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Abstract: Existing position controllers for VTOL UAVs require measurements of the system
attitude (orientation) for feedback. However, in practice the orientation cannot be measured
directly; it is rather obtained through the use of an attitude observer relying on a set of
inertial vector measurements. In this paper a new control strategy is proposed for VTOL-UAVs
which avoids the direct measurement of the system attitude (in terms of a rotation matrix,
unit-quaternion or other attitude parameterization). In the proposed controller inertial vector
measurements are used instead of the system attitude. This eliminates the need for an attitude
observer thereby reducing the overall complexity of implementing the closed loop system and
avoiding errors that are associated with the attitude observer.
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1. INTRODUCTION

The autonomous operation of vertical take-off and landing
(VTOL) aircraft has been a popular area of interest since
they are inherently suited for many applications such as
surveillance, search and rescue, structure inspection, de-
fence, etc., especially where human presence is difficult
and/or hazardous. As a result the research community has
seen substantial improvements in the design of controllers
for these types of vehicles (see, for instance, Hauser et al.
(1992), Frazzoli et al. (2000), Hamel et al. (2002), Aguiar
and Hespanha (2003), Pflimlin et al. (2007), Hua et al.
(2009), Abdessameud and Tayebi (2010) and ?). Unsur-
prisingly, a common characteristic of the existing position
controllers is they all require several system states to be ac-
curately known including the system position and velocity
(measured using a global positioning system (GPS)), the
body angular-velocity (measured using a gyroscope), and
the vehicle orientation or attitude. However, there does
not exist a sensor which directly measures the attitude of
a rigid body. To address this problem an attitude observer
is usually sought to recover the attitude of the vehicle.
Some manufacturers have developed a number of so-called
orientation sensors. However, these devices are still de-
pendant on some observer or other attitude estimation
scheme. Therefore, the orientation data that is provided to
the control scheme is an approximation due to the errors
associated with the attitude observers.

In light of this shortcoming, it is no surprise that the prob-
lem of attitude observation is very popular in the research
community, especially in the area of autonomous aircraft.
The attitude estimation problem has been addressed using
a number of different methods, including optimization,
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Kalman filtering and other observers/filters developed us-
ing classic nonlinear control design methods. The goal of
these attitude observers is to recover the orientation of a
rigid body with respect to an inertial frame using a set
of inertial vectors which are measured in the body-fixed
frame. In many cases the body-referenced angular velocity
(measured using a gyroscope) is also required. The type of
attitude parameterizations used by the existing methods
varies, although in most cases a direct cosine (rotation)
matrix or unit-quaternion is used. In particular the unit-
quaternion is preferred since it is numerically more effi-
cient than rotation matrices, and is well defined over the
entire space, unlike Euler angle parameterization which
contains a well-known singularity. However, the quaternion
representation is an overparameterization of the real-space
which introduces some other difficulties. Since the map
from quaternion space to the real space is non-injective
(two-to-one), this introduces a topological obstruction to
achieving global asymptotic stability (for more details see
Bhat and Bernstein (2000) and Koditschek (1988)). As a
result, the term almost global is often used to characterize
equilibrium solutions when quaternion representation is
used.

In some cases, vector measurements are used to directly
calculate (reconstruct) the orientation of a rigid body
(without using a filter or observer), such as the TRIAD
algorithm proposed in Shuster and Oh (1979), or other
methods such as Reynolds (1998) and Metni et al. (2005).
In situations where the rigid-body is subjected to rota-
tional motion, the attitude reconstructions can be com-
bined with the system angular velocity vector in a filter,
which is commonly referred to as a complementary fil-
ter. Examples of such filters are found in Mahony et al.
(2005), Hamel and Mahony (2006), Tayebi et al. (2007)
and Mahony et al. (2008). In some cases, the attitude
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reconstruction algorithms have been removed and filters
have been designed directly from the vector measurements,
which have been discussed in Hamel and Mahony (2006),
Mahony et al. (2008) and Tayebi et al. (2010). Kalman
filter-based observers have also been proven to be popular
especially in attitude estimation of satellites. Examples of
Kalman filter based observers can be found in the survey
paper Crassidis et al. (2007).

