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Abstract—The modeling and control of a class of thrust- Control design techniques for airplanes and VTOLs have

propelled aerial vehicles subjected to lift and drag aerodgiamic developed along different directions and suffer from spe-

forces is addressed. Assuming a rofational symmetry of the ¢ ¢ |imjtations. Feedback control of airplanes expligitl
vehicle's envelope about an axis and the alignment of the tlust takes int t lift f ia li ized dels at |
force with this axis, one shows that the resultant of aerodyamic axes Into account litt forces via linearized modeis at low

forces can be decomposed as the sum of a term in the direction @ngles of attack. Based on these models, stabilization is
of the air velocity and a term in the direction of the thrust force.  usually achieved through linear control techniques [1]. As
Conditions allowing for the derivation of a family of modelsof g consequence, the obtained stability is local and dif cult
aerodynamic forces for which the rst term does not depend on 4 gyantify. Linear techniques are used for hovering VTOLs
the vehicle's orientation are pointed out. When such a model )
applies, pre-compensation of the latter term with the thrus too, but se_zveral nonlinear feedback methods have also l?een
input allows one to recast the control problem into the simper ~ Proposed in the last decade to enlarge the provable domain of
case of a spherical vehicle subjected to drag only for which stability [2] [3] [4] [5]. These methods, however, are based
nonlinear feedback controllers endowed with strong stabity simpli ed dynamic models that neglect aerodynamic forces.
and convergence properties have been reported in prior stués. £ this reason, they are not best suited to the control ddlaer
Beside the adaptation of these control results, the paper géands . . . . N
a previous work by the authors in two directions. First, the D vehicles moving fast or S_UbJECted to strong wind variations
case is addressed whereas only motions in a single verticdape ~ Another drawback of the independent development of control
was considered. Secondly, the family of models of aerodynaen methods for airplanes and VTOLs is the lack of tools for
forces for which the aforementioned transformation holds & ying vehicles that belong to both classes. These are uguall
enlarged. referred to agonvertiblebecause they can perform stationary
ight and also bene t from lift properties at high airspeetv
optimized aerodynamic pro les. The renewed interest irhsuc
Feedback control of aerial vehicles in order to achieveehicles and their control re ects in the growing number of
some degree of autonomy remains an active research domsindies devoted to them in recent years [6] [7] [8] [9], even
after decades of studies on the subject. The complexity tfiough the literature in this domain is not much developed
aerodynamic effects and the diversity of ying vehiclesthar yet. One of the motivations for elaborating more versatile
account for this continued interest. Lately, the emergerice control solutions is that the automatic monitoring of the
small vehicles for robotic applications (helicopters, dua delicate transitions between stationary ight and crugsin
rotors, etc) has also renewed the interest of the controlodes, in relation to the strong variations of drag and lift
community for these systems. Most aerial vehicles belorfgrces during these transitions, remains a challenge wethe
either to the class of xed-wing vehicles, or to that ofdays. A rst step in this direction consists in taking into
rotary-wing vehicles. The rst class is mainly composedaccount drag forces that do not depend on the vehicle's
of airplanes. In this case, weight is compensated for bgrientation [10], as in the case of spherical bodies.
lift forces acting essentially on the wings, and propulsion The present paper essentially aims at extending [10] by
is used to counteract drag forces associated with largeking lift forces into account and extending to the 3D case
air velocities. The second class contains several types afprevious contribution [11] concerning vehicles moving in
systems, like helicopters, ducted fans, quad-rotors, latc. the vertical plane (2D case) which shows how, for a particula
this case, lift forces are usually not preponderant and tretass of models of lift and drag aerodynamic forces acting
thrust force produced by one or several propellers, hasn a wing, it is possible to bring the control problem back to
also to compensate for the vehicle's weight. These vehiclékse simpler one of controlling a spherical body subjected to
are usually referred to as Vertical Take-Off and Landin@ drag component solely. One can then apply the nonlinear
vehicles (VTOLS) because they can perform stationary ightontrol schemes proposed in [10] for which quasi global
(hovering). On the other hand, energy consumption is higtability and convergence results are established. Thdtses
due to small lift-to-drag ratios. By contrast, airplanesrat here reported thus constitute a contribution to setting the
(usually) perform stationary ight, but they are much moreprinciples of a general nonlinear control framework that
ef cient energetically than VTOLs in cruising mode. applies to many aerial vehicles evolving in a large range

I. INTRODUCTION



of operational and environmental conditions.

