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Robust tracking scheme for an experimental quadrotor

L.A. Blas!, M. Bonilla2, S. Salazar®, M. Malabre* and V. Azhmyakov5

Abstract— In this paper, we present a robust tracking scheme
for an experimental quadrotor, with outdoor real-time im-
plementation. This control scheme is based on the robust
structural feedback linearization scheme, presented in [2] .
This control scheme has the advantage of combining the
classical linear control techniques with the sophisticated robust
control techniques. This control scheme is specially ad hoc for
unmanned aerial vehicles, where it is important not only to
reject the actual nonlinearities and the unexpected changes of
the structure, but also to look for the simplicity and effectiveness
of the control scheme.

keywords Quadrotor aircraft, unmanned aerial vehicle (UAV), trajectory
tracking, non-standard feedback linearization, nonlinearities rejection.

I. INTRODUCTION

In [2], we have presented a synthesis procedure of the
recently robust linear control scheme proposed in [3], which
is based on failure detection techniques. Such a linear
control approach is intended to reject linearly structured
uncertainties, which are treated as failure signals affecting the
systems dynamics. In this paper we present some necessary
adjustments for tracking some prescribed trajectory in the x—
y plane, in outdoor real-time experiments. In Section II, we
recall some preliminaires results. In Section III, we present
a drift-free estimator for overcomimng the drift due to the
integration of wind noises. In Section IV, we present outdoor
real-time experiments obtained when the quadrotor tracks a
circular trajectory in the x—y plane. And in Section V, we
conclude.

II. PRELIMINAIRES
A. Quadrotor Description

In this paper we deal with the quadrotor laboratory proto-
type shown in Figure 1.

1Luis Angel Blas was a Ph.D. student sponsored by CONACyT

México at CINVESTAV-IPN, Control Automatico, México.
anghelblas@gmail.com

2Moisés Bonilla is with CINVESTAV-IPN, Control Automatico,
UMI 3175 CINVESTAV-CNRS. A.P. 14-740. México 07000.

mbonilla@cinvestav.mx

2Moisés Bonilla is with CINVESTAV-IPN, Control Automético,
UMI 3175 CINVESTAV-CNRS. A.P. 14-740. México 07000.
mbonilla@cinvestav.mx

3Sergi0 Salazar is with CINVESTAV-IPN, Sistemas Auténomos de
Navegacion Aérea Y Submarina, UMI 3175 CINVESTAV-CNRS. A.P. 14-
740. México 07000. sergio.salazar.cruz@gmail.com

4 This work was done while Michel Malabre was with CNRS, LS2N,
UMR 6004, Nantes, France. Michel .Malabre@ls2n. fr

5Vadim Azhmyakov is with Facultad de Ingeniera y Ciencias
Bésicas, Universidad Central, Bogotd, Colombia, and with Insti-
tut fiir Theoretische Informatik, Mathematik und Operations Re-
search, Universitit der Bundeswehr Miinchen, Miinchen, Germany.
vazhmyakoQReafit.edu.co

2

$ i3
f 1
1
= i?ﬂg;i

P

(b)

(a) Quadrotor. (b) Schematic diagram.

Fig. 1.

The motion of the quadrotor is referred to a fixed orthog-
onal axis set (earth axes) (oxyz), where oz points vertically
down along the gravity vector' [ 0 0 ¢ ]T, and the origin
o is located at the desired height Z, above the ground level. ¢,
0 and 1 are the Euler angles, roll, pitch and yaw, measured
respectively over the axis opxp, opyp and opzp; where
(opxpypzp) is the body axis system, with its origin op
fixed at the centre of gravity of the quadrotor; see Figure 1.
The total mass is M, the moments of inertia about axis ox,
oy and oz are I, I,y and Z,, and the distance of each
rotor with respect to the centre of gravity of the quadrotor
is denoted by L,,:?

M, = 1.36 [kg], Z,, = 0.0134 [kgm?], Z,, = 0.0140 [kgm?],
T.. = 0.0256 [kgm?], L,, = 0.245 [m]
2.1
In [1], we have shown that the quadrotor is represented
by the state space representations:

dx;/dt = Aixi+Biui+Siqoi, yi = Cix;, i € {x,y, z, ¥},

_ (2.2)
01 00 01 00
100 —g 0 10 0 g O
AX_oo 01’Ay_0001’
00 00 00 00
B, =17,,'Bs, B, =7,'B,, ;
[0 0 0 1
0 10 0
Bi=| , S =8, = 0 0 ,Cx=C, = 0
|1 0 1 0
(2.3)
0 1 _ _
Az = Ad’ = |: 0 0 :| B Bz - Mq 1B2; Bw :IzleQa
0 117
S;:=8y=By,Bo=| | [, C:=Cy=| | .