The main concern we address in this paper is that the
two problems associated with the control of VTOL UAVs,
namely the attitude estimation and attitude control prob-
lems, have been addressed separately due to the complex-
ity of combining both tasks into a single control problem.
As a result, there is currently no guarantee for stability
(to our knowledge) for closed-loop systems using attitude
observers with a controller that assumes the orientation
is directly measured. In this paper we acknowledge the
fact that the system orientation is not known. Instead of
using the system orientation as feedback, we use the vector
measurements (which would normally be applied to the
attitude estimator) as additional inputs to the position
controller. Using the proposed controller, we show that for
an appropriate choice of control gains the system states
are uniformly bounded and converge to some predefined
trajectory for almost all initial conditions.

An important intermediate step in the control design is to
specify a desired system acceleration, which is derived to
force the system position and velocity errors to zero. Due
to the underactuated nature of this type of vehicle, the
acceleration of the system is dependant on the system atti-
tude and thrust. Consequently, it is necessary to obtain an
appropriate desired attitude and thrust which satisfies the
required system acceleration that forces the position and
velocity errors to zero. To calculate the value of the desired
system attitude, we use an attitude extraction algorithm
that has been previously used by ?. The remaining steps
of the control design is to obtain a value for the control
torque input (that is applied to the rotational dynamics
of the system) which drives the actual system attitude to
the desired value. During this process, we specify a virtual
control law for the desired system acceleration which is
bounded a priori. This is an attractive characteristic es-
pecially in the case where one of the vector measurements
is obtained using an accelerometer, which could otherwise
be affected by large demanded accelerations due to the
controller.

2. BACKGROUND
2.1 Attitude Representation

Let 7 denote an inertial frame of reference rigidly attached
to the earth (assumed flat), and B denote a frame of
reference rigidly attached to the aircraft center of gravity
(COG) in North-East-Down coordinates. To describe the
rotation from Z — B we use the quaternion Q = (7,q),
n € R, ¢ € R? where Q belongs to the set of unit
quaternion Q@ € Q = {Q € &3, |Q| = 1}, where S
denotes a three-dimensional sphere. For more details on
the unit-quaternion (in addition to other forms of attitude
representation) the reader is referred to Shuster (1993),
Murray et al. (1994), and Hughes (1986). The unit norm

constraint of the quaternion implies 72 + ¢'¢ = 1. The
rotation Z — B can also be described using a direct cosine
(rotation) matrix R(n,q) € SO(3) where SO(3) is the
special-orthogonal group SO(3) := {R € R3*? det R =
1,RRT = RTR = I343}. The rotation matrix R(n,q)
corresponding to the unit quaternion @ = (n,q) can
be determined using a particular form of the Rodrigues
rotation formula given by

R(n,q) = Isxs +25(q)* — 2n5(q), (1)
where S(-) is the skew-symmetric matriz
0 —us us
Stuy=| us 0 —u (2)
—U2 U1 0
and u = [ul,ug,ug]T. The set Q forms a group with

the quaternion product operation, denoted by ®, with
the quaternion inverse defined by Q~! = (n,—¢q) and
identity-quaternion @ = (1,0). Given Q,P € Q where
P = (po,p) the quaternion product is defined by Q ®
P = (pon—q"p, np+pog+S(q)p).

