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Abstract

An observed-based control strategy for position-yaw tracking of quadrotors is proposed. From a virtual controller for the
position dynamics, attitude and angular velocity references are estimated with the aim of allowing the position-control
components to enforce the tracking of a position reference. In addition, no measurement of the linear velocity is assumed,
and the measurement of the position signal is noisy, thus, a dynamic observer for the position dynamics is employed.
The ellipsoid method is considered to estimate the feedback controller and observer gains, based on an optimization
procedure, in order to produce the ultimately boundedness of attitude and position tracking errors inside a compact
convex vicinity of the origin, whose Lebesgue measure is minimized via LMIs. The advantages of the proposed scheme
are illustrated through numerical simulations that include aerodynamic disturbances and noisy measurements. Finally,
an experimental assessment is carried out to illustrate the feasibility and performance of the proposed controller in a

real-time application.
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1. Introduction

The quadrotor is a highly maneuverable vehicle that is
capable of performing aggressive trajectories. This charac-
teristics make it attractive for many different applications.
Unfortunately, the fast dynamics and disturbances make it
prone to oscillations, therefore, this small vehicle requires
a fast and robust controller. The controller of the full ac-
tuated attitude dynamics has to guarantee the stability
of the entire system, whilst being fast enough, consider-
ing that the position dynamics depend on the attitude
[l, 2]. For this purpose, several contributions have been
reported, some of them using the Euler angles as attitude
representation because are more intuitive, but such repre-
sentation has singularities [3, 4, b. 6, [1, 8, 9, 10, [L1], which
can restrict the attitude space [4], discarding the track-
ing of highly aggressive maneuvers. Additionally, the use
of quaternion algebra has been employed for using Euler
parameters for attitude representation, avoiding singulari-
ties to produce a global controller [12], even for aggressive
maneuvers [13, 14, 15]. Taking in to account aerodynamic
disturbances, there some control approaches consider slid-
ing mode [9, 16, 17] or adaptive [[1§] controllers, which
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can induce high frequencies in the controller signals, in-
creasing the oscillation of the system. Recently, a neu-
roadaptive integral robust controller for visual quadrotor
tracking is proposed in [19]. Asymptotic stability of the
closed-loop system is guaranteed using Barbalat’s lemma,
however, conservative bounds of uncertainties are assumed
to compute the controller gains and only simulations are
provided.

Additionally, given the underactuation of the vehicle,
the attitude has to be slaved to the position to allow track-
ing. How to modify the attitude dynamics makes the po-
sition control a nontrivial problem, for which, different
strategies have been developed to solve underactuation.
One approach is based on a position controller that is ac-
counted for a disturbance to the attitude dynamics [20],
which causes the vehicle to tilt to the desired direction
in order to track the position reference, however, it has
the drawback that the attitude controller is capable to
compensate at least a part of the position controller, lead-
ing to a large position error. Another method consists
in computing the desired attitude reference from the de-
sired position trajectory [6], but in that case, all dynamic
parameters have to be known in order to compute an accu-
rate trajectory for the attitude dynamics, and even so, any
of the disturbance causes a poor performance. A further
more strategy is to compute the desired attitude from the
desired acceleration that can be in turns computed from a
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virtual controller [1§], nevertheless, in this method the ro-
tation about the z axis is restrained at 0 in order to allow
the tracking, leavening one degree of freedom unused. In
addition, a virtual controller (desired force on the vehicle)
can be used in order to compute the desired references for
the attitude [B], leaving only the design of a controller that
does not induce high frequencies in the system dynamics.

By virtue of the aforementioned discussion, it is evident
that the quadrotor needs a robust controller to compensate
for dynamic disturbances, whilst avoiding high frequencies
and kinematic singularities. Along this direction, the at-
tractive ellipsoid method allows one to design a continuous
controller that is robust against a broad class of distur-
bances and uncertainties, assuring practical stability [21].
It is assumed that there is not complete information of the
plant, such as the external disturbances, but at least, an
upper bound is known. In this methodology, the feedback
gains are calculated from an optimization problem, where
Linear Matrix inequalities (LMIs) appear, and by solving
them numerically, the region at which the tracking errors
converge is reduced. The solution of convex inequalities
has allowed the development of important contributions
to the control of aerial vehicles, such as the computation
of observer gains in fault estimation schemes [22].

The contribution is then, an observer based on posi-
tion feedback by using the Ellipsoid Method. The virtual
controller is defined in the position dynamics, which repre-
sents the desired force in the vehicle for position tracking.
From the virtual controller, the attitude references are es-
timated, which are represented by unit quaternions in or-
der to avoid possible singularities. Additionally, a desired
rotation about the z axis is performed while tracking the
position. The controller is designed based on the ellipsoid
method, assuring a small region at which the errors con-
verge, depending on the solution of LMIs to estimate the
optimal gains. The validity of proposed scheme is shown
throughout a simulation study, subject to a time-varying
wind gust and noisy measurements, and experimental re-
sults, which confirm the robustness of the proposed con-
troller to wide range of uncertainties and disturbances.