(2.4)

'We take the value: g = 9.81 [ms~2].
2Since the quadrotor is mechanically symmetric its cross inertia are zero.



where:  x, = [x dx/dt 0 do/df]", x,
[y dy/dt ¢ de/dt]’, x, = [z dz/dt]", x,
T T T

[dj d¢/dt] s Qox = [QX q9] > Qoy = [Qy Qd)} > Qoz =
Gz Aoy = Gy. The control actions, uy, uy, u, and u,, are
related with the thrusters of the four rotors, f1, f2, f3 and fq,
by means of an invertible real constant matrix (cf. Section 5
of [1]). The nonlinear signals, g, ¢y, ¢z, ¢4, qo and gy, are:

7% 0 — Qxx Qxx
Qy | = —¢ — Gy | 9+ ﬁq Qyy | Uz, (2.5)
4z —qzz Qzz
1¢ —1 —1 —1 dn
go | = (I () =I7H0) 7 = I (m)Cn, dn/dt)
Qyp
. ;2.6)
where n = [ ¢ 0 ¢ ], 7 = [u uc uyp ] ,J

and C(n,dn/dt) are the inertial and the Coriolis matrices,
defined in Appendix A of [1], and:

Gxx = cos(¢) sin(#) cos(v)) + sin(¢) sin(v) ,
Qyy = cos(¢) sin(6) sin (1)) — sin(@) cos(v)
G2z = cos(¢@) cos(0) — 1.

B. Locally Stabilizing Feedback

In the fifth Section of [2], we have used the LQR technique
in order to locally stabilize (2.2) — (2.4) 3. For this, we have
solved the Algebraic Riccati Equations (ARE):

2.7)

ATP, +P,A; —P,B;(p; ) 'BI'P, + Q, =0, (2.8)
where i € {x, v, z, ¥}, and with:
10 0 0
Q.= Q, = 900 0 0 O 0 ’
0 0 1 0 2.9)
0 0 0 225 )
1 0 1 0
Q. = {O 0.23] [0 0.6’
(bxr Py Pz py) = (1, 1, 1/19600, 1/12100).  (2.10)

Solving (2.8) for matrices (2.3) and (2.4), with the choices
(2.9) and (2.10), we have obtained (i € {x, y, z, ¥}):

w=Fx;,+10;, 1€ {X, y}, (2.11)
ui:Fi(Xl‘—)—(i),iG{L’(/J}, )_(Z:[i O]T,}_(w:(L
(2.12)
F,=[30 324264 —171.9158 —45.0535],
F,=[-30 —32.4260 —171.9116 —45.0512] ,
F,=[-140 -69.92] , F, = [-110 —85.2387] .
(2.13)

With the state feedbacks (2.11), (2.12) and (2.13), we get the
following spectra and characteristic polynomials:

Aay, = {3214, -1.911,-0.9536 + 1.585;},
Aay, = {—3358,—1.911, —0.9536 + 15855},
Aap, = {~2.087,-49.32}, Aa, ={-1.291,-3328},

3Recall the celebrated Stability Principle of the First Approximation (see
for example [8]).

= det(sI — Af,) = s* —i—ai,ls?’ + ai’252 +a;38+a;q,
(2.14)

T, (8)
where: Ay, = A, + B,F;, i € {x,y, z, ¥}
C. Nonlinear Uncertainty Signal Estimator

In [1], we have shown that with the change of variable:*

n—1
Si+ > MIS;d//dt’ | qoi(z, u), (2.15)

j=1

G =x;+M;

the state space descriptions (2.2), fedback by (2.11) and
(2.13), take the form (i € {x, y}):

d¢i/dt = Ap, G + B (T + qui(xi, wi)) . ys = CiG,
(2.16)
where the nonlinear uncertainty signals, q4;, are:
n—1 ]
Qi (%, W) = X, [ Si+ Y MI S, d/ /At | qoi(xi, wy).
j=1

2.17)
The matrices M; and X,, are solutions of the matrix
equtions:

ApM; +B;X; =1. (2.18)

