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Abstract— An estimator of external generalized forces (force
plus moments) acting on aerial platforms, and based on the
momentum of the mechanical system, is proposed for the
control of VToL UAVs together with a hierarchical architec-
ture separating the translational and rotational dynamics of
the vehicle. The closed-loop system equations are shaped as
mechanical impedances, programmable through the controller
gains, and forced by the residuals given by the estimation
error. This arrangement allows the VToL UAVs to perform
hovering and tracking tasks without a precise knowledge of
the vehicle dynamics and in presence of external disturbances
and unmodeled aerodynamic effects. Experiments are presented
to evaluate the performance of the proposed control design.

I. INTRODUCTION

The use of Vertical Take-Off and Landing (VToL) Un-
manned Aerial Vehicles (UAVs) is growing day by day
as well as the interest of the robotic research community
towards such systems. These platforms are extensively em-
ployed in “passive” applications like inspection [1], [2],
surveillance, monitoring, remote sensing, and many others.
More recently, the UAVs have been also employed in “active”
tasks like grasping [3] and manipulation [4], [5], [6], [7].

In both the aforementioned cases, high performance is
requested to control such aerial vehicles. A number of differ-
ent approaches tackle the issues related to the stabilization
and tracking of desired trajectories with the use of UAVs.
Namely, backstepping [8], optical flow [9], vision [10], port-
Hamiltonian [11], and several others. However, a hierarchical
architecture [12], [13] is often taken into account since it
is possible to highlight a time-scale separation between the
linear (slow time-scale) and rotational (fast time-scale) dy-
namics of the aerial vehicle. Several of the above mentioned
controllers implement an integral action to resist against
external disturbances, e.g., wind, unmodeled aerodynamic
effects, and so on. Recently, adaptive controls have been
employed to counteract such external disturbances [14],
[15], [16]. Finally, impedance control represents an effective
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approach to control actively the compliance of a robotic
system. However, it is usually necessary to have an esti-
mation of external interaction on the system. To this end,
suitable observers have been proposed to estimate collision
forces [17], [18].

In this paper, starting from the hierarchical architec-
ture presented in [13], a controller ensuring a closed-loop
impedance behaviour for both the translational and rotational
parts of a VToL UAV is proposed. In detail, the linear and
angular tracking errors act like mass-spring-damper mechan-
ical systems, in which the spring and damper coefficients are
imposed through the choice of PD based controllers gains.
The collision identification technique (based on the system
momentum) proposed in [17] has been suitably modified and
adapted as an estimator of external generalized forces (forces
plus moments) acting on the aerial vehicle. The residual error
between the estimated external generalized forces and the
real ones is the forcing action of the closed-loop mass-spring-
damper systems. Several experiments have been performed
to prove the performance of the proposed controller design.

One among the benefits of the proposed controller is the
small number of parameters that have to be tuned: no integral
action is present and the gains of the estimator can be chosen
on the basis of closed-loop impedance behaviour. Moreover,
as it will be explained in the next sections, the estimator
perfectly recovers constant external disturbances, while it
recovers the time-varying ones on the basis of the chosen
closed-loop bandwidth of the impedance. As a drawback, in
case the frequency of the controller is too slow with respect
to the one of the external disturbances, the compensation of
the external generalized forces can worsen the performance
of the control design. Nevertheless, as underlined in [19],
even the use of adaptive or integral control actions may add
a further disturbance instead of reduce it.

The outline of the paper is as follows. In the next
section the modeling of the quadrotor is briefly revised.
Section III introduces the momentum-based estimator of
external generalized forces, while Section IV describes the
proposed controller. A sketch of the stability proof is given
in Section V, while Section VI provides experimental results.
Conclusion and future work are finally illustrated.

II. MODELING

Without loss of generality, the remainder of the paper takes
into account one of the most popular configuration of VToL
UAVs, i.e., a quadrotor, which is a platform equipped with
four propellers aligned in the same direction and placed
either in cross or in plus configuration. The quadrotor is
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Fig. 1. Quadrotor and related frames.

an underactuated mechanical system having six degrees of
freedom but only four control inputs.