2. Background and Problem statement

2.1. Quadrotor Dynamic Model

Let 7 = {e,, ey, €.} be the earth fixed frame, and B =
{eg,ez, eg} the body fixed frame, whose origin coincides
with the center of mass, see Fig. The orientation of
the rigid body is given by an orthogonal rotation matrix
R € SO(3) : T — B. The Newton-Euler equations of
motion representing the position and orientation dynamics

of the quadrotor are

mé = —TR(q)e. +mge. + fa(t) (1)
7 = %mﬁ (2)
JU = —QxJQU+ 71+ 74(t) (3)

Y
A z
A
z
Figure 1: Inertial and body frames in the vehicle.

where € = [£;,&,,&.]T € T is the position of the vehicle,
e, = [0,0, 1]T, m € R is the mass, g € R represents the
gravitational acceleration magnitude, f4(¢) € Z denotes
the bounded disturbance forces, § = [qo, q1,q2,q3]" € S°
is the unit quaternion that represents the rotation of the
vehicle, whose scalar and vector parts are qo € R and
q = [q1,q2,q3]", respectively, this leads to

_ lgo| _ [ cos(6)
1= [q] a {)\sin(ﬁ)} (4)
The quaternion product ® is given by [23]

ol ] 0

P Isxspo + [px]| | ¢

and the conjugate of a quaternion is
—k T
7" = lg0, —q1, —q2, —3] (6)

Note that, in the case unit quaternions, §* = g~ !. Q =
[0,Q27]T denotes a pure quaternion with scalar part of zero
and vector part 2, where Q = [y, Qq, Qg]T € B defines the
angular velocity of the airframe. In addition the rotation
matrix R(q) is expresed in terms of the unit quaternion,
as is equivalent to

0
T =R R7 = | o |, 7
—aomer = |0 | g
where 7; and Ty, are pure quaternions, v; = [v;1, v;2, Ui3]T €
Z, vy = [vbl,vbg,vbg]T € B, and R(q) is given by
1—2¢3 — 243

2q1q2 + 2qoqs
24193 — 2qoG2

2q193 + 2qoq2
2g2q3 — 2qoq1 | (8)
1—2¢f —2¢3

2q192 — 2qoqs
1—2¢7 —2¢3
2q2q3 + 2qoq1

R(q) =

J € R3*3 stands for the constant inertia matrix around
the center of mass and is expressed in the body fixed frame
B. The matrix [2x] € R3**3 denotes the skew-symmetric
matrix of the vector 2

0 —-Q3 O
Qx]=|9Q 0 -, (9)
—Qy 0

the external bounded torque disturbance is 74(¢), and 7 €
B is the control torque.



2.2. The Class of quasi-Lipschitz Functions

The quadrotor model is nonlinear, then the following
definition will be useful in the stability analysis.

Definition 1[24]): A vector function g : R — RF is said
to be from the class C(C,dy,d1) of quasi-Lipschitz func-
tions if there exists a matrix C € RF*™ and nonnegative
constants dp and J§; such that for any x € R™ the following
inequality holds:

lg(x) = Cal|* < G0 + b1 || (10)

This implies that the growth rates of g(x) as ||z|] — oo
are not faster than linear, [21]. Notice that if C = 0,
0o = 0 and ¢(0) = 0 the inequality ([LJ) characterizes the
Lipschitz continuity property of the function g(x) with the
Lipschitz constant L = /0;.

2.8. Attractive Ellipsoids

In order to determine the convergence region and to ap-
ply the ellipsoid method, the following definition is needed.

Definition 2 [21]: An ellipsoid, represented by ¢ C R™
with center in z. is given by:

e={zeR" (z—=z.) Plx—=z)<1} (11)
is said to be attractive for the trajectories x :

limsup (z — )" Pz — x.) < 1
t— o0

where the ellipsoidal matrix P is a symmetric positive def-
inite matrix 0 < P = PT € R™*",

2.4. Problem formulation

The problem is to design a closed-loop controller al-
lowing robust position tracking for system (J), assuring
that the error trajectories are confined to an invariant at-
tractive set. The controller is continuous and indepen-
dent of model parameters, but its design consider the sys-
tem model, ensuring robustness to parametric uncertain-
ties, aerodynamical effects and exogenous disturbances. In
addition, considering underactuation, the desired attitude
consigns that guarantee position tracking are also needed.

3. Mapping based Position Control for a Quadro-
tor

The quadrotor is an underactuated vehicle, then, in
order to reach a desired position, the vehicle needs to ro-
tate to change the direction of the thrust to generate force
components in a desired direction. In consequence, the ve-
hicle gives up some degrees of freedom in the attitude to
gain degrees of freedom in position. In this sense, a virtual
control ug is defined, where the components of this vector
corresponds to the input forces needed to track the de-
sired position. Then, the virtual controller ug corresponds
to the desired thrust T; in a desired direction, which is
defined by rotation represented by the unit quaternion qq,

Desired rotation angle

Desired

Force /_\ b

D

Desired ay plane

rotation axis

Figure 2: The attitude is “sacrificed” in order to control the position.

see Fig. E, consequently the virtual control can be defined
as
Ug = —TdR((jd)ez (12)

Therefore, using (H), (E)7 (@), and considering that the
magnitude of the virtual controller is the desired thrust
T4, then the vector that define the desired direction @q =

||ZZ|| = —R(ga)e. and is given by
—2¢1d93d — 2qodq2a tia,
g = | —2¢2493d + 2q0aq1a| = | Ud, (13)
—1+ 24, + 243, U

