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Comparison of control methods for trajectory
tracking in fully actuated Unmanned Aerial Vehicles

Davide Invernizzi, Mattia Giurato, Paolo Gattazzo, Marco Lovera

Abstract—In this paper recently proposed control methods,
suitable for trajectory tracking in fully actuated Unmanned
Aerial Vehicles (UAVs), are reviewed and experimentally com-
pared. We specifically focus on multirotor platforms with tiltable
propellers, for which the thrust and torque delivered by each
rotor can be oriented within the aircraft frame by means
of servo-actuators. Firstly, the main assumptions underlying
the control design model usually employed in the literature
are discussed, pointing out the main limitations. Then, some
recent control laws that have been proposed to address the
trajectory tracking problem for these platforms are reviewed,
placing emphasis on their tracking capabilities as well as on the
ease of tuning and implementation. Finally, experimental results
obtained by applying three control laws on a tilt-arm quadrotor
UAV are shown to evaluate and compare their performance. Two
experiments, representative of operating conditions for thrust-
vectoring UAVs, have been performed: a set-point tracking with
level attitude and a full-pose trajectory tracking task.

Index Terms—UAVs, trajectory tracking, fully actuated, mul-
tirotor,

I. INTRODUCTION

In recent years the development of multirotor Unmanned
Aerial Vehicles (UAVs) with thrust vectoring capabilities has
received a growing interest. These systems can achieve a
larger degree of actuation compared to coplanar multirotor
UAVs since both thrust and torque can be oriented within the
airframe. This feature makes thrust-vectoring UAVs capable of
performing complex full-pose maneuvers, which is particularly
attractive for inspection-like applications that may require, for
instance, navigation in a constrained environment. Moreover,
being able to deliver both force and torque in any direction en-
hances the UAV interaction capabilities with the environment,
which is especially desirable in aerial manipulation tasks.

Two main technological solutions have been proposed to
endow multirotor UAVs with thrust vectoring capabilities: by
employing tiltable propellers [1]–[3] and by mounting the
propellers in a fixed, non-coplanar fashion [4]–[6]. As per
the first kind of UAVs, the tilting of propeller groups is
usually achieved by means of servo-actuators. Although being
mechanically complex, this configuration is more efficient, in
terms of power consumption, than the fixed-tilted one, as it
does not lead to the generation of internal forces in hovering
with zero-level attitude. Furthermore, the typical fixed-tilted
multirotor UAV [5] is not fully actuated since its design is
based on a trade-off between efficiency and maneuverability
which results in a limited thrust vectoring capability. In this
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paper we focus on tiltable propellers UAVs which can be
considered as fully actuated platforms, as documented in
recent works [7], [8].

The main contribution of this work is the evaluation of
control architectures which have flown on-board tiltable pro-
pellers UAVs on both theoretical and practical aspects. For
tiltable propellers platforms, one can consider rotor angular
velocities and servo-actuators angles as physical inputs, under
the assumption that there are sufficiently fast low level con-
trollers capable of tracking any desired set-point. Except few
works [9]–[12], the majority of control designs consider the
UAV as a rigid body endowed with an actuation mechanism
capable of producing any wrench, i.e., the platform is assumed
to be fully actuated. Based on this, the standard approach
splits the control design in two parts. First, a control law in
charge of computing the wrench required for full-pose tracking
is developed according to different strategies (e.g., feedback
linearization, cascade control, Lyapunov-based design, etc.).
Then, an allocation algorithm is used to assign the physical
inputs required to deliver the control wrench, based on a
nonlinear mapping that depends upon some basic information
about the UAV. Although some care must be taken to deal
with kinematic singularities and with the limited actuators
bandwidth, the input mapping guarantees full actuation in
most operating conditions, provided that the tiltable propellers
are suitably placed. This strategy decouples the design of the
control law and the choice of a specific actuation mechanism.
Indeed, the control laws considered in this work can be
applied to any fully actuated multirotor UAV under some
assumptions that are discussed in detail. A different approach
is pursued by [1], in which the proposed design combines
dynamic extension and feedback linearization. This strategy
results in a more complex control architecture than the one
discussed above as it requires integration of intermediate
control variables, namely, servo-actuators angular velocities
and rotors angular accelerations, to obtain the physical inputs
to be sent to the actuators controllers. Moreover, the dynamic
extension approach needs linear as well as angular acceleration
measurements to compute the control inputs, which are not
directly available. To overcome such issues, we propose an
alternative feedback linearization approach, inspired by [5],
that does not make use of dynamic extension. The quaternion-
based P/PID-like control architecture implemented in the PX4
autopilot [13] for underactuated platforms has been adapted to
fully actuated ones and has been considered for comparison
together with two other nonlinear tracking controllers. For the
last two, the strategies presented in our preliminary work [3]
and in [8] are considered. While the latter one combines a
standard stabilizer for position tracking [14] and a nonlinear
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cascade controller for attitude tracking [15], the solution 
proposed in [3] is based on a geometric PID controller for 
attitude tracking [16] and a quasi-time optimal stabilizer [17] 
augmented with a conditional integrator [18] for position 
tracking. The use of nonlinear control laws is motivated by the 
non-trivial operating conditions in which fully actuated UAVs 
can be employed, involving possibly large initial errors and 
challenging tracking tasks that combine attitude and position 
motion. In such scenarios it is mandatory to guarantee global 
tracking properties while accounting for saturation of the 
actuators, in particular, for the limited control force that can 
be delivered by propellers.

Among the discussed control strategies, the quaternion-
based P/PID-like control architecture [13], the modified feed-
back linearization controller [1], [5] and the nonlinear con-
troller of [3] have been tested experimentally on a tilt-arm 
quadrotor UAV, a multirotor platform that has four tiltable 
propellers, developed with low cost off-the-shelf components. 
The results collected in two experiments are presented to 
compare the control laws and assess their performance: an 
aggressive stabilization task, in which the UAV is required to 
go to a specific p osition w ith l evel a ttitude, a nd a  f ull pose 
trajectory tracking task, in which the UAV has to follow a 
straight line back and forth with a predefined t ime l aw, while 
keeping a non-null pitch angle.

Notation. In this paper R(R>0,R≥0) denotes the set of 
real numbers (positive, nonnegative real numbers), Rn de-
notes the n-dimensional Euclidean space and √Rm×n the set

of m × n real matrices. Given x ∈ Rn, ‖x‖ := x1
2 + . . . + xn

2 

is the Euclidean norm while ‖x‖∞ := supt≥0 ‖x(t)‖ is the 
infinity n orm. G iven A ∈ R n×n, w e u se t he c ompact notation 
A ∈ Rn×

0
n to represent a positive definite m atrix. T he i-thvector in canonical basis of Rn is denoted as ei (1 in the

i-th position and zeros elsewhere) for i = 1, . . . ,n and the
identity matrix in Rn×n is denoted as In := [e1 · · ·ei · · ·en]. The
set SO(3) := {R ∈ R3×3 : R>R = I3,det(R) = 1} denotes the
third-order Special Orthogonal group while S1 := R mod 2π

denotes the unit circle manifold. The notation Ru(θ) is used
to represent the rotation matrix corresponding to a rotation
around a unit vector u∈R3 of an angle θ ∈ S1. The normalized
attitude distance on SO(3) with respect to the identity element
is denoted as ‖R‖SO(3) :=

√
1
4 tr(I3−R)∈ [0,1] for R∈ SO(3).