2.2 Attitude Dynamics

Let w denote the body-referenced angular velocity of the
frame B with respect to Z (expressed in B). The body refer-
enced angular velocity is used to obtain the time derivative
of the quaternion @ using the well-known relationship
-1 1 —aq'
=-Q0o0,w)== q w. 3
@=3Q (0,w) 2{77[3><3+S(Q)] ®)

Similarly, an expression for the time-derivative of the rota-

tion matrix R(n, q) is given by R (n,q) = =S (w) R (n,q) .
2.8 Bounded Functions

Let h(:) : R? — R? denote a bounded, twice-differentiable
function and let ¢p(u) = %h(u) and fy(u,v) :=
%d)h(u)v Yu,v € R3, which satisfy the following prop-
erties:
u"h(u) > 0 Vu € R3, ||lul| € (0,00),
0<|h(u)] <1 , (4)
0 <[lon(u)[[ <1 & VueR” [ul| €0,00),
[1fo(w, )| < exllvl

where cy is a positive constant. One function which sat-

isfies these conditions is given by h(u) = (1 + uTu)_1 U
which further yields
T, \"3/2 2
on(u)=(1+u'u) (Isxz — S(u)?), (5)
—5/2
folu,v) = (14 uTu) / (3 (S(u)? — Isxs) vu"
+ (L4 u"u) (28(w)S(v) — S(v)S(u))), (6)

from which one can find the bound ¢y = 4/\/3
2.4 System Model

Let p, v € R3 denote the position and velocity, respectively,
of the vehicle COG expressed in the inertial frame 7.
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Let the unit quaternion @ = (n,q) € Q represent the
rotation between the frame Z and B. Let R = R(n,q) €
SO(3) denote the rotation matrix corresponding to the
quaternion ). The vehicle rotational inertia tensor is
denoted by I, € R3*3 which is expressed in the body
frame B. Using the framework outlined in section 2.2 we
consider the following well-known model for a VTOL UAV
(?, Abdessameud and Tayebi (2010), Pflimlin et al. (2007))

p =,
v =L, w=g:—uwR"z,
_ 1 —q" (7)
@=3 {77]3><3 +S(Q)} “
Iw=-Sw)hw+T

where uy = T'/m, T is the system thrust, m is the system
mass, £ = col[0,0,1], g is the gravitational acceleration
and 7 € R3 is the torque that is applied to the rotational
dynamics of the system. The control input of the system
is defined as u = [ut,T]T. The system output is defined
as y = [p,v,w,bl,bg,---,bn]T where b; = Rr;, and r; €
R3,i=1,2,---,n are a set of known vectors expressed in
the inertial frame Z. Note that the system attitude @, R
is no longer assumed to be a known output of the system.

3. PROBLEM FORMULATION

Let p4(t) denote a time-varying desired reference trajec-
tory. We place the following two assumptions regarding
the trajectory pg and the inertial vectors r;:

Assumption 1. The reference trajectory pq(t) and it’s first
four derivatives are bounded. Furthermore, there exists a
positive constant d,, such that| 2754 < dp. < g.

Assumption 2. There are at least two non-collinear vectors
r; which are known and constant in the inertial frame 7.

The reference trajectory is used to define the following
error signals

€p =P — Pd; €y =V — Pa. (8)
Our main objective is to define a control input w such that

the states (ep, €,, w) are bounded and e, e, — 0 ast — oo.
In light of (7), the error dynamics are governed by

€p = €y, €y = b — Pd- (9)
Due to the underactuated nature of the system, we are
forced to control the system position and velocity using the
signal p. Therefore, we define g as a virtual control law
that asymptotically stabilizes the translational dynamics
and define the error e, = u — g where now we consider
the additional challenge of forcing e, — 0 and therefore
u — ug. Given the desired acceleration pug, we wish
to specify a desired attitude Rg4,Qq and thrust wu;, that
forces the position and velocity errors to zero. Section
3.1 describes an attitude extraction algorithm that has
been previously proposed in 7, which we use to specify a
desired attitude Qg based on the desired acceleration .
Subsequently, the remaining steps of the control design is
to define the control torque input 7 which forces Q — Qg
and therefore u — g, thereby forcing the position and
velocity errors to zero.

