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Abstract

Convertible UAVs (Unmanned Aerial Vehicles)
associate the capacities of stationary flight, like
helicopters, and efficient cruising flight, like
airplanes. This duality is usually achieved by
a mechanical design that combines several pro-
pellers and wings. A large variety of such com-
binations have been proposed, especially after
the Second World War. Thanks to electronic
miniaturization, recent years have seen a re-
vival of the research on this topic through con-
vertible MAVs (Micro Air Vehicles). This pa-
per provides an overview of existing structures
and associated modeling and feedback control
issues.

1 Introduction

So many types of aerial vehicles have been developed
that their classification is doomed to failure. Nev-
ertheless, fixed-wing aircraft (e.g., airplanes), rotary-
wing aircraft (e.g., helicopters), flapping-wing aircraft
(e.g., bird-like), and lighter-than-air aircraft (e.g.,
blimps), certainly form the main classes to be encoun-
tered. This classification is not strict and many com-
binations can be imagined. This paper is dedicated
to convertible aircraft, that belong to both the fixed-
wing and rotary-wing categories. In other words, these
vehicles can perform Vertical Take-Off and Landing
(VTOL) thanks to one or several propellers and they
are also endowed with fixed-wing(s) so as to benefit
from lift at high speed.

First prototypes of convertible aircraft were built
after the Second World War, like the Vertol VZ-2
Tilt-Wing of the US Navy (Fig. 1 below), the XFY
Pogo Tail-Sitter of the US Navy (Fig. 2 below),
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or the Coleoptere Tail-Sitter of the French company
SNECMA (Fig. 3 below). These early developments
had to face several difficulties, among which the tran-
sition from hover to cruising flight. Tail-sitters were
particularly challenging for the pilot: the take-off po-
sition was very uncomfortable with no downward vis-
ibility. These systems gave rise to many accidents,
which prematurely ended several research programs,
like SNECMA’s Coleoptere. Tilt-wing configurations
were closer to the standard airplane and helicopter
configurations and therefore easier to fly. Another al-
ternative was to use standard airplane configuration
with vectorized thrust. Many military combat air-
craft of this type were built around the sixties like the
British Hawker Siddeley Harrier (Fig. 4), which was
the first commercialized combat aircraft with VTOL
capacities. These vehicles do not exactly satisfy the
above definition of a convertible aircraft since they are
propelled by jets instead of propellers but they share
the same operational characteristics. Another direc-
tion was to design convertible aircraft from helicopter
structures. Several attempts in this direction have
been made, like the Sikorsky Xwing of the late seven-
ties (Fig. 5) below, or the more recent Eurocopter-X3
(Fig. 6).

Miniaturization and cost reduction of electronic
components have dramatically modified the picture in
the last twenty years. MAVs (Micro Air Vehicles) can
now be built at a very low cost. Some of the concepts
developed in the twentieth century for manned aircraft
can be tested on scale models, with a tremendous re-
duction of cost and risk. Many convertible MAV struc-
tures are inherited from the post Second World War
developments on full scale aircraft but new configura-
tions can also be proposed thanks to the different scale
and the absence of a pilot aboard. However, the me-
chanical complexity of structures like the Harrier, the
Sikorsky Xwing, or the Eurocopter-X3 also seem to
have prevented the design of equivalent scale-models.
In other words, the class of convertible MAVs differs



from that of full-scale convertible aircraft.
Convertible MAVs present several challenges, from the
mechanical design to (semi-)autonomous flight tests.
Like any other aerial vehicle, designing a convertible
MAV requires a minimal understanding of aerodynam-
ics. Compared to now omnipresent quadrotors, combi-
nation of fixed and rotary-wings adds significant com-
plexity with aerodynamic interactions that may en-
danger both energy performance and stability. Energy
efficiency is clearly the main incentive for using a con-
vertible MAV instead of a classical quadrotor. How-
ever, this is always a matter of compromise since a con-
vertible MAV (with equivalent rotor diameters) will al-
ways be less efficient than a quadrotor in hover, due to
the wings’ weight, and less efficient than an airplane in
cruising flight, due additional propellers. Depending
on the mission, different configurations should be pre-
ferred. Complex design methodologies have been de-
veloped to address these VTOLs’ pre-sizing issues[1].
Feedback control is another challenge. From the early
developments of convertible aircraft of the fiftieths,
control of such vehicles is known to be a critical issue,
in particular for tail-sitters. The difficulty is increased
for MAVs due to their small size and high sensibility
to wind. Flight at large angles of attack is more likely
to occur in this case and the standard linear mod-
els of lift and drag used for airplanes’ wings are no
longer valid. Furthermore, unsteady aerodynamic ef-
fects associated with MAVs’ fast rotational dynamics
is another possible source of complexity [3]. To the
author’s opinion, we are still at the beginning of the
investigation of such issues from the control point of
view. The main objective of this paper is to provide
an introduction to the topic of convertible MAVs from
a control/robotics point of view, and suggest research
directions.