The map S(·) : R3→ so(3), given by

ω 7→

 0 −ω3 ω2
ω3 0 −ω1
−ω2 ω1 0

 (1)

defines an isomorphism between R3 and the vector space
of third-order skew-symmetric matrices, i.e., so(3) := {W ∈
R3×3 : W =−W>}, such that, one has S(ω)y = ω×y, ∀ω, y∈
R3, where × is the cross product. The corresponding inverse is
S−1(·) : so(3)→R3. We use the compact notation c(·), s(·) for
cos(·) and sin(·) respectively. The set of piece-wise continuous
and bounded function is denoted as L∞ while the set of
continuously differentiable function up to the nth order is
denoted as Cn.

II. THE TILTABLE PROPELLERS MULTIROTOR UAV
The tiltable propellers UAV is a system made by a central

rigid body and n rigid links each of which carries a propeller
group. The propeller groups can be tilted independently by
means of servo-actuators attached to the main body (tilt-
arm) or to the propeller group support itself (tilt-rotor)1. The
dynamics of these systems evolves on the product manifold
SO(3)×R3× (S1× S1)n, for which, according to [20], one
refers to SO(3)×R3 as the base space whereas to (S×S1)n

as the shape space. The base space is the manifold in which
the main body motion takes place and can be described by the
configuration of a body-fixed frame FB = (OB,{b1,b2,b3})
with respect to an inertial frame FI = (OI ,{i1, i2, i3}). To
this end, the rotation matrix R := [b1 b2 b3 ] ∈ SO(3), where
bi ∈ S2 is i-th unit vector of the body frame resolved in
FI , is used to describe orientation of FB with respect to FI ,
and the vector x := [ x1 x2 x3 ]> ∈ R3, where xi ∈ R is the i-th
inertial component of x, is used to describe the position of
OB with respect to OI . The relative configuration of the i-th
tilt-arm with respect to the main body belongs to the shape
space and is parametrized by the angles (θai , θri) ∈ S1×S1,
where θai describes the inclination of the i-th arm axis
with respect to a fixed direction in the body frame and θri

is similarly defined for the i-th rotor (see Figure 1). The
(body) angular and (inertial) translational velocity are denoted
as ω ∈ R3 and v ∈ R3, while the relative angular velocity
of the i-th arm and rotor are, respectively, θ̇ai := ωai ∈ R
and θ̇ri := ωri ∈ R≥0

2. For a tiltable propeller UAV, the tilt
angles θa := (θa1 , . . . ,θan)∈ S1×·· ·×S1 and the rotor angular
velocities ωr := (ωr1 , . . . ,ωrn)∈R≥0×·· ·×R≥0 are controlled
by the acutators. Assuming linear dynamics for the servo-
actuators and the motors closed-loop systems, the actuators
dynamics is described by

θai = Gs(s)θ d
ai

(2)

ωri = Gm(s)ωd
ri

(3)

where θ d
ai

and ωd
ri

are the desired tilt angle and rotor velocity,
which are the control inputs of the system. By compactly col-
lecting the shape space terms θs := (θa1 , . . . ,θan ,θr1 , . . . ,θrn)
and ωs := (ωa1 , . . . ,ωan ,ωr1 , . . . ,ωrn), the dynamical system of
the (rigid) tiltable propellers UAV is described by the following
set of equations:

ẋ = v (4)
Ṙ = RS(ω) (5)

θ̇r = ωr (6)

mv̇−mRS(xc)ω̇ =−mge3−mRS(ω)2xc +R( fc + fe)
(7)

J(θs)ω̇ +mS(xc)R>v̇ =−S(ω)J(θs)ω−mgS(xc)R>e3 + τc + τe.
(8)

1The considered configuration is different from the one of variable pitch
quadrotors [19] in which servo-actuators are used to vary the pitch of the
rotor blades and not the orientation of the whole propeller groups. Using
pitch variations rather than motor rpm variations makes it possible to generate
thrusts with a much wider bandwidth but it does not give full actuation
capabilities to UAVs.

2We limit our attention to the common case of unidirectional propellers,
i.e., propellers endowed with motors that cannot revert the spin direction.
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Figure 1. Tiltable propellers quadrotor UAV - tilt and rotor angles definition.

where g = 9.81ms−1 is the gravitational acceleration,
xc ∈ R3 is the center of mass location with respect to
OB (resolved in FB), m ∈ R>0 is the overall mass of
the vehicle, and J(θs) = J(θs)

> ∈ R3×3
>0 is the shape-

dependent inertia matrix resolved in FB with respect to
OB. Furthermore fe := fe(R,x,ω,v, ω̇, v̇,θs,ωs, ω̇s, t) and τe :=
τe(R,x,ω,v, ω̇, v̇,θs,ωs, ω̇s, t) are the body force and torque,
respectively, which account for the inertial terms, related to
the tilt-arms, not included in S(ω)J(θs)ω , as well as for
aerodynamic forces and torques acting on the UAV main
body3. Finally, fc := fc(θa,ωr)∈R3 and τc := τc(θa,ωr)∈R3

represent the force and torque delivered at OB by the rotors,
i.e.:

fc(θa,ωr) :=
n

∑
i=1

Rbpi(θai) fpi(ωri) (9)

τc(θa,ωr) :=
n

∑
i=1

S(xbri(θai))Rbpi(θai) fpi(ωri)+ τpi(ωri) (10)

where fpi(ωri) and τpi(ωri) ∈ R3 are, respectively, the force
and torque delivered by the i-th rotor resolved in the propeller
frame Fpi , Rpi(θai) ∈ SO(3) is the rotation matrix describing
the orientation of the i-th propeller frame with respect to FB
and xbri(θai)∈R3 is the position vector from OB to the hub of
the i-th rotor disk, resolved in FB. With respect to the fixed-
tilted configuration in which xbri is constant in FB, the control
wrench (9)-(10) becomes a nonlinear function of the variables
(θa,ωr) for the tiltable propellers platform.

III. SIMPLIFIED MODEL FOR CONTROL DESIGN

In this section we review the simplified dynamical model
that is exploited for control design purposes in most of the
works that deal with thrust-vectoring UAVs ( [1], [5], [8]).

A. Main assumptions

We start by presenting the main assumptions under which
the full set of equations (4)-(8) can be approximated to have a
sufficiently accurate representation of the system dynamics,
in the flight regime of interest, and a manageable control
problem.

Assumption 1. Besides the assumption that the UAV compo-
nents are rigid, we also consider the following:

3For the sake of conciseness we do not report here the (complicated)
expressions of fe,τe and J(θ) as they are not instrumental for our discussion.