3.1 Attitude Extraction

Given pg we wish to find the value of attitude Ry and
system thrust u; that satisfies

92 —uwRY2 = pg. (10)
A solution to this problem, which has been proposed in 7,
is provided as follows: Given pg where pg ¢ L,

L= {pq € R* pg = col[0,0, pas); as € [g,00)}, (11)

then a value of the thrust u; and attitude Qq = (94, qq)
which satisfies (10) is given by

ue = ||pa — g2, (12)
. 1/2
1 g — 2" pa >)
nda=1\ = 1+ = ~ ) 13
<2 < lla — g2|| (13
1
qqa=——""—7"—5(uq)z. 14
2(|pta — 92| ma (ko) 1)
The extracted attitude Q4 has the time derivative
. ]_ _
_ 44 W 15
@a = {Udf3x3 + S(Qd)] @ (15)
where the desired angular velocity wqy is given by
wq = M(pa)fid; (16)
where M(pq) = ( — 45(,ud)MT + 4n3urS(2) + 25 (pa)
~2:TaS(2)) 8 (1a — 92)° / (4njui).

4. CONTROL DESIGN

The first step in the control design is to specify the
virtual control law pg that asymptotically stabilizes the
translational dynamics, which we choose to be

pa = pa — o (kph(ep) + kvh(ey)) , (17)
where I, = I'} > 0, kp,k, > 0 and h(-) is the bounded
function defined in (2.3). Provided that the acceleration
of the reference trajectory is bounded, (17) is bounded a
priori. To avoid the singularity (11) we must also ensure
that [[2Tu4| < g. In light of Assumption 1, to avoid the
singularity (11) we can place the following restriction

8pz + (kp + ko) 27Tl < g, (18)
which ensures a solution for the thrust u; and desired
attitude Ry exists, as given by (12)-(14). In light of (7), (8)
and (17) the dynamics of the position and velocity error
are given by

ép = €, v =—kpI'vh(ep) — kyIyh(ey) + e, (19)
Using the extraction method provided in section 3.1 and
the value of p4 from (17) we obtain the required system
thrust u; and the desired attitude Q4. Since Assumption
(1) is satisfied, there exists a positive constant J, such
that ||pa|| < 0p. Furthermore, (12) and (18) ensures that

the thrust is positive and bounded such that

0<¢ <up <&, (20)

where ¢ = g+ 6p + (kp + ky) |Tv]| and ¢, = g — dp-
(kp + ky) [|2TTy]|. Also, due to the lower bound of the
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thrust specified by (20), in ? the authors show that the
matrix M (pq) (which is used to calculate the desired

angular velocity wg from (16)) has an upper-bound defined
by

1M (a)|| < V2/c. (21)
Using the desired quaternion Q4 obtained using (13)-(14)
we obtain the corresponding desired rotation matrix from
(1) which we denote as Rq = R(n4, gq). Using the rotation
matrix Ry and the n known inertial vectors r; we define
the desired vector measurements as

bW =Rgr; i=1,2,---.n (22)

The attitude error, or the error between the actual and
desired orientation, is defined using the unit-quaternion
Qe = (Me, ge) and rotation matrix R. by Q. = Q ® Q;l
and R, = RdTR, which have the time derivatives

Q _1 —a: we;, Re=—S(we)R
e — 2 77613)(3 +S(Qe) ey e — e €

we:RdT(w—wd),

(23)

where wg = M (pq) 14 is obtained using (16) and differenti-
ating (17) (which is not exactly known since it depends on
the system attitude (@, R)). At this stage in the procedure,
our objective is to force the actual system attitude to the
desired attitude R — R, using w, which is equivalent to
R. — I3x3 or Q. — (£1,0). However, since w is a state
we define the virtual control law @ that forces R — Ry
and define the error e, = w — @ where we choose @ to be

W= M(Md)fud + Z:'L=1 %’S(bzd)bi; (24)
where f,, = pg)’) + kpkyFyth(ey)Fyh(ep) — kpLyon(ep)eq.

