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ABSTRACT

In this paper, a nonlinear model of the underactuated six degrees of freedom (6 DOF)
quadrotor helicopter was derived based on the Newton-Euler formalism. A new
nonlinear robust control strategy was proposed to solve the stabilizing and path
following problems in presence of external disturbances and parametric uncertainties.

The proposed control structure consist of a sliding mode control based on disturbance
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observer (SMDO) to track the reference trajectory together with a nonlinear Ho
controller to stabilize the rotational movements. Simulation results in the presence of
aerodynamic disturbances and parametric uncertainties are presented to corroborate
the effectiveness and the robustness of the proposed strategy.

1. Introduction

Recently unmanned aerial vehicles (UAVs) have wide area
of applications either for military or civil purposes. Control
of these systems has become popular due to their usefulness
in rescue, surveillance, inspection, mapping, etc. UAV flight
control system should make these performance requirements
achievable by improving tracking and disturbance rejection
capability. So, robustness is one of the critical issues which
must be considered in the control system design for such
high-performance autonomous UAV. Quadrotor is one of the
most preferred types of small unmanned aeria vehicles. It is
capable of vertical take-off and landing (VTOL), but it does
not require complex mechanical linkages, such as swash
plates that commonly appear in typical helicopters[1].

To achieve robustness and guarantee the stability of system,
robust control strategies have been applied and investigated
by many researchers. In [2] a feedback linearization-based
controller with a high order sliding mode observer running
parallel, is applied to a quadrotor unmanned aeria vehiclein
presence of parameter uncertainties and externa
disturbances. A dliding mode disturbance observer was
presented in [3]; this controller yields continuous control that
is robust to the bounded disturbances and uncertainties.
There are some limitations in the range of uncertainty and
noise power which can be handles by dliding mode
controller; so quadrotor helicopter has aso been controlled
using H. controller. In [4] a mixed robust feedback
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linearization with linear GH. controller is applied to a
nonlinear quadrotor, the results demonstrated that the overall
system was robust to uncertainties in system parameters and
disturbances when weighting functions are chosen properly.
In [5] control law based on back stepping for trandlational
movements and nonlinear H. controller to stabilize the
rotational motion are combined to perform path following in
the presence of external disturbances and parametric
uncertainties; this strategy is only able to reject sustained
disturbances applied to the rotational motion.

In the present paper, Tailor series expansion will be used
to solve Hamilton-Jacobi-lsaacs Partia Differentia
Equation (HJI PDE) problem in nonlinear H. control
design. A maor problem with this polynomial
approximation approach is that even for low order
systems, the controller expression becomes very
complicated [6]; so the main idea in this paper, is to
combine the advantages of the SMDO control
methodology, for translational movements, with the
capacity of the nonlinear H.. theory to stabilize the
rotational motion in the presence of disturbance and
uncertainty.
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The remainder of this paper is then organized as follows.
fIGThe control strategy is exposed in Section I11; in this
section, two approaches of nonlinear robust control
design are proposed: the SMDO control for trandlational
movements and the nonlinear H., control for the rotational
subsystem. Section IV is devoted to simulation results.

2. Quadrotor Dynamics

In this section, model of the quadrotor rotorcraft is
presented. Quadrotor platform has the shape of the cross
(+) with a motor and propeller placed on each one of the
four ends of the axes. Two propellers rotate counter
clockwise and the others rotate clockwise such that the
total torque of the system is balanced (approximately
canceling gyroscopic effects and aerodynamic torques in
dtationary trimmed flight). Vertical motions of the
guadrotor are generated by varying the rotor speeds of all
four motors. The helicopter tilts towards the direction
with lower lift rotor and accelerates along that direction.
The basic model of an unmanned quadrotor is shown in
Fig. 1. Pitch movement is obtained by increasing
(reducing) the speed of the rear motor and reducing
(increasing) the speed of the front motor. The roll
movement is obtained similarly using the lateral motors.
The yaw movement is obtained by increasing
(decreasing) the speed of the front and rear motors and
decreasing (increasing) the speed of the lateral motors