1) the UAV is operated at low speed (‖v‖∞ ≤ 3−4m/s);
2) shape-changes due to the actuation mechanism (servo-

actuators) do not affect significantly the geometric and
dynamical properties of the system;

3) the point OB coincides with the UAV center of mass;
4) the control wrench wc := ( fc,τc) delivered by the actua-

tors spans R3×R3, i.e., the system is fully actuated;
5) the actuator dynamics is sufficiently faster than the ex-

pected system dynamics;
6) full state measurements are available.

The first assumption is reasonable for an indoor flight
scenario as the one considered in this work. It is also the case
for most outdoor operating conditions involving multirotor
UAVs, e.g., for surveillance, inspections, photography, etc..
The second assumption is admissible for the typical config-
uration (see, e.g., Figure 5) in which the center of mass of
each propeller groups lies almost on the axis of rotation of
the corresponding arm and when the angular momenta of the
rotors are sufficiently small. Then, assuming that OB coincides
with the UAV center of mass (assumption three), equations
(7)-(8) take the following form:

mv̇ =−mge3 +R fc (11)
Jω̇ =−S(ω)Jω + τc (12)

where we denoted with J := J(θs = 0) the nominal inertia of
the UAV. The fourth assumption is valid when the propeller
groups are at least three (n≥ 3) and properly spaced, as will be
shown in Section III-B. In such case, one can directly use the
wrench wc as the input variable for control design, so that the
problem reduces to the one of controlling a rigid body affected
by constant disturbances. This approach has the advantage of
being independent from the specific actuation mechanism: the
input allocation problem, i.e., the computation of the physical
inputs (θ d

a ,ω
d
r ) from wc, can be solved independently. Clearly,

for this strategy to work, the closed-loop response of the servo-
actuators and of the motors should be fast enough to track
the desired input commands so that the control wrench can
be almost instantaneously delivered, i.e., Gm(s) = Gs(s) = 1,
in a sufficiently large bandwidth (assumption five). Note that
in this case one can consider θ d

a = θa and ωd
r = ωr. The

last assumption is required since most of the control laws
exploit a full state feedback strategy to address the trajectory
tracking problem. Full state information can be obtained by
employing suitable state estimation techniques that exploit the
available pose and velocity measurements, typically provided
by a motion capture system (laboratory setup) or by on-board
sensors (outdoor conditions).

By referring to the simplified dynamical model described
by equations (11)-(12), one sees that the attitude dynam-
ics (12) evolves independently from the translational one (11).
Moreover, since the control force fc can be delivered in any
direction with respect to the airframe (thanks to full actuation)
and R is measured, it is possible to use the virtual input
fd := R fc as control variable for the position dynamics. By
direct substitution, equation (11) can be written as follows:

mv̇ =−mge3 + fd . (13)
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Therefore, the control design for attitude and position tracking 
can be performed separately. An alternative but coupled model 
could be obtained by expressing (13) in terms of the body 
velocity vb := R>ẋ: this approach could have the advantage 
of enabling the derivation of control laws that have invariant 
properties with respect to the choice of the inertial frame, at 
the expense of an increased complexity [21].

Remark 1. Assumption 1 allows writing the dynamics of 
the tiltable propeller UAV as the one of a fully actuated 
rigid body. Although the wrench ( fe,τe) can be neglected 
under Assumption 1, the map from the physical inputs to the 
delivered wrench, i.e., (θa,ωr) 7→ wc(θa,ωr), can induce a 
significant d isturbance w rench d ue t o m odeling uncertainties 
when used in an allocation algorithm (more details about this 
in Remark 4).

B. Simplified model of the wrench map

In this section the input allocation problem is addressed,
pointing out the related challenges. Simultaneously, we review
one of the most common allocation algorithm (see [3], [8]) that
applies to the typical configuration with n tiltable propellers
placed on a common plane and angularly equispaced.

As we mentioned in Section II, it is difficult to obtain the
exact model of the map from the rotor states to the propeller
wrench ( fpi ,τpi). Thus one usually consider an approximate
model of this map that works in a sufficiently broad range of
operating conditions. To this end, most works on small-scale
multirotor UAV assume that fpi and τpi are orthogonal to the
corresponding rotor disk plane and employ a quadratic model
to describe their relationship with the spinning rate ωri , i.e.,

fpi := k f ω
2
ri

e3 (14)

τpi =−εikτ ω
2
ri

e3, (15)

where k f ,kτ ∈ R>0 are the thrust and torque coefficient,
respectively (which can be obtained experimentally in static
conditions) and εi ∈ {1,−1} defines the rotation direction.
Although this model is valid when considering small devia-
tions from the hovering condition [22], it has been successfully
exploited in dynamic and even in highly acrobatic maneuver-
ing, as documented by several experimental works [23], [24].
Then, under the assumptions that the rotor hubs are placed at a
distance `∈R>0 from the body center of mass in the {b1, b2}
plane, each making an angle γi ∈ S1 with respect to b1, the
wrench map (θa,ωr) 7→ wc(θa,ωr) can be written as:

wc(θa,ωr) =

[
∑

n
i=1 k f ω2

ri
Rbpi(θa)e3

∑
n
i=1
(
k f ω2

ri
S(xbri)Rbpi(θa)e3− εikτ ω2

ri
Rbpi(θa)e3

)]
(16)

where xbri := `Re3(γi)e1, Rbpi := Re3(γi)Re1(θai), Re1(θai) is
the rotation matrix associated to the i-th tilt angle. Let now

u := (T1, . . . Tn, θa1 , . . . ,θan) ∈ U , (17)

denote the control input, where the input set has been defined
as

U := R× . . .×R︸ ︷︷ ︸
n copies

×S1× . . .×S1︸ ︷︷ ︸
n copies

(18)

and the input variable ωri has been substituted with the
corresponding thrust Ti by virtue of (14). One effective way of
writing (16) is to highlight the contribution of the components
(in the propeller frame) of the force produced by each ro-
tor, i.e., Re1(θai)k f ω2

ri
e3 = Re1(θai)Tie3 = [0 Tic(θa1 ) Tis(θai ) ]

>,
which appear linearly in (16). In particular, by defining a
vector-valued function fu : U → R2n as

fu(u) := [T1c(θa1 ) ··· Tnc(θan ) T1s(θa1 ) ··· Tns(θan ) ]
> , (19)

the mapping from fu to wc is compactly expressed as:

wc := M (`,σ ,ε1, . . . ,εn) fu(u) (20)

where σ := kτ

k f
and

M :=


s(γ1) 0 ··· s(γn) 0
−c(γ1) 0 ··· −c(γn) 0

0 1 ··· 0 1
−ε1σs(γ1) `s(γ1) ··· −εnσs(γn) `s(γn)
ε1σc(γ1) −`c(γ1) ··· εnσc(γn) −`c(γn)
−` −ε1σ ··· −` −εnσ

 . (21)

Assumption 2. The physical properties of the UAV that
parametrize map M defined in equation (21), namely,
n, `,σ ,ε1, . . . ,εn, are chosen such that rank(M) = 6.