The time derivative of @ is given by w = fg + gue, where

fo =27 (pas fua) (f;td + kﬁfvéh(ev)l’vh(ev))
M (1a) (B + kT (e0) Do (ep)e
— kpko Uy fo (€0, uh(ep)) T (kph(ep) + koh(ey))
— kpLy f5 (€p, €0) ev + k2L uén(ep)Toh(ep)

+ ik Tudn(ep)Toh(en) ) + (Siy 7S (8) S (b)) w
— (%8 (0 S (69)) (M (1a) Fu
+ KEM (1a) Tun(en)Tuh(e) )

9o = —k,Z (Ndafw) Lydn(ey) — kp M (a) Fv¢h(€p)
+kipky M (p1a) T f5 (€0, Tuhi(ep))

+kv (i1 7S (b:) S (b)) M (pa) Twdn(eo),
Z (4, v) = Y (H50S(2) + S(E)puav”
—2T0S(2) (2uapy /ue + (g + 2us) I — 2gudéT/ut)
+S(2)v2 " (2uelsxs + (Ha — 92) (pta — gé) Jug
+ta (pta — g2)" /ut) —28(2)v (pa — g2)"
+S(v)pa (pa — 92)" Jue + UtS(U)> (27)
—VM( 2)paptg + (9 + 2us) S(pa)
—upS(pa) + (27 pawe — 2n3uf) S(
+3uy (ta — 92)" — 227 (1a — 92) (na — 98)" ),

(25)

(26)

where vy = ut_2 (ut + 2T (g — ud))fl . Finally, the pro-
posed control torque input is defined as

T=Sw)hw+ Iy fs — Koe,

where K, = K > 0.

(28)

4.1 Main Result

Theorem 1. Consider the system defined by (7) where
Assumptions 1 and 2 are satisfied, the system thrust wu;
is defined by (12) using the virtual control law (17) under
the restriction (18), and the torque control input 7 is
defined by (28), then for any initial condition 7 (o) # 0!
there exists gains 7; (ne(to)), ¢ = 1,2,---,n, such that
for «; > #; the system states ep, ey, e, are bounded and
im0 [€p(2), €4 (t), €0 (t)] = 0.

Proof. Consider the following Lyapunov function candi-
date

1 _
V =ty (VT4 el 1) + GelTaen + 3 (1 22

(29)
+ 16 Ive
9w bCw-
From (23) and using the properties S(Rqr;) = RaS(r;) R},

S(ge)? = qeql —ql geI3x3 and ¢} S(r;)ge = 0 one can obtain
the following time derivative for the attitude error

2
Ne = nquW‘Ie + _WQJRJM(,UId)de)h (ev)rvh(ev)
1
- §qu;—€w . QIR;M(ﬂd)de)h (ev)e,uv (30)

where W = — " | 7;5(r;)%. Note that due to Assump-
tion 2, the matrix W is positive definite and the eigenval-
ues of W can be arbitrarily increased using the gains ~;.
In light of (7), (19), (25), (26), (28) and (30) the time-
derivative of (29) is given by

V= —kpel h(ev)foyqn eTqufe K,e, +e, I‘

- ewaguT;euTJr Vakonede Rdr M ()L pr(ev)e, (31)
+ YqMede Rd € — ’)’qk?)neqe RdM(Nd)Fv¢h (ev)th(ev)'
Due to (1), (7) and (10) the error signal e,, = p— pq can be

expressed in terms of the vector part of the error quater-

nion, ¢e, since e, = 2us(Nelsxs—S(qe)) S (R"2) qe
Therefore, due to (20) the signal e, is bounded by
llenll < 2¢¢]|gel|- (32)

We now focus our attention on the bound of g5. Due to
the bound of the thrust (20), and the bound of p4 due
o (18) there exists a positive constant ¢z such that the
matrix Z(uq,v) is bounded by

1Z (pa, v) | < ezllv]]. (33)
Consequently, due to Assumption 1, (4), (21), (33) and the
fact that ||e,||||#n(ev)]] < 1, there exists a positive constant
¢g such that the matrix g5 is bounded by

9l < ¢q- (34)

