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Navigation Strategy In-flight Retrieving and Transportation Operations
for a Rotorcraft MAV

J. Escareno, J. Castillo, W. Abassi, G. Flores and K. Camarillo

Abstract— The paper addresses a robust navigation strat-
egy of a rotorcraft class having a simple robotic arm to
perform rapid in-flight retrieving operations in presence of
wind gusts and aerodynamic effects. The target-acquiring
trajectory planner is based on a cosinusoidal dynamic pattern.
The mathematical model is extended to account not only the
dynamics of the robotic arm but also the aerodynamics. The
navigation control scheme is based on a soft integral sliding-
mode control (ISC) to stabilize both inner- and outer-loop
dynamics regarding the rejection of not only the dynamic cou-
plings but also aerodynamic disturbances. Detailed simulations
including realistic aerodynamic effects results show the validity
of the proposed navigation strategy while tracking the object-
to-retrieve trajectory.

I. INTRODUCTION

In the recent years, Unmanned Aerial Vehicles (UAVs),
specially Micro Aerial Vehicles (MAVs), have been used for
different tasks, included but not limited to industrial or sci-
entific ones. Due to its mechanical simplicity and operational
versatility, they encourage the rise of new applications. The
technological and scientific challenges associated to these
emergent generation of aerial robots are enormous.
A recent and pertinent application is aerial interactivity of
MAVs with the environment, such interactivity must consider
the effects of the wind and the disturbances generated by the
payload. Some examples are in-contact structure inspection,
aerial manipulation and transportation outdoors, where, in
both cases, the wind becomes the main drawback during an
aerial manipulation/grasping operation altering the behavior,
performance and stability of the aerial robot.
Since most of UAV-applications evolve outdoors, the aerial
robot is subject to external disturbances due to adverse
atmospheric conditions that deteriorate the performance and
navigation capability of the vehicle. These adverse effects
(forces and torques) triggered by aerodynamic phenomena,
such as drag, become critical as the MAV increases its
velocity. For this reason, more efficient task-based patterns
and robust control algorithms are required to achieve the
motion control objective.

A. Related Work
Previous research works related to the motion control of

MAVs operating in adversary wind conditions have particu-
larly focused on fixed-wing configurations. In these attempts
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a constant wind speed up to 50% of MAV airspeed is
assumed as a flight condition.
[1] experimentally implemented a path-following controller
in which a constant-velocity MAV under moderate wind con-
ditions (20% to 50% of MAV airspeed) is used to prove the
effectiveness of the controller. [2] introduces path planning
and control algorithms meant to survey multiple waypoints
while heading is considered to evolve at a constrained rate.
The path planning task is considered to be an optimization
problem where the constant wind component is assumed
known, while the sliding surface controller is used to deal
with small time varying wind components. A linear quadratic
regulator for optimal guidance of a fixed-wing aerial vehicle
is exposed in [3]. The controller, validated by simulations,
aims to follow straight-line and circular trajectories under
different wind conditions. [4] presents a nonlinear controller
to make a MAV follow a straight-line reference successfully.
Various constant lateral wind components (crosswind) up to
40% of the MAV speed are considered in this work.
Various are the efforts addressing the flight control of quad-
rotor MAVs under wind disturbances, in which the problem is
approached at a dynamic level, i. e. including the wind forces
in the overall dynamics as disturbances, either rotational or
translational.
[5] focuses on robust position control of a quad-rotor by
modeling the wind influence using the Dryden Wind Gust
Model and including it in the dynamics of the vehicle
aiming, by this way, at the estimation of the in-flight wind
velocities. Moreover, [6] has dealt with the motion control
problem implementing a hybrid backstepping controller that
considers the desired accelerations obtained by the Frenet-
Serret Theory (Backstepping-FST). Simulations have shown
that such control design provides a robust flight when the
MAV faces wind disturbances (0.8 and 0.5 m/s) at moderate
rotorcraft velocities (2 m/s) during a target-tracking oper-
ation. On the other hand, [7] introduces a robust position
control for the quad-rotor. The robust behavior is achieved
via a disturbance observer that includes not only wind gust
but also the nonlinear terms of the vehicle completely in
a total disturbance force, which permits to obtain the linear
dynamics and to treat them through standard PID controllers.
In [8], a two-level controller as well as an observer to
estimate the wind disturbance in the translational dynamics
are proposed.
Rotorcraft MAVs used for acquiring and transporting cargo is
a popular topic addressed in the last year due to its potential
impact for a wide range of industrial applications (e.g. parcel
delivering industry). In [9], a quad-rotors fleet transport a



