Robust Quadrotor Control: Attitude and Altitude

Real-Time Results
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Abstract This paper addresses the problem of design-
ing and experimentally validating a nonlinear robust
control to attitude and altitude of a quadrotor unman-
ned flying vehicle (UAV). First a disturbance observer
is proposed, focus on the attitude regulation control
problem of a quadrotor in presence of external distur-
bances based on the angular velocity measurements
and the control inputs. The stability analysis of the
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nonlinear observer scheme is proven via the use of
Lyapunov theory. Later, we focus on the altitude dyna-
mics of a quadrotor in the presence of uncertainty like
wind gust are presented. A sliding mode control was
proposed, the gain of control can be decreased and, as
a result, the chattering amplitude is reduced. The ob-
jective is to introduce an adaptation in the control law
in order to decrease the gain to the minimal value pre-
serving the sliding mode control and keeping his prop-
erty of a finite-time convergence. Finally, simulation
and experimental results in a quadrotor are presented
to show the effectiveness of the proposed nonlinear
algorithm in presence of external disturbances.

Keywords Nonlinear observer -
Parameter/disturbance estimation - Sliding
mode/adaptive control - Quadrotor unmanned flying
vehicle

1 Introduction

Nowadays, flight control and applications of UAV
is an active and challenging topic of research. For
instance, in this context the most popular UAV sys-
tem has been the quadrotor helicopter, if we compare
one of these multirotor vehicles with a conventional
helicopter it has many advantages such as greater
trust-weight ratio and better maneuverability. It is well
known that the interest in the investigation of UAVs
is growing due to their different applications. Now




today remains very important the research on the
design of autonomous flight control systems in the
presence of uncertainty, but this is not an easy work,
actually is very difficult task due to its inherent non-
linearity associated with the dynamical model, under
actuated property and external disturbances associated
with uncertain flying environment. The quadrotors,
has been studied recently by some authors using dif-
ferent control techmiques such as [1] backsteping,
[2] robust nonlinear PI, Robust neural network [3].
Dual camera visual feedback [4], Fault tolerant mar-
gins [5], Backsteping/Nonlinear Heo, backstepping
and sliding-mode [6] and [7]. These systems as many
other dynamic systems, present constant or slowly
varying uncertain parameters. In UAV performance,
the presence of wind gust disturbances, model uncer-
tainties, and nonlinear parts is inevitable, for example,
when an aerial vehicle robot grasp an unknown pay-
load, it is affected by unknown inertia variation and
gravity force but these changes are rarely considered
in the models. It is most desirable that the controller
be insensitive to these uncertainties. Moreover this
method considers the upper and lower bounds of the
disturbance as a priori information where the main
objective is to estimate the disturbance using a higher
order filter, Afterwards, in [8] the author present a
robust observer-based linear output feedback control
scheme utilizing a Generalized Proportional Integral
(GPI) observer in order to estimating the external
disturbances on quadrotor.

For other hand it is known the adaptive control pro-
vides many tools to tackle such systems with unknown
parameters including UAVs since the main idea in
adaptive control is to estimate the uncertain plant
parameters in a on-line estimation in order to use the
estimated parameters in the control input computation
[9-13] and [14].

Even more, there are reports on the use of the adap-
tive sliding mode control in quadrotors, in [15] use
the adaptive SMC to stabilize both bank and pitch
angles while tracking heading and altitude trajectories
and to compensate additive perturbation and parame-
ter uncertainties related to the mass and inertia matrix
of the quadrotor. In [16] the adaptation laws are used
in both position and attitude dynamics to learn and
compensate uncertainty associated with the variation
of the payload mass, inertia, aerodynamic and gyro-
scopic force, external disturbances and unpredictable
change in outdoor flying environments.