Note that Assumption 1 is easily verified by typical con-
figurations, e.g., the tilt-arm tricopter [2], the tilt-arm/rotor
quadcopter [1], [3], the tilt-rotor hexacopter [8]. In such case,
the linear system (20) admits ∞2n−6 solutions of the form:

fu(u) = M+wc +
(
I2n−M+M

)
w, (22)

in which M+ = M>
(
MM>

)−1 is the right pseudo-inverse of
M and w ∈ R2n is an arbitrary vector, projected onto the null
space of M by the projection operator I2n−M+M. Note that
once fu(u) is recovered from (22), system (19) is made of n
independent subsystems of the form:

fui+1 = Tic(θai)

fui = Tis(θai). (23)

In order to retrieve the inputs ωri and θai , the following control
allocation algorithm can be employed ∀Ti 6= 0:

Ti =±
√

f 2
ui
+ f 2

ui+1

ωri =
√

Ti
k f

c(θai) =
fui+1

Ti

s(θai) =
fui
Ti
,

(24)

for i = 1,2, . . . ,n. Therefore, when Ti 6= 0, the i-th system (23)
admits two solutions and in (24) the one corresponding to Ti >
0 must be selected, so that the inputs are feasible according
to (14), i.e., ωri > 0 ∀i. As the physical command required
by the servo-actuator controller is an angle, one can use the
four-quadrant inverse tangent atan2 : R2 \{0,0} 7→ [−π,π) to
retrieve the tilt-angle θai :

θai := atan2( fui , fui+1). (25)

It is worth mentioning that the solution f ?u = M+wc corre-
sponding to w = 0 in (22) is the minimum-norm solution
of system (20). Since by definition ‖ fu‖2 = ∑

n
i=0 T 2

i , the
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minimum-norm solution naturally yields a power efficient 
result, preventing unnecessary tilting of the arms that would 
just produce a balanced internal wrench.

Remark 2. Kinematic singularities of the wrench map. 
Whenever Ti = 0, which is the solution corresponding to fui = 
fui+1 = 0, the i-th system (23) is indeterminate: any θai ∈ S1 

is a possible solution. Note that this is a possibly disruptive 
condition since for Ti ≈ 0 numerical errors would produce 
unpredictable values for θai : the system is ill-conditioned. To 
gain a better insight into this issue, let us consider the tangent 
map from the tangent space of the input manifold to the tangent
space relative to the system dynamics, i.e., Duwc : (R)2n → R6, 
which can be computed as follows:

Duwc(u) = MDu fu(u) (26)

where

Du fu(u) :=


c(θa1 ) 0 0 −T1s(θa1 ) 0 0

0
. . . 0 0

. . . 0
0 0 c(θan ) 0 0 −Tns(θan )

s(θa1 ) 0 0 T1c(θa1 ) 0 0

0
. . . 0 0

. . . 0
0 0 s(θan ) 0 0 Tnc(θan )

 . (27)

By direct computation, the determinant of the matrix in
equation (27) is the product of the propellers thrusts,
i.e., det(Du fu) = T1 · · ·Tn. As expected, whenever Ti = 0,
det(Du fu) = 0 and the system becomes ill-conditioned. To
handle such undesired conditions, known as ”kinematic sin-
gularities” in the literature, one possible strategy is to employ
w ∈ R2n, defined in (19), to produce ”null motions”, i.e.,
different values of fui , fui+1 that produce the same control
wrench wc as the minimum norm solution.

Remark 3. Limited actuators bandwidth. The use of a static
allocation algorithm is reasonable when the time variation of
the required control wrench wc is sufficiently slow with respect
to the actuators dynamics ((point 5) of Assumption 1). Clearly,
combining a too aggressive controller and significant initial
pose errors would require fast and large tilt-angle variations
θa, which could be impossible to track: the underlying trade-
off between performance and stability should be considered in
the control design validation. Clearly, including the actuators
dynamics (2)-(3) in the control design itself would be more
accurate; however, it would also make the overall architecture
more complex than needed, at least for standard applications
[11]. Note, in passing, that motors and servo-actuators have
similar bandwidth for the current application although servos
have a more complex dynamical behavior than motors (see
Section VI-A and [1]).

Remark 4. The wrench map defined by equation (20) is based
on the exact knowledge of the relative position of the center
of mass with respect to the propellers. Since this is not the
case in practice, one should consider xbri(θai) = x̄bri(θai)−xc,
where xc ∈ R3 is the error on the knowledge of the cen-

ter of mass location in the body frame: as a result, since
∑

n
i=1 Rbpi(θai) fpi(ωri) =: fc, there will be a disturbance torque

∆τc(θa,ωr) :=−
n

∑
i=1

S(xc)Rbpi(θai) fpi(ωri) =−S(xc) fc (28)

acting on the platform. Furthermore, four additional effects
should be considered as well: 1) each propeller delivers a
different thrust magnitude Ti for the same ωri due to unavoid-
able mechanical differences; 2) the thrusts fpi are not exactly
directed along the assumed directions due to mounting errors;
3) the interaction of the spinning rotor with air produces a
component of fpi also in the plane of the rotor; 4) the spinning
rates ωri are assigned by inverting the simplified quadratic
model (14)-(15), which is exact only in hovering conditions.
Therefore, the actual wrench delivered by each propeller can
be generally written as ( fpi ,τpi)= (Tie3,−εiσTi)+(∆ fpi ,∆τpi)
so that the overall disturbance wrench associated with the
propeller wrench is

∆wc(θa,ωr) =

[
∑

n
i=1 Rbpi (θai )∆ fpi

−S(xc) fc+∑
n
i=1(S(xbri )Rbpi (θai )∆ fpi+Rbpi (θai )∆τpi)

]
(29)

in which we neglected second order terms involving products
of xc, ∆ fpi ,∆τpi . While neglecting exogenous aerodynamic
effects may be reasonable for the considered flight conditions,
the disturbance wrench (29) can have a significant impact on
the UAV stability and must be addressed by the control design,
either by removing upfront the issue (using a better estimate of
the wrench map and more reliable actuators) or by employing
a dynamic controller to reject or at least mitigate the effect of
such a disturbance.

IV. CONTROL PROBLEM: FULL POSE TRACKING

In this section we present the full pose tracking problem
for the system described by equations (4)-(8). The control
objective is to make the main body of the UAV track a
sufficiently smooth trajectory t 7→ (Rd(t),xd(t),ωd(t),vd(t)))∈
SO(3)×R3×R3×R3, where ωd(t) = (R>d (t)Ṙd(t))∨ is the
desired body angular velocity and vd(t) = ẋd(t) is the de-
sired inertial translational velocity. The steady-state wrench,
obtained by inverting the system dynamics evaluated on the
desired reference, is:

f ss
d (t) := m(v̇d(t)+ge3) (30)

τ
ss
c (t) := Jω̇d(t)+S(ωd(t))Jωd(t). (31)

It is usually assumed that the steady state wrench is bounded,
i.e., f ss

d (·),τss
c (·) ∈ L∞, in order to have a well-posed tracking

problem in the presence of actuators saturations. In this regard,
the following common assumption is made.