Let Σi, O − x, y, z and Σb, Ob − xb, yb, zb be the world-
fixed inertia reference frame and the body-fixed frame placed
at the UAV center of mass, respectively (see Fig. 1). The
absolute position of the UAV with respect to Σi is denoted
by pb =

[
x y z

]T, while the attitude is denoted by
the rotation matrix Rb(ηb) ∈ SO(3), i.e., the rotation of
Σb with respect to Σi, which is also described through a
minimal representation by the roll-pitch-yaw Euler angles
ηb =

[
ϕ θ ψ

]T
. Let ṗb and ωb denote the linear and

angular velocities, respectively, with respect to Σi, while ṗbb
and ωbb are expressed with respect to Σb. Denoting with η̇b
the time derivative of ηb, the following equations hold [20]

ṗb = Rb(ηb)ṗ
b
b, (1a)

ωb = T b(ηb)η̇b, (1b)

ωbb = Rb(ηb)
Tωb = Rb(ηb)

TT b(ηb)η̇b = Q(ηb)η̇b, (1c)

where T b(ηb) is the (3× 3) transformation matrix between
the time derivative of ηb and the correspondent ωb, while
Q(ηb) = Rb(ηb)

TT b(ηb) maps the time derivative of ηb
into the UAV angular velocity expressed with respect to Σb.
The detailed expressions of Rb(ηb) and Q(ηb) are given
in [13], [20] and they present a singularity at θ = ±π/2.

The dynamic equations of the UAV can be obtained by
using the Newton-Euler formulation [13]

mp̈bb +mS(ωbb)ṗ
b
b −mRb(ηb)

Tg = f bb, (2a)

Ibω̇
b
b + S(ωbb)Ibω

b
b = τ bb, (2b)

where p̈bb is the absolute linear acceleration of the UAV
expressed with respect to Σb, m is the mass of the vehicle, Ib
is the (3 × 3) constant inertia matrix of the UAV expressed
with respect to Σb, ω̇bb is the angular acceleration of the
UAV expressed with respect to Σb, S(·) denotes the skew-
symmetric matrix operator [20], g is the (3×1) gravity vector
g =

[
0 0 g

]T, with g = 9.81m/s2, and f bb and τ bb are the
(3×1) force and torque input vectors, respectively, expressed
with respect to Σb.

Folding (1) and the relative time derivatives into (2) yields
the following dynamic model

mp̈b −mg = Rb(ηb)f
b
b, (3a)

M(ηb)η̈b +C(ηb, η̇b)η̇b = Q(ηb)
Tτ bb, (3b)

where M(ηb) = Q(ηb)
TIbQ(ηb) is the (3 × 3) positive

definite inertia matrix (provided that θ ̸= ±π/2), and

C(ηb, η̇b) = QTS(Qη̇b)IbQ+QTIbQ̇ is the (3×3) Cori-
olis matrix, in which the dependencies have been dropped
and Q̇(ηb) represents the time derivative of Q(ηb).

On the basis of the particular configuration of the con-
sidered VToL UAV, the expressions of the input forces, f bb,
and torques, τ bb, are different. Considering a quadrotor, this
can be characterized by τ bb =

[
τϕ τθ τψ

]T and f bb =[
0 0 u

]T, where u denotes the total thrust perpendicular
to the propellers rotation plane. The relationship between
the thrust, the control torques and the forces fi, with i =
1, . . . , 4, generated by each of the four propellers is [21]

u =

4∑
i=1

fi, (4a)

τϕ = l(f2 − f4), (4b)
τθ = l(f3 − f1), (4c)
τψ = cf1 − cf2 + cf3 − cf4, (4d)

where l is the distance from the propollers to the center of
mass of the quadrotor and c > 0 is the drag factor. Many
aerodynamic effects are neglected through this representa-
tion, which is instead considered a good approximation in
case of hovering or low-speed motion [13].