(Fig. 2).
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Fig. 1: The quadrotor helicopter configuration with roll-pitch-yaw
Euler angles.
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Fig. 2: The quadrotor motion description, the arrow width is
proportional to propeller rotational speed [14].
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The dynamics of the four rotors are relatively faster than
the main system and thus it can be neglected here. . Earth
fixed frame and body fixed frame are represented by
E={eu,exn,e3} and B={eies,e3:}, respectively. The
generalized coordinates of the rotorcraft are
g=(x,y,z,0,8,y), where (x,y,z) represents the absolute
mass center position of the quadrotor with respect to an
internal frame. (¢,8,) are the three Euler angles
(-p/2<f <p/2; —p/2<q <p/2;-p<f <p)
representing the orientation of the rotorcraft, namely roll-
pitch-yaw of the vehicle. The trandational and rotational
coordinates are assumed in the form Z=(x,y,z)"e R® and
N=(¢.6,4) € S.

Considering the quadrotor as a single rigid body with 6
DOFs and neglecting the ground effect, the equation of
motion for the rigid body is obtained in Newton-Euler
formalism. The equations of motion for the helicopter can

be written asfollow [7]:
} {mev} F }
+ (D)
wx lw

P s

Where m is the body total mass. V is the velosity vector
in body axes, w is angular velocity in the body axes and
I=diag (Ixx:lyy,l2z) is the body inertial matrix. The external
forces and moments are expressed in the body- fixed
frame as

ext

F@(t = I:prop - Faero - Fgrav
2
text =t prop —t aero

where Fy is the gravity force with G=col (0;0,9:81) m/s?
Feo =Col (A, A,,A,) and t . =col (A),A,,A)
with aerodynamic functions, A, =1/2r C,W ?, are the
aerodynamic forces and moments acting on the UAV
respectively. C; is aerodynamic coefficients, p is the air
density, and W =Q —Q, isthe velocity of the aircraft
with respect to the air [8]. The main forces and moments
acting on quadrotor are those produced by the propellers,
Forop @d Tprop. These aerodynamic forces and moments
are derived using the combination of momentum and
blade element theory as F, =1/2r AC, (Q;r)?;
where A is the blade area, p the air density, r is radius of
the blade and Q the angular velocity of the propeller and
Cr is aerodynamic coefficient [9]. At hover and semi
hover, the thrust and drag forces are proportional to the
sguare of the rotation speed of propellers, thus the thrust
and drag forces, as in [10], are given by F ~ K, Qiz
and D, ~ K, Q?; Where Kr and Kp are constant and Q
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is the propeller's rotation speed. The system is subjected
to one main force (thrust) F° and three body torques (T,
Te, Ty) Which represent the control inputs to quadrotor and

can be defined as follow:
vertical force

U,=f 0 =K Z;Qiz ; moment control
toop = () Tty ) wheret; =U, =K, (Qf - Q)
isroll moment input, t . =U; =K, (Q5 —QF)ispitch
moment input and
t, =U, =K, (Q;+Q; - Q7 —Q2) is yav moment
input. To derive equation of motion, the relation between
body velocity vector, (V, w), and inertial velocity vector,
(z ,h), isneeded (kinematic equation):

z =RV

w=Rh

r

inputs,

©)

swhere R and R, are translational and rotational velocity
matrices between body frame and inertial frame
respectively, such that

1 0 -5
R =0 ¢ cgsj
0 -9 deal @
cgoy sisqoy sy ¢ sqoy +5 &y
R =|casy s sqsy +cjoy ¢ sqsy —sj oy
=S s cq ¢ cq

s(.) and c (.) issine and cosine of Euler angel.