cargo through cables. The generation of trajectories where
the quad-rotor provides swing-free load motion has attracted
the interest of diverse authors. An alternative configuration
equipped with a hook meant to retrieve/deliver cargo using
a vision-based strategy is presented in [10]. [11] presents
the modeling and control of a mini helicopter equipped with
a compliant gripper capable of robust grasping and trans-
porting. In [12], the authors present a classical quad-rotor
equipped with a monocular camera. The proposed control
strategy enables performing aggressive grasping maneuvers
via an Image Based Visual Servoing (IBVS). In [13], a
classical quad-rotor featuring a home-customized 1 degree
of freedom (DOF) gripper performs an aerial grasping based
on IR cameras.

B. Paper contributions

This paper addresses the trajectory pattern generation
problem of a rotorcraft using a 1DOF manipulator robot
for aerial payload picking-and-transporting considering aero-
dynamic adverse effects to this multi-body aerial config-
uration. Due to its geometry, the vehicle is exposed to
significant aerodynamic and coupling disturbances, which
must be considered in the dynamic equation, especially for
aerial robots with such specifications. In the aforementioned
works addressing wind-tolerant navigation, the aerodynamic
disturbances are only considered at the translational level
(outer-loop), meanwhile, in this paper, also those affecting
the rotational dynamics (inner-loop) are considered. For this
reason, we propose a trajectory planner based on the target’s
location and whose speed pattern is adapted to diminish the
aerodynamic disturbances. The motion path, which includes
position and velocity, is partially inspired on avian-like
retrieving (e.g. the bird of prey features a cosinusoidal-
like path), where birds increase the angle of attack (AoA)
at the target retrieval neighborhood damping their velocity
due to drag. However, in the case of study here exposed,
the rotorcraft keeps small AoAs while holding horizontal
velocity at pick-up point.
An aerodynamic detailed study is provided regarding the
most appropriate drone-gripper configuration to diminish the
effects of the aerodynamic phenomena over the rotorcraft and
the pendulum-like gripper at different velocities which allows
to define an appropriate operational regime. In this regard,
the Dryden model is used to recreate a realistic simulation
environment [5].

C. Outline

This work is organized as follows: the problem statement,
describing the main goals as well as the dynamic and
aerodynamic modeling, is presented in Section II. Section
III presents the control scheme to mitigate the wind distur-
bance and thus accomplishing the tracking control objective.
Numerical simulations considering a realistic scenario are
detailed in Section IV. Lastly, the conclusions and the
perspectives are given in Section V.

(b)

e1

u

e3

w


Vrel



L

D

e3

T2

e1





T1

Wd
Wp

(a) 

 up

wp
p

Vp

Lp

Dp



Fig. 1. (a) Forces exerted (b) aerodynamic situation

II. PROBLEM FORMULATION

Let us consider the problem where a multi-rotor aerial
robot, equipped with a robotic manipulator which is il-
lustrated in Fig. 1 (a detailed description is presented in
subsection II-A), is meant to perform in-flight pick-and-
place operations while respecting specific speed patterns.
For a given reference path P(t), it is required that the
vehicle reaches a time-varying spatial point according to a
timing law, where the two dimensional reference trajectory
is assumed two-times differentiable and bounded.
Performing in-flight operations imply additional forces and
torques exerted on the rotorcraft resulting for dynamic cou-
plings, additionally, the presence of wind gust provokes
erroneous flight trajectories shifting away the vehicle from
the commanded path. For this reason, such unknown dis-
turbances must be included in the control design, either via
estimation and/or robust techniques. The flight profile of a
rotorcraft is not constrained to minimum-positive velocity, as
is the case of fixed-wing MAVs (stall angle), in fact it might
generate negative velocities. This property makes this air
platform ideal for tracking purposes under two-dimensional
wind conditions.

A. Mathematical Modeling

Consider a class of multi-rotor robot, of mass M ∈ R
and moment of inertia Ir ∈ R, having an actuated 1DOF
robotic arm attached to the main airframe featuring a length
` ∈ R and capable of grasping a pendulum-like payload of
mass m ∈ R. For the actual study and for the sake of clarity,
the aerial robot is consider to evolve within the longitudinal
plane.