External forces, fext, and moments, τ ext, might act on the
VToL UAVs during the execution of a task. Such external
generalized forces may represent unmodeled aerodynamic
effects, imbalances caused by batteries and/or on-board sen-
sors, motion of a robotic arm placed for aerial manipulation
actions, interactions with the environment, wind and so on.
Hence, for control design purposes, the following dynamic
model is considered

mp̈b −mg = −uRb(ηb)e3 + fext, (5a)

M(ηb)η̈b +C(ηb, η̇b)η̇b = Q(ηb)
Tτ bb + τ ext, (5b)

where e3 =
[
0 0 1

]T
and both fext and τ ext are (3× 1)

vectors.

III. MOMENTUM-BASED EXTERNAL GENERALIZED
FORCES ESTIMATOR

Along the lines of the approach described in [17], the
(6 × 1) generalized momentum vector of the system (5) is
defined as

q =

[
mI3 O3

O3 M(ηb)

] [
ṗb
η̇b

]
, (6)

where In and On are (n × n) identity and zero matrices,
respectively. From the properties of mechanical systems [20],
it is possible to prove that

Ṁ(ηb, η̇b) = C(ηb, η̇b) +C(ηb, η̇b)
T. (7)

Using (5) and (7), the time derivative of the generalized
momentum vector (6) is

q̇ =

[
−uRb(ηb)e3 + fext +mg

Q(ηb)
Tτ bb + τ ext +C(ηb, η̇b)

Tη̇b

]
. (8)

The purpose of the proposed estimator is to achieve, in the
Laplace domain, a linear relationship between the dynamics



of the estimated external generalized forces and the real ones.
Hence, the following relationship can be written[

f̂ext(s)
τ̂ ext(s)

]
= G(s)

[
fext(s)
τ ext(s)

]
, (9)

where f̂ext and τ̂ ext are the (3 × 1) vectors of estimated
external forces and moments, respectively, while G(s) is a
(6×6) diagonal matrix of transfer functions in which the ith
element, with i = 1, . . . , 6, has the following expression

Gi(s) =
ω2
n,i

s2 + 2ζiωn,1s+ ω2
n,i

, (10)

with wn,i and ζi the desired natural frequency and damping
factor of the system, respectively.

In order to get (10) component-wise in (9), the external
generalized forces (in the time domain) has to be estimated
as follows[
f̂ext
τ̂ ext

]
= r(t) = K1

(∫ t

o

−r(t) +K2

(
q(t)

−
∫ t

0

([
−uRb(ηb)e3 +mg

Q(ηb)
Tτ bb +C(ηb, η̇b)

Tη̇b

]
+ r(t)

)
ds

)
ds

)
,

(11)

where it is assumed that q(0) = r(0) = ṙ(0) = 0, while
K1 = diag{K1,1,K1,2} and K2 = diag{K2,1K2,2} are
(6 × 6) positive definite diagonal matrices, in which Ki,j ,
i, j = {1, 2}, is a (3 × 3) positive definite diagonal matrix.
Considering (5) and (8), the dynamics of (11) is

r̈ +K1ṙ +K1K2r = K1K2

[
fext
τ ext

]
, (12)

that in Laplace domain is equivalent to (10).
The natural frequencies and the damping factors in (10)

can be chosen on the basis of the bandwidth of the closed-
loop equations as explained in the next section. Once they
have been designed, the components of the matrices K1 and
K2 in (11) can be retrieved as follows

k1,ik2,i = ω2
n,i, (13a)

k1,i = 2ζiωn,i, (13b)

where i = 1, . . . , 6, and k1,i and k2,i are the ith element of
K1 and K2, respectively. In ideal case, notice that

ζi → 1
ωn,i → ∞ =⇒ r(t) =

[
f̂ext
τ̂ ext

]
≈

[
fext
τ ext

]
,

with i = 1, . . . , 6, which means that the gains should be
taken as large as possible in the practice. However, they have
to take also into account the limitation given by the digital
implementation of the controller. Hence, a good compromise
has to be reached.

