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Unmanned Aerial Vehicle Speed Estimation via Nonlinear Adafpive
Observers

Khadidja Benzemrane, Giovanni L. Santosuosso and Gilney Damm

Abstract— In this paper the problem of the speed estimation flying at low speed that we consider in this note. This
of an Unmanned Aerial Vehicle is addressed,vv_hen acceleration, jssye is even more relevant in indoors or S|mp|y urban
the angles and the angular speeds are available for measu- 5 jications. As a matter of fact, errors induced by a GPS
rement. We focus our analysis on a prototype drone - a 4 ) . ;
rotors helicopter robot- which is not equipped with GPS related system may reach many meters; a technical solution would
devices and relies on the Inertial Measurement Unit (IMU) only. b€ the use of a D-GPS system. These systems are known as
A global exponential solution to this open problem is provided centimetric GPS and have a precision of some centimeters,
in the framework of adaptive observation theory when exact put they also are very expensive and low-range operating
measurements are aval_lable. Amodlfled estimator is p_re_sented equipment. Doppler measurements coupled with GPS can
to enhance robustness in velocity estimation in the realistic case . . . - -
of noisy acceleration measurements. actually increase vellocny accuracy estimation. In th|.pq3a

we focus our attention on Inertial Measurement Units only
. INTRODUCTION which represent a feasible choice : they are easily availabl

The problem of speed estimation has an important rof@W cost devices. More important, they have a low size,
in the context of vehicles control. For land moving robots/iMited weight, and provide very good airship measurements
the odometry time derivative has a satisfactory perforraan@f accelerations, angles and angular speeds.
while for large flying airships (manned or unmanned) velo-
city estimations can be obtained via approximate derimatio ) ) ) .
of the successive measurements from GPS sensors, motivatefioWever, the information provided by these devices needs
by the small resulting errors compared to the measured i P& processed to yield reliable velocity estimates. The

riables. For fast aircrafts the standard procedure isiategy ~|at€r quantity is necessary for an efficient drone control
the acceleration, and coupling this result to the derieatif design, since most literature about small flying robots mdnt
GPS measurements. assumes that at least the speeds are available (see [5], [6],

Two critical issues arise in an “open loop” strategy likel’]: [8]); This is motivated by the fact that is hardly podsib

direct acceleration integration : an unknown constant e£2r @ human pilot (inboard or in tele-operation) to regulate
timation error is produced even when exact acceleratich drone by giving references and trajectories as inputsibase

measurements are available while a random drift is induc&f! the sole acceleration measurement. Notice that in the
by noisy acceleration estimations. In practice, numericg€neral casethe reliable estimation of the speed vector is

integration along with measurement noise induces a vety fa3!!! @ open problem.
growing velocity measurement error. Thus the information

obtained from the GPS is used to bound this error in the fra- ) ) ) ) )
mework of sensor fusion technique where initial conditions Motivated by previous arguments, in this note we describe

for acceleration integration are provided by GPS device§ NOVel observation strategy that solves the problem of the
This technique provides bounded errors that are related $§€€d estimation of an Unmanned Aerial Vehicle, when
the GPS order of magnitude precision. The resulting errof§€ angular acceleration, the angles and the angular speeds
are usually small compared to the size of airships and tf§€ available for measurement. We focus our analysis on
distance to obstacles ; In the same way, the control systef@gPrototype drone - a 4 rotors helicopter robot shown in
usually applied on these airships are robust enough to acc&pd- 1 - produced to operate in an urban environment at the
the residual disturbance on the speed estimation provigied baboratoire IBISC - CNRS, Universite d'Evry, which is not
these methods. equipped with GPS related devices and relies on the Inertial
Unfortunately, the estimation approach above cannot f4€asurement Unit only. We provide a global exponential

implemented on small drones less than 1 meter wide ar@ution to this open problem in the light of classical adept
estimation theory when exact measurements are available.
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it = (—qw+rv—gsinb) — %(w% sinf + w3 sinfs)
v = (=ru+pw+ g sing cosd)
w = (—pv+ qu+ gcosp cosh)
_%(wf cosf} + w3 + w2 cosPz + w3) @
wheren; = [z y 2]T is the position vector represented in
the global reference framep, £ [¢ 0 |7 is the Euler

angles vector represented in the global reference frame
(roll pitch and yaw respectively)y; = [u v w]T is the
speed vector represented in the local reference frameg(surg
Fig. 1. Prototype Drone sway and heave respectively) and = [p ¢ 7|7 is the
angular speed vector represented in the local reference
iame. In this model, the control input vector is =