Now using the unit quaternion restriction qu + q%d +
g2, + ¢35, =1 and from (E), the scalar part of the quater-
nion, expressed in terms of ¢34 and 44,, equals to

1 )
qod = 5\/—2%13 +2— 4q§d (14)

then, from (@) and (@), the solution for ¢i4 and goq is
given by

qua| _ 1 |—Gsa  Qoa | |Ud,
G2d 2904t 45a) | ~qoa  —qsa] |Uds

[—2dg,+2-4 4342

_d3q 1V T2%agt2mdaga” ]
Ty -1 2 Qg1 |:Ud1:|
24 = P 7
1 /2045424434 a3g Ud,
2 Gy 1 Ty —1

(15)

The scalar part gog and the two components of the
vector part g14 and ¢o4 are in terms of ¢34 and the direction
defined by the vector 4y4. Given that there is no restriction
of which value should be ¢34, let define the final rotation in
two steps. First, assuming that the desired rotation axis is
in the xy plane, ie ¢34 = 0, the desired quaternion equals
to

% _?ﬁ/de, +2
Ud2

Qu,, = | YV ae™ (16)

zy —Gay

A/ _2ﬁd3 +2
0

After the vehicle is rotated to generate the desired force
components, we can perform another rotation of a desired
14 angle about the z axis on the body of the quadrotor,



Thrust

Figure 3: The final rotation about the z axis does not change the
direction of the original desired force.

as can be seen in Fig. E, this rotation is defined by

gdz = 0 ) (17)

This last rotation does not change the direction of the de-
sired force, which implies that the tracking of the position
it is not modified. Therefore, the desired quaternion for
the attitude is given by the consecutive rotations of 44,
and q,_ as follows

)
44 =9q4,, 44, = | __ wd>_3 4) (18)

<33
&y
)
<8
=
=}
L~
M‘

Note that in (@) ¢14 and ¢aq are not well defined if 44, = 1,
that means that the direction of the desired force is e,. It
is assumed that this scenario is highly improbable due to
the gravitational force compensation in the control law,
which means that the component 4, is always pointing
upwards or 4g, < 0. Also, note that the desired quaternion
in (L) is equivalent to the equations (@) and (@) using
q3d = %\/—QQdS + 2sin (%)

Now, to obtain the desired angular velocity, from (E),
there exists a correspondence between the desired quater-
nion and the desired angular velocity, and its given by

- 1_ =

Q4= 59 ® Qa (19)
then, the desired angular velocity is equal to

Qi =2q;97, (20)

with the time derivative of ([L§), 4}i, = 1, its derivative
@) aq = 0, we obtain that (R0)
the angular velocity equals to

is a pure quaternion and

ﬁds (sin(wd)ﬂ.dl 7cos(wd)ﬁd2)
Agy—1

f‘dg (cos('d)d)!&dl +sin(wd)ﬁ,d2)
Udqg -1

— sin(wd)ﬁdl +cos(wd)ﬁd2 +
Qg =

— Cos(lbd)ﬁdl —Sin(’([)d)ﬁdQ +

g ligy —Gdy i,
Agy—1

Yat

(21)

Note that for the computation of the desired angular
velocity the time derivative of the virtual position control
g is needed, therefore this controller needs to be at least
one time differentiable.

4. Attitude Control Design

With the purpose of allow to generate the desired input
forces defined by the virtual control, an attitude controller
has to assure that the systems tracks the desired refer-
ences computed from the virtual controller. The control
has to compensate the disturbances and aerodynamical ef-
fects present in the attitude dynamics and the design has
to consider the nonlinearities of the model.

In order to design the attitude controller, first let define
the attitude and angular velocity errors.

4.1. Attitude Error Equations

The rotation error quaternion is defined by

7 =097 (22)
which represent the rotation difference between the actual
and the desired attitude. Now to obtain the relation of the
quaternion error and a angular velocity error, we obtain

the derivative of (@)7 using (E), (E), (B), (@) and (@), is

equal to

. 1 _
Qe = 566 ® Qe (23)

where the error of angular velocity is
Qe =9~ RT(3.)% (24)

The attitude dynamics has 3 degrees of freedom, the
same that the unit quaternion has (4 different parameters
and one restriction ||g,.|| = 1). Assuring the 3 components
of the vector part g. — 0 implies that the scalar part gge —
+1, then we only need to assure ¢ — 0 in order to have
G — G4 Also, considering small errors, with go. ~ 1, it
can be assumed that the scalar part of the quaternion error
doesn’t change sign, if the initial condition is go.(tg) ~ 1
that means that g., > 0 and with the unit quaternion
restriction, then

Qoo = \/ 1—q2 -, — ¢, (25)

with this the differential equation of the vectorial part of
the quaternion is given by

e = Qa0 Qlac) = 5 [(1- ala) Ty + lacx]
(26)
Now the state space can be defined by error variables that
must converge to a small invariant set as follows

La = |:(qze:| , Tg = B, + Ca(xaa Qv Qd? Qd’t) (27)



where Cq(2q,Q4,Qq,t) corresponds to the disturbances
and non-linearities of the attitude dynamics

- _ Q(qe)Qe
C(2a, 4, 2a,t) = { J N (=X JQ+74)—RTQa— BT Qg x Q.

and B, = [03x5 J~11]T
From (R7), the quasi-linear model can be represented
as
jf‘a - Aaxu + BaT + Pa (xaa Qda Qd7 t) (28)

where @(xav Q’ de de t) = C(xav Q’ Qda de t)_Aaxav Aa =
|:a13><3 133

O3x3  Osxs
The form of A, comes from the linearization around the
origin of Q(q) and the constant a for and additional pa-
rameter for the solution of the ellipsoid method.