Similarly, the forces and moments can be transformed
based on R: between the coordinate systems. In the body
frame the forces are defined as

F.] |o
Fo=|Fs |=| 0
_FZB Zfl:l
F, ¢ sqoy +5j sy
4 . .
Fe =|F, |=RFs =(Q_ F)|c sasy —-sj oy
F ci g

Therefore eguation of motion in the earth frame are
represented as

X F, —A,
m|y [=|F, -A ©)
z FZ_A\N

From (1) and (5), the forces equation of quadrotor
expressed in inertial frame are modeled by the following
equations [9]:

X =1/m((cosj sinqcosy +sinj siny JU,—A,)
Y =1/m((cosj singsiny —sinj cosy JU,—A,)
Z =-g+1/m((cosj cosq)U,-A,)

Where X, Y are, the coordinates in the horizontal plane
and Z is vertical position. Assuming small angles ¢, 6 and
g, the rotational eguations, can be simplified to be as
follows

J::I/Ixx(qy(lyy _Izz)+|U2_Ap)
q=11,Gy(,-1,)+IU-A)
y ::I/lzz(qj(l XX _Iyy)+U4_Ar)

By choosing state vector as

X :[X1X!y1yyz1z1j aj‘1q1q"y 1y']T

and control input vector as
U= [Ul’U 2’U S’U 4]T = [Faero 1tj 1t q ’ty ]T

the equation of motion in state spaceis X =f (X ,U),
where

X
Ym((cos sinqoosy +sinj siny }J,-A,)
y
Ym((cos singsiny —sinj cosy U, -A,)
z
~-g+Ym((cog cosq)J,-A,)
Tt i ©)
Y lay (1, —-1,)+U,-A)]
q
YLy (1, —1,)+1U;—A)]
v

Y1 0@ (1 =1,)+U, A
In this model the Euler angles and their time derivatives
do not depend on trandlation components. On the other
hand, translations depend on the angles, so one can
ideally imagine the overal system described by (5), is
being composed of two subsystems: the angular rotations
(that is fully actuated system, 3 inputs and 3 outputs) and
the linear trandations (that is under actuated system with
only one control input).

3. Control

To achieve robust path following, two techniques,
capable of controlling the helicopter in presence of
external disturbances and parametric uncertainties are
combined. The proposed control structure is ahierarchical
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scheme consisting of a diding mode control based on
disturbance observer controller (SMDO) to track the
reference trajectory together with a nonlinear H.
controller to stabilize the rotationa movements. In the
case of the quadrotor, the three space positions and the
yaw angle were chosen for trajectory tracking. Dynamic
equation of the quadrotor shows that it is impossible to
control the trandational subsystem directly by the motor
torgue (due to the underactuated nature), therefore at the
first, the trajectory block generates the desired trajectory
of the vehicle in terms of space position and yaw angle.
Thereby, starting from a reference trgjectory for the
trandational subsystems, Xc, Ye, Zc, and their derivatives,
by using the SMDO control law, the virtual control us, is

'S
Ye

Lh= R

computed. This control signal is composed of the
command of the total thrust produced by the propellers,
Ui, and the command rotation matrix, R, a function of
the yaw angle. Therefore, this control cannot be used
directly as a command for the rotational subsystem. By
using simple mathematical analysis, reference Euler

angles (jc,qc)computed. Findly a nonlinear Ho

controller for rotational subsystem is used to track these
reference signals to follow the desired x-y movement.
The overall scheme of the control strategy is depicted in
Fig. 3.

INVErST

Rotanon Comtroller
i Honlwear He Controd 3

E y.z@ AW

Fig. 3: UAV control scheme

3.1. Sliding mode distur bance observer

Sliding mode control (SMC) is a specia nonlinear control
strategy which has strong robustness against disturbances
and uncertainty as well as guarantee the stability of a
system [11]. However it presents the inconvenience of
control signal high frequency switching which is not
appropriate for UAV's control system. Robust sliding
mode control using sliding mode disturbance observer
allow us to consider unmanned rotorcrafts with bounded,
continuous output tracking for trandational subsystem. In
this technique, at first, disturbance observer estimated and
compensated the disturbance so switching gain in SMC
decrease and chattering weakens. In the second step, the
rest of the disturbance is canceled by the diding mode
control, and as a result, a very robust system is obtained,
without the use of an additional sensor and even at the

relatively low sampling frequency [12].