In section Il we formulate the problem statement an

Qescrlpe the drone modeI.IWe then use this informatio hgular speed of the 4 rotors, arl and 3; represent the
in section Il where the main results are shown about thgrientation of the rotors 1 and 3

observer design procedure_ as well as a sketch of_ estim_atign and k,, are respectively the constants relating rotor

convergence proof. In section V we report some S|mulat|o_ eeds and resulting thrust and torqug, is the lenght

that illustrate the observer performance and stre§s thg D¢ aach drone’s arm. and, is the rotor’s inertia moment

fluence of some parameters on the observer behavior. Fina ¥nstant.

in section VI we conclude the note with few remarks along

with an outline of our future research on this topic. The paper objective may then be stated as to design an
observer that provides estimation for the unmeasurabte sta

Il. PROBLEM FORMULATION variablesv;, based on the measurable variables 1,
The motion of a four rotor aerial robot can be described2 given by the standard sensors embedded in the drone.

by the following equations (see [4]). Furthermore, the observer should be able to obtain arpitrar
L., and L, disturbance attenuation from measurement noise
on the acceleration towards the estimation errors.

Wi wo w3 wy P B3] wherew; i = 1...4 are the

& = coslcosu
+ (sing sinf cost) — cos¢ sinh) v Ill. OBSERVERDESIGN
+ (cos¢ sinb costp + sing sin) w In this section we describe the estimation strategy follo-
. . wing the techniques presented in [1] and [2], as well as an
Yy = cosbsinyu - ) i
. ) ) outline of its stability proof.
+ (sing sinf siny + cos¢ cosy) v In the first, we re-write system (4) as
+ (cosd sinb siny — sing cos) w
Z = —sinfu+ sing cosh v + cosp cosdw (1) Mt = A@w(t) +b(t) )
y =
¢ = p+(sin(p) g+ cos(d)r) tan(0) where 4, b andy are defined by
0 = cos(¢p)q—sin(p)r 0 r —gq
= (sin() g + cos(¢) r) cos(8) ™" ) Aty=| —r 0 p
g -p 0
Lo 2 2 _ _
Ipwp = —lbIkT(Lwlcgz;ﬂl—i— wwg;z)s%o)sﬁ ({:z) )Iyy)rq —g sinf — %T(W% sinfBy + w3 sinfB3)
4l ! 2T 3T b(t) = g singcost
Ly = bkr(w3 —wi) — Iz — L.)rp g coso cost — %(w% cosfy + w3 + w3 cosPs + w?)
—rl.(wysinfy + wssinfs) .
+pI,.(w1cosf1 + wa + wscosPBs + wy) ) u
+kpr(wisinBs — wisinBy) y(t) =1 = v
w
L7 = —lhkp(wisinB —wisinfBs) — (Iyy — Liz)pq

+qI, (w1 sinf + w3sinfs) Consider the cascaded filters with matrix statés= R” x
+kr(wdsinfs + wi — wisinf) — w3) R®, @ € R? xR?, with arbitrary initial conditions such that
(3) 1Q(0)]] > 0, defined as :



Previous arguments can be summarized in the following
M = —aM + A(t) (6) y , ,
Proposition 1: Consider the UAV model described by
. (1)-(4). Under Hypothesis 1, if the variables, v, ©, are
Q=-pQ+M"M (7)  available for measurement, the dynamlc observer described

wherea € RY, 3 € R" are tuning parameters chosen byPY, (6). (7). (8), (9)3W'th statel/(t) € R’ xR’ Q1) €
the designer, anng with the two vector systems with staﬁg x R, p(t) € R”, 4(t) € R?, in(t) € R’, is such that

pe RB, scR? the vec.to_rzl/l —n _cpnverges to z?()aro gglobally expgnengially
for any |n3|t|al COﬂdItICg)ﬂSZW(O) € ]1?3 xR”, Q(0) e R™xIR",
p=—ap+in—blt)+ Mi @ r0) R, 50) e R, 2,(0) € R™ with |Q(0)] > 0.
‘ Proof: The stability proof is standard and follows
§=—B6+pE —B0+ 7+ M, (9) Lyapunov techniques. Consider the Lyapunov function :

with arbitrary initial conditions. Notice that the vectgy — v — T T T~ 15
Muy) exponentially converges to zero. In fact, by setting T oMLV GR XX phg 22 (15)

#=p = My, we have By computing the time derivativé’ and recalling (10),

P=—a(p— M) =—az (10) (13), (14) we obtain

We introduce an estimate of the linear velocity . - -
Vo= —anrg||2® = Bra |Ix)I* — rax" Mz

A — YR Qi + YD X (16)

vy =

ISSIESTIE~

Defining the constantg\,,q..(M)| = ¢1 and A\,in (Q) =

5 ¢ we deduce the following inequalities
along with a filter vector stat¢ € R” that satisfy the
differential equations : ko3 p
_ " MTE < S I+ e 2