In Section V.B.2 of [2], we have synthesized the following
nonlinear uncertainty signals observers for (2.2), with ¢ €
{x, y} and the matrices (2.3):

dw,/dt = (AKi +B,;foCi)w - (K +B7;Gf)yi,
o = GHCiw,—yi),

2.19)
where: Ak, = Ar, + K;C; and G! = — (C;A¢'B; )
R, i € {x, y}, and (cf. [6]):

0 0 0 —aa QA4 — Qo4

. 1 0 0 —a3 | @43 — Qo3
AFi - O 1 0 7@1‘72 ’ KZ - ai72 — a072 ’

0 0 1 —a; 1 a;1 — Qo1

i T

C,=[0 0 0 1],3_[?; 0 0 0] ,

Gl = — (Ci (Ap, + K,C;) ' B)" = (ao.4b;)/ks.

(2.20)

where: ¢ € {x, y}, (a1, ai,2, a; 3, a;4) are the coefficients
of the polynomials (2.14), and: (ky, bx) = (—g, Z,,) and
(ky, by) = (9: Lua)-

Let us note that the output signals of the nonlinear uncer-
tainty signals observers (2.19) are the negative estimations of
the nonlinear uncertainty signals q.;, namely: 4; = —q,;.

The transfer functions . (s) of the closed loop system
are (Y; V5. Qui)?

For, (s) = F¢, (8) Gupe(s), 2.21)

where:
-1 ki
Fe(s) =

Bi = )
biﬂ-%ﬂ (S)

Ci(sI - Ar,) (2.22)

4Cf. Lemma 1 and Theorem 1 of [2].
5See Section IV.D of [2].



GHPF(S) = 1- FE(S) = Gf C; (SI - AKi)_l Bi (2.23)

= 1-@0’4/7761.(S):Sﬁ—w(s)/ﬂ—E(S)a ’

and:

me(s) = det(sI— AK,) (2.24)

= S4 —+ Qo1 S‘3 —+ Qo2 82 -+ @p,38 + Qo 4, ’
mw(s) = det (SI — (Ak, + BszCz)) (2.25)

= 5(53 +ao,1 S2 +ao,2s+a0,3)v ’
me(s) = s7,(s)+ao, - (2.26)

Following a root locus procedure, in Section V.B.1 of [2] we
have deduced:

sTw(s) = s(s+4.750.)(s+40.)(s+ 3.50.),
(2.27)

me(s) = (s+0c)%(s® +10.25 o, s + 28.125 02),
(2.28)
o, = 281250 (2.29)

and that the cutoff frequency w,. of the high-pass filter

(w? = @o,,)w? = (@0, w? — Ao, )w

G =
) = 0 ) T o) — 3 (0?0 )
(.30)
is:
We =1/ Go,,/2 \/1 —/1—2a,, /a2, =0.5339 o. [rad/s] .
(2.31)

We then have to adjust p. sufficiently higher than the
bandwidth B)y, of the Fourier transform of q.;, F{q«i},
i € {x, y}. Experimentally, we have found that o, = 18
is a good choice for our laboratory prototype, thus:

Te(s) = s* +220.55% + 16078.552 4 387828 s + 2952450 .
(2.32)

ITII. DRIFT-FREE ESTIMATOR

The nonlinear uncertainty signal estimator (2.19) has a
good performance when the quadrotor is in hover flying.

However, when we wish that the quadrotor tracks some
prescribed trajectory in the x—y plane, sometimes the quadro-
tor suffers a drift phenomenon. Doing a frequency analysis of
the recorded x and y signals in hover flying (in outdoor real-
time experiments), we have found that the signal disturbance
is well approximated by:

d(t) = 0.009sin(0.85¢) + 0.0115n4(t) + 0.0073;  (3.1)
na(t) = sin(2.1w(sin(27 ¢/T) + 1)), (3.2)
with 27/T = = .4. Analyzing (3.1), we deduce: (i) The

constant term 0.0073 is easily compensated by the integral
term of the nonlinear uncertainty estimator, see (2.25). (ii)
The sinusoidal term 0.009 sin(0.85¢) is certainly attenuated
by the high-pass filter Gyr(s), see (2.21) and (2.23). Then,
the 7,4(t) term is the cause of the drift phenomenon.

In order to overcome the quadrotor drift due to the
integration of wind noises like (3.2), we have proceeded as
in [4] and [5]; that is to say, we have shifted the pole at the
origin of (2.19), slightly into the left-half complex plane (cf.