The output tracking problems focus on systems such as
the following

X =f (X,t)+G(x,t)u
y =h(x,t)

Where X e R",f (x,t)eR",y e R™",ueR" and
h(x,t)=[h,...h " eR™,
g(x,t) =[gymn 9] €R™™

and matrix functions. Assuming the system is completely
feedback linearizable in a reasonable compact domain

are analytic vector
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X € I'(X), the system can be transformed to the regular
format

] (L |
(r2) L(’z)h t
y2 — f Z(X' ) +E(X,t)u (7)
Lyer | LRy ()
with
E(x,t)=
Lo (Li'h) L, (Lith) . Ly (Lithy) ]

Lgl (L;z_th) ng (L;Z_th) Lgm (L;Z_th)

L, (L) L (L) Ly (L) |
where L{™h and L, (L{7h), Vi=1..,mae
corresponding Lie derivatives |E(X,t)|¢0,‘v’x el

and I’_:[rl,rz,...,rm]T is a vector relative degree [13].

Here, our goal isto compute a control u such that, derive
the output of the system, y, to track the reference
trajectory yc. Introducing the tracking error as e = yc - v,
and dliding variable 0 as

_alni-D (r-2) ®
s, =¢"V+c, &" 7 +..+c €7 +C & (8)
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where ¢, ~0eR and s =[$,,S, S,
e =y .-y .e¥=de /dt* in (6), introducing
U, =(Eu,), we have

e = yi(,r(i:) —L{h (x,t) -0, )
Derivative from (7) and substitute in to equation (8), we

obtain
s, =y -Lih (x,t)-0 +c ,ri,zei(r‘ Dy
@) @ (10)
+G & +6 &
By defining
Y =y" —Lih (x,t)+c ,,Iizei“"l’+...
(11)

y, =y’ +Ay,

where 'y io is the known part of Yy, while Ay,
represents the bounded uncertainties (||Ay i ||S L)
acting on the system. By substituting equation (10) into
(9) we have

s, =y J+Ay, -, (12)
Thetermy io is known; therefore, we can compensate for
it directly by U, o=y io_ Consequently, defining the

control input as U, =U; ,+U, ;and substituting in to
equation (12), we obtain

S, =Ay, —-U, (13)
Equation (13) shows that if the control with deriving & to
zero could be designed, this control would then be equal

to the disturbance term. At first, we need to introduce the
auxiliary dliding variables s and z such that

S, =S, +2,
{. - (14)
Z; =U;, -V,
From (14) and equation (13), we obtain
S =(Ay . -4 )+U , -V,
i ( y| |,1) ( i1 |) (15)

Si = Ay i Vi
It can be easily shown that the control that will derive s

to zero and maintain it there for al subsequent time is
v, =(r, +L,)sign(s,). This control displays high-

frequency switching that can be filtered by a low pass
filter such as

Vi =YL+ b;s)v,

The choice of time constant, i , is important; very big
time constant results in a time lag between the
disturbance and its estimation, and too small time
congtant results in rendering the control ineffective.
Moreover the constant  also need to be larger than At,
the sampling time of the sensor and actuators. Both these
considerations can be summarized as