, with a > 0 € R is a positive scalar.

4.2. Assumptions of the attitude dynamics

Assumption 1: The desired Q; and Qg are defined
by the user, and are bounded by

140> <QF  1Qal* < (29)
Assumption 2: The norm of the disturbances vector
74 has an upper bound, then there exists a positive

constant dt such that

I7al® < d* (30)
Assumption 8: The nonlinear term in (E) can be
bounded using two constants ¢g > 0 and ¢; > 0
such that

T = x J|? <co+cr|QPVQeR? (31)

4.8. Bound of the nonlinearities and disturbances

Now with the purpose of proceed to the stability anal-
ysis, the bound of ¢ is needed. With the assumptions 1-3,
the norm of ¢(x, 4, q,t) is calculated as

P(Ta, U, Qs ) T2, Q, Qast) = o1 o1 + 0302 (32)

o101 < 2112012 + 302 g ||?
@2 < ez 4 4c1]|Q? + cal| Qe

where c3 = 4cg + 4JTdT + 4Q}'y cg = 4QF. Then, with
bo = c3 + 3a?,by = 41, by = 3 + ¢4, the norm of |¢|? is
given by

lell = bo + bal| QI + b Qe (33)

The bound of the nonlinearities and disturbances de-
pends on_the angular velocity of the vehicle. In order to
express (BJ) only in terms of the error and desired angular
velocity, an extended vector with the system state and the
desired error velocity is defined

ge
Tq = Q :|:$a:|7

e T (34)
RIQy e

using (@) we can calculate the angular velocity of the
vehicle 2 = Q. + RIQg, that can be expressed as:
Q=G1Za, Gi1=[03x3 Isx3 Isxs),

the norm of the angular velocity ||Q|% can be expressed in
terms of the extended error vector (B4) as

o . 03x3 0O3x3 O3x3

2 ~ ~ ~ ~

19 =2,G1G1Zq = T,G2Ta, G2 = |03x3 I3x3 I3x3
03x3  I3x3 133,

then the norm of ||¢|? from (@) can be expressed by

9 T O3x3 O3x3 O3x3
H(pH =by +.i’aGi‘a, G = |:03><3 (b14+b2)Isx3 bilsxs | . (35)
O3x3  bilzxs  bilsxs
and the state z, can be defined as
2q=Hio, H=[loxc Opxs] (36)
4.4. Attitude Practical Stability
Consider the following control law
T=Kz, (37)

Theorem 1. Suppose that
1.- The assumptions 1-3 are fulfilled

2.- For the system (@) with (@), for some matrices
K and P, = PI > 0 (solution of the optimiza-
tion problem (@J), when it exists), also some pos-

itive constants ag,€1,€2 that satisfy the inequality
Wo(P,, K, aq,e1,82) < 0 where

G, €1G12 P,
Wo = |e1Gly (e1b1 —e2)Isx3  Osxe (38)
P, O6x3 —e1lsxe

Go = (Aq + BoK + % Igxg) Put
Py(Aq + BoK 4 S Igx6) +1G1a,

O3x3 033 033
Gig = , G = ,
2 |:b1]3><3] 1 |:03><3 (b1 +b2)I3x3

there exists an energy function Vo (P,,x,) that has a
differential inequality defined as

Va < _aaVa(Paa ma) + ﬂa (39)

where, B, is a positive constant.

Then, there exists an invariant ellipsoid for the closed-

loop system (@) and (@)

Proof. In order to analyze the behavior for the system, the
energy function is proposed:

V, = xaTPaaca, (40)



Now, adding and subtracting 1 ||¢||? and @V in the deriva-
tive of (40) follows that

Vo = (Aae+ BoKg + ) Poxg+
2] Py(Auy + BaKzg + @) £ e1]¢]|? & aaVa

(41)
Using (@) and (@) in (@) it follows

1" [ e B T
T 3 a T
[Re@”d} [PaH —E1I(>'><6:| [Refd}
To (|2
+e1bg — a,V, £ €2||Re Qd”

Tq T Ga 61G12 Pa x
|:Rzﬂd:| €1G1, (e1b1—e2)Isx5  Osxe I:RIQd:|

¥ ﬁa O6x3 —e1lexs ¥
+e1bg + EQQd — o, Ve,

Va

IN

IA

(42)
where G3 = HT((Aa + B, K + QT‘IIGX@)TPa Pa(Aa +
BoK + % Isx6))H 4 €1G, Then, the equation z@) can be
expressed as

T ~
v, < [Cﬂ W, {x@a} — gV + Ba (43)

where B, = e1bg + sQle'.
Assuring that the matrix W, < 0, the following in-
equality is guaranteed

Va S _aaVa + ﬁa (44)
and assures that the stability region is defined by the el-
lipsoid given by

£, = {x € R 2T Py, < ﬁa} (45)

Qg

Now, the minimization of the stability region can be found
using the following optimization problem

tr {B—“Pa_l} — min
Ga Qa,Bae1,82,K, P
subject to the restrictions (46)

ag, >0, 1 >0, ea >0,
0< P, Wo=Wu(K,P,,a,,e1,62) <0

which can be solved by using the MATLAB toolboxes Se-
DuMi and YALMIP through the Interior Point Method
[25].