(2.25)). For this, we have reduced lightly the static gain G¢
of the nonlinear uncertainty signal estimator (2.19), namely:

dwayi/dt = (Ax, + (1 - OBGIC; )way,
- (K (- e)Bin)yi , (3.3)
g = (1-¢)G{(Ciwgi—Vi),

where € is a sufficiently small positive constant and i €
{x y}.

Let us note that the output signals of the drift-free esti-
mators (3.3) are —(1 — €) times the nonlinear uncertainty
signals q.;, namely: @; = —(1 — €)§u;.

Now, the characteristic polynomial of (Ak, + (1 —
¢)B;GYC;) has no roots at the origin (recall (2.20) and cf.
(2.25)):

Twg () = det (SI —(Ak, + (1 - e)BinCi))
Ty (0) = det Ak, det (—1 — (1 — ¢)C; AL B,;GY)
=—e#0.
A. Closed loop system
Applying (3.3) to (2.16), we get the closed loop system

represented by (cf. (4.16) and (4.17) of [2]):

d | ©df €df i
dt [ CJ:Z } ACLde,i { ri ] +BCLiQ*ia

Gi

c 3.4)
df i
Yi CCL,i CJZ ’

— Ak, ‘ 0 _ | =B
Achf'.L- - |: (]_ —G)BleCz ‘ AF1 :| ’ BOLi - |: B’i :l )
Cor,=[01C: ], (3.5)

where: eqr; = War; — ;.
The transfer function of ¥(A
(4.18) and (4.19) of [2]):

BCLi’ CCLi) is (cf.

CLgg;?

-1
Fery. (s) = Cop, (sI-C..,) By,
Fe,(s) (I = Fey . (9)), (3.6)
Fe(s) = Ci(sT—Ap,)" By,
Fey.(s) = (1—€)GIC;(sI—Ak,) ™ B, (3.7)

together with (2.20).
From (3.3), (2.20) and (3.7), we get (recall (2.24) and
(2.26)):°

(3.8)
(3.9)

Twg (8) =87, (8) + €04,
Fedf,i(s> = (1 - 6) a’074/7T6(S) )
B. Frequency response

The closed loop transfer function (3.6) incorporates the
high-pass filter (recall (3.9), (2.26) and (3.8)):

GHPFdf(S) =1

s, (S)+e€ao,a
Te(s) ’

_ 1 _ (1=9a,,
—Fegi(s) =1 RO (3.10)

O7wgp ; (s) = det(sIs — ((Ap; + Ki C;) + (1 — B GECy)).



Grer,y (Jw) =
((wz_ao.g )W2+5 U«o,4)_.7 (ao,l W2_ao,3 )"‘J
(("‘727‘10,2)“"2“"0‘0,4)73 (ao71w27ao,3)w !

@3.11)

The cutoff frequency w,,, of the high-pass filter Gy, (Jw)
for e = 1/50 is (recall (2.28) and cf. (2.31)):’

Va1 20 e,

0.5392 g, [rad/s] .

Wegy

(3.12)
In Figure 2, we compare the Bode plots of Gype(yw), (2.30)
and (2.28), and Gy, (Jw), (3.11) and (2.28), with o, =
18 and ¢ = 1/50. From Figure 2, we realize that the
high frequencies behaviors are very similar, and the low
frequencies are attenuated by the factor e. Now, there is no
poles at the origin, avoiding in this way the drift phenomena
due to the integration of wind noises like (3.2).

10 10

0

-10

-20

-30

-40
102 10° 10

Fig. 2. (a) Bode plot of |Gupr(yw)| 4, (2.30) and (2.28), with o, = 18.
[p1] = 18, [s2| = 85.5, [s3] = 72, [54] = 63, @n = 95.46 [rad/s],
¢ = 0.966 and w. = 9.61 [rad/s]; |Guer(0)| = 0 and |Gppr(o0)| = 1.
(b) Bode plot of ‘GHdef (jw)‘ , B.11) and (2.28), with o = 18 and €
= 1/50. |praf| = 18, [Saaf| = 85.5, [Saqr| = 72, [Saqr| = 63, @nyp =
95.46 [rad/s], ¢ = 0.966 and Wegr = 9.71[rad/s]; ‘Gprdf (O)‘ —€=

1/50 = 734db and GHdef (OO) =1.