The paper is organized as follows. Section 2 provides
an overview of existing convertible concepts for both
full-scale and MAV aircraft. Section 3 discusses mod-
eling aspects and specificities of MAVs. Section 4 is
dedicated to the feedback control of these vehicles. Fi-
nally, concluding remarks and perspectives are given
in the conclusion.

2 Overview of convertible M AV struc-
tures

Tilt-bodies and Tilt-rotors/Tilt-wings are the two
main classes of convertible MAVs. A larger classifi-
cation of VTOL vehicles, independently of their size,
can be found in [1] but as indicated above, some full-

Figure 1: Vertol VZ-2 Tilt-Wing

Figure 3: Coleoptere Tail-Sitter



Figure 4: Harrier thrust-vectorized aircraft

Figure 5: Sikorsky Xwing

Figure 6: Eurocopter X3

scale aircraft have not been built at the MAV scale.

Tilt-bodies are essentially airplanes with suffi-
cient thrust to sustain stationary flight. The XFY
Pogo with its classical planar wings and SNECMA’s
Coleoptere with its annular wing are early examples
of this type of aircraft. Many MAVs of this type have
been built, like the HoverEye of Bertin Tech. (Fig. 7),
the V-Bat of MLB Company (Fig. 8), the MAVion of
ISAE (Fig. 9), or the Quadshot of Transition Robotics
(Fig. 10). These systems are often referred to as ”tail-
sitters”, due to their capacity to take-off and land on
their tail. As indicated by the name, the main char-
acteristics of tilt-bodies is that transition form hover
to cruising flight requires the whole body to tilt (pitch
down). This implies large variations of the angle of at-
tack, which is one of the control difficulties associated
with this type of system. For ducted-fan vehicles like
the HoverEye and the V-bat, thrust is generated by
one or two (contra-rotative) propellers located inside
the duct. Torque control in hover is typically obtained
via control surfaces located below these propellers,
usually inside the duct so as to preserve flow inter-
actions with the wind (see Fig. 7). Torque control in
cruising flight may be aided by additional control sur-
faces, like for the V-Bat tail-sitter. For the MAVion,
the two contra-rotative propellers and control surfaces
generate thrust and torque at both hover and cruising
flight. In the case of the Quadshot, the four propellers
are sufficient to produce both thrust and full torque
control. For more efficiency, torque control in cruising
flight is also aided by control surfaces on the wing.
Besides the problem of transition between hover and
cruising flight, a drawback of tail-sitter systems con-
cern payload and aerodynamic stability in hover. The
wing is vertical in hover mode and therefore wind can
induce important drag forces. If the CoM (Center of
Mass) is not close to the aerodynamic center, impor-
tant perturbation torques then appear. The worst sit-
uation with ducted fans is when such torques produce
pitch-up motion (i.e., the CoM is located below the
center of pressure), which makes the torque control
surfaces inefficient due to the wind flow entering the
duct. This is why the payload of tail-sitters is usually
located above the duct. This may induce significant
constraints. More details on this type of vehicles can
be found in [11, 16, 18].