Assumption 3. The desired trajectory t 7→
(Rd(t),xd(t),ωd(t),vd(t))∈ SO(3)×R3×R3×R3 is such that
vd(t) = ẋd(t) ∈ C1 and that ωd(t) = (R>d (t)Ṙd(t))∨ ∈ C1∩L∞.
Furthermore, the desired angular and translational
acceleration are bounded, i.e., ω̇d(t), v̇d(t) ∈ L∞.
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V. OVERVIEW OF EXISTING CONTROL STRATEGIES

By relying on the full actuation of the platform, most of the 
control strategies developed for trajectory tracking in thrust-
vectoring UAVs (e.g., [5], [8]) split the control design in 
two blocks, as already mentioned in Section III. In the first 
block the control wrench wc is computed to obtain desir-
able tracking performance and robustness. The second block 
comprises the wrench mapper, which is in charge of control 
allocation, i.e., the computation of the commands to be sent 
to the actuators. In this way, the control law can be designed 
independently from the specific platform configuration as long 
as the full-actuation assumption is granted and the actuators 
are fast enough. Nonetheless, we start by recalling one of 
the first s trategies r eported i n t he l iterature t hat h as been 
experimentally validate, which is based on dynamic extension 
and feedback linearization [1]. To this regard, we propose a 
similar but alternative control law (still based on feedback 
linearization) which fits within the standard paradigm, is com-
putationally lighter, and requires less feedback information. 
Then, we consider a version of the quaternion-based P/PID-
like controller for underactuated multirotor platforms [13], 
adapted to deal with fully actuated ones. Finally, we present 
two more recent controllers that address the tracking problem 
from a nonlinear point of view.

A. The approach of Ryll et al. [1] (FDBL)

The paper [1] was one of the first to propose a control
strategy for a tilt-rotor quadcopter UAV (n = 4). The main
peculiarity of the approach presented therein is that rotor
angular accelerations ω̇ri and servo-actuators tilting velocities
ωai are used as variables for control design. As they do not
appear directly in the equations of motion (11)-(12) combined
with (16) one has to resort to a dynamic extension procedure.
First of all, the dynamical model (11)-(12) is additionally
simplified by neglecting the gyroscopic term S(ω)Jω and the
disturbance wrench we. Then, the input ua := [ωa1 ··· ωa4 ]

> is
fictitiously included as follows:[

ẍ
ω̇

]
=

[
ge3

03×1

]
+

[ 1
m R 03×3

03×3 J−1

][
B f (θa) 03×4
Bτ(θa) 03×4

][
ωr
ua

]
=

[
ge3

03×1

]
+ JRJua(θa)

[
ωr
ua

]
, (32)

where B f (θa) and Bτ(θa) are the input matrices that relate the
column matrix ur := [ω2

r1
··· ω2

r4 ]
> of squared angular velocities

to force and torque, respectively. Matrix JRJθa in equation (32)
has rank four: the input-output map can be inverted only at a
higher differential level where the input ua explicitly appear.
Specifically, by differentiating equation (32), one gets:[...x

ω̈

]
= A(R,θa,ωr)

[
ur
ua

]
+d(θa,ωr,R,ω), (33)

in which matrix A(R,θa,ωr) has rank(A)= 6 as long as ωri 6= 0
for i= 1, . . . ,n (see [1]). Therefore, feedback linearization may
be applied to equation (33) by selecting:[

ur
ua

]
= A+

([
vx
vR

]
−d
)
+(I8−A+A)z (34)

where A+ is the pseudo-inverse of matrix A, vx and vR are
virtual inputs and the last term (I8−A+A)z corresponds to the
projection of z onto the null space of A. The presence of a
2−dimensional null space for matrix A is a consequence of
the system over-actuation as already seen in Section III-B. By
substituting (34) in (33), one gets:

...x = vx (35)
ω̈ = vR. (36)

Then in [1], the virtual inputs are selected as follows:

vx :=
...x d−Kx1 ėv−Kx2ev−Kx3ex (37)

vR := ω̈d−Kω1 ė`ω −Kω2e`ω −Kω3e`R, (38)

where Kxi ,Kωi ∈ R3×3
>0 , i = 1,2,3, are diagonal matrices and

(pos.)
{

ex := x− xd
ev := v− vd

(att.)
{

Rr
e := R>d R

e`ω := ω−ωd .
(39)

are the tracking errors 4. By substituting (37)-(38) in (35)-(36),
the closed-loop dynamics reads:

...e x =−Kx1 ëx−Kx2 ėx−Kx3ex (40)

ë`ω =−Kω1 ė`ω −Kω2e`ω −Kω3er
R (41)

where er
R := 1

2 S−1
(
Rr

e−Rr>
e
)

is the left trivialized derivative
of the navigation function Ψ(Rr

e) := 1
2 tr(I−Rr

e) [26].

Remark 5. In [1] it is claimed that the gain matrices Kωi , i =
1,2,3, should be selected to make λ 3+Kω1iiλ

2+Kω2iiλ +Kω3ii
(i = 1,2,3) Hurwitz polynomials. However, the claim is valid
only for small angular velocity and attitude errors because for
large attitude errors ėr

R = 1
2

(
tr(Rr>

e )I3−Rr>
e
)

er
ω 6= e`ω , where

we defined er
ω := ω − Rr>

e ωd . Therefore, one cannot study
the global stability properties of the closed-loop system by
referring to the dynamical model (40)-(41). However, for small
attitude and angular velocity errors, i.e., when Rr

e ≈ I3 and
eω ≈ 0, one can consider the approximation ėr

R ≈ er
ω ≈ e`ω . In

such case, the closed-loop dynamics would be described by
...e r

R =−Kω1 ër
R−Kω2 ėr

R−Kω3er
R (42)

and (local) exponential convergence can be concluded for a
suitable choice of the gain matrices.

Remark 6. The control law (34) requires 2n integrators to
compute the physical inputs (ωr,θa), which increases the
overall computational load with respect to the static input
allocation proposed in Section III-B. As shown in [Section
VI-A] [1], it is also advisable to employ an optimization
strategy, by exploiting vector z in (34), in order to reduce
the power loss. Otherwise, after maneuvering, the UAV could
reach hovering with inclined propellers: in this condition, a
lot of power is wasted in producing internal forces which are
not used to balance gravity.