IV. TRAJECTORY TRACKING

In this section we present outdoor real-time experiments
obtained when the quadrotor tracks a circular trajectory in
the x—y plane. For this:

1) The quadrotor is locally stabilized with the LQR of
Section II-B, and robustly linearized with the drift-free
estimators of Section III.

2) An optimal state trajectory is synthesized for reaching
a given local stationary point.

3) The circular trajectory is partitioned by a finite set of
suitable local stationary points.

A. Control Scheme

In [3], we have shown that the nonlinear uncertainty signal
estimator (2.19), has two interesting properties: it enlarges
the stability neighborhood and it creates an attraction neigh-
borhood B,, , of radius I around the stationary point (see
Figure 3 of [3]).

"Doing: |Gy, (gw)| = 1, one gets: 2a,,,w? — 2a0,,00,,w* + (1 +

2
eaz, =0.

In consequence, we have partitioned the desired trajectory
for tracking, x}(t) (i € {x, y}), ¢t € [0, Ty], by aset of N+1
stationary points:

o S AR Ky oo R o X)(RTS) = X5, (413)

where: k € {0,1,..., N}, NT, = Ty and ¢ € {x,y};
T, is the trajectory sampling time and T’ is the flying time.
Then, the local stabilizing feedbacks (2.11) and the drift-free
estimators (3.3) take the forms, respectively:

u;, = Fi(x; — x}) + gy, (4.14)
%Wdf,i = (AK.L + (1 - E)BinCi)wdf,i
_<Ki (- e)Bin) Ci(x; — x),

(1 —€) G} (Ciwap,i — Ci(x; —x7)),

(4.15)
where ¢ € {x, y, ¥}, and together with (2.13), (2.20), (2.32)
and e = 1/50%.

Ugr; =

B. Trajectory Planning

1. Optimal state trajectory: In order to synthesize the
optimal state trajectories which reach a given local stationary
point, let us consider the linear state space descriptions (cf.
(2.2), (2.3), (2.11) and (2.13)):

dx}/dt = i€ {x vy}, (4.16)

where: Ap, = A; + B;F;, i € {x, y}, and with initial
conditions: x; (0) = X, ;; let us note that the pairs (Ar,, B;)
are controllable (cf. (2.3)).

We are interested in finding a minimal norm control input
@}, such that: x7(T5) = 0, where T is a given finite time,
Ts > 0.

This is a classical minimum norm problem of seeking
the closest vector to the origin lying in a variety of finite
codimension, in a Hilbert space, and it is solved with the help
of the Projection Theorem. Indeed, according to Theorem 2
of Section 3.3 of [7], the control input @i} solving the problem
has the form (see also Theorem 1.1 of [9]):

* =k
AFiXi + Biui R

U () = —Fp, (Ts = )20, " exp (Ap, T5) X0, (4.17)
i € {x, y} t € [0, T], where:’
.7:F (t) = Bl exp (ATvt) ,
' i (4.18)
fo .7:FT —7) Fa e, (Ts — 7)dr.

From (4 16), (4.17) and (4.18), we get for all the time

intervals, [ kT, (k+1)Ty), k € {0, 1, — 1)}, the
following optimal trajectories:
xj(t) = exp(Ap,(t — KkT5)) X, ;
4.1
/ ]:T t—7) Bt )V 4 dr, (4.19)
8 For the v dynamics, we have chosen: x5 = 0, pr =

0 Q2 l/Izz Q)2 — Q0,2
2 | By = LKy = . 2| C
{ 1 —ay,1 } ¥ [ 0 ¥ Qqyp,1 — Go,1 v

=[0 11,6} = —(Cy(Ar, +K3Cy) ' By) = a0z,
where: Te(s) = 82 4+ ao,1 8+ ao,2 = 5% + 2085 + 2704, and € = 1/10.

9Since the pairs (Ar,, B;) are controllable, the matrices QBiTS are
invertible [9].



Bi(t,T) = Fe (t—7);",
( *) F( )2, 3 4.20)
Vii = Xk+1), — XP (AFiTS)Xk‘,i7

where: X; ; € AT, i € {x, y} (recall (4.13)).

SP’L ’ . . .
2. Stationary points set: We are interested in following

the circular trajectory:
() + () —m)? =7, (4.21)
namely:

and vy, (t) =7, (1 — cos(wst))

(4.22)
where: w, = 27 /7. Partitioning T, in N points we get
(t=(k/N)Tf, ke {0,1,..., N}):1°

% T* —
(552) =

[ sin (o) ws cos (o)

X4 (t) = 7 sin(wst)

o b

Ys
Y

[ (1 —cos(ag)) wssin (o) L cos (k)

where: o, = 27 k/N.