This paper is a continuation of the work presented
in [17] and [18] which presents a real-time robust con-
trol implementation of the altitude and attitude of in an
outdoor quadrotor aircraft task. The main advantage
of these techniques is that it is possible to eliminate
disturbances unwanted such as wind gusts or distur-
bances which may exist even in measurements sensor,
we combined the benefices of this both techniques.
The main obstacles for application of Sliding Mode
Control are two interconnected phenomena: chattering
and high activity of control action. It is well known
that the amplitude of chattering is proportional to the
magnitude of discontinuous control. These two prob-
lems can be handled simultaneously if the magnitude
is reduced to a minimal admissible level defined by
the conditions for the sliding mode to exist. The alti-
tude in a quadrotor helicopter is a great issue due
to their dynamic include the mass and the roll and
pitch angles. The perturbation in altitude could be pro-
vided from the many factors, the rotational dynamics,
change of mass, wind gusts, etc. The paper presents
an altitude and attitude control for a quadrotor and
a robust high gain observer, the main contribution of
this paper is on the adaptation of the sliding mode
controller gain the objective of the adaptation process
looks transparent: The gain is considered a variable
and cominated with a robust control. As a result, the
minimal possible value of the discontinuity magnitude
is found for the current value of disturbances to reduce
the amplitude of chattering [19].

A quadrotor mini aircraft dynamical model is pre-
sented in Sections 2, Sections 3 presents the devel-
opment of the control law strategies of attitude, the
Section 4 presents the development of the control
law strategies of altitude. Both sections have subsec-
tions within the simulation and experimental results
obtained Finally the Section 5 presents the conclusion.

2 Quadrotor Mathematical Model

Quad-rotor unmanned aircraft, consisting of four indi-
vidual rotors in “+” arrangement set. This quadrotor
is an attractive rotary-wing vertical take-off and land-
ing (VTOL) Unmanned Aerial Vehicle (UAV) for both
military and civilian usages. In this type of vehicles,
vertical motion is created by collectively increasing
and decreasing the speed of all four rotors; pitch or
roll motion is achieved by the differential speed of




the front-rear set or the left-right set of rotors, cou-
pled with lateral motion; yaw motion is realized by the
different reaction torques between the (1,3) and (2,4)
rotors. The main thrust is the sum of the thrusts of each
motor, as shown in Fig. 1.

Let the inertial frame and the fixed to the rigid
aircraft frame respectively as:

I =i jr. ki
B =ip, jB. kB

The generalized coordinates vector g defined as:

g= 2009 eR =& T

describe the position and orientation of the flying
machine, the model could be separated in two coordi-
nate subsystems; translational and rotational. They are
defined respectively by & = (x, ¥, )7 € R>: denotes
the position of the vehicle’s mass center relative to the

fs

inertiol Frame ~® i

inertial frame 7 and = (¢, 6, ¥)T € R3: describe
the attitude of the aerial vehicle, i.e. roll, pitch and yaw
angles respectively.

For modeling for a quadrotor aircraft, a few
assumptions are made:

Assumption 1 Quad-rotor fuselage is a rigid body.
Assumption 2 The structure is symmetrical and
Assumption 3 The center of gravity (CoG) and the
body fixed frame origin are assumed to coincid-
ing. The dynamic model is obtained via Lagrange

approach [13].

The equation:

CyCy Sy Ca —Sp

B—1
R =1 CySpSp — SyCyp SySeSp +CyCy CpSy
CySpSe + SyCy SySeSep — CyCy CpSy

Fig. 1 Scheme of forces produced by rotors, and torques generated in attitude (roll, pitch and yaw angles) acting on the quadrotor




is the rotational matrix which is defined by three Euler
angles n = (¢,6, ¥)7 € R? and R € SO(3) where
S(+) and C(-) are Sin(-) and Cos(-) respectively. Then
the control torques generated by the four rotors are:

T (f3—fl
=% ]= (fa— fl (D
Ty (fi+ f2)—(fs— fi)d

Let ! denote the distance from the rotors to the
center of mass and d is the drag coefficient pro-
duced by coordinated reactive torque involving the
four rotors because of the geometry of the quadrotor
UAV. Since the lagrangian contains no cross terms in
the kinetic energy, combining & and 71 vectors in the
Euler Lagrange equation can be partitioned into the
dynamics for the £ coordinates and the n dynamics.
So, we obtain