£=—BE+Qin —M"6 (11) . 7@
w'n < 7211 + T M
C2
o =y(=Qin + MTs+ &)+ iy (12) that substituted in (16) yleld

with v € R? tuning parameter to be chosen by the designer
By setting the estimation error variablgs £ v1 — 2 and V' < —(kga — “262) [|Z]* — (Kol — K2f ARV
X 2 Quy — MT5— ¢, we obtain : B 4 2¢o

C2 ~ 12
— my(ca — =) 7]

X =—Bx — M7z (13) 2
By setting
1 =(=QP1 +x) (14)
ks = 1
From (14) along with (10) and (13), we will show that ’ 2y
exponential convergence to zero of estimation error is gua- K2 = Bes
ranteed if matrix Q is positive definite. This is a conseqeenc 92 A2
of the following assumption. K1 = 52 L _ ﬁj 1
o aco
Hypothesis 1: There are positive integefs, K7 andK3 e finally obtain
such that
t+T 9
Kirz [ anTAz K1 raleeR < e (- Q2 an
t

Remark 1: Hypothesis 1 is a mathematical formulation Previous inequality implies that there exist a suitable po-
of the properties that A(t) is bounded and persistently -exckitive real constanh such thatl” < —\V, which guarantees

ting (PE). The first property is a natural requirement. Théhe convergence of all errors exponentially to zero. =
second one can be shown to be guaranteed if the UAV

tracks a trajectory which is in practice a small periodicibrb  Simulations were carried out to illustrate the performance
Besides, the nature of the airship provides vibrations & reof the observer, as well as to verify the effects of the design
applications, that may already give enough persistency parameters (see sectionV). Furthermore, simulations were
excitation). made searching insights on the effect of noisy measurements



on the observer system. These simulations were the motiva- i
tion for the development of new schemes aiming a better Xp=—(B+ 2QuQp)Xu — ML %, — Quu  (25)
performance in the presence of noise. 4

IV. ROBUST OBSERVER 1 =y(=Quin + xu) — (26)

In order to quantify the observer performance in case of Proposition 2: Consider the UAV model described by
measurement noise applied on the acceleration signals, {#9-(4). Under Hypothesis 1, if the variables, s, a, are
propose a modification on the previous observer. We assumgailable for measurement, the dynamic observer described
now that a disturbed acceleratrop is available ja, £ 1+ by (18), (19) (20) (21) with statéf,(t) € R’ x R?,

11, where the vectop, € R’ represents the measurementy,,(¢) € R® x R® , pu(t) € R* s u(t) € R?, 1 (t) € R?,

noise such that (defining,, € R* ) : is such that for any giver > 0, there exist a suitable
combination of the tuning parameters yeldidg and £,
el < ponr gains from the measurement eryoto the estimations error

(u1 — 1) smaller thare, for any initial conditionsi/,(0) €
P xR, QmeR"’ng pu(0) € R, 6,(0) € R
1(0) e R® with |Q.(0)] > 0.

Consider the cascaded filters with matrix stafey <
R® x R?, Qu € R? x R®, with arbitrary initial conditions
(with |Qu( )| > 0) defmed as:

Proof: The stability proof follows the same method

MM = —aM, + A(t) (18)  applied before. Consider the Lyapunov function
1 1
. k V= sk i+ sk XpXe + 5Rs 55 (27)
Qu=—PQu ~ FQuQuQu+ My M, (19) e e Aot o v hove

By computing the time derivative df’, we have :
wherea € R" is such thatx = o +5 8¢ R™ are tuning
parameters chosen by the de5|gner along with the two vector. T T k T
systems with statg,, € R”, 5, € R Vo= R Quin = RalX X — B2 X Quly X

N N -
k3o + Z)Zgzu + k1 X, — mgngEzM

) —a At M, N .
Pu epu+ (1 + p+ Mya,, — k1 = kX Qi+ KaZE (M, + I

= —ap,+a,—blt)+M,a, (20) ) ] _ -

As in the previous scheme, matr{g, must be positive
definite. Defining now the constants\,..(M,)| = ci,
: Amin (@) = c2, we obtain :
5/t = _ﬂé/r + Pu ( M)
£ B8, 4z, + M, (21)

g ~ 112 2 ~ 112
V. < —/-mca 71117 = £28 [[xull —HBOéHZuH
with arbitrary initial conditions.