Tilt-rotor /Tilt-wings differ from tilt-bodies by the
fact that some parts of the vehicle (wings or pro-
pellers) are no longer rigidly attached to the main
body. One or several additional degree(s) of freedom
allow one for the modification of the vehicle’s shape
with extended control possibilities. The Vertol VZ-2



Tilt-Wing of Fig. 1 is an early example of this class of
vehicles with the main wing and propellers rigidly at-
tached to each other but tilting with respect to (w.r.t.)
the main body. This type of configuration can also be
found at the MAV scale (like the SUAVI [4] or the
QUX-02 [15] quad tilt-wings). Other types of tilt-
rotors/tilt-wings MAVs have been proposed, like the
tilt-rotor FW-VTOL of VTOL Tech. (Fig. 11), or
the tilt-wing ConvertISIR (Fig. 12), developed in our
Lab. Concerning the FW-VTOL, the four propellers
can be used in hover like for a classical quadrotor, and
they tilt progressively pitch down for the transition
to cruising flight. With respect to tilt-bodies aircraft,
the main advantage is that the wing can always keep
a small angle of attack, thus making the transition
easier. It should be noted that this property is not
satisfied for a convertible like the Vertol VZ-2. In this
case, transition still requires large variations of the an-
gle of attack despite the additional degree of freedom.
The ConvertISIR of Fig. 12 is built from a standard
quadrotor, which can be seen in the center of the struc-
ture. In addition, two wings have been added to each
side of the quadrotor thanks to a set of linkages. Each
wing can tilt w.r.t. the propellers’ plane. As in the
case of the FW-VTOL, the decoupling between pro-
pellers and wings tilting angles allows for transitions
with small angles of attack. Furthermore, the inde-
pendent control of the two wings adds much control
versatility in cruising flight.

upper center body

propellers

duct
lower center body

control surfaces

landing ring

Figure 9: MAVion Tilt-body of ISAE

Figure 10: Quadshot of Transition Robotics

Figure 8: V-Bat Tail-Sitter of MLB Company

Figure 12: ConvertISIR Tilt-wing of ISIR



3 Modeling

Most convertible MAVs share the following properties.
1. They are composed of three main components:

S1 : the main body;

S2 : the propellers, the rotation axes of which
can be rigidly attached to the main body
or not (tilt-rotors). From now on, it is as-
sumed that the rotation axes of propellers
all have the same direction and, in the case
of tilt-rotors, that this direction in the main
body frame can be parameterized by a one-
dimensional parameter sy € S!, with S! the
unit circle (i.e., the rotation axes move in
only one direction w.r.t. the main body);

S3 : the moving surfaces, the primarily role
of which can be torque generation (aileron,
rudder, elevator of an airplane) or lift gen-
eration (e.g. wings of the ConvertISIR). It
is assumed that the rotation axes of these
moving surfaces is fixed in the main body
frame.

2. They are underactuated in force, i.e., in body
frame the control force is restricted to a linear
subspace.

3. They are fully actuated in torque, i.e., in body
frame the control torque is not restricted to a lin-
ear subspace.

With this in mind, the configuration space of the MAV
viewed as a mechanical system is Q = R3 x SO(3) x T?
with R3 x SO(3) corresponding to the configuration
space of the main body (3D position and orientation),
and TP corresponding to the configuration space of
propellers and moving surfaces in the main body’s
frame (i.e., parametrization of propellers’ rotation
axes, rotation angles of propellers and moving sur-
faces). The notation for the configuration variables is
now defined (see Fig. 13).

e 7 = {0;140,Jo,ko} denotes a fixed inertial frame
with respect to (w.r.t.) which the vehicle’s ab-
solute pose is measured. This frame is chosen as
the NED frame (North-East-Down) with <o point-
ing to the North, 7o pointing to the East, and kg
pointing to the center of the Earth.

e B={G;1,j,k} denotes a frame attached to the
main body, with G the vehicle’s center of mass. It
is assumed here that G is a fixed point in the body
frame. This may not always be true, especially

Figure 13: Schematic of notation

for tilt-rotors/tilt-wings MAVs since their shape
can change, but this is a reasonable assumption
in first approximation.

e The vector of coordinates of G w.r.t. Z is denoted
as p. The rotation matrix from B to Z is denoted
as R.

e Beside the parameter sy used to parameterize the
direction of the propellers’ axes in body frame,
81, ..-8n, denote the rotation angles of the pro-
pellers, with n, the number of propellers, and
01,...0p, denote the rotation angles of the mov-
ing surfaces, with ns the number of these surfaces.