Fr= mg + mg (2)

. T 1 a o T e 2

T;;—JIU-{-J??-*E%(TI In) (3

Defining the Coriolis terms and gyroscopic and
centrifugal terms as:

T
Cn. iy = Fi = 5 3 (o I “

The equations of motion of the quadrotor can be
expressed as:

mx —uSp 0
my | =1 uSeCo | + 0 5
mz uCyCo —mng

The equations for the rotational motion are:
Jij = ©—C.mn (6)

where x and y are the coordinates in the horizontal
plane and z is the vertical position, ¢ is the roll angle
around the x-axis, 8 is the pitch angle around the y-
axis and ¥ is the yaw angle around the z-axis for the
vector 7 = (¥, 6, ¢)T . Knowing that:

J=WlIw,. )

where W), is a transformation matrix and is given by
— sin(0) 0 1

W, = | cos(9)sin(®) cos(¢) 0 8)

cos(8) cos(¢p) —sin(¢) 0

Can be written the n-dynamic in the general form
as:

Mmi+CH, mn = T, +w )]

where
Liy 0 0 €11 €12 €13
Mm=| 0 I, 0 |; Cnn) = ca ¢ 23
0 0 I; €31 €32 €33
with

1] = I_\~.\~9.SGC9 + Iyy(—ésecesg‘ + Qi)CgS¢C9)
— I (ésecgcé + ¢c§s¢c¢)

c12 = [vxg/}sece — Iyy(éses¢c¢ + gﬁcesi
—depcy + Usgcosy) + L, (pcosy — peacy
*—’JfSeCeCi + éSgs¢c¢)

c13 = —Lubeo + Lyy¥regsscy — Lzcisgcy

ca1 = —Lx¥spco + I vy’;”SeCeSé + Izz%bsececi

€2 = —1y>v453¢c¢ + Lo psscy

23 = Lo + Iyy(—0spcy + 1/}69034; - %/'fCeSi)
+ Loz (Yreosy — Yreocy + 0spcy)

c31 = —lyrchsgcy + Lzbcgsscy

c3p = —LuwVrcs + Ly (Osgcy + Veosy — Weocy)
—1I; (y'bces:‘; — JngCi + 9s¢c¢)

cy3 =0

3 Atitude Control Design

Starting from the following system:
M@+ Cn, mn =t + w(t) (10)

where n, w(®),u € R and M(n), C(n,n) € R™".
The states vector named 7 describe the attitude of the
acrial vehicle, w(¢) represents a disturbance vector
due the modeling errors and wind perturbation, M (1)
is the inertial matrix and C is the Coriolis matrix. The
system (10) must fulfill the next assumptions:

Assumption 4 The nonlinear Coriolis matrix C(n, 0)
is a Lipschitz matrix function and it satisfies (to
abound more see [20]):

lcar, iy—c o, i) < L’ —n| Yo' #n, & >0 (11)

Assumption 5 The wind w(t) is a bounded distur-
bance vector that satisfies: [[w(#)] < wmax, Where
Wmax 1S @ NONZEro positive constant.




Assumption 6 Exists an unknown bounded nonlin-
ear function such that: §(f) = w(t) — C(n, Mn. The
unknown function 8 (¢) describes a type of disturbance
variable on the system (10).

Through to above assumptions it is possible to
built the next mathematical reduced model, in order to
describe the orientation (attitude) of the UAV. There-
fore it due to invertible property of M (n) it is obtained
the next model:
ii= M)~ (v +3(1) (12)

This model can be seen as a sum of a linear and
a nonlinear part of atitiude general system shown in
Eq. 10. This characteristic allows to use control tech-
niques such as active perturbations rejection together
with robust high gain observers. The Fig. 2 shows
a diagram of the nonlinear robust control strategy is
applied to the UAV. This algorithm will be discussed
in the next section.