The quantities required to estimate the external generalized
forces are the UAV attitude ηb and the related time derivative
η̇b, the vehicle linear velocity ṗb, the commanded input
torque τ bb and thrust u, the (nominal) knowledge about the
UAV inertia matrix Ib and mass m. ηb and η̇b can be
obtained by the on-board IMU sensor, while ṗb can be

estimated by employing vision and/or GPS data in outdoor
scenarios, while an external visual tracking system can be
employed in indoor tasks. The total thrust u and the input
torque τ bb are given by the controller (see Section IV).

It is worth noticing that no inversion of the inertia matrix
M(ηb) is required, and also no knowledge of the absolute
position pb of the UAV is needed. The dynamic parameters
of the system might also not be known exactly a-priori, since
it will turn out to be as the appearance of external generalized
forces due to unmodeled effects. Moreover, notice that, with
respect to [17], second-order transfer functions have been
considered. In this way, it is possible to better weaken the
effects of high-frequencies noise, specially introduced by the
IMU sensor and the estimation of ṗb. Finally, notice that with
small modifications to (11), it is possible to obtain transfer
functions in (9) of the desired order.

From (12) it is possible to recognize that the estimator is
able to perfectly reconstruct external disturbances, while the
reconstruction of time-varying external disturbances depends
on the chosen natural frequency and damping factor in (10).

IV. VTOL UAV IMPEDANCE CONTROL

Compensating the dynamics (5b) and introducing a new
virtual input torque, defined by the (3× 1) vector τ̄ , yields

τ bb = IbQ(ηb)τ̄ +Q(ηb)
−T (C(ηb, η̇b)η̇b − τ̂ ext) . (14)

By substituting (14) in (5b) it is possible to achieve

η̈b = τ̄ +M(ηb)
−1τ̃ , (15)

where τ̃ = τ ext − τ̂ ext.
Because of the under-actuation of the system, since it

could be shown that pb and ψ are flat outputs for the
system (5) [22], a common way to design the control is to
consider as references the desired position trajectory of the
VToL UAV, described by the (3× 1) vectors pd, ṗd and p̈d,
and the desired yaw angle trajectory, described by ψd, ψ̇d
and ψ̈d.

A new virtual input can be defined by the (3 × 1) vector
µ as follows

µ =
[
µ1 µ2 µ3

]T
= − u

m
Rb(ηd)e3+g+

1

m
f̂ext, (16)

representing the desired acceleration vector with respect to
Σi, in which the magnitude is the total thrust u produced by
the propellers, while the orientation is given by the desired
UAV attitude. ηd =

[
ϕd θd ψd

]T is the (3× 1) vector of
the UAV desired attitude.

Let ep = pb−pd, ėp = ṗb−ṗd, ëp = p̈b−p̈d, eη = ηb−
ηd, ėη = η̇b− η̇d and ëη = η̈b− η̈d be the (3× 1) tracking
errors, and let f̃ = fext − f̂ext be the estimated external
forces error. Replacing both ηb = ηd + eη and fext =

f̂ext+ f̃ in (5a) and taking into account some trigonometric
relations yields

p̈b = µ+
u

m
δ(ηd, eη) +

1

m
f̃ , (17)
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Fig. 2. Block scheme of the proposed architecture.

where δ(ηd, eη) is a (3×1) interconnection vector depending
on the desired UAV attitude and the tracking error eη. The
detailed expression for δ(ηd, eη) can be found in [13].

Hence, in order to achieve the desired closed-loop
impedance behaviour, the virtual control inputs µ and τ̄ can
be chosen as follows

µ = p̈d −
1

m
(Dpėp +Kpep) , (18a)

τ̄ = η̈d −M−1 ((Do +C(ηb, η̇b)) ėη +Koeη) , (18b)

where Di and Ki, with i = {p, o}, are (3 × 3) positive
definite gain matrices. Therefeore, folding (18a) and (18b)
into (15) and (17), respectively, yields the following closed-
loop equations

mëp +Dpėp +Kpep = uδ(ηd,eη) + f̃ , (19a)
M(ηb)ëη + (Do +C(ηb, η̇b)) ėη +Koeη = τ̃ . (19b)