C. Outdoor real-time experiments

In this Section we present outdoor real-time experiments,
when tracking a circular trajectory of a radius of 5 [m], in
the x—y plane. For this, we have proceeded as follows:

o We have locally stabilized the Quadrotor with the state
feedbacks (4.14) (for i € {x, y, z}) and (2.12) (for i =
z), together with (2.13).

« We have robustly linearized the quadrotor with the drift-
free estimators (4.15) (for i € {x, y, z}), together with
(2.20), (2.32) and'! € = 1/50.

o The circular trajectory for tracking was generated with
the help of (4.19), (4.20), (4.18) and (4.23), with: r, =
5 [m] and Ty = 1 [s] (recall (2.3) and (2.13)).!2

We have tracked the circular trajectory (4.21) with the

radius r, = 5 [m], a sampling time of 75 = 1 [s], and a
partition of N = 20 points, namely: Ty = 20 [s]. In Figure
3, we show the obtained results when applying the local
stabilizing feedbacks (4.14), with and without the drifi-free
estimators (4.15). We compare the obtained path v.s. the
goal path (4.21), and the quadrotor (x, y)-trajectories v.s.
the references (4.22). We also show the tracking error,

ee(t) =V (x(t) = x(1)? + (y(t) — yx(2))?,

when applying the local stabilizing feedbacks (4.14) together
with the drift-free estimators (4.15), i € {x, y}, we have

(4.24)

0From (2.3) and (4.16), we have: xz’x
7g_1dx’2‘7x/dt, xzyx = dxéyx/dt, xg’y
g_ldxg,y/dt, x;, = dx3  /dt.

IRecall footnote 8.

21n | we give details on the numerical aspects of (4.19) and (4.20).

dxix/dt, xg,x
dx’iy/dt, xg’y

obtained the maximum peak error: ||e. ||, = 0.5463 m and

the root mean square error: ||e.||,.,.,s = 0.2992 m, where:

e max_e(t),

el T e[0Ty

1T

leclloms =/ 75 [ 20,

(4.25)
While, when applying only the local stabilizing feedbacks
(4.14), i € {x,y}, we have obtained the maximum peak
error: |le.||,, = 2.3582 m and the root mean square error:
llec|l,ms = 1.0277 m. Thus, with the combination, local
stabilizing feedbacks (4.14) and drift-free estimators (4.15),
we get the efficiencies: eg;, = 89.074% and ey5,,. . =
91.537 %, and with only the local stabilizing feedbacks
(4.14), we get the efficiencies: ey = 52.836 % and 5 frms

= 70.932 %, where:!3
o, = (1 - ||ec|\p/r*) x 100%,

(4.26)
effrms = (1 - \/i HeC ||rms /T*) x 100% :
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Fig. 3. Tracking of a circular trajectory in the plane x—y with a 5 [m)]

radius in 20 [s] (N = 20 and Ts = 1[s]). (a, b) x[m] v.s. y [m]. (c, d)
x[m] vs. t[s] and y [m] vs. ¢[s]. (e, ) [lec (¢)|| [m] v.s. t[s]. Applying
the local stabilizing feedbacks (4.14) together with the drift-free estimators
(4.15): (a) and (c). Applying only the local stabilizing feedbacks (4.14): (b)
and (d). (a, b) Comparison of the obtained path v.s. the goal path (4.21). (c,
d) Tracking error e, (t) (see (4.24)).

The quadrotor was flown at an altitude around'* 3 and 6
[m]; see Figure 4.

BRecall that: \/(1/Tf) fOTf sin?(27t/Ty)dt = 1/V/2.
14This altitude was visually fixed with the only purpose of having a good
sight.
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Fig. 4. Yaw trajectories 1 [°] v.s. ¢ [s]. (a) Applying (4.14) and (4.15). (b)
Applying only (4.14): (b) and.

From these outdoor real-time experiments, we see that for
the slow trajectory we have obtained an efficiency improve-
ment around 10 %, when applying the drifi-free estimators
(4.15); and for the fast trajectory the efficiency improvement
was around 20%. Let us also note that the yaw error
diminishes by a 1/3 factor, when applying the drift-free
estimator (4.15); see Figure 4.