The configuration vector is thus given by ¢ =
(p, R,50,81, "+ ,5n,,01, - ,0n,). The variables s;,;
correspond to the ”shape variables” of the MAV. From
these definitions one can readily define the MAV’s
velocity vector expressed in inertial frame: v = p,
and its angular velocity vector expressed in body
frame: w such that R = RS(w) with S(.) the skew-
symmetric matrix associated with the cross product,
ie, S(w)y =w x y for all y.

3.1 Dynamic modeling

The dynamical equations are derived from Newton-
Euler equations:

mu mges + F (1)
Jw = —-Sw)Jw+T

with m the vehicle’s mass, here assumed to be con-
stant, g the gravitational constant, ez = (0,0,1)%, F
the resultant of all aerodynamic forces acting on the
vehicle, expressed in inertial frame, J the inertia ma-
trix, and I" the vector of coordinates of the torques



applied to the main body, expressed in body frame.
The above dynamical model is incomplete since the
dynamics of the variables s;,d; is not specified. Usu-
ally, each of these configuration variables is actuated
(servos for propellers’ rotation axis direction, brush-
less motors for propellers, servos for moving surfaces).
Furthermore, for MAVs the actuation dynamics is of-
ten very fast w.r.t. the MAV’s main body dynamics.
We will make this assumption from now on and assume
that the following values can be considered as control
input: propellers’ rotation axis direction angle sg, pro-
pellers’ rotational velocities @y := 51, , @y = &p,,
moving surfaces orientation angle d1,--- ,d,,.
The modeling of aerodynamic forces and torques act-
ing on a body immersed in a fluid is the basic ingre-
dient for specifying the aerodynamic force F' and the
torque I'. This is a huge and complex topic that has
been addressed with a variety of techniques: Compu-
tational Fluid Dynamics (CFD), Wind-Tunnel (WT)
measurements, Analytical methods. We recall here-
after some basic elements of aerodynamic modeling.
Consider a body moving at velocity v and denote by
v? the air velocity, i.e. v* = v —ov" with v* the wind’s
velocity. The aerodynamic force F,, exerted on the
body is typically decomposed as F, = FJ, + Fp where
the lift force Fy, is the component perpendicular to v®
and the drag force Fp is the component parallel to v®.
These two components can be written as follows:
1 a\L 1 al, a
Fr, = 5;)2 Crlvg|(v*)~, Fp= —ipE Cplv®|v

(2)
with p the air density, ¥ an area associated with the
body, and (v*)* a vector orthogonal to v with am-
plitude |v*|. Cp and Cp are the aerodynamic char-
acteristics of the body, i.e. the so-called drag and lift
coeflicients. The main difficulty consists in specifying
these coefficients and the direction of (v®)+:

e Aerodynamic characteristics depend on several
variables: Reynolds number, Mach number, and
orientation of the air velocity vector w.r.t. the
body. From a mathematical viewpoint the latter
is an element of the unit sphere and it is usually
specified by the so-called angle of attack a and
side slip angle 8. A major difficulty is to spec-
ify the dependence of C, and Cp on « and g.
This is already a challenging task under steady
flight conditions (i.e., constant o and ) and one
usually has to resort to CFD or WT methods. A
deeper difficulty comes from the fact that Cr, and
Cp are not just functions of the variables o and
B but functionals of «(.) and B(.): a variation
of a or B at time 7 modifies the pressure distri-

bution around the body in all subsequent times
t > 7, in a domain defined by the sound’s speed.
Thus, for subsonic flight, the aerodynamic forces
acting on the body at time ¢ depend on past time
values 7 < t, i.e. Cp and Cp at time t depend
not only on «(t) and S(¢) but also on a(7) and
B(7) for 7 < t. Such a complexity cannot be han-
dled easily analytically and the classical approach
(see [5, Ch. 5] and the references therein) con-
sists in approximating the functional dependence
by a dependence on the successive derivatives at
time ¢, i.e. Cp and Cp at time t are expressed
in term of a(t), B(t), &(t), B(t), é(t), B(t), - - . For
flight dynamics model, dependence on second and
higher-order derivatives is usually omitted so that
Cp, and Cp become functions of a, 8, ¢, 8 where
dependence on ¢, 6 is associated with unsteady
aerodynamic effects. One may question the im-
portance of taking into account such unsteady ef-
fects. This depends essentially on the dynamics
of the system. Due to their small size, however,
the rotational dynamics of MAVs can be very fast,
thus leading to large values of &, . For example,
a WT study conducted in [2] on a F-18 aircraft
model showed overshoot of the lift coefficient of
up to 40% w.r.t. static values due to pitching
rate. This value is large enough to deserve at-
tention. Another difficulty concerns the depen-
dence of the aerodynamic characteristics on the
Reynolds number. MAVs evolve in a range of rel-
atively low Reynolds numbers (typically less than
200 000), and many different flow behaviors can
be found in this range with strong impact on the
aerodynamic characteristics (see [14] for more de-
tails).