Based on the above discussion and inspired by [5], we
will consider a simplified feedback linearization controller
that exploits the control wrench as control input and the

4In this work we exploit the nomenclature ”right” and ”left” for attitude
errors as proposed in [25, page 554].
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invertibility of the wrench map according to the procedure 
outlined in Section III-B. Specifically, by defining

fc := mR>(ge3 + vx) (43)
τc := S(ω)Jω + JvR, (44)

the linearization of the dynamics is achieved at a lower
differential level with respect to (35)-(36):

ẍ = vx (45)
ω̇ = vR. (46)

Note, however, that the attitude system is still nonlinear when
one includes the kinematic equation (5). The virtual inputs are
selected as a proportional-integral stabilizer with feedforward:

vx := ẍd−Kx1ev−Kx2ex−Kx3eIp (47)

vR := S>(er
ω)R

r>
e ωd +Rr>

e ω̇d−Kω1er
ω −Kω2er

R−Kω3eIω

(48)
ėI p = ex (49)
ėIω = er

R (50)

where Kxi ,Kωi ∈R
3×3
>0 , i= 1,2,3, are suitably selected diagonal

gain matrices. The corresponding closed-loop system is:

ėx = ev (51)
ėv =−Kx1ev−Kx2ex−Kx3eI p (52)

ėI p = ex (53)
Ṙr

e = Rr
eS(er

ω) (54)
ėr

ω =−Kω1er
ω −Kω2er

R−Kω3eIω (55)
ėIω = er

R. (56)

While the position closed-loop is linear, the attitude one can
be linearized for small errors by employing the approximations
Rr

e≈ I3+S(δθ), er
ω ≈ δeω , where δθ ∈R3 and δeω ∈R3. The

linearized closed-loop reads:

˙δθ = δeω (57)
˙δeω =−Kω1δeω −Kω2δθ −Kω3eIω (58)

ėIω = δθ (59)

where the approximation er
R ≈

1
2 S−1 ((I3 +S(δθ)− (I3−S(δθ))) = δθ has been exploited
for small attitude errors. Based on the above model, one
can apply any suitable tuning method to compute the gain
matrices according to desired closed-loop performance.

B. Quaternion-based P/PID controller (CPID)

This control strategy is based on a nested loops architecture
with a proportional action in the outer loop and a PID
controller in the inner loop for both attitude and position,
following the quite established cascaded scheme exploited,
e.g., by the PX4 autopilot for multirotor UAVs [13].

The attitude control law is defined by (see also Figure 2):

ωv :=−KA
posgn(qe)qe (60)

τc := KA
f f ωv +

(
KA

pi +KA
i

1
s

)
(ωv−ω)−KA

d
s

1+ s
N

ω, (61)

where qe ∈ R3, qe ∈ R are, respectively, the vectorial and the
scalar part of the quaternion error qe ∈ S3, which is computed
as the Hamiltonian product between the desired quaternion
qd ∈ S3and the conjugate of the measured quaternion q ∈ S3,
i.e., qe := qd ⊗ q∗ [15]. Furthermore, KA

po is the proportional
gain of the outer loop, KA

f f , KA
pi, KA

i and KA
d are the feedfor-

ward, the proportional, the integral and the derivative gains of
the inner loop respectively.

P

q

PID

ω

qd ωv τc

Figure 2. Nested attitude control loops

The position controller, as can be seen from Figure 3, has
a nested architecture with the same structure of the attitude
controller:

vv :=−KP
poex, (62)

fc := R>
(

KP
f f vv−

(
KP

pi +KP
i

1
s

)
(v− vv)−KP

d
s

1+ s
N

v+mge3

)
.

(63)

P

x

PID

v

mge3

R>
xd vv fd fc

Figure 3. Nested position control loops

Remark 7. The controller (60)-(63) is designed for a stabi-
lization rather than a tracking task and its performance with
respect to time-varying references might not be so satisfactory
and it depends heavily on the tuning. When assuming near
hovering conditions, qe ≈ 1

2 δθ , and the linearized closed-loop
is described by three independent equations, one for each axis.
Although the number of parameters involved in the control
law is large, tuning techniques such as structured H∞ can
be employed to achieve satisfactory performance in terms of
set-point tracking and disturbance rejection capabilities. The
outer attitude loop (60) computes the desired angular velocity,
which is sent as a reference to the inner loop (61), based on
the quaternion error and a switching strategy to avoid the
unwinding phenomenon [15]. The use of the sgn function in
(66) to avoid unwinding may result in chattering due to noise
[27], although the discrete implementation should mitigate
such misbehavior [15]. Finally, note that this control design
relies on the assumption of negligible gyroscopic effect which
is reasonable for small scale UAVs.

C. The approach of Kamel et al. [8]

The paper [8] presents the mechanical design and the control
strategy for a hexacopter tilt-rotor UAV. The controller is made
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by a proportional integral stabilizer with feedforward action 
for position tracking and is based on a cascade architecture 
for attitude tracking, as shown in Figure 4. In particular, the 
control wrench is assigned as follows:

fc := R>(−kxex− kvev− kIeI + f ss
d ) (64)

ėI := ex (65)
ωv :=−kdsgn(qe)qe (66)
τc := S(ω)Jω + kω(ωv−ω)+S(xc) fc (67)

where kx,kv and kI are the proportional and integral gains,
respectively, while qe ∈ R3, qe ∈ R are defined as in Section
V-B. The term S(xc) fc = xc× fc in (67) accounts for the offset
xc of the center of mass with respect to the point of application
of the control force. For what concerns control allocation, the
approach considers the same pseudo-inverse based procedure
outlined in Section III. However, the strategy is modified to ex-
clude certain servo-actuators and the corresponding propellers
in order to avoid an unwanted chattering behavior in near
singular configurations.

Remark 8. The attitude control law (66)-(67) accounts for
the disturbance wrench associated with the non-perfect knowl-
edge of center of mass location (Remark 4) by exploiting
the additional term S(xc) fc: this is equivalent to having a
better estimate of the center of mass location. Note that xc
is unknown and thus represents an additional term to be
tuned (with no clear rule). It is also worth remarking that
there is no integral action in the attitude controller (67)
which may be troublesome when propellers are not perfectly
balanced (Remark 4). Note, in passing, that in near hovering
conditions the disturbance torque S(xc) fc ≈ mgS(xc)R>e3 is
approximately constant for slowly varying attitude maneuvers
and an integral action would also be beneficial to reject such a
disturbance. Finally, since the attitude outer loop (66) has the
form of equation (60), considerations reported in Remark 7
apply here as well.

Figure 4. Control scheme proposed in [8].

D. The approach of Invernizzi et al. [3] (IQTO)

In this section we present the control strategy proposed in
[3], which exploits the decoupled structure of the equations
of motion on SO(3)×R3, as described in Section III. The
control law is based on the use of conditional integrators and
nonlinear stabilizers, specifically a Quasi Time-Optimal law
for position tracking and a geometric PID for attitude tracking.
With respect to the other methods described in this work, this

architecture guarantees boundedness of the control force as
well as global position tracking. Attitude tracking is instead
guaranteed almost globally following the proof of [28], which
is the best result one can hope for with a continuous time-
invariant stabilizer. For a more detailed introduction to these
control techniques, the reader is referred to [17], [18]. The
control wrench is given by:

fc := R> (β (ex, ev,eI)+m(v̇d +ge3)) , (68)
ëIi :=−kIdi

ėIi + satMI1
(kIpi

(−eIi + satMI2
(ēxi))) (69)

τc :=−R>d e`R−Kω e`ω −KIeI + Jω̇d +S(ωd)Jω (70)

ėI := R>d e`R +KωI e
`
ω (71)

for i = 1, 2, 3, where βi(exi ,evi ,eIi) := satM̄i
(ui(ēxi , ēvi)− ëIi ,

ui(ēxi , ēvi) :=−kxi

(
ēxi + ēvimax

( |ēvi |
2M̄i

,
kvi
kxi

))
and satM(·) is the

standard symmetric saturation function, i.e., given s ∈ R,
satM(s) := max(−M,min(M,s)). Herein, ēxi := exi +eIi , ēvi :=
evi + ėIi are auxiliary tracking errors, kxi , kvi ,kIdi

,kIpi
are scalar

gains and M̄i := Mi− 2MI1i are auxiliary saturation bounds,
where MI1i , MI2i are suitably selected scalars [3], [18].