O

5. Position Control Design

Now with an attitude control, we proceed to the de-
sign of the control law for the position dynamics, and how
should be computed the virtual control in order to assure
the tracking of the desired position.

5.1. Observer equations

A way of estimate the velocity of the vehicle is needed
because only position measurement is available. Using a
dirty derivative, although easy to implement, increases the
noise present in the signals of position. In order to reduce
the noise an observer is proposed to estimate the velocity
of the vehicle.

A space state of the position is defined as

o= [re] - [d @

with the position dynamics

.1
&= E(uo + fa(t)), w,=—-TR(q)e. + mge, (48)
Z¢ and the output of the system are

.’1'75 = Apl’g + Bpuo + Bpfd(t)? y= fo + n (49)

where 7 € R? represents the noise present in the measure-
ments,

O3x3  Isx3 03x3
A, = B, = C=I 0
P [O3><3 03><3:| P Lllfws} [I3x3  03x3]

and the observer equation is given by
T¢ = Ayie + Bpuo + L(y — Cie). (50)

where L € R6%3,

5.2. Position Error Equations

In order to analyze how the virtual control affects the
position stability, let introduce this term in the position
dynamics. From ([f) adding and substracting the virtual
control ug defined in ([L2), and T;R(g)e,, the acceleration
is given by

mé = ug + fa(t) + (T, T4, G, q4) +mge,  (51)

where

Ce(T, T, 0,7,) = (~ToR (@) + TaR(g) (Iss — R@)))(ez)

52

Note that (¢(T,74,¢,Gq) = 0if T'= Tq and ¢ = ;. This

means that the term (¢ can be seen as a disturbance pro-

duced by the difference of the desired and the actual input

forces in the position dynamics. Since the desired attitude

gives the direction of the input force vector, then the norm
of (¢ increases as the attitude error grows.
The desired position state is defined by

Tq = Eﬂ (53)

Now the error for the position and observer dynamics
are defined as

Te = Xe—aq estimated position error
Te = Z¢— ¢ observed position error (54)
Te = Te— Ty real position error



Then, using (@), (@) and (@) the error dynamics is
expressed as

: §—&a
e Ll@(ud + fa(t) +mge. + Ce(T, T4, G, G4)) — &a
(55)
Given that the gravity, mass and desired acceleration
are well known, in the virtual control can be compensated

the gravitational force and the desired acceleration, as a
result the virtual controller is given by

Ug = up — mge, + méd (56)

where u,, is the feedback of the system signals. With (@),
we can define a state space for the error dynamics as

te = Apxe + Bpuy + Bplp, (57)

where Cp = [01><3a (fd(t) + CE(Ta Td7qa Qd))T]T'
Defining the observer feedback controller as

up = Ky, (58)

from (@), (@) and (@), the equation of the observer error
is defined by

T = (A, — LC)i&. — By fa(t) + Ln. (59)

also, using (@) it follows that T, = z. + ., then from
(b9), the position error dynamics is expressed as

te = (Ap + BpKy)xe + BpK,Ze + Byl (60)

Defining an extended error for the position error vari-
ables that we seek to stabilize x, = [¢],2]]T, which time

derivative is using (@) and (@)
i, = Az, + B¢, (61)

T T T TT i_ (At BKy  BpKp
where ¢, = (G falt) n']", A= { Osx6 A, — LC|’
B: Bp Bp 06><3

Osxz3 —Bp L

5.8. Assumptions of the Position Dynamics

Assumption 4: The rotor dynamics are fast, meaning
that the time delay between the instant that desired
thrust (7;) is commanded and the instant that the
actuators actually give that force is considered small
enough to be neglected, and it can be assumed that
the desired thrust is equal to the system thrust T; =
T.

Assumption 5: Part of the disturbances in the accel-
eration error in (bJ) are caused by the attitude error
represented in the term (¢(T4,q, ;). That means
that the disturbances grows as the attitude error g,
increases. Assuming that this term has an upper
bound implies that the attitude error vector g. has
an upper bound, that indicates that the attitude con-
troller assures that the norm of the vectorial part of
the error quaternion ||¢.|| < ¢f < 1, where ¢ is a
positive constant.

Assumption 6: The thrusters of the vehicle have an
upper limit in the generated force, then there exists
a positive constant 7% > T.

Assumption 7: The external forces in the position
dynamics f4(t) has an upper bound, then, there ex-
ists a positive constant f; such that || f4(t)||* < f.

Assumption 8: The position noise measurement has
a bound, there exists a positive constant ™ such
that ||n]|> < n*, where n € R? represents the noise
present in the measurements.