e The direction of the lift force, defined by (v®)*,
is difficult to specify in general. Most of the time,
MAVs possess symmetry planes which allow one
to deduce information on (v®)*, especially when
B = 0. For significant values of the side slip angle,
however, one also has to resort to CFD or WT
methods to get more information of the lift force
direction.

We will not go further into these aerodynamic issues
(this is out of the scope of this paper and expertise of
the author) but they cannot be disregarded if aggres-
sive flight capacities are required.

Going back to System (1), a model of F that ig-
nores unsteady aerodynamic effects and dependence
on Reynolds number and Mach number can be speci-



fied:

F = Fy(R,v") ZwaRQsoeg,—i—ZF (R,8;,v%)

Fp corresponds to the aerodynamic force acting on the
main body (expressed in inertial frame), with the de-
pendence on the angle of attack/side slip angle and air-
velocity written as a dependence on R and v® (this is
an over-parameterization that simplifies the notation).
The terms in the first sum correspond to the lift forces
exerted on the propellers, with b; >0 (i =1,--- ,n,)
associated with the lift coefficient of propeller i, and
Q(sp)es corresponding to the direction of these lift
forces in body frame. Q(sg) is a rotation matrix pa-
rameterized by the rotation angle s, with Q(sf) the
identity matrix if s§; corresponds to the propellers con-
figuration at hover (i.e., vertical lift force). It should
be remarked at this point that the effects of v® on the
propellers aerodynamics is here neglected, i.e. it is as-
sumed that the air-velocity on the propellers’ blades
is only induced by the propellers’ rotational veloci-
ties w; (which is the case only in hover and without
wind). This effect can be significant [6], all the more
when the speed controller of propellers’ brushless mo-
tors is not accurate enough. A finer modeling that
incorporates such effects can be found in [13]. Finally,
F; (j = 1,--- ,ng) corresponds to the aerodynamic
force acting on the moving surface j. Note that v,
the air-velocity on moving surface j, is not necessar-
ily equal to v®. This distinction is important to take
aerodynamic interactions into account.

Similarly, a first model of I' can be specified as:

I = FO(RU)
—szwg X Q(s0) 63—2/‘%@ Q(s0)es

i=1

+Zr (R,8;,v)

Ty is associated with the moment of aerodynamic
forces acting on the main body (expressed in body
frame). The terms in the first sum correspond to
the torque induced on the main body by lift forces
acting on the propellers, with ¢; denoting the coordi-
nates of the center of the i-th propeller in the body
frame. The terms in the second sum correspond to the
torque induced on the main body by drag forces act-
ing on the propellers (moment around the propellers’
axis), with x; (i = 1,--- ,n,) a parameter associated
with the drag coefficient of propellers i, the sign of
which depends on the direction of rotation of pro-
peller ¢ (i.e. clockwise or anti-clockwise). Finally,

I'; (j=1,---,ns) corresponds to the torque induced
on the main body by aerodynamic forces acting on
the control surface j (including aerodynamic lift, drag,
and moment). Again, effects of v® on the propellers
aerodynamics is here neglected. We have also implic-
itly assumed that so-called gyroscopic torques are neg-
ligible.

To further specify the expression of F' and I" would
require to further specify Fy, F;,I'g,I'; by introducing
expressions of aerodynamic lift, drag, and moment. In
order to avoid making this paper too technical, we will
not delve into this level of details.

4 Feedback control

The control problem considered in this section is the
stabilization of the MAV’s position vector p to a ref-
erence trajectory p,. There is currently no general
method that can address this problem for the class
of systems here considered, even with the modeling
assumptions of the previous section. Therefore, the
objective of this section is not to provide a control so-
lution for this system (this remains to be achieved),
but to provide a general overview of the main cases of
interest, possible control solutions, and difficulties.