42

im % -0,

From equation (15), one can see that if the auxiliary
diding variable s stabilizes at zero, then Ay ; —v, =0.
Asaresult, the control Veq,i , would be an exact estimation

of Ay ; , so we have designed a sliding mode disturbance

observer where equivalent control V. is, in fact, an

ieq
estimation of the unknown disturbanceterm Ay .
The resultant control

U =U o +V, o

¥ 0
Ui o =Y

Completely compensates for the system dynamics, but a

final control term needs to be added to drive u; to zero

and satisfy the dliding mode existence condition.
Therefore,

U =U o +V, o +KqS; (16)
where Kio > 0 is chosen to ensure fast reaching of the
diding surface by ¢ as soon as the disturbance is

estimated and compensated (i.e., the convergence of o;
cannot be faster than that of s). Substituting equation (16)

into (12) yields s; =—K,;S;, which saisfies the
diding mode existence condition s'; s; < 0. Therefore
final smdo/smc control signa
U=E™ly o +Vy +KsS].

is

3.2. Application on system
By rewriting the equation of motion (6) As

X=u

y =V

Z=w

u=1m((cosj singcosy +sinj siny )J,-K, u)+d,
V =1/m((cosj singsiny —sinj cosy )J, -K u)+d,
W =-g+1/m((cosj cosqlU,-K,w)+d,

X, =X,
=9
X,=f(X,)+u,+d

Where X;, Xo represent, respectively, the position and
linear velocity V of the quadrotor in the inertial frame; f(.)
denotes the known parts of the dynamics and d represents
the model uncertainties and external disturbances acting
on the system. This term is unknown but norm bounded
on areasonable flight domain. Finally virtual control u; is
force vector
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U, . .
—“[d 9y +5 )
m

U, . .
—“[d 9Oy -5 o)
m

u,, .
-g+—=(d )
- m -
By defining tracking error between the position command
profile and the actual position as e = [X-X, Y-V, Z-Z]" and

diding  variable  s; =[s,,5,,5,] as

1
S =€ +Ci o1

such that the tracking error, e, exhibit the desired
behavior in the diding mode; the finah SMC/SMDO
control signal is

where the gain C is chosen

S, =€, +1.2%¢;

Sii =S4 T2y

Z,; =Uy; —Vy

Vi = (r ut Ll,i )Sgn(sl,i )

V..o T
S (0.01s+2)7 M

u, =y é,i +\i\eq,1,i +135

To compute thrust and the Euler angels commands, the
control signal, U, =[U, ,,U, ,,U, ;] , needsto be inverted.
By using simple mathematical analysis, reference Euler
angles (J .,q.) computed as bellow

u, IHm(Ul,ﬁG)H

. ...Mm
] .=as n(U_ (Sy cul,l -y cul,l))

1

Qe

Ye=Ye
Finally, a nonlinear H., controller is used to perform the
quadrotor helicopter stabilization.

3.3. Nonlinear H.. controller for stabilization

The nonlinear H., control has great potential for handling
uncertain nonlinear control problems. The goal of this
control theory, presented by Van der Schaft in [14], isto
achieve a bounded ratio between the energy of the so-
caled error signals and the energy of the disturbance
signals. It has been shown that the solution of the
nonlinear H., control problem related to the solvability of

43

a particular type of HJl equations or inequalities which
replace the Riccati equations in the case of the linear Ho
control formulation [15]. Hence, one of the maor
concerns in the nonlinear H., control theory is the
computation issue involving the solution of the HJI
equations or inequalities.
In this section, a nonlinear H., controller for the rotational
subsystem is developed, by using Taylor series expansion
to solve HJI PDEs.
We consider the following multi input, multi output
nonlinear system equations
X =f (X)+91(X)W+gz(x)u 17)
z =h(x)+ky,(X) (18)
Where X € R" isthe plant state, U € R™ is the plant
input, W € R™ is a set of exogenous input variable and
Z € RPis penaty variable. It is assumed that all
functions involved in this setup are smooth and defined in
a neighborhood U of the origin in R" and have zero
values at the origin. The nonlinear H. state feedback
problem control takes the form:
u=1I(x) (19)
Inwhich | :U — R™ isaC*function (for somek >1
satisfying | (0) = 0) The purpose of control is twofold:
to achieve closed loop stability and to attenuate the effect
of the disturbance input w to the penalty variable z. Here
closed loop system is stable and the disturbance
attenuation is characterized in the following way. Given a
real number g > 0, it is said that the exogenous signal's
are locally attenuated by ¥ if there exists a neighborhood,
U of the point X =0 such that for every T >0 and for
every piecewise continuous function w :[0,T ] - R™
for which the state trajectory of the closed loop system
starting from X (0) = Oremainsin U for all t €[0,T ],
the response z :[0,T ] — RP and (19) satisfies