The paper is organized as follows. Assumptions about the
shape of the ying body and the means of actuation that
are used to control its motion, complemented with notation
and recalls of classical dynamics equations, are presented
in Section Il. The core of the paper's original technical
results concerns the modeling of aerodynamic forces acting
on bisymmetric bodies and the characterization of a suliset o
models which simplify the control design. These results are
reported in Section Ill. In order to illustrate the usefidae
of these results at the control design level with an example,
Section IV gives the adapted version of a velocity control
scheme proposed in [10]. The concluding Section V offers
complementary remarks and points out research perspgctive

Fig. 1. Bisymmetric bodies satisfying Assumption 1.

II. BACKGROUND

A. Body's shape and symmetry assumptions _ o _
Shape symmetries of aerial vehicles —as well as of marir{\éOte that Assumption 1 implies thé is the body's geo-

and ground vehicles— are not coincidental. Simpli catioa metric center.
cost reduction of the manufacturing process, despite tha¥ Means of actuation

importance, are clearly not the main incentives accounting To cover a large number of actuation possibilities asso-

for the ubiquitous use of symmetric shapes. In this respechaaq with man-madainderactuatedaerial vehicles, and
Na_turel was Irst_ to E'Ve theh eéamﬁle bW'th mfosrt]_ of kt)hework out general principles applicable to many of them, one
animals populating the Earth. On the basis of this obsef; get free of actuation speci cities and concentrate on

v3t|on, scienti ¢ rl'n_lndfs could gure out num‘?rouf| practlcafloperationa| common denominators. This leads us to assume,
advantages resulting from symmetry properties. Howewer, T .o ;, [10], that the vehicle's means of actuation consist of

ying purposes, not all symmetries are equally interesting, st forceT along a body- xed direction, and a torque

For instance, the sphere which represents the simplest mosé which allows one to modify the body’s instantaneous

perfect symmgtnc 3D-§hape IS not bgst suited for energ)é(ngular velocity* at will. In practice, this torque is produced
ef cient Io.ng—dlstance. |ght§ because it Fioes not allow forin various ways, typically with secondary propellers (VTOL
the creation of “maglcal” lift forces which counteract thevehicles), rudders or aps (airplanes), control momentogyr
effects of gravity, in the same way —and almost as Wel_l_ Rpacecrafts), etc. The latter assumption implicitly ii@pl
wheel-ground contact reaction forces for terre;tnal oels,  yhat the torque calculation and the ways of producing this
and buoyancy for marine and underwater vehicles. We hef@rque can theoretically be decoupled from high-level aant

cqr;5|der.dthe dnext SI'mPIESt k'n(_j of dsymmetrles, aSS()C"'zljt‘vao(i)jectives. The corresponding requirement is that “alinost
with ovoid and annular shapes, in order to gure out aero yz'iny desired angular velocity can physically be obtained

namic properties induced by them and their practical irstere “almost” instantaneously. Under these assumptions, the co

Thed [I)rzs_enthstudy thus f(.)CUS.eS %n Veh.'ClTS that can Pr%l of the vehicle relies upon the determination of four
modeled In the rst approximation by a single, SymmetriG,, ;; \ariables, namely the thrust intensity and the three

body immersed in a uid which exerts motion reaction force%omponents of. The following complementary assumption
on it, and whose body surfacg is characterized by the about the thrust force direction is made

existence of an orthonormal body franB = fG;+; kg

such that Assumption 2 The thrust forceT is parallel to the axis of

symmetnGK, i.e.T = TR with T denoting the thrust force

Assumption 1 Any pointP 2 S transformed by the compo- intensity

sition of two rotations of angles and about the axe&Kk
and GJ, i.e. by the operator de ned by The minus sign in front of the equality's right-hand side
member is motivated by a sign convention, also used in [10].
g ()=(rotge() rotg ( )();: yasig [10]

also belongs ta, i.e. C. Notation

Theiy, component of a vectax is denoted as;.
g(P)2S; For the sake of conciseneggg{+ Xo}+ X3K) is written
where rotoy ( )(P) stands for the rotation about the axis @S (t tK)X. _ _
Ow, by the angle , of the pointP. .S() is. the skew-symmetric ma}trlx-valued operator as-
sociated with the cross productR?, i.e. such thaS(x)y =
Examples of “bisymmetric” ovoid and annular bodies satisx vy, 8(x;y) 2 R® RS,
fying this assumption are represented in Figure 1. f e1; e; €39 is the canonical basis iR3.