The disturbance due to the attitude error can be
bounded if the assumptions 4-6 are fulfilled as follows:

(¢ = T3 ((Isxs — R(@.))e=)" (Tsxa—R(@.)))es < QT(JFQC)I;FQ
62

5.4. Practical Stability with Observer Feedback

Now we seek that the observer and position error con-
verges to a small enough stable region around the origin.

Theorem 2. Suppose that:
1.- The assumptions 4-7 are fulfilled.
2.- For the system (@) and (@) with (@), for some

matrices K,, L and P = PT > 0, also some

positive constants «,e that satisfy the inequality
Wy(P,Kp, L,a,e) < 0 where

A -
PA+A'P+aP PB}’ (63)

W =

P |: BTP —€Ig><9
there exists an energy function V (P, x,) with the fol-
lowing differential equation

V<—aV+8 (64)
where 8 > 0.

As a result, there exists a stability region around the
origin of xe and T. defined by the ellipsoid

E = {mp € R"| xIT)Pxp < i} (65)

Proof. In order to analyze the system, a energy function
is proposed

Vp, = x;Pxp (66)
which derivative, using (@), adding and subtracting aV'

and ¢||{,||?, using assumptions 7 and 8 for the bound of

the disturbances and noise as €]|G, || < e[| Cel|>+eff +en,
is equal to

V = alPi,+ il Pr,+aV £el|(|

gl

IN



where § = €T+2qj2 + af;' +en™. As long as it is assured
that W, < 0, there exists a stability region around the
origin of z. and Z. defined by the ellipsoid

£ = {Ip € R"| x;)—Pxp < i} (68)

and the solution to the optimization problem is
tr { sp _1} —  min
« a,ﬁ,e,Kp,Pa
subject to the restrictions (69)

a>0, >0,
0<P, Wy=W,(K,,P,a,e)<0

O

As was mentioned in Assumption 5, the disturbances
term (¢ in the position error dynamics depends on the
attitude error g., meaning that if the attitude controller
doesn’t assure the tracking of the desired references com-
puted from the virtual controller, the position error will
increase. In this sense, the stability of the position dy-
namics depends on the attitude stability, ie as ¢ — 0
implies & — 0.

Note that for the derivative of the control tq(Ze, € 4) =
Kpa;:e—i—mf a = Kp(&e—iq)+mé 4, the Z. can be estimated
using (B(). Also the term & ; is needed, which implies that
the desired position trajectory needs to be at least 4 times
differentiable.

6. Numerical Results

In order to demonstrate the performance of the con-
troller a simulation study subject to a time-varying wind
gust and noisy measurements was implemented. The vehi-
cle accomplishes the tracking of a position trajectory while
tracking a desired 14 angle.

6.1. Simulator

The simulation was carried out using Matlab ® Simulink
® 9.2. The solver used was Dorman-Price (ode8) with a
fixed step of 0.001s. The Fig. { shows how the signals
were used to calculate the controllers and dynamics of the
simulated system. In order to emulate a real scenario, a

&a Position
Control
Desired Desired
Position Attitude from
Mapping

94 = qa,, ® qa,

_ PR
- mamic |7 2 i
Position (19 Dﬁfﬁg‘c Attitude
Observer Error Equations
"if = AP‘/if + PPUU T [(Ic-, Qe]T qe = 6(*] ®q
+L(y — CZe) | Attitude Control Q. = Q- R"(7,)

Figure 4: Block diagram of the control algorithm.

time-varying wind gust is simulated, where the wind ve-
locity vector is sin?(0.1¢) [0.5403, 0.8415, 0]7 m/s. Note
that the magnitude of such a vector is v(t) = sin?(0.1¢)
m/s. This wind gust generates state-dependent aerody-
namical disturbances in the form of forces and moments
that affect both position and orientation dynamics. The
aerodynamic coefficients and the equations that describe
these effects are [26]:

1 L
fa= ipavf SRWdT cy
CD
bCl
T = fpavf S |cem
2
bey,

where the coefficients ¢ and b are the chord and the span
of a blade, respectively, cp, cy, cr, ¢, ¢ and ¢, are aero-
dynamical non-dimensional coeflicients of drag, sideforce
lift, rolling, pitching and yawing moments, respectively.

vy = /(vsin(ag))? + (vcos(ao) + v;)?

and p, is the air density, aq is the freestream angle of
attack, v, is the resultant velocity in the propeller slip-
stream, v; is the induced velocity produced by the rotor,

ﬁ, and T, is the thrust of the rotor and A,,

is the area of the rotor disk. The orthogonal rotation ma-
trix that relates the body fixed frame and the aerodynamic
frame is

V; R

CayCBq 584 SagCBy
Wa= | —Ca,58, CBs  —SaaSpa
—Say 0 Cay

where ¢, = cos(a) and s, = sin(a), a4 is the angle of
) and [, is the sideslip
angle. The coefficients values used are p, = 1.19 kg/m3,
Ba =0, ¢ =0.15,¢, = 025,¢, = 08,¢c, = 0,cy =
0.2,cp = 01,8 = 0.5m?, b= 0.05m,¢=0.02m. J =
diag(0.1241,0.1241,0.2483) kg m? /rad and mass m = 2kg.