[[27()Z(E)s<g?[ W' (sw(s)ds (20)

The Hamiltonian associated with the above problem is
defined as follows

H (X, pw,u) = p (f (x)+0,(xW +g,(x)u) +
1200+ k0O =92 x[)

It was shown in [16], that if there exists a smooth positive
definite C' function V(X), localy defined in a

neighborhood of the originin R" that satisfies

def
H(XV, ) =H XV, a,(xV,).a,xV,) @)
Or more explicitly,

1

g
-V
2 X(

T
1gl
2

1
Y| (x)+§hfh1+ g

- ngilgz)VxT (22)

=0
Where Vy denotes the Jacobian matrix of V(x); then the
state feedback control law given by
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u=-R7(x)g; XV, (23)

achieves disturbance attenuation with performance level
specified by y.
Due to the nonlinear nature, it is rarely possible to find a
closed form solution for the HJ eguation. An
approximation approach to solve (22) via the Taylor
series was suggested in [16].The advantage of using this
method isthat it is easy purely algebraic.

3.4. Application on system

The penalty variable, z, comprises any output whose L»
norm is desired to be minimized. This variable can
include tracking error, actuator effort and frequency
response criteria. In the nonlinear H.. controller design,
most static weighting functions have been explored. In
this paper by defining tracking error as
e=( -] ..9-0.,Y —Y.). the pendty variable z,

was chosen as a dynamic weighting function as bellow.
z=[2,2,]", whee z,=(ke+kg) and
z,=Wu .

4. Smulation Result

For simulation, model 0s-4 quadrotor in [17] was used.
The simulations performed in Matlab®/SIMULINK®
environment, include Hover and sinusoid and circle
trajectory that robustness of the controller was tested by
applying external disturbance and parametric uncertainty
and sensor noise.

4.1. Hover mode

The first simulation tests the controller's ability to reach
and maintain hover mode. Thistest is simulated under the
conditions are summarized in Table 1.

Tablel. Initial conditionsfor Hover mode

H Wdotics
e I T
T i - e
i ] 5 - 3
5 WAnition |m
i u - —
' ;
4 i i
1 [ [ 1 =
£ Mohen [m)
R I | =
¢ H H
nat i i

g 2 o | ¢
& 7% ¢ e | 8
Q S = Q §' >
) 2353 8 2
(XO’yO’ZO):(O!an)m (Xe1Yei2Zo) =
UgVoW,) =(0,0, O)mls 0,,2)"
( 0% 0)=(0,0, 0)rad y. = % _0.78rad None | None
(po’qO!ro):(anxo)radls

This simulation without uncertainty or disturbance is used
to evaluate the accuracy of the controller in ideal
conditions. From Fig. 4 it can be seen that controller is

able to reach the desired position quickly and maintain
stable hover afterwards.

i ¥ 3 T o Y
Tiarpa

Fig. 4: Position in hover mode

Fig. 5 aso confirms the accuracy of the control as each
Euler angle follows the reference trajectory.

Pl angli Jali

rch oy i
T
Eoc AP T L R S S Y. T NSETY TSN b PRI, SR RRET e

Virw angle
i _

o LTSN e Y e TR | 4

U P

i
¥ =3 " E 1
Liwe
Fig. 5: Euler anglesin hover mode

? I s [ng

.. H
= w A |
=
e

imi

Fig. 6: Speed control inputs of four rotorsin hover mode

Fig. 6 shows the speed control signals of four rotors to
achieve hover mode. These control signals are continues
and have a small amplitude, that is applicable on motors.