. —= k
In fact, by settingz, — p, — M,1, we now have : +:‘€1’Y ||V1|| + K1 HVIH + || u”
. fizﬁ 01/<32 20112
S =zt (M, + D 22 ull? + S22 12,07 + 521 + 12
We introduce an estimate of the linear velocity +? lpe® + ? ||N|| (28)
B By choosing :
=10
- 1
w K = -
. . 3 . 7
along with a filter vector statg, € R” that satisfy the 2
differential equations : 2T 8,
2K903 4c3
. k .T ks = D)
6 =~ — QuREE+Quay — M, 6~ QMQTMTé pa Fac

(23) and by setting the design condlthn> , we may finally

. state that for a suitable; € R™, one may rewrite equation
Dy =y(=Quin + M6, + &) + ay (24) (28) as:

with € R” tuning parameter to be chosen by the designer . - oy ) o oy
By setting the estimation error variablgs £ v, — 7, and < ;= e lxall” — as |zl + i 4]
Xp £ Qui — M5, — &,, we obtain : (29)



which guarantees arbitrarg., and £, robustness from the leration is presented in Fig. 4 where the noigeis 10

measurement errqe to the estimation errorg;, x, andz, percent of the measured acceleration. One may see in Fig.

m 5a the velocity estimated by the observer, while Fig. 5b
describes the estimation time history, and Fig. 5c illusga

V. SIMULATION RESULTS . . . .
) ) ] ) the observation error going exponentially to a residual set
In this section we illustrate the observer designed abov@yen by the noise amplitude.

to estimate the linear velocity of an UAV based on the mea-
surable angles, angular velocities and linear accelemstio
These simulations also illustrate the effect of the tuning
parametersy, 5 and~ on the observer performances. In all
simulations the observer estimations have initial coodsi
set to zero, while the desired states are time varying (an

(a)
0.2 ‘

Angular Velocities (rad/s)
o

different from zero att = 0). In all simulations both
observers track the desired time varying states, with rdiffe w02 5 10 15 20
performances and noise rejections. We have used the foll: T"(";‘)(S)
wing parameters values : 02 :
5
[
i<
Iy, = 23cm Ir = 100107 K gm? <
_02 1 1 1
Luw = 22493110~ TKgm? I, = 22261110~ 7 K gm? 0 5 Tin}g(s) 15 20
(c)
I.. =32513010""Kgm? kjy =910"°Ns?m & ‘
€ 05f
ug = 0.032m 5
§ 0
k7]
. . . 8 -05 1
Consider the first version of the observer, that does nc $ . . .

take into account the measurement noise. The time histol Time (s)
of the three speeds to be observed is shown in Fig. 2a, ai
observer estimates in Fig. 2b, while estimation errors gjoin
exponentially to zero are shown in Fig. 2c. In Fig. 3 the Fi
angular speeds, the angles, and the accelerations aredplott

Small periodic orbits were considered in order to satisfy th
persistency of excitation condition.

. 3. (a) Angular Speed, (b) Angles, (c) Acceleration

Qa

acceleration
T

(@) (b)
1 ~ 1
0
Q E
E c
5 05 S 05 %
g £ £
5 0 g o
Q ° @
£ [} 3
3 (;g) <
-0.5 -0.5
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
(©) -0.8

2 o6} 1 ) 5 10 15 20
é Time (s)
S 04f 1
i . .
S 02f i Fig. 4. Acceleration
3
E of
0
Y oo . . . . The same simulation is undertaken using the second

0 2 Y me 8 10 version of the observer, where the disturbance is atteduate

following the design parametdr. To describe the effect of
this parameter, we present three simulations using differe
values ofk. The real speed and the measurement noise are
the same presented in Fig. 5 a and b, while in Fig. 6 we
We have considered the first observer in the case show the results of the simullations usikg= 0, £ = 10
additive measurement noise using . The measured acesd k£ = 50. The main effects of larger values @&f are

Fig. 2. (a) Linear Speed, (b) Speed Estimation, (c) Estimaiioor



a greater attenuation, in trend of a slower convergence ratd systems via the tools of adaptive observation theory with
These results are in accordance with our claims, and idltestr promissing results. Future research directions will foons

the mechanisms of the tuning procedure.

@ (b)
1 ~ 1
w
Q £
£ E
\8’ 05 § 05
I
a £
a0 3 0
© w
(] kel
£ Q
- -05 2 -05
n
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
(©)
& ‘
E
s
i
c
S
g
E
I
w
-02 : : :
0 5 10 15 20
Time (s)

Fig. 5. (@) Linear Speed, (b) Speed Estimation, (c) Estimeinor

u (m/s)

Time (s)

Time (s)

w (m/s)

Time (s)

Fig. 6. Estimated values of u in (a), v in (b) and w in (c) depagdin
k

VI. CONCLUSION

executing experiments on the physical prototype, along wit
relaxing the condition of persistency of excitation used to
prove exponential convergence. Complementary work will
also be done in the direction of faster convergence of para-
meters, as well as a better independence from exponential
convergence rate, and noise attenuation.
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In this work, the classical problem of speed estimation of
an Unmanned Aerial Vehicle has been adressed when the
acceleration, the angles and the angular speeds are dwailab
for measurement. A solution has been provided for a class