4.1 Multirotors

Multirotors (quadrirotors, hexarotors, etc) are usually
not classified among convertible UAVs but they sat-
isfy the modeling assumptions of the previous section
(they are composed of a main body and propellers).
Furthermore, their control provides significant insight.
We briefly review this case (see, e.g., [12] for more de-
tails). We consider here! multirotors with rotation
axes of propellers fixed in body frame and parallel to
k. In other words, the configuration variables are lim-
ited to (p, R) and the only control variables are the
propellers rotational velocities. The vectors F and I’
then reduce to

F = - Z biw? Res
i=1

I = TR, — Zblwl& X es — mel e3
i=1 i=1

When the number of propellers n,, is at least equal to
four, under a physically reasonable location of the pro-
pellers on the MAV and choice of rotational direction

IThe control principle of multirotors with tiltable propellers
does not differ significantly from the case here considered (see
[7] for details).



of the propellers (i.e., depending on the value of the
vectors ¢; and the parameters k;), the linear mapping

'p
2 § 2
: ? np

w.,%p Zblw l; X es +Z/<;Zw es

is onto a neighborhood of any vector of the form
(¢,0,0,0)T with ¢ > 0. This allows one to perform
a change of control variables and rewrite F' and I' as
follows:
F = Fo(R, ’Ua) — TcReg (3)
I = To(Rv*)+ T
with

Np
T, = Z biw? (4)
i=1

the thrust control and I'. a torque control variable.
The dynamical system (1) then reduces to

mo = mges+ Fo(R,v?) — T.Res (5)
Jw = —Sw)Jw+Ty(R,v*)+T.

with T, and I, as control variables. For multirotors, it
is usually assumed that Fj little depends on R. This is
justified by the absence of wings that could induce sig-
nificant lift forces. Under this assumption, the trans-
lation dynamics simplifies as

mo = mges + Fo(v®) — T.Res

with Fy accounting for drag forces (typically, Fy(v,) =
—cov®|v?| with ¢g > 0). The control design then pro-
ceeds essentially as follows (see [17, 8, 9] for details).
Let p := p — p, denote the tracking error. Then, from
the above equation,

mﬁ = mges + Fo('l)a) — Mﬁr - TcRe3 (6)

Assume for a moment that
—mjp, — B(B,p)  (7)

Then, (6) becomes mp = —B(p, p). Choosing B(p, p)
such that the origin of this system is asymptotically
stable (e.g., a simple second-order linear controller)
then ensures that p exponentially converges to zero.
Now, (7) cannot be instantaneously satisfied but it
readily defines the ”thrust control”

T.Res = mges + Fy(v?)

T, = ||mges + Fo(v*) — mp, — B(, D)

and a desired thrust direction

mges +F0(Ua) _mp'r _ﬁ(ﬁaﬁ) (8)

R = -
(Res)a [mges + Fo(v®) —mp, — B(p, D)l

There remains to stabilize the thrust direction Res to
(Res)q via the control T'., which is not difficult from
a theoretical point of view since Eq. 5 shows that the
rotational dynamics is fully actuated. Eq. (8) sug-
gests a difficulty if the denominator of the right-hand
side vanishes since in this case the desired thrust di-
rection is no longer well defined. This is not an issue
in normal flight conditions because the dominant term
of this denominator is mges. In extreme flight condi-
tions, however, nothing forbids that this denominator
vanishes.

4.2 Tilt-bodies

Since the propellers are fixed in the body frame, the
general expressions of F' and I" given in Section 3 sim-
plify as:

F = E:@wl%3+§:F (R, 8;,0)

wa[ xeg—zfizw €3

+ZFR@%

T :F()RU

This form is more general than the multirotor case
and therefore, it allows for many different configura-
tions. The thrust is generated by one, two (Hover-
Eye, MAVion), or more (Quadshot) propellers. Con-
trol torques are generated by propellers and control
surfaces, located below the propellers, that generate
complementary torques thanks to the incoming pro-
pellers’ flow. An important point is that these control
surfaces have little effect on the linear dynamics be-
cause of their limited size. Under normal flight con-
ditions (essentially if the total thrust does not van-
ish and the control surfaces’ angles of attack remain
small), the nonlinear mapping

w2 o
1 E biw?Reg
5 np - np
w.
"o E blwf& X e3 + E mwfegn-
S
! i=1
: — E I'(R, 5J,v]
Sn

is onto a neighborhood of any vector of the form
(¢,0,0,0)T with ¢ > 0. This allows one to rewrite