4.2. Sinusoidal trajectory with disturbance and
parametric uncertainty

The accuracy of controller having been established by
previous test. The purpose of the following smulationsis
to assess the controller's robustness. This simulation is
performed on a sinusoidal trajectory along the x axis of
amplitude 2™ executed at constant altitude z=2™ with 30%
parametric uncertainty and collision disturbance applied
as adownward force on the side of the vehicle (atorque is
aso generated). Initial conditions in this test are
expressed in Table 2.
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Table2: initial conditionsfor sinusoid trajectory

= c 9
8 5 3. ggD 3 a
&= 88 & 5
S e S o =1 e
< 2 Z 8
(X01y0|zo):(07070-5)m
(uo:VOon) =(0,0,0 ms XC =2cm(0.1t) Fshock = [0’ 0, _8]
( 0G¥ 0)=(00,05 | Yo =P/3 30% | s =[9,4,0]
(Po,0o 1) = (0,0,0" Int =20%

By Applying 30% uncertainty in parameter of quadrotor
such as mass, aerodynamical coefficient, inertial element
and ..., by applying a shock 20 second after the beginning
of the test, as can be seen from Fig. 7, and Fig. 8 the
controller is able to return quadrotor to reference
trajectory in presence of disturbance and uncertainties.

Simsrid Irjzetn

Fig. 7: Sinusoid trajectory along x axiswith colision disturbance
and parametric uncertainties

ekl ek [rad

!-II J.I o | [ '!. 'Ilul .l L1
Wil itrigle Lrell
s . AR H -
" i | | i i
= el | = L] [k (L “ 0 o
‘Fime
Fig. 8: Euler angleswith colision distur bance and parametric
uncertainties.

Fig. 9 shows the speed control signals and speeds of four
rotors in this mode. These control signals are continues
and have a small amplitude, that is applicable on motors.

e g
L [ |_-\. T T ' T | T
Gk i i
A . d - b : s - -
¥A 1 1 1 T 1 ]
i ' -.
] 2 ] [3 ] T 3 G = i
AT T ¥
L L ——g e
S i : i
| i
o = =
T T T T T T T
wn e |5 1 i 1 | i |
e

Fig. 9: Speed controal inputsof four rotorswith colision disturbance
and parametric uncertainties.

4.3. Circle trajectory with parametric uncertainty and

SEeNsor noise
Initial conditions for third simulation are expressed in

Table3.

Table 3: Initial conditionsfor circletrajectory

c
g = S gx
H 2 i |
S 2 2 2
(X0:Y0:25) = (0,005 | X, =4c0s(0.1f)
Uy Ve Wo)=(0,00™ | Y, =4dn(0.11) Noise
( 0%y 0)=(0200 | z,=5 20% | power
(P0G T0) = (0,00 | y =01 =0.001

Fig. 10 shows that controller is able to return quadrotor to
reference trgjectory in presence of 20% uncertainty and
SeNnsor noise.

Cic e brajeckery with noise and uncerts ndy

fml STmRAL
. Hm]

Fig. 10: Circletrajectory with parametric uncertainty and sensor
noise.

5. Conclusion

To achieve a robust path following for the quadrotor
helicopter, two robust techniques are combined. The
proposed control structure consisting of a diding mode
control based on disturbance observer controller (SMDO)
to track the reference trgjectory and a nonlinear H.
controller based on a Taylor series expansion to stabilize
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the rotational movements. The results obtained during
these simulations effectively proved the high robustness
of the controller in the presence of collision disturbance,
parametric uncertainty and sensor noise. In each case
SMDO/NLH.. controller compute a robust continuous
control able to compensate for the disturbance and
maintain the vehicle close to its desired trajectory.
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