The right-side term in (19a) acts like an external force on
the first sub-system and depends on both the UAV attitude
error and the estimated external forces error. The right-
side term in (19b) is the residual of the estimated external
moments and acts as a disturbance on the second subsystem.
Thus, the expressions in (19) establish a relationship between
the residuals of the estimation of external disturbances and
the tracking errors. This impedance is characterized by the
considered mass m and inertia M(ηb) of the VToL UAV,
the damping matrices Di and the stiffness matrices Ki,
with i = {p, o}, which can be used to specify the dynamic
behaviour along the linear and angular directions of Σi.
Notice that the damping matrix Do only partially contributes
to the total damping of the mechanical impedance.

The gains of (19) are chosen on the basis of the desired
impedance behaviour for the closed-loop system. For exam-
ple, a high stiffness will be chosen for free-flight trajectory-
tracking tasks, while a small one should be suitable for
interaction tasks. On the other hand, a high damping is

always required to a UAV to avoid overshooting at the target
position. Furthermore, since (19) represents a mechanical
system, this is typically able to resist external disturbances
having frequencies comparable with its bandwidth. Hence,
the tuning of (12) can be simply made by choosing a
bandwidth larger enough than that of (19), e.g. the twice.

To summarize, after computing the position tracking errors
ep and ėp, by knowing the feed-forward acceleration p̈d, the
virtual control input µ can be computed as in (18a). The
desired total thrust u and the reference pitch and roll can be
obtained by inverting (16) as follows

u = m
√
µ̄2
1 + µ̄2

2 + (µ̄3 + g)2, (20a)

ϕd = sin−1

(
m
µ̄1 sinψd − µ̄2 cosψd

u

)
, (20b)

θd = tan−1

(
µ̄1 cosψd + µ̄2 sinψd

µ̄3 + g

)
, (20c)

where µ̄ =
[
µ̄1 µ̄2 µ̄3

]T
= µ − (1/m)f̂ext, with f̂ext

given by (11), while the desired yaw ψd is given by the
planner. A second-order low-pass digital filter should be
employed to reduce noise and compute both first and second
derivative of ηd, so as to get η̇d and η̈d, and hence compute
in turn the attitude tracking errors eη and ėη . The virtual
control input τ̄ can be obtained as in (18b), while the
actuation torques vector is retrieved from (14) in which τ̂ ext
is given by (11). Having at disposition both the thrust u
and the actuation torques τ bb, the propellers forces fi, with
i = 1, . . . , 4, can be computed by inverting (4). The block
scheme of the proposed architecture is depicted in Fig. 2.

V. SKETCH OF THE STABILITY PROOF

For brevity, only a sketch of the proof is here reported to
prove the stability of the whole control scheme, made up of
the momentum-based external generalized forces estimator
and the position/angular impedance controllers.



In case of a perfect compensation of both the external
forces and moments, i.e., f̃ = τ̃ = 0, then ep = ėp = eη =
ėη = 0 is a global asymptotically stable equilibrium point
for the system (19) as shown in [13].

Otherwise, the stability proof has to take in account non-
vanishing perturbations. This could be done by considering
the stability theory of both perturbed and interconnected sys-
tems [23]. The rough idea behind these theories is that if an
exponentially stable system is perturbed by a nonvanishing,
but bounded, external disturbance, then the state variables of
the system will remain bounded during time. Some results
could be also provided for asymptotically stable systems.

First of all, in the presented case, the boundedness of
the solutions of the momentum-based estimator has to be
shown. Since it is possible to assume that the real external
disturbances are always limited, the perturbation term on
the right-side of (12) is bounded. Then the boundedness
of f̂ext(t) and τ̂ ext(t) can be proved [23]. Now, a two-
steps procedure is adopted. First, the stability of (19b) is
verified thanks to the perturbation theory [23] and to the
boundedness of τ̂ ext(t). However, this is the toughest part
of the proof since (19b) is a time-varying system because of
the presence of the inertia matrix depending on the actual
attitude of the VToL UAV [24]. Then, the stability of (19a)
is verified considering the interconnection with the angular
closed-loop equation as done in [13]. The boundedness of
f̂ext(t) is taken into account in this latter part, as well. As
a result, the boundedness of solutions in (19), i.e., marginal
stability, can be guaranteed since the right-side terms in (19)
are bounded. Asymptotically stability can be obtained only
in the unconstrained directions [20].