Some of the physical variables and entities used thereaftegt of aerodynamic models which allow for the design of

are either denoted or de ned as follows. nonlinear feedback control laws for which strong stability
m is the mass of the vehicle, assumed to be constant fand convergence results can be demonstrated. Of course,
the sake of simplicity. the underlying assumptions are that these models re ect the

I = fO;4;10;Rogis a xed inertial frame with respect physical reality suf ciently well and that the correspondi
to (w.r.t.) which the vehicle's absolute pose is measured. aerodynamic forces can be either measured or estimated on

The body's linear velocity is denoted by= j—tOG = line.

(Ho; to;Ro)x = (£, ER)v. Now, working out a functional model of aerodynamic
The linear acceleration vector = %v. forces from celebrateMavier Stokes nonlinear partial dif-
The body's angular velocity i$ = (4;+K)! . ferential equationgoverning the interactions between a solid

The vehicle’s orientation w.r.t. the inertial frame isbody and the surrounding uid is beyond the authors domain
represented by the rotation matik. The column vectors Of expertise, all the more so that spatial integration obéhe

of R are the vectors of coordinates-Hf: K expressed in the €duations over the shape of an object, even as simple and
basis ofl . symmetric as an ovoid body, does not yield closed-form

The wind's velocity vectory, is assumed to be the expressions. Notwithstanding the delicate and complexess

same at all points in a domain surrounding the vehicle, ar@fsociated with turbulent ows —a side effect of which is
its components are de ned by, = (£ £K)vy. Theairspeed the well knownstall phenomenon-— for which no general
¥ = (£ K)Va = (f0;40; Ro)xa is de ned as the difference complete theory exists to our knowledge. We thus propose

between the velocity 06 andwy. ThUS,Va = V. Vi. to take here a different route by combining a well-accepted
general expression of the intensity of aerodynamic forces
D. Vehicle's dynamics with geometric considerations based on the body's symmetry

The external forces acting on the body are composd¥foperties. To be more precise, €y and F. denote the
of the weight vectormg and the sum of aerodynamic drag and lift components d,, i.e.
forces denoted by,. In view of Assumption 2, applying
the fundamental theorem of mechanics yields the following Fa = FL+ Fo; ®)

equations of motion: with, by de nition, F_ orthogonal tov, andFp parallel to

ma= mg+ Fy TK; (1) Va Consider also a (any) pair of angles ) characterizing
the orientation ofw, with respect to the body frame. The

R =RS(); (2) Buckingham theorem[12, p. 34] asserts that the intensity
with T and! the system's control inputs. of the static aerodynamic force varies like the square of the
air speedjvaj multiplied by a dimensionless functio@( )
lIl. M ODELING OF AERODYNAMIC FORCES depending on th&eynolds numbeR.!, the Mach number
A. Static models of lift and drag forces M, and(; ), i.e.
The motion equation (1) points out the role of the aero- e L i 2 N .
dynamic forceF, in obtaining the body's linear acceleration IFal = KajVal"C(ResM: 5 ); (4a)
vectora. It shows, for instance, that to move with a constant ka = - (4b)

linear velocity the controlled thrust vectdik must be equal

to mg+ F,. It is understandable that the achievement of thiwith  the free streamair density, and an area germane
equality, via the control of the vehicle, in turn involveeth to the given body shape. Then, further assuming that the
knowledge ofF;,, with its components either calculated ordirection of F; does not (or little) depend(s) upon the
estimated on line from a model of this force and from otheairspeedv,j and that this force does not (or little) depend(s)
physical variables accessible to measurement. In [10§ it Upon the angular velocity, one shows that this theorem in
shown that the knowledge of this force at every time-instaritirn implies the existence of two dimensionless functions
allows for the design of globally stabilizing feedback conCp () andC. (), and of a unit vector-valued functior( )
trollers, provided that it does not depend upon the vehicle'sharacterizing the direction of the lift force w.r.t the lyod
orientation When this latter assumption is not satis ed, aframe, such that

in the case where the vehicle is subjected to strong liftderc

that depend on the vehicle's relative orientation w.r.t éire FL = KajVa]CL(Re;M; 5 )F(5 ) v (5a)
velocity direction, the proposed control design is invatet. Fo = KkajvaJCp (Re;M; 5 )Wa; (5b)
This also means that the capacity of calculating this fotce a #; ) ¥ =0; (5¢)

every time-instant —already a quite demanding requirement

is not suf cient to design a control law capable of perforgin In the specialized literatur€p () (2 R*) andC_ () (2 R)
equally well in (almost) all situations. Knowing how this are called theaerodynamic characteristicsf the body, and
force changes when the vehicle's orientation varies is @ged also thedrag coef cientandlift coef cient respectively.

but is still not suf cient. An original outcome of the pregen

study is precisely to point out the existence of a generic Re gives a measure of the ratio of inertial forces to viscousdsr