At this point, it is convenient to consider some assump-
tions to define the dynamic scenario where:

1) The structural values M , Ir and ` are known;
2) The maximal translational velocity is restricted to

7 m/s;
3) The payload to be acquired (m) is assumed unknown

but limited to 50% of vehicle’s mass, i.e. |m| ≤ M
2 ;

4) The mass of the arm is assumed small, and thus
neglected.



B. Aerodynamics

The current paper focuses on the vehicle operation in
the longitudinal plane while it performs high-speed payload
acquiring-and-deploying maneuvers. For this reason a de-
tailed treatment of the vehicle’s aerodynamics is given. Since
the dynamic behavior is affected by aerodynamics for high-
speed operational regimes, it is thus essential to consider
aerodynamic forces properly. They are mainly produced by
the vehicles motion, with respect to still air, or due to wind
gusts impinging on a stationary rotorcraft or a combination
of these. The aerodynamic modeling process is illustrated by
Fig.2.
For the aerodynamic analysis, the following assumptions are
made:

1) Propeller normal forces are negligible;
2) The vehicle’s structure is fully submerged within the

wind gusts streams;
3) The payload’s geometry is considered spherical;
4) The horizontal velocity is much bigger than vertical,

i.e. ẋ >> ż.
A real-world flight envelope contains not only the velocity

vector from vehicle’s motion, either in the body (VB =
(u,w)T ∈ R2) or inertial (VI = (ẋ, ż)T ∈ R2), but also
it is exposed to windy conditions. For this reason, in order
to continue with the aerodynamic analysis it is important to
detail, for a close-to-reality simulation, the generation of the
wind field. The wind vector VIw = (vwx , vwz )T ∈ R2, is
obtained from the Dryden spectral model [5], it is composed
by the static and the turbulent wind components. Thus, the
vertical and horizontal wind components correspond to a
summation of sinusoidal function with random parameters
(magnitude, frequency and phase),

vwi(t) = vswi
+

n∑
k=1

√
∆ωk

Φk sin(ωnk
t+ εk) with i : {x, z}

(1)
where vsw ∈ R is the static wind, ωn ∈ R is the natural
frequency, ∆ω ∈ R is frequency samples, ε ∈ R is a random
phase value and

Φx = σ2
x

2Lx
π

1

1 + (Lxωn)2

Φz = σ2
z

2Lx
π

1 + 3(Lxωn)2

(1 + (Lxωn)2)2

which include the turbulence intensities in the x and z
directions, i. e. σx, σz ∈ R respectively, Lx ∈ R and Lz ∈ R
are the turbulence scale lengths in the x and z directions. In
low altitude regions (z < 1000ft(304.8m)), the turbulence
length and intensities can be obtained according to [8], by:

Lz = |z|
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z
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Fig. 2. MAV’s aerodynamics modeling process

where W20 is the wind speed at 20 ft (6m) above ground
and it is defined according to the turbulence level. For this
instance, let us consider moderate turbulence level so W20 =
15.4333 m/s.

The aerodynamic frame is shaped via the velocities in the
body frame. Then it follows that the AoA is given as

α = tan−1
(w
u

)
(2)

and
Vrel =

√
u2 + w2 (3)

The velocity in the body frame are found to depend on
inertial terms, i. e.

u = ẋ cos θ − ż sin θ (4)
w = ẋ sin θ + ż cos θ (5)

Considering the late, let us update (Eq. 4) and (Eq. 5)
including (Eq. 1) with the wind disturbances, so they can
be rewritten as

u = (ẋ+ vwx
) cos θ − (ż + vwz

) sin θ (6)
w = (ẋ+ vwx

) sin θ + (ż + vwz
) cos θ (7)

Now we proceed to present the expressions for the aerody-
namic forces exerted on the rotorcraft’s aerodynamic center
(AC):

D = 1
2V

2
relρSCD

L = 1
2V

2
relρSCL

(8)

The aerodynamic forces vector includes D and L, FAA =
(−D,L) ∈ R2 whose projection into the inertial frame (from
the aerodynamic frame A) is written, in its scalar version,
as:

δax = L sin(θ + α)−D cos(θ + α) (9)
δaz = L cos(θ + α) +D sin(θ + α) (10)