VI. EXPERIMENTAL RESULTS

A. Set-up and Technical Details

The experiments have been performed in the PRISMA
Arena which is equipped with an OptiTrack motion-capture
system. The employed quadrotor is an ASCTECH PELI-
CAN. The controller is implemented onboard (at 100Hz) on
an ATOM CPU with UBUNTU OS and a patched RTAI
real-time kenerel. The ground station is an external PC with
UBUNTU OS and it is in charge of the WiFi communication
between the OptiTrack system and the vehicle, as well as for
the operator telemetry and human interfacing.

The estimated mass and inertia matrix of the vehicle are
1.2 Kg and Ib = diag(3.4, 3.4, 4.7)10−3 Kgm2, respectively.

The natural frequency and the damping factor for the
closed-loop linear impedance have been chosen as 4 rad/s
and 1, respectively. Hence, the gains in (18a) have been tuned
to Kp = 16I3 and Dp = 12I3, following the relations
in (13). Since the rotational part is faster than the linear
one, the natural frequency for the closed-loop rotational
impedance (18b) has been chosen twice the linear one. The
damping factor is again tuned to 1. The procedure described
in [24] has been adopted to tune Do. Consequently, the de-
sired natural frequency and damping factor for the estimator
have been chosen as 10 rad/s and 1, respectively, for all the
components in (10).

Fig. 3. On the left, the additional load placed below the battery compart-
ment is highlighted by a red ellipse. On the right, the quadrotor in front of
the fan.

B. Case Studies

In all the considered case studies, the performance of the
proposed control design (from now on called PD+C1 for
brevity) is compared to classical PD and PID approaches.
In detail, the PD control has been implemented without
considering the compensation of the estimated external ge-
neralized forces, i.e., τ̂ ext is not present in (14) and µ̄ = µ
in (20). The control gains are kept as in the PD+C case. On
the other hand, the PID control has been implemented as the
PD one with the addition of an integral action in (18). The
gain of this integral term has been set to 0.5I3.

Three case studies are considered in the following. Other
case studies are presented in the multimedia attachment,
showing the performance of the proposed controller in se-
veral different situations, e.g., interaction with an operator,
pendulum attached at the bottom of the vehicle, and so on.

1) Case study A: In this case study, the quadrotor per-
forms a hovering task at an altitude of 1 m with respect to
the ground. An additional load of about 0.110 Kg (about
8% of the UAV mass m) has been placed in the battery
compartment of the vehicle (see Fig. 3) but not considered
in the control.

The comparison between the PD+C, PD and PID con-
trollers is depicted in Fig. 4. The landing part is omitted.
From Fig. 4(a) it is possible to recognize that the norm
of the position error for the PD+C controller is lower than
the one obtained with the other implemented controllers. In
particular, the PD is not able to recover the error due to
the additional load placed on the quadrotor. The integral
action in the PID recovers this information with a speed
depending on the chosen gain, which in any case should be
accurately tuned so as not to compromise the stability of
the vehicle. Moreover, Fig. 4(b) shows how the oscillations
around the fixed hovering point are reduced by using the
proposed PD+C controller. The quadrotor control inputs are
depicted in Fig. 4(d). The lines do not start from zero since

1PD+C stands for PD control plus compensation of the estimated external
generalized forces
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Fig. 4. Case study A. Hovering with additional load. Performance
evaluation. From subfigure (a) to (c) the legend is: blue, PD+C; red, PID;
black, PD. Subfigure (d) shows the angular velocity of the propellers 1,2,3
and 4 (blue, red, black, magenta) in the PD+C case.
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Fig. 5. Case study A. Hovering with additional load. Estimated external
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Fig. 6. Case study B. Hovering, in front of a fan, with additional load.
Performance evaluation. The legend is: blue, PD+C; red, PID; black, PD.

the propellers are rotating at a slow velocity before the take-
off command is provided to the quadrotor. The estimated
external forces and moments are displayed in Fig. 5. The
uncertainty about the knowledge of the inertia matrix Ib is
highlighted in the values different from zero in Fig. 5(b). The
presence of the additional load on the UAV is evidenced in
the z component of the estimated external force in Fig. 5(a).