F and T as follows:

F = Fy(R,v") —T.Res+ Y Fj(R,5;,v}) ©
j=1
I = To(Rv")+T,

with 7T, still defined by (4). Note that some of (if
not all) the variables §; can be constrained, through
the change of coordinates, by the values of T, and
T'.. In this case, they are no longer available control
variables. Eq. (9) is very similar to (3). The term
Z?;l Fj(R,d;,v%), referred to as "small body forces”,
can often be neglected in first approximation due to
the size of the control surfaces (as mentioned above).
Then, the dynamical model reduces to (5). The major
difference w.r.t. the case of multirotors is that one can
no longer assume that Fjy does not depend on R, since
tilt-body MAVs are endowed with wings. The main
consequence concerns the control methodology used
for multirotors. When trying to apply it to the present
case, a difficulty occurs because Eq. (8) becomes

(Reg)d = . ~ Z
Imges + Fo(Ra,v*) — mp, — B(B, D)

(10)
Since both terms of this equality depend on Ry, exis-
tence and uniqueness of the desired ”thrust direction”
is no longer granted. In particular, when g = 0, the
underlying problem is the feasibility of the trajectory
pr. While any trajectory p, is feasible for a quadro-
tor (notwithstanding control limitations), it becomes
much more difficult to assert the feasibility of such a
trajectory for a tilt-body MAV. This is a major issue
that deserves complementary remarks.

1. The problem of existence and uniqueness of the
desired thrust direction does not concern low ve-
locity flight because aerodynamic forces vanish
with v*. As a consequence, the term Fy(Rg, v®)
remains small as long as v* is small and one eas-
ily verifies that the desired thrust direction is well
defined in this case. This may explain why sev-
eral successful flight tests of tilt-body MAVs at
low/moderate speeds have been reported. Tran-
sition to high-speed flight is another issue.

2. A deeper study of this problem can be found in
[20], where it is shown that stall effect (in par-
ticular) induces multiple solutions to Eq. (10) on
some velocity range, with discontinuities of these
solutions for some smooth variations of v®.

3. It has recently been shown in [21] that for a class
of axi-symmetric bodies that satisfy some con-

ditions on lift and drag aerodynamic character-
istics, the solution to Eq. (10) is well defined
and unique. This allows for the extension of the
multirotors control methodology to this class of
systems.

4. The above remarks show the intrinsic difficulty of
addressing the stabilization problem of tilt-bodies
generically (i.e., in the sense of making no as-
sumption on the reference trajectory p,). Then,
as far as transition from hover to cruising flight
is concerned, one may wonder whether this can
be achieved via specific trajectories p,.. Indeed, a
strategy used from the very beginning of tilt-body
aircraft consists in transitioning along trajectories
that involve large vertical variations, so as to keep
the angle of attack small. Horizontal transitions
have also been demonstrated on some tilt-bodies
(see, e.g. [10]), based on the local stabilization
of an equilibrium trajectory determined experi-
mentally in wind-tunnel after trials and errors.
This type of approach remains experimentally ex-
pensive, however, with no guarantee of success a
priori since the existence of such equilibrium tra-
jectories is not granted.

4.3 Tilt-rotors/tilt-wings

This is the more general case, which allows for a huge
variety of possibilities. By proceeding as in the pre-
vious cases, it is normally possible to simplify the ex-
pression of F' and I'" by a change of control variables
as follows (compare with (3)):

F = Fo(R, Ua) —TCRQ(S())G;), +ZFj(R’ (Sj,?];')
j=1

r [o(R,v*)+ T,

with T, defined as above and I, the new torque control
variable. As in the case of tilt-body vehicles, some
of the variables J; might be constrained, through the
change of control variable, by the values of T, and
I'.. Some particular configurations have been more
specifically investigated.