3.1 Design Robust Observer Algorithm

Representing the system (12) as:

m=mn

= M)~ (g +3(0) (13)
To represent the system (13) in the classical canon-

ical observability form, we propose a change of vari-

ables where 11 = x1 and 7» = xp. The transformed
system is represented as:

y = Cy.\‘ (14)

: 0 01 1
where v=[11, 6=[ 1] 4o=[ o] and =1
is the output matrix. We propose a modification of

Fig. 2 Diagram of the nonlinear robust control strategy using a
robust high gain observer for atitude control of UAV

classical high gain observer in order to solve a wind
disturbance or perturbation rejection in the UVA prob-
lem, where the matrix Seo i$ a non-negative and
symmetric high gain matrix [21]:

h—l —p~2
Soo = [—h“z 23 ] (15)

The variable 2 > 0 is a high gain of observer.
Knowing that ¥ is the estimate state and x is the
real state of attitude system, the observation error is
defined as e, = & — x. Therefore it is proposed the
next robust high gain observer:

%= Aok + G(r, +8) — S Cl Cye,

3 = ~Fe,
F=T"16Ts, (16)

with ' =TT >0

The previous observer (16) has main goal to esti-
mated unknown function 8(¢), it is necessary that
some conditions are fulfilled on the system and the
type of wind gust:

Assumption 7

1. - First derivative of 8(¢) is bounded such that:
18] = bSeo lleoll < b leollog for b >0

This above condition shows that the superior
value of the wind rate will be not higher the state
estimator detection capability, this reflected on the
observation error induced by the So high gain
matrix.

- The matrix Seo is a solution of the following

matrix equation: 0 = —hSe — AoSeo — Sxclo +

C; Cy for any h positive high gain (see proof in

[21D.

-The estimate unknown nonlinear function fulfill

with: ||3(¢)|| < supé(t)

4, - The estimate error of the disturbance 3(¢) is
defined as: 3(¢) = 8(¢)—8(¢) with 8(¢) as estimate
disturbance and 8(¢) as the real unknown wind on
attitude system.

o

W

Based on the previous assumptions we can pro-
pose the following theorem where it is demonstrated
the performance of a robust high gain observer in the
estimation of unknown disturbance function 8 (¢).




Theorem 1 (Wind Robust High Gain Observer) Let
Eq. 16 be a robust high gain observer of the Eq. 14,
then the error e, is ultimate bounded with practi-
cal stability in presence disturbance wind such that
it is obtained the best wind approximation 5(t) =~
g(t) when the high gain h > 0 and it holds with
Assumption 7.

Proof The observation error and its first derivative
are:

€p =X —X an
6y =% — i (18)

Defining Ac = (Ao — Sk CI C}) and substituting
the systems (14) and (16) in Eq. 18 is obtained:

éo = Acey + GS(1) (19)

It is proposed the next Lyapunov function and its
first trajectories derivative is calculated:

V() = el Seoeo + 50T T'8(1)
V() = & Seoep + €L Sooéo + 25T I'é(2)
28T rée
replacing the observation error (18) and using the

Assumption 7.2, is obtained:

V() = —hel Seeeo + 25T I'8(t) — 28T Té(t)
+el €T Cyen +25(1)7 G S (20)

in order to 28()TI"8(t) + 25(1)T GT Spoe, = 0, it
should to hold the next array :
28O T(I8(t) + 26T Spoep) =0

Such that it is obtained the same disturbance esti-
mation as Eq. 16 :
S(t) = —Fe,

with F = ' 1G7T S. If this above array is hold, the
Eq. 20 is modified as follows:

V() =—hel Seoeo—26()T I'é(t)+el CT Cye, (21)
V(E) < —h lleole + 2hmax (D) |50
V(1) < —hlleoll2 + 2hmax (P leoll oo

. 2hmax ()b
V(6) < —h lleolloo <ueonoo - —h——-—)

For any 7 > 2hmax ()b the system has a conver-

gence ball as follows:
2hmax (17D

Be, = lleolloo € R fleolloo < — (22)

then the error is ultimate bounded. O
3.2 Attitude Control Plus Wind Disturbance Rejection