1 This condition can be easily satisfied if the system is at rest at the
time to, i.e. R(to) = Izxs, since in this case ¢ = 03x1, n = 1, and
therefore ne = £n4. In this case, from (13) one can see that for any
value of g, inf |ne(to)| = inf |nq(to)| = 1/v/2 > 0.
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Using this result in addition to (4 ) (21), (3

one can find ||e,]|? < 2Amin (F;l)
the following inequalities

3), and (32)
V(t), in addition to

el te, <ejen/(26) + 26T,/ ge, (35)

Ve Riew < ¥q€2m2q] @e/2 + vqelew/(2€2),  (36)

’)’qunequ;irM(Qﬂci)vah_l(_@v)Fgh(@v) o T (37)
< Yoakyeresnzae ae/ci + vokyey hiew)/(2€3),

el lvgoen < 26,5 |L||*ejew /ea + €aglqe /2, (38)

Vakoneql Ry M (1a)Ton(ev)e, (39)

< 2V2y kyrer|nelal ge /e,

where €1,2.3.4 > 0, Amin (-) denotes the smallest eigenvalue

of (-) and ¢r = ||T,|. Consequently, the expression for V
can be rewritten as

V § 76I€w <)\m1n (K ) "}/q/(2€2)

—eThiey) < . —\/QV (t)/Ammin (T
]. € C 2 €

~294024¢ Ge <)\min (W) = = L\ (0;1)° =2 (40)

e q 4
1 \/i kycier 1 ¢4
2¢; el ¢ nZ 4vq

20267 || I |2 /64)

’quv
1—
) * 263 )

k2CF€3

In order to dominate some of the unwanted terms in (40)
using the matrix W (and therefore ensure that V < 0),
we must show that a lower bound n} := inf|n.(t)] > 0
exists. To further investigate this bound on 7., we exclude
the initial condition 7, (tg) = 0, and consider the function

=n?2/2. In light of (30), the time derivative of .J is given

by
. 7 k2 TpT
J= e(2quqe R T R M (a)T b ()T oh(e0)
1 ko 17
~ o-alRlew = Pl BIM(ua)Toon(en)ey ). (41)

Using Young’s inequality, in additiop to the fact that
qlge = 1 —n? in addition to ele, < 2V (t)/Amin(Iy) where

V() = kp(y/THTTepl? — 1) + Lel Ty e, + 7 + el b,
we find J is bounded by

J>n2 (1fn§) (Ao —p/n2 —o(t)/(1=n2)), (42)
1 V2 _ VR
p= 4 Jr 2Ct Jr [ F o(t) = 2Amin (Ip) + 4

where Ay, = Amin (WW). Using (42) we wish to identify the
region where J > 0 and therefore || is increasing. To find

this region we consider a solution of inf J = 0 at the time ¢
given by A\, = p/n?+0(t)/(1—n?). Multiplying this result
by 72 and 1 — 72 we obtain

“Aune + Aw +p—a(t)nl —p=0. (43)
Let a(t) = (A4 p—0(t))® — 4phy. If & < 0, (43) has
complex roots and therefore the lower bound for J is
negative. Since we can find a(t) = Ay (A —2(p+0(2)))+
(o(t) — p)27 a simple, albeit conservative requirement to
force a(t) to be positive is to take A\, > 2 (p + o(t)). As

a result the solution to (43) has two real positive roots
defined by

()= (M +p— olt) + Valt)) /(27 (44)

20 = (M +p—0(t) = Val®) / 2\,

We define the open set D := (1 _,7) (where we exclude
the negative solutions for n, and 7). Note that for any

(45)

[ne(t)| € D the value of J is positive, and therefore |n.(t)]
is increasing. Note the set D is time varying due to the
value of o(t). However, if o(t) is a decreasing function and
we choose

Aw >2(p+0o(to)), (46)

we now will show that the lower limit 1 is decreasing,
and the upper limit 7, is increasing with respect to t. To
prove this relationship we consider the following partial
derivative