The initial conditions of the system are ¢ = [1,0,0, 0T,
Q = [0,0,0]T ¢ = [0,0,—-1]T, £ = [0,0,0]T and ¢ =
[0,0,—1,0,0,0]T. Additionally, white noise is added to
the position, attitude quaternion and angular velocity us-
ing the white noise block of Matlab ® Simulink, which gen-
erates normally distributed random numbers. Each block
has different seed and the parameter noise power of 0.1.
The values provided by those blocks are then multiplied
by 0.0001 in order to obtain values between +0.003, which
correspond approximately to a position error of 3mm, atti-
tude error of 0.4 degrees and angular velocity error of 0.003
rad/s. It is important to point out that a motion capture
system Optitrack produces position error less than 0.3mm
and rotational error less than 0.05 degrees [27].

v sin(ap)

attack, ag = arctan (W



The control parameters are given by:

K = [diag(10, 10, 10), diag(10, 10, 10)],
K, = [~ diag(40, 40, 40), — diag(80, 80, 80)],
L = [1;1001]

The solution of LMIs from the optimization prob-
lem in the attitude dynamics is expressed as: A(P,); €
{0.017587,0.45995}, &1 = 0.0041433, 2 = 156.0903 and
aq = 0.002973; and for the position controller: A(P); €
{0.0014673,0.74522}, ¢ = 2.8245, o = 1.012.

6.2. Task
The smooth desired trajectory, assuring small initial
errors for position and attitude, is given by
[ (tanh (6t — 4) + 1)
2

Ccos (ft)_

r (tanh (6t — 4) + 1)
2

&a=

sin (ft)

—24

The function tanh is used to slowly increase the radius
of the circle from zero to a desired value r, where its in-
crement depends on §. This assures small initial errors
provided that the initial position of vehicle is in the center
of the circle. The trajectory parameters used were § = 2,
r=1, f=2and zg = 1, with ¢ = —2 for the desired atti-
tude. The desired trajectory is smooth enough to guaran-
tee existence of & ;, which is a requirement for the solution
of underactuation.

In order to calculate the desired trajectories for the at-
titude controller, the time derivative of the virtual position
controller, ug, is required. By using (b(), it is computed
as

Ug = _Kpfve + m.é.d = _Kp(i"é —Zq) + m.éd

Note also that the term § is needed to compute the de-
sired angular velocity in (E) Thus, &, has to be con-
tinuous, which implies that the desired position trajectory
needs to be at least 4 times differentiable.

6.3. Results
The tracking performance of the system is shown in
Fig. B. In Fig. f, the 3D trajectory demonstrates how

the vehicle begins in the center of the circle and increases
the radius of the tracked circle until it reaches the tar-
get radius of 1. The system follows the desired trajectory
with small errors, as can be appreciated in Fig. a The
position controller is shown in Fig. §. As seen from this
figure, the element ug, reminds always negative, assuring
that there is always a desired attitude at any given time.
Fig. 9 shows the successful tracking of the desired atti-
tude, computed from the position controller. However,
the noise present in the position control results in a noisy
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Figure 5: Position and velocity signals in the numerical results.

-0.5 -

Figure 6: 3D position of the vehicle in the numerical results.

desired attitude trajectory, specially for the desired angu-
lar velocity. Even with this noise, the attitude is tracked
with small errors, see Fig. , and consequently ensures
position tracking at the same time. The attitude controller
signals are presented in Fig. [L1|, which has a strong compo-
nent of noise due to the noise present in the measured and
desired signals. Finally, Fig. shows the moment and
force aerodynamical disturbances respectively that affect
the vehicle.
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Figure 8: Position control signals in the numerical results.

7. Experimental Results

The excellent performance of the control strategy is

demonstrated when the aerial vehicle executes a similar
trajectory to the one used in the numerical results, (@),
a circle trajectory while tracking a desired angle 14, us-
ing the equations ([l§) and (@) The platform used is
an AR Drone 2.0 Edition of Parrot shown in Fig.
The platform uses a board with an ARM Cortex A8 1GHz
processor with 1GB of RAM and the control algorithm is
programmed in C++ code using Codeblocks 13 in a Linux
Ubuntu 14.04 environment. The embedded system update
the IMU measurements at 200Hz (5ms), as well as con-
trol outputs to the rotors, interruptions, data fusion and
communication to the ground station. The measurements
of the position of the vehicle is performed using an Op-
titrack system with 24 cameras, that send information to
the vehicle up to 100Hz (10ms). The communication to
the ground station allows to monitor the system measure-
ments and change parameters in the controller and desired
position, while all the data is recorded on board.

The parameters of the desired trajectory ([f(]) are 6 =
0.7, r=1, f =2, zg = 1.5 and ¥4 with initial condition
Ya(to) = 0.
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Figure 9: Attitude signals in the numerical results.

The control parameters used were:

K = [diag(4,4,4),diag(0.4,0.4,0.3)],
K, = [diag(0.5,0.5,0.7), diag(0.4, 0.4, 0.5)],
L = [201;100]]

Using an approximation of the inertia matrix

J = diag(0.002237568, 0.002985236, 0.00480374)

and mass m 0.43kg for the optimization problem,
the solution of the LMIs are for the attitude dynamics
o A(P); € {7.5990e — 05,4.4614e — 01}, ; = 0.055195,
g9 = 2.0784 and «, = 0.00208; and for the position con-
troller: A\(P); € {1.6117e — 04,3.2167¢ + 00}, ¢ = 1.8468,
a = 2.99.