V. CONCLUSION

In this paper, we have tackled the problem of tracking
some prescribed trajectory in the x—y plane. We have found
that there exists a drift phenomenon due to the wind noise.
In Section III, we have characterized the disturbance wind
(see (3.1)), and we have checked that when the term (3.2),
passes trough the integral action of the nonlinear uncertainty
estimator (2.19), such a drift phenomenon occurs. Depending
on the values of the scaling factors of (3.1) this drift
phenomenon could arise, and when arising the nonlinear
uncertainty signal estimator (2.19) will not have a good
performance. Thus, we have to do some adjustments to the
nonlinear uncertainty signal estimator (2.19) in order to
ensure a good performance not mattering the scale factors
of (3.1).

To overcome the quadrotor drift due to the integration of
wind disturbance like (3.2), we have proceeded as in [4],
[5] shifting the pole at the origin of (2.19) slightly into the
left-half complex plane, having now the drift-free estimator
(3.3); see also the comparison shown in Figure 2.

We have done outdoor real-time experiments obtained
when the quadrotor tracks a circular trajectory of a radius
of 5 [m] in the x-y plane; we have first tracked a 5 [m)]
radius circular trajectory in 60 [s] (slow trajectory), and then
a b [m] radius circular trajectory in 20 [s] (fast trajectory). In
Section IV, we are showing the obtained results for the fast
trajectory case. From these experiences we got an apreciable
reduction on the tracking and yaw errors when applying the
drift-free estimators (4.15). We have obtained an efficiency
improvement around of the 10%, in the slow trajectory
experience, and an efficiency improvement around of the
20 %, in the fast trajectory experience, see Figure 3; with
respect to the yaw error, it decreased by a 1/3 factor.
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APPENDIX

the optimal state
we have first

For synthesizing
(4.19) and (4.20),

trajectory given by
applied the change of

bases: (Aw,, B;)) = (T;'Ar,Ti, T;'B)), i € {xvy}
in order to simplify the exponential matrix computation,
0 626.5 —3216.0 0
-1 | 0 —1.205 0.003678 0 1
where: T = | | gs5236 —o.001597 o | A Ty =
0 —626.1 3216.0 1
0 654.5 3360.0 0
0 1.205 0.00352 0 15
1 05236 0.001529 O |°
0 654.2 3360 1
1) The convolution integrals of (4.19) were synthesized with the

discretization of the state space descriptions Z(KF“ B,),
i € {x, y}, in the time interval [0, T%), Ts = 1, and with the
initial conditions (4.23).

2) The exponential matrices of (4.19) are:
exp (Ap,Ts) = Tyexp (Ap,T:) T ' =

[ 0.6118 0.4581 —1.1060 —0.0003 7
—0.7364 —0.1841 —0.2737 —0.0001 and:
0.0186 0.0952 —0.2909 —0.0001 !
L —0.1938 —0.1908 0.1764 0.0001 |
exp (AFyTs) = Ty exp (AFyTS) Ty_1 =
[ 0.6118 0.4581 1.1060 0.0003 17
—0.7364 —0.1841 0.2737 0.0001
—0.0186 —0.0952 —0.2909 —0.0001
0.1938 0.1908 0.1764 0.0001

3) The B} (t,7) are: B} (t,7) = Fp (t — )W} T}
= k1 x> =1 4 ko x €727 (=1 4 (k3,x cos(wy (t — 1))
+ kaysin(wy (t — 1)) >V and B;(t,7) = Fe, (t =
VW, Tyt = ky ey 7D o ety 07
(ks cos(wy (E—1)) + kaysin(wy (1)) e @ where:
a1x = 3214, azy = 1.911, w, = 1.585, by = 0.9536,

a1y = 3358, azy = 1.911, w, = 1.585, b, = 0.9536,

[kz'l,x k/‘2,>< k/‘S,x k4,x] -

[ 556.9 —2266.0 1957.0 —182.2
—333.6 1155.0 —1020.0 171.6 and
—817.3 2234.0 —1652.0 531.3

L 90.36 —0.6939 0.5131 —0.1651

(Kiy kay ksy kay] =

[ —556.8 2266.0 —1957.0 182.1

333.5 —1154.0 1020.0 —171.6
—817.2 2234.0 —1652.0 531.2
90.35 —0.6641 0.4911 —0.158

3Tn this section we present all the numerical values with four signifi-
cant digits, but in the outdoor real-time experiments we have used eight
significant digits.