Since the geometry of the airframe and the cargo are assumed
the same, the aerodynamic forces are proportional. However,
the cargo forces disturb the rotorcraft by a couple, leading
to

δuc
= L sin(α)−D cos(α) (11)

δvc = L cos(α) +D sin(α) (12)

obtaining the aerodynamic-based torque (see Fig. 1) includ-
ing the rotation motion γ,

τδa = −δuc
lp sin γ + δvc lp cos γ (13)

C. Dynamic Equations of Motion

The equations of motion describing the overall motion
behavior of the interactive aerial robot are written and given
as (for details see [14] and [15]):

ux = (M +m)ẍ−mlγ̈ cos γ +mlγ̇2 sin γ (14)
uz = (M +m)z̈ +mlγ̈ sin γ +mlγ̇2 cos γ +

(M +m)g (15)

Recalling that for the translational equation, displacement
along the x−axis is underactuated via the pitch dynamics
[16], then ux = T sin θ ∈ R and uz = T cos θ ∈ R
correspond to the thrust vector projection due to the pitch
angle. The equations describing the rotational dynamics of
the multi-body system are defined as:

uθ = Ir θ̈ (16)
uγ = ml2γ̈ −mlẍ cos γ + z̈ml sin γ +

mgl sin γ (17)

where uθ = τθ ∈ R and uγ = τγ ∈ R stand for the torque
applied by the rotors’ differential thrust and for the robotic
arm, respectively. However, provided that both torques are
exerted about the same axis (e2), thus, the robotic arm
motion becomes a twofold disturbance affecting with torque
actuators and with center of gravity shifting. Thus (Eq.16)
becomes

uθ +ml2γ̈ = Ir θ̈ (18)

Let us rewrite this 3DOF model by splitting the nominal
model and a lumped disturbance term containing the dynamic
couplings as well as the aerodynamic-due forces and torques,
for the translational and rotational dynamics.

ẍ =
1

M
(T sin θ) + ∆x(t) (19)

z̈ =
1

M
(T cos θ −Mg) + ∆z(t) (20)

θ̈ =
1

Ir
τθ + ∆θ(t) (21)

γ̈ =
1

ml2
τγ + ∆γ(t) (22)

where ∆x(t), ∆z(t) and ∆θ(t) ∈ R comprise the parametric,
dynamic and aerodynamic uncertainties, i.e.

∆x(t) =
1

M
(ux +mlγ̈ cos γ −mlγ̇2 sin γ + . . .

−mẍ) + δax (23)

∆z(t) =
1

M
(uz −Mg −mlγ̈ sin γ +

. . .−mg −mz̈) + δaz (24)

∆θ(t) =
1

Ir
(uγ +mlẍ cos γ − z̈ml sin γ + . . .

−mgl sin γ) + τδa (25)

∆γ(t) =
1

ml2
(uγ +mlẍ cos γ − z̈ml sin γ + . . .

−mgl sin γ) + τδa (26)

III. CONTROL

Let us consider the classical terms for the desired thrust
and attitude,

T d = ‖(ux, uz)T ‖ and θd = tan−1
(

ux
uz +Mg

)
(27)

whose insertion in (Eq. 23) and (Eq. 24) defines a lineariza-
tion loop of the nominal system resulting in the following
expressions

ẍ =
1

M
(ux) + ∆x(t) (28)

z̈ =
1

M
(uz) + ∆z(t) (29)

It is noteworthy to mention that the disturbance remain.
Let us regroup (Eq.21), (Eq.22), (Eq.28) and (Eq.29) as
follows

χ̈i =
1

ki
νi + ∆i(t) with i ∈ {x, y, θ, γ} (30)

with kx = M , kz = M , kθ = Ir and kx = ml2. Likewise,
νx = ux, νz = uz , νθ = τθ and νγ = τγ .

Now, for trajectory tracking purposes, χi ≡ χdi , let us
define a sliding surface s = 0 [17][18],

si = ε̇i + λεi + ξ (31)

with εi = χi − χdi and ξ an integral term of the errors. The
time-derivative of (Eq. 31)

ṡi = ε̈i + λiε̇i =
1

ki
νi + ∆i(t)− χ̈di + λε̇i

Thus, the controller that attempts to achieve ṡ = 0 ( i.e. to
stay on the sliding surface) is given as

νi = −kpχ− kdχ− ks tanh(s) + χ̈di − λiε̇i − ξ (32)

IV. NUMERICAL SIMULATIONS

In this section, we present a detailed simulation study
showing the results of the actual proposed strategy regarding
rapid in-flight grasping, transporting and placing a payload
within realistic aerodynamic conditions.