From Eq. 14 we have:
X2 = M)z, = 8() (23)

where the x, represents the angular velocity. It is pro-
poseda vector/ =[00 0 ]T as a reference vector in
order to solve a tracking control problem. We defined
the tracking control error and its derivative as:

e =1—x2 (24)
ée = —X3 (25)

In order to have an asymptotic stability property it
is necessary that é; = Ke,, where K is a Hurwitz gain
matrix, therefore
Ke, = —x»

Replacing x» of Eq. 23 in the previous equation:

Kee = Mm~Hs@) — )

™ =—M(mKe:+5(t) (26)

We replace the nonlinear disturbance 8(t) for their
estimate § (¢) obtained by the robust high gain observer
(16) in order to obtain the robust feedback nonlinear
control as:

7, = —M(mKee+5(0) 27

Theorem 2 (Attitude control plus wind disturbance
rejection) Be t, in Eq. 27 the robust control of Eq. 23
with Eq. 16 as a robust high gain observer in sense
of Theorem 1, the tracking error control (24) will be
converge to zero if K is a Hurwitz matrix.

Proof Substituting the control law (27) in Eq. 24:
ée = M) H(=MmKec +5(t) — 5(t))
é. = Ke,

It given that K is Hurwitz, it willbe V (#) = el Pe,,
it is hold PTK + KP = —Q, such that V <
—Amax (@) llec ”2 a




03 h = 30 with Sy as Eq. 15 and the next matrices are
0.25¢ used:
_ 02 [0.018 0 0
% 0.15 ot Jin At M = 8 O.(())IS 0 8”6 ;
2 D
< ) -
g -120 0 0 100
® 005 K = 0 =50 O I'=1010
o TR S 0 0 -20 0010
-0.05; 5 m & 50 The Fig. 3 shown the pitch angular position over

Time {sec}

Fig. 3 Pitch angle position, with feedback of disturbances
estimation in ¢ = 10s

the time, where we can observe convergence in the
t = 10s time, when the compensation 3(t) obtained
from the observer is feedback applied, that is, in the

previous time there was a signal of control but with-
out the estimation, later in + = 10s the estimation is
added and this compensates the disturbances and bring
the vehicle to the hover position (angular references
9 = 0). The left side of Fig. 4 shows the funcion §(¢)
with the blue line and the estimated disturbance 8 (1)
with red dotted line. The control law is shown in rigth
side of Fig. 4.

3.3 Numerical Results in Attitude Control

In this subsection is present a simulation study on ori-
entation UAV stabilization (10). The attitude of UAV
is perturbed with a disturbance.The objective is only
disturbance in pitch angle. The complete feedback

control simulated is: 3.4 Experimental Results in Attitude Control

This subsection shown a real-time results with the

2 = Aok + Glu+ 8ty — sgicT
€= Ao¥ + Glu+3(1) = 500 Cy Cyeo control law Eq. 28. The Fig. 5 shows an estimate of

§(t) = —Fe, a disturbance in real-time, it is noticed that the distur-
F=TI"16T5, bance approximately 0.25Nm converge to zero over
o = —M(mKe.+3(t) (28) the time. For the experimental setup, we use a small

quadrotor aircraft see Fig. 6, In the first test (left
side of Fig. 7) was applied a constant disturbance to
maintain the vehicle with a slope over the pitch angle
(15 degrees), then in a second test (see the rigth side

where the function 8(¢) is the disturbance generated
by a step function with white noise. The high gain is

0.4 - 0.2
— Penturbation -
—- Estimate 0.1+
g o+ MWWW&WW}"}W
g £ o1
2 0.15 T
& T 02
2 01 8 :
=
% WIV**.\-WWW‘W P
'(% 0.05+ 0.3} W
0 .
-0.4F
-0.05+
01 5 10 15 2 0% 5 10 15 20

Time {sec} Time (sec)

Fig. 4 Disturbance identification in pitch angle through robust observer and the control output