Remark 9. The main challenge in applying the control law
(68)-(71) is the tuning phase, due to the large number of pa-
rameters involved and the non-straightforward interpretation
of their contribution on the system response. To this end, one
can try to linearize the plant and the control laws for small
tracking errors and then to apply suitable tuning techniques
(e.g., structured H∞). Note that due to the specific choice of
the attitude feedback, the linearized control law is time-varying
and one has to consider constant reference trajectories to have
a linear time-invariant closed-loop system.

VI. EXPERIMENTAL COMPARISON

In this section we present the results obtained by apply-
ing three different control schemes to a tilt-arm quadrotor
prototype that was developed by Aerospace Systems and
Control Laboratory (ASCL) at Politecnico di Milano (Figure
5) [29]. Among the control designs that have been presented,
the quaternion-based P/PID control architecture (60)-(63), the
modified feedback linearization controller (43)-(44), (47)-(48)
and the nonlinear controller of (68)-(71) have been tested.
The design presented in Section V-C was not included in the
comparison since we could not find a suitable value for xc
to be used in the disturbance compensation term S(xc) fc and
without which the UAV could not be flown (see Remark 4).

Two experiments are presented: an aggressive stabilization
task characterized by large control inputs, in which the UAV is
required to go to a specific position with level attitude starting
from a misplaced position, and a full pose trajectory tracking
task, in which the UAV has to follow a straight line back and
forth with a predefined time law, while keeping a non-null
pitch angle.

A. Prototype and indoor setup description

The experimental campaign took place indoor, with attitude
and position measured by a motion capture system whereas
translational and angular velocity obtained by fusing the
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Figure 5. Tilt-arm quadrotor prototype used in the experiments.

measurements of on-board sensors and the position provided
by the motion capture system. The prototype used in the
experiments is shown in Figure 5. The Flight Control Unit, the
servo-motors, the battery and the Electronic Speed Controllers
(ESCs) are mounted on the central body. Four tilt-arms are
connected to the central body through the servo-motors, thanks
to which they can be tilted about their longitudinal axis. The
propeller groups (motor and rotor) are fixed at the end of each
arm.

The inertial properties of the prototype have been estimated
by means of identification experiments carried out on a test-
bed. In particular, the pitch inertia moment was identified and
the same value was assumed for the roll inertia moment thanks
to the almost symmetric configuration. No experiment was
performed to evaluate the yaw inertia moment. The inertial and
geometric properties of the prototype are collected in Table I,
together with the thrust and torque coefficients (k f ,kτ) that
are used in the approximated model of the wrench map (21).

The motors are DC Brushless type, model HP2814 from
RCTimer High Performance Series. Thanks to the identifica-
tion campaigns performed in [30], the static relation between
throttle (%) and angular velocity ωd

r is expressed as

ω
d
ri
= mT h%+q (72)

where m = 6.031 and q = 80.49. The dynamic model of the
motors is expressed by a first order transfer function

Ḡm(s) :=
ωri(s)
T h%

=
a0

s+a1
(73)

where a0 = 94.55 and a1 = 18.18 and combining (72)-(73)
one obtains the transfer function Gm(s) from the commanded
angular velocity to the one actually delivered as defined in
(3). The servo-motors (model HS-485HB) are endowed with
an internal control loop to track an angle set-point in the range
[−90,90]deg. For this reason the system cannot be considered
fully actuated but it can be reasonably assumed as such in a
broad range of operating conditions. In order to characterize
the dynamics of the servos, in [29] an identification campaign
has been performed from which the following transfer function
was obtained:

Gs(s) =
θai(s)
θ d

ai
(s)

=
b0

s3 +b1s2 +b2s+b3
(74)

where θai and θ d
ai

are the actual and desired tilt angle, respec-
tively and b0 = 4670.2519, b1 = 28.355992, b2 = 598.45913
and b3 = 4650.2325. The actuators bandwidth is around
20rad/s for both motors and servomotors (Figure 6).

Remark 10. The considered platform is not endowed with
servo-actuators capable of a full rotation. Nonetheless, con-
trollers for fully actuated platforms can be tested by consid-
ering admissible full-pose maneuvers, i.e., maneuvers which
nominally do not require the actuators to go beyond their
saturation limits. For instance, while it is not possible to
perform a 90deg rotation on the spot, our platform can still
track non-trivial position trajectories while performing atti-
tude maneuvers up to about 30deg. In our case this limitation
depends on the maximum thrust that the propellers of our
prototype can produce with respect to its weight. In general,
to understand if a tilt-arm platform can hover at a desire
inclination, one can exploit the allocation algorithm (22)-(24)
with the commanded wrench wc = [0 0 mgRT

d e3 0 0 0 ]>, where
Rd is the rotation matrix associated with desired pitch/roll
angles, to check that the required propeller thrusts and tilt-
angles are feasible. Clearly, this procedure depends on the
specific allocation algorithm for overactuated UAVs in which
there are infinite solutions to (20) (see the comment below
equation (25)).
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Figure 6. Bode diagrams of the actuators.

B. Controller tuning

The parameter tuning for the IQTO and the FDBL has
been performed by requiring similar performance to a step
reference (in terms of settling time and overshoot) applied to
a simulation platform that was developed by relying on the
identified parameters of the prototype. Since the yaw moment
of inertia was not identified, the corresponding gains have been
adjusted by repeated experiments until a satisfactory behavior
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Description Symbol Quantity Unit

Total mass of tilt-rotor m 2.1 kg

Arm length ` 0.275 m

Inertia around roll axis Jxx 0.0074 kg ·m2

Inertia around pitch axis Jyy 0.0074 kg ·m2

Inertia around yaw axis Jzz − kg ·m2

Thrust coefficient k f 2.4619 ·10−5 kg ·m
Torque coefficient kτ 2.8893 ·10−7 kg ·m2

Table I
PHYSICAL QUANTITIES OF THE PROTOTYPE

k f f kp kI kd N

Roll/Pitch
outer 2.56

inner 0.0266 0.287 0.836 0.007 5.79

Yaw
outer 1.536

inner 0.0266 0.287 0.836 0.007 5.79

North/East
outer 8

inner 0 4 0.002 0.996 5

Down
outer 8

inner 0 4 0.002 0.996 5

Table II
CASCADE P/PID GAINS USED IN THE EXPERIMENTS

was achieved. In particular, the following values have been
employed in the IQTO law

KR = diag(0.5,0.5,0.4) Kω = diag(0.35,0.35,0.3)
KI = diag(0.01,0.01,0.01) KωI = diag(0.4,0.4,0.4)

kx = (7,7,7) kv = (7,7,7) kIp = (7,7,7)

kIp = (7,7,7) M = (10,10,10) MI1 = MI2 = (3,3,3)

(75)

and in the FDBL law

Kω1 = diag(0.5,0.5,0.4) Kω2 = diag(0.35,0.35,0.3)
Kω3 = diag(0.5,0.5,0.4) Kx1 = diag(0.35,0.35,0.3)
Kx2 = diag(0.5,0.5,0.4) Kx3 = diag(0.35,0.35,0.3).