Fig. 3. Pressure schemes: (left) without cargo and (left) with cargo
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A. Aerodynamic simulations

In order to computed the aerodynamic parameters of the
flying robot presented in previous sections, we have used
StarCCM+. This section describes the overall aerodynamic
behavior showing the air slipstream’s pressure exerted on
the aerial robot in order to determine the forces in function
of velocity and AoA. We have considered a bi-dimensional
scenario where the MAV is studied at different velocities and
positions for comparison purposes. Moreover, this will pro-
vide specific information about the least-drag configuration
during interactive operation.

Fig. 3 shows the pressure contour plot obtained for
different angles for both loaded and unloaded operations
meanwhile, Fig. 4 shows the aerodynamic forces acting on
the system.

B. Trajectory Generator

The commanded trajectory for the altitude is based on a
co-sinusoidal function whose parameters (frequency and am-
plitude) are updated based on the object location (xobj , zobj)
in order to reach the grasping and deploying target points.
The reference trajectory for the flight path along x−axis
aims at defining a specific speed pattern to reach the afore-
mentioned target points. Such time-parameterized reference
trajectory is configured as follows

zref (t) = Az + [Az − (l + zobj)] cos

(
π

Top
t

)
(33)

xref (t) = vht (34)

where vh ∈ R is the desired horizontal velocity, Top ∈ R
is the punctual action time, either the grasping time Top :
Tgrasp or the deploying time, Top : Tdeploy, with

Top =
vh
xobj

,

and Az ∈ R represents the altitude of the vehicle during
the interactive operation, whose value might be updated in
function of the operation.

C. Simulation Results

In order to evaluate the performance of the proposed
control law via simulation, the parameters of the quad-rotor
pendulum system considered for the analysis were set to be
the ones presented next in Table I.

TABLE I
QUAD-ROTOR PENDULUM SYSTEM PARAMETERS

Parameter Value
M,m, Ir, ` 0.5 kg, 0.25 kg, 0.1250 kg m2, 0.5m

The initial position of the object to be deployed was
established at (xo, zo) = (10, 2) [m].

Fig. 5 and Fig. 7 depict the performance of the proposed
path/control strategy to deal with a rapid in-flight retrieving
task. Specifically, Fig. 5 shows that the trajectory tracking
objective is fulfilled for both stages, pre-retrieving (t <
1.428sec) and specially for post-retrieving (t ≥ 1.428sec)
where a disturbing torque arises from the payload drag. Fig.
6 exhibits that the attitude is successfully tracking the control
reference provided by the outer-loop translational dynamics,
while the robotic arm is commanded to remain in vertical
position. The aerodynamic forces and manipulator’s torque
(shown in Fig. 7) increase during the post-retrieving stage as
a result of the drag and lift exerted on the payload. In this
figure, it is also depicted the wind velocity. Lastly, Fig. 8
shows the two dimensional motion of the rotorcraft during
the retrieving task. It is worthy to mention that keeping the
robotic arm in vertical position is twofold, on one hand,
it remains aligned with the rotorcraft’s center of gravity
reducing torques disturbances due to the gripper, but on
the other hand, this position corresponds to the maximal
aerodynamic-based torque provided by the robotic arm.

V. CONCLUDING REMARKS

In the actual paper, we have addressed the problem of
aerial grasping within windy conditions. We have presented
in detail the planar (3DOF) dynamics and aerodynamics
associated to a rotorcraft endowed with a 1DOF robotic
arm. The Dryden wind model was used to complete such
dynamics. The ISC is used to stabilize the overall system,
where the dynamic and the aerodynamic-based couplings are
regrouped into a lumped disturbance term. In this regard, a
tunable co-sinusoidal pattern is proposed to reach the target,
whose parameters can be defined, for a static object, or
dynamically updated for the case of a mobile target. A de-
tailed simulation stage was conducted considering a realistic
scenario, i.e. including the actual aerodynamic parameters
of the interactive rotorcraft as well as the wind model. The
current study suggests that the next stage is to identify
operational regimes and/or patterns combinations regarding
to minimize adverse aerodynamics while effective grasping
and transportation are guaranteed.
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