Tilt-rotors: A first configuration is when the mov-
ing surfaces are only used for torque generation.
An example is given by the FW-VTOL of Fig.
11. Then, as in the case of tilt-bodies, the term
Z?;l Fj(R,d;,v}) can essentially be neglected and
the expression of F' reduces to

F = Fy(R,v") — TeRQ(s0)es



This expression is similar to the first equality in (3)
with the additional control parameter sg. The impor-
tant point is that the resulting force can be partially
modified via sy without modifying the main body’s
orientation (matrix R). This is the main advantage
of tilt-body vehicles, which allows for transitions from
hover to cruising flight while keeping a constant pitch
angle of the main body. This much alleviates the prob-
lem mentioned above for tilt-bodies and suggests an-
other control strategy, where the main body’s pitch
angle is kept at a constant value thanks to the control
variable sy so as to best benefit from lift (small an-
gle of attack), and the trajectory tracking is achieved
via the control provided by the propellers. Since s is
uni-dimensional the problem persists for the roll con-
trol but it is much less drastic because the amplitude
of lateral forces is typically less important. Further-
more a sound control strategy consists in reducing as
much as possible the side slip angle, via the yaw con-
trol torque, in order to keep these forces small.

Tilt-wings: Another configuration is when the ro-
tors are rigidly attached to the main body but the
wings can be tilted independently. An example is
given by the ConvertISIR of Fig. 12. The dependence
of Fy on the rotation matrix can usually be neglected
in first approximation since the wings account for the
major part of aerodynamic forces. The expression of
F reduces to

F = Fy(v") — T.Res + Y Fj(R,6;,v5)

Jj=1

This case is very similar to the tilt-rotors case because
it also allows for transitions from hover to cruising
flight while keeping wings’ angles of attack small. The
idea is to compensate the pitching of the main body so
as to maintain the wing at a desired angle of attack.
The variables ; are used to this purpose, i.e., §; is
defined as a function of R to decouple the wing pitch
angle from the main body’s pitch angles. The control
approach used for multirotors can again be used since
the control §; eliminates the dependence of F; on R.
Like in the case of tilt-rotors, this much alleviates the
problem of ill-definition of the thrust direction. Like
in the case of tilt-rotors, also, this dependence is not
completely eliminated due to the roll degree of free-
dom. Again, the yaw control torque can be used to
keep these lateral forces small. More details on the
control of the ConvertISIR can be found in [19].

Tilt-rotors/wings: The final case is when the ro-
tors are rigidly attached to the wings and the set ro-

tors/wings can be tilted w.r.t. the main body. An
example is given by the Vertol VZ2 of Fig. 1. Since
the rotors and wings are rigidly attached, there exist
functions Fj such that F' can be rewritten as follows:

F=Fy(v*) - T.RQ(so)es + i:Fj(RQ(SO)/U;)

j=1

Note that we again assume here that F;; does not de-
pend on R. Despite the additional degree of freedom
S0, the problem of ill-definition of the thrust direction
here remains because changing the thrust force direc-
tion through RQ(sg), either by a change of R or by
a change of sg, modifies at the same time the aero-
dynamic forces on the wings. Thus, from a control
point of view this type of configuration remains close
to the tilt-body configuration, with the associated con-
trol difficulties.

5 Conclusion and open problems

We have provided an overview of MAV convertible
structures and associated modeling and control issues.
We believe that this is a very rich field of investiga-
tion for the control/robotics community. Major issues
concern a better understanding of the aerodynamics of
these systems, the design of control models that can
account for this aerodynamic in a large range of flight
conditions (large angles of attack, fast rotational dy-
namics), and the design of feedback control laws that
fully exploit such models. For example, unsteady aero-
dynamic effects have not been considered when dealing
with control aspects. The interested reader will easily
identify the additional difficulties that they can gen-
erate for the control design (for example, by allowing
the functions Fp, F; to depend not only on R but also
on its derivative, i.e., on the angular velocity vector
w). Another problem, closer to the robotics commu-
nity interests, concerns a good allocation of control re-
sources, since most convertible UAVs have redundant
actuation for some degrees of freedom. For example,
the pitch and yaw angles of the Quadshot can be mod-
ified either by controlling the propellers’ thrust, or by
controlling the control surfaces. Finally, another large
field of investigation concerns state estimation, which
has been totally concealed here. In particular, estima-
tion of wind and its aerodynamic effects is an impor-
tant issue at this scale.
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