25— (41— ) (20,

(47)
If o(t) is decreasing, then «(t) is increasing and therefore
(47) is well-defined and negative. The partial derivative of
the lower limit is given by

aoam = (1 + Vi@ + 1A /al) /2A), (48)

which is always posmve. Therefore, if o(t) is decreas-
ing the value of 77 is decreasing, the value of 72 is
increasing and the set D approaches D — (0,1). The
gain Ay = Amin (W) = Amin (— 2?21 ~iS(r )2) can be
arbitrarily enlarged using the gains ~; to ensure (46) is
satisfied and therefore the domain D exists. Therefore,
since limy, — oo 775 = 0, there exists a value Wy such that

for all Apin (W) > Amin (Wl), 0< Qe(to) < |ne (to) |, where
we exclude the negative solution for n, (to). Consequently,
if o(t) is a decreasing function the minimum possible value
for 7 = inf ()| is given by 12 = min {|n.(to)l, 7 (to)}
where we exclude the negative solution for 7. (o). The final
step of the proof is to show that V(¢) and therefore o(t)
are decreasing functions. If we recall the value of V' from
(40), one can see that there exist values € and €3 such
that for e; > €; and e3 > €3, the following inequality is
satisfied

ko > \/2V (t0) [ Auin (T

D)+ 1/(2e1) + k3 / (2€3), (49)
for any k, > 0. Furthermore, there exist values €; and €4
such that for es > €5, €4 > &4

Amin (Kw) > ¢/ (2€2) + 257 | L[| /es, (50)

for any K, = K > 0. Also, there exists a gain W, such
that for Amin (W) > Amin (W)

1 €2 2 € Kk ctes
)\min (W) > —t)\m(x Fﬂ ! + — + v L
)2 v ()" + 5 2c7
1 2k,cic 1 e
_*\/‘ veter | 2_4. (51)
e G (n2)” 47
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There are two conditions for the gain W, where the mini-
mum bound Wy ensures that n_ < [ne (to) |, and the minu-
mum bound W5 which ensures that (51) is satisfied. There
exists gains 7;,% = 1,2,---,n, such that for all v; > ¥;
Amin (W) > max {)\min (Wl) s Amin (Wg)} , which satisfies
both requirements. Therefore, under this condition from
(40) one can see that V(ty) < 0, which implies that for
sufficiently small d, V(to + 0) < V(to), o (to +9) < o (to)
and |ne (to +0)| > n¥. Since V(tg + §) < V(to), o(to +
3) < o(to) and ne(to + &) > n}, the inequalities (49)-(51)
remain satisfied, which implies V (t9+8) < 0. Therefore, by
induction the value of V' is guaranteed to be non-positive
for all t > tg and

V<-4, eTh(e”) - 26(1773(]2—(]6 - 5welew; (52)
-1 fqu
v*k a5 2)\1’1’111’1 F) Vit 1- s 53
V2 (1) V(0 +1- 222 53)
0w = Amin (Kw) — 4/ (2€2) — QCflCt 11|12 /€4, (54)
1 61@% 12 €2
5q = Amin (W) - —)\Inax (F ) ) - —
(2)* 1 4
k20F63 1 V2kyéer 1 e (55)
2¢¢ Il o (n)? 47

Since V is bounded due to Assumption 1, Barbalat’s
Lemma implies that [e,, ge,e,] — 0, and since é, — 0,
ep — 0.

5. CONCLUSION

Existing controllers for the autonomous operation of
VTOL UAVs require that the vehicles attitude or ori-
entation be directly measured to be applied to the feed-
back loop. This requirement is usually not satisfied since
an attitude observer or other estimation scheme is often
implemented to recover the systems attitude based on a
set of vector measurements. Since the attitude estimation
and control problems are viewed separately, there are no
guarantee for stability when the two systems are used to-
gether. To address this problem, a new position controller
has been developed which uses the vector measurements
directly, rather than assuming the vehicles orientation is
measured, with accompanying proofs for stability. As an
added benefit, implementation of the proposed controller
would not require the use of an attitude observer, thus
reducing the overall complexity of the closed-loop system.
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