2) Case study B: This case study is similar to the previous
one with the addition of a fan producing wind at a distance
of 0.15 m from the quadrotor (see Fig. 3).

In Fig. 6 the comparison between the PD+C, PD and PID
controllers is depicted. Only the hovering part is considered
in the related time histories. In Fig. 6(a) it is possible to
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Fig. 7. Case study B. Hovering, in front of a fan, with additional load.
Estimated external forces and moments along (around) the axes x, y and z
(blue, red, black) employed in the PD+C case.
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Fig. 8. Case study C. Circular trajectory with additional load. Performance
evaluation. In subfigure (a) the circle in blue is the reference, the circle in
red is the one executed under the PD+C control. The legend for subfigure
(b) is: blue, PD+C; red, PID; black, PD.
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Fig. 9. Case study C. Circular trajectory with additional load. Estimated
external forces and moments along (around) the axes x, y and z (blue, red,
black) employed in the PD+C case.

recognize that the norm of the position error for the PD+C
controller is lower than the one obtained with the other
implemented controllers. In particular, due to the persistent
external disturbance, the error can be zeroed only along
the unconstrained directions, resulting in an almost constant
position error norm during time. The estimated external
forces and moments are depicted in Fig. 7. It is still possible
to notice the estimation of the force due to the additional
load. Moreover, with respect to Fig. 5(a), it is possible to
notice a higher value of the estimated force in Fig. 7(a),
especially along the x direction due to the presence of the
wind force which is hence properly reconstructed.

3) Case study C: In this case study, the quadrotor tracks a
circle of a given radius with a constant speed of 0.5 m/s. The
circle is planned in the x, y plane at a constant altitude from
the ground and it is executed twice. Like the two previous
case studies, an additional load of about 0.110 Kg has been
placed in the battery compartment of the vehicle, but not
considered in the control. First, the quadrotor performs the
take-off reaching the hovering condition at 1 m from the
ground. Then, after a fixed amount of time, the command



to perform the tracking of the circle is given to the vehicle.
Once the trajectory has been completed, the quadrotor lands.
In the time histories of Fig. 8 only the circular trajectory is
displayed, neglecting the other phases.

In Fig. 8(a), it is possible to appreciate the tracking
performance (and the repeatability of the trajectory) of the
PD+C controller with respect to the planned circle in the
x, y plane. The comparison between the PD+C, PD and PID
controllers is provided in Fig. 8(b). Again, the norm of the
position error for the PD+C controller is lower than the
one obtained with the other implemented controllers. The
estimated external forces and moments are depicted in Fig. 9.
Due to the presence of the unbalanced added weight during
the execution of the circular trajectory, significant moments
are also estimated, as shown in Fig. 9(b).

VII. CONCLUSION AND FUTURE WORK

In this paper, a momentum-based estimator of external
generalized forces has been proposed to control a VToL UAV
together with a suitably modified hierarchical architecture,
shaping the closed-loop equations as mechanical impedances
programmable through the control gains. This arrangement
allows the VToL UAV to perform hovering and tracking tasks
without a precise knowledge of the vehicle dynamics and in
presence of external disturbances. Experimental results have
been presented to prove the performance of the proposed
control design with respect to other classical controllers
employed in aerial robotics.

Future work will be focused on problems related to
outdoor scenarios. In particular, the effects of introducing an
estimated linear velocity, rather than using the one provided
by high-frequency external visual tracker, will be examined.
A detailed stability proof of the whole framework will be
provided in a future extended version of this work, taking
into account the problems related to the interconnection
between the external generalized forces estimator and the
VToL UAV hierarchical controller.
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