(76)

For what concerns the CPID architecture, the attitude con-
troller parameters have been tuned using a structured H∞

approach (Table II, top) which allows one to handle more
easily the large number of parameters involved in the control
law while optimizing the closed-loop performance. As for the
position controller, the parameters obtained with structured
H∞ have been adjusted (Table II, bottom) to achieve a step
response comparable with the other controllers.

C. Stabilization: set-point tracking

The first experiment is intended to show the set-point
tracking capabilities of thrust-vectoring UAVs in a scenario
in which the UAV has to reach a given location starting from
hovering in a misplaced position. This task can be challenging

since the tilt-angles and the spinning rates commanded to the
actuators are large when the controller is tuned to have high
performance and the initial pose errors are large: there may
be a significant disturbance torque associated with the control
wrench (Remark 4), inducing an undesired coupling between
the attitude and position dynamics. We would like to underline
that all the experiments that we found in the literature,
notably [1], [8], were performed with almost negligible initial
pose errors. Throughout the test, a zero-level attitude is also
required. Note that this motion could not be performed by
coplanar platforms since they can translate only by changing
their attitude.

In the experiment, the UAV starts at x(0) = [0 0 1 ]>m
and has to reach xd = [1.2 0 1 ]>m. The results obtained with
the different controllers are reported in Figures 7 for what
concerns position tracking errors, while attitude errors, in
terms roll-pitch-yaw angle errors, are reported in Figures 8.
The norm of the position tracking errors ‖ex‖ and the distance
on SO(3) defined by ‖Rr

e‖SO(3) (see the notation section) are
reported as well to better highlight the differences among the
controllers (Figure 9). The control force and torque computed
by the proposed controllers are shown in Figures 10 and
the corresponding percentage thrust of each motor and the
tilt angles commanded to the servo-actuators are reported
in Figures 11. Note that the considered stabilization task is
characterized by fast and large inputs sent by the controllers
to the actuators: tilt-angles up to 50deg and throttle% up to
80% are instantaneously commanded to the servo-actuators
and to the propellers. In this sense such a task is qualified
as ”aggressive”. The FDBL yields the minimum overshoot in
terms of position tracking but the CPID architecture achieves
the best overall results. Indeed, the response is almost as fast as
the FDBL controller but the attitude error is kept much smaller
throughout the transient. Note that the aggressive action of the
FDBL results in a significant overshoot in terms of attitude
angles (see Figure 9 (bottom)): the large control force (see
Figure 10 (middle)), which is not exactly applied at the center
of mass (Remark 4), together with the required fast tilting of
the propellers (see Figure 11 - middle), generate a significant
disturbance torque on the attitude dynamics. Although the
IQTO provides worse results in position tracking, the control
law (68)-(69) guarantees a limited control force which results
in a reduced disturbance torque: its attitude performance is
basically the same as the one achieved by the CPID controller.

D. Trajectory tracking: combined position and attitude ma-
neuver

The second experiment has the goal of comparing the
tracking capabilities of the controllers and, at the same time,
of showing the potential of thrust-vectoring UAVs to perform
independent attitude and position maneuvers. The desired
trajectory is assigned as follows: the platform has to reach
a desired pitch angle of 25deg and then it is required to
follow a straight segment of 2.5m back and forth, at constant
altitude, in 10s, which is assigned as a fifth-order polynomial
function of time. The maximum speed and acceleration along
the trajectory are vM = 0.95m/s and v̇M = 0.6m/s2.
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Figure 7. Set-point tracking experiment: position tracking error - ex - CPID
(top), FDBL (middle), IQTO (bottom).
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As done for the first experiment, we collected position
tracking errors and the corresponding norm (see Figure 12 and
14 (top)), attitude errors, in terms roll-pitch-yaw angle errors
and the distance ‖Rr

e‖SO(3) (see Figure 13 and 14 (bottom)), the
control force and torque (Figure 15) and the percentage thrust
of each motor and the tilt angles commanded of the servo-
actuators (Figure 16), as computed by the different controllers.
Table III and IV report the mean and root mean square error
(rmse) of the position and attitude tracking errors, respectively
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Figure 9. Set-point tracking experiment: comparison of the norm of the
position tracking error ‖ex‖ (top) - and of the attitude error in terms of
normalized distance on SO(3) - ‖Rr

e‖SO(3) (bottom) - synchronized starting
times.

(therein eφ , eθ , eψ represents the error between the desired and
actual roll, pitch and yaw angles). By inspecting the results
in Table III, it is clear that while FDBL and IQTO yield
similar performance, the CPID controller has significantly
worse position tracking capabilities. On the other hand, similar
performance are achieved by the controllers in terms of
attitude errors (see Table IV) for which a constant reference
is assigned.

Measure CPID FDBL IQTO

exmean 0.0815 0.0460 0.0023

eymean 0.0681 0.0040 0.0017

ezmean 0.0062 0.0134 0.0026

exrms 0.0892 0.0227 0.0117

eyrms 0.0992 0.0203 0.0128

ezrms 0.0126 0.0213 0.0117

Table III
MEAN AND ROOT MEAN SQUARE ERROR OF THE POSITION TRACKING

ERROR COMPONENTS [m]

VII. CONCLUSIONS

In this work we have reviewed several control designs which
have been recently proposed for trajectory tracking in UAVs
with full actuation capabilities. The considered architectures
have been analyzed on theoretical as well as on practical
aspects, with specific reference to the trajectory tracking
problem. Three algorithms, namely, a quaternion-based P/PID
architecture, a feedback linearization controller and a nonlinear
tracking controller, have been tuned and tested on a tilt-
arm quadrotor UAV. The results of two experiments have
been presented: a set-point tracking example and a full-pose
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Figure 10. Set-point tracking experiment: control force and torque - ( fc,τc)
- CPID (top), FDBL (middle), IQTO (bottom).

tracking example with time-varying reference. While the CPID
achieved the best performance in the set-point tracking task,
the FDBL and the IQTO controllers have shown superior per-
formance in the full-pose trajectory tracking scenario. Finally,
it is worth mentioning that the IQTO tracking controller, which
is based on a quasi-time optimal stabilizer that guarantees a
bounded control force by design, is more suitable to handle
cases with significant initial errors. This paper is an attempt not
only to collect state of the art control designs for the trajectory
tracking problem of fully actuated UAVs but also to point
out their main limitations and, at the same time, to highlight
the main challenges to exploit at best the capabilities of such
platforms. To this end we believe that future works should
remove some of the most stringiest assumptions outlined
in Section III to derive the commonly adopted model for
control. In particular, control designs should account for the
unavoidable cross-coupling among the position and attitude
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Figure 11. Set-point tracking experiment: Percentage motors thrust and tilt
angles - CPID (top), FDBL (middle), IQTO (bottom).

dynamics (Remark 4) that might seriously affect performance,
especially in aggressive tasks.
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