesis by sliding mode technique. First, a dynamic model
of the quadrotor is presented taking into account the different
physics phenomena imposed to the system motions. The
developed control laws allowed the tracking of various
desired trajectories expressed in term of the center of mass
coordinates of the system. A nonlinear observer (EKF) is
introduced to alleviate the constraint of states measurement.
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