The result of the tracking of the desired position tra-
jectory are shown in Fig. [l4. The comparison of the mea-
sured and desired position is shown in Fig. [l4(a), also,
the comparison of the observed and desired velocity is dis-
played in Fig. [L4(b), where it can be easily seen the out-
standing tracking of the desired trajectory. Usually, given
the underactuation of the quadrotor, the tracking of a cir-
cle seams that is out of phase [20], which in this case is not
appreciable. It is better seen in Fig. the error Z., which
magnitude is never greater than 20cm of the tracking of a
2m diameter circle.

In Fig. the comparative of the two different forms
to estimate the velocity of the vehicle is presented, one is a
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Figure 11: Orientation control signals in the numerical results.

dirty derivative and the other one is using the observer. It
is perceptible that the dirty derivative amplifies the noise
present in the position measurements, while the observer
estimate a more regular signal. This is important given
that the desired attitude is computed using the error sig-
nals of position and velocity. Using more regular signals
of the position and velocity signify more uniform desired
trajectories for the orientation, making it easier for the at-
titude controller to perform the tracking, implying a better
behavior in the position.

The virtual controller presented in Fig. E, is used
to estimate the desired quaternion. Given that the vir-
tual controller contains noise, the desired quaternion and
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Figure 12: Torque and force disturbances in the numerical results.

Figure 13: Platform used for the experimental validation: Parrot AR
Drone 2.0.

angular velocity also contains noise. The signals of the
real quaternion components ¢;, g3 and the desired g4, q34
estimated from the virtual controller) are shown in Fig.
E The_main rotation is in the z axis, as can be seen
in Fig. , the rotation about this axis has the same
frequency as the circle, meaning that when the quadrotor
finish a circle, a full 360° rotation is also completed. Even
with noise present in the desired quaternion, the tracking
has good performance, with small error in the attitude,
as can be seen in the error quaternion vector from Fig.

The same_applies to the angular velocity, shown in
Figs. and R1. Because the derivative of the desired
rotation is ¢ = 2, the desired angular velocity 24, has
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Figure 17: Virtual control signals during the experiment.

almost the same value plus some terms that come from
the virtual controller as (R1)). The performance of the at-
titude controller is presented in Fig. Fig. shows
the tracking in 3D space, where can be seen that as the
diameter of the circle increases, the altitude error incre-
ments as well due to the increment of the inclination of
the vehicle. Finally, Fig. exhibits how the vehicle has
to tilt in order to follow the desired trajectory, almost like
looking to the center of the circle as following the desired
rotation about the z axis. This trajectories has frequen-
cies greater than usually used in quadrotors [@, E, @],
also, for more aggressive trajectories the Euler angles may
present singularities that jeopardize the integrity of the
vehicle. The video of the experiments can be seen in
https://www.youtube.com/watch?v=1ZWpgedxMos.

7.1. Implementation considerations

The design of the control is done without considering
the latencies present in the vehicle, it is only assumed that
the sampling rate is fast enough to be considered contin-
uous. The vehicle has a sampling rate of bms for the at-
titude signals, which is small enough to have a response
considered continuous. However solution of the optimiza-
tion problem could lead to high gains that would induce
higher frequencies than the maximum frequency response
of the system leading to instability.

Also, a more aggressive trajectory in position implies a
more aggressive trajectory in orientation, then, the invari-
ant set for the attitude system could grow, leading to a


https://www.youtube.com/watch?v=1ZWpgedxMos

0.2

0.1

q
o

-0.2

20

q3

Figure 18: Attitude in the experiments.

Qel — G2 — Ge3 —

0.2

e

10 15
Time (s)

20 25

Figure 19: Attitude error in the experiments.

increase in the disturbance in position due to orientation
error and therefore a greater error in position.

Given the small errors requirement for the small error
initial condition, the vehicle needs to start near from the
desired trajectory, or even in the desired trajectory. If the
vehicle needs to reach a specific point, the desired path has
to be designed in order that gently leads from the start-
ing point(where the vehicle begins) to the end point(the
desired position).
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8. Conclusions

A continuous position control for a quadrotor using ob-
server feedback was proposed. The ellipsoid method forced
the error to a small enough region around the origin, which
allowed the system to track the desired position, even for
highly aggressive maneuvers. The solution of underactu-
ation provided the attitude desired references, needed by
the attitude controller for the purpose of tracking the po-
sition trajectory, through a unit quaternion in order to
avoid the singularities. The only restriction on the pro-
posed scheme is that the desired force never points down-
wards, which implies that there is no error in the x and y
directions and the desired point in z is far beneath the ve-
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research program “Investissements d’avenir” through the
Robotex Equipment of Excellence (ANR-10-EQPX-44).

(1]

Figure 24: Different frames of the vehicle while performing the circle
tracking and rotation about the z axis.

hicle, a highly improbable scenario. Finally, the proposed
approach allows the tracking in 4 Dof, in this case the 3
Dof of position and the yaw angle.
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