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Abstract. The complexity of autonomous Aerial Manipulators (AMs),
i.e. Unmanned Aerial Vehicle (UAV) + Robot Manipulator (RM), is
growing faster as per our demand of being able to perform complex
tasks. This complexity makes the control system to have to take into
account somehow the RM dynamics, otherwise the overall behaviour of
the system could be compromised. In this work, we thoroughly analyse
the overall performance of the AM with a widespread controller designed
neglecting the RM dynamics. In particular, the performances under the
induced forces/torques provided by a compound interaction of move-
ments of the RM (vibrations) and aerodynamical effects. For the case of
study, we consider an UAV multicopter and a generic redundant RM. A
complete analysis with realistic simulations on a benchmark is reported.

Keywords: Aerial manipulation + Aerodynamics - UAV control

1 Introduction

In the last few years, Aerial Manipulation has emerged as a special branch in
Robotics with broad applications in contact inspection, maintenance, and assem-
bling at inaccessible and/or dangerous places. Aerial Manipulators (AMs) are
Unmanned Aerial Vehicle (UAVs) with mounted Robot Manipulators (RMs)
Different AMs with multi-joint arms have been presented in [1-3]. For a detailed
literature review on platforms and control systems of UAVs and RMs we refer
interested readers to recent author’s work and references therein in [4-7]. In fact,
interaction capabilities have been demonstrated under the framework provided
by ARCAS project [8]. Moreover, the complexity of the AM is currently being
increased in the AEROARMS project [9] to complete outdoor.

From a control point of view, control of AM has been almost completely
devoted to the design of a controller for the UAV neglecting the RM dynamics
interaction. This approach is valid for lightweight RM mounted in UAVs such
that the designed controller for the UAV rejects the disturbance provided by
the RM. Nevertheless, in outdoor operation and, in particular with unstruc-
tured environments, the aerodynamic effects appear to be relevant enough to
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even compromise the overall performance of the AM. The contribution of this
paper is twofold: first, the analysis of the standard cascade and command-filtered
backstepping controller designed for the UAV (see for example [10-12]), when the
RM is present, and second, the redesign of such controller to improve the overall
performance in closed loop despite of the RM dynamics. In particular, here we
are devoted to thoroughly analyse the overall performance of the AM under the
induced forces/torques provided by a compound interaction of movements of the
RM (vibrations) and aerodynamical effects. For the case of study, we consider
an UAV multicopter with rotors in cross and a dynamically equivalent model for
a generic redundant RM based on its centre of gravity.

Notation: All vectors are column vectors. When clear from the context the
arguments of the functions will be omitted. The e(.) denotes the basis for the
Euclidean vector space, in the direction of the unitary vector of (-).

Fig.1. AM body reference frame with reference face in red, rotor thrust criteria and
generic RM characterised as its centre of gravity.

2 Framework

The full Aerial Manipulator (AM) dynamics can be described by means of the
Lagrange formalism. Thus, denoting by ¢ = [p © 7] € R? the AM coordinates,
where p , © and v correspond to the inertial reference frame position of the
UAV, the roll, pitch, yaw attitude and the Robot Manipulator (RM) centre of
gravity spherical coordinates (azimuthal angle, polar angle and radial distance),
respectively, so that the whole dynamics of the AM read

M(q)§+C(q,4)4 + VV(q) = u + teat (1)
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where M(q) € R%%? is the symmetric and positive definite inertia matrix,
C(q,q) € RY*? the matrix including Coriolis and centrifugal terms, V (¢q) € R the
potential function, uez: € R? the external generalised forces vector and u € R?
the generalised input control vector. Neglecting the RM dynamics lead to the
well-known completely decoupled structure, that Newton-Euler formalism read

p=v,

O=Wa,
myav UV =myav g e: —TrR e, +Fa,
Ijay 2=—02xTyay 2 — Gq 4 74 + Ta,
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Irotm" W = Trotor — eraga

where 2 € R3 the angular speed in the body frame, Ty € R the total thrust of
the UAV, R € SO(3) the roll, pitch, yaw rotation matrix from body to inertial
frame, Iyay € R3*3 the inertia matrix of the UAV in the body frame, G, € R?
the gyroscopic torque, 7, € R? the propulsive torque produced by the differential
thrust between the rotors and F,/T, the aerodynamic drag forces/torques (see
[11] and references therein). In (5) the cross product in R3 is denoted by x.
Finally, the rotor dynamics (6) is also considered to improve the realism of the
results, where I omr € R**? is the inertia of the rotors, w € R* the angular
speed of the rotors, T,owor € R* the electric torque transmitted to the rotors and
Qdrag = Kw? € R* the drag torque of the rotating blade, being K € R*** the

drag parameters and T = Kp Z?zl wj, for some constant of the propellers K.

Remark 1. In this work, we focus in the sensitivity analysis of a widespread con-
troller for UAVs commonly used in AMs neglecting the RM dynamics. Thus,
notice the there are two sources of interaction between UAV-RM that destroy
the aforementioned decoupling: the own RM dynamics, in both kinematics
(2)—(3), and dynamics (4)—(5) and; the aerodynamic external drag forces/torques
due to the RM.

Remark 2. Tt is also important to highlight that the aforementioned simplistic
rotating blade model has been included in the simulation model but changing
the drag torques for a more accurate BEMT-based estimation of this effect.

3 Motivation

As was previously studied in [7,13], the aerodynamic effects, and especially its
vertical component, do have an important impact on the whole AM dynamics.
In those works, both propulsive and flight aerodynamics effects were presented,
highlighting the importance of a correct modelling in order to obtain a realistic
and faithful simulation responding as expected in a real AM.

From the point of view of modelling, there are two sources of making that sim-
plified controller perform poorly. Firstly, the commonly used propulsive model,
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T}, = Krw}, that oversimplifies the behaviour of rotors, being essential to trade-
off between flying and hover accuracy when choosing Kp in the control algo-
rithm. If this parameter is chosen close to its hover experimental value, the
permanent error is decreased but the overall flying capabilities are diminished,
while if a closer to flight conditions one is taken, the flying accuracy is improved
at expense of the permanent regime behaviour. Secondly, the flight aerodynam-
ics of an UAV have a significant impact on the behaviour of AMs. Aerodynamic
forces and torques are dependant not only on the flight speed and a rotating
matrix, but on a set of support functions based on the aerodynamic reference
frame (Fig.1). While the advance flight components of the aerodynamic forces
are mainly proportional to the flight speed, and so they would not affect the per-
manent regime, the vertical one produces perturbations to the AM even when
it is in hovering. This is a result of the aerodynamic interferences between the
propulsive system and the AM body that causes thrust losses, that is generally
neglected in most studies, and whose most significant outcome is a permanent
error in the vertical direction if the AM controller is not designed accordingly.

4 Cascade Nonlinear Control Strategy

In this section we briefly sketch the derivation of the aforementioned standard
controller. For the position dynamics, (2) and (4), the controller is based on
feedback linearisation just inverting the dynamics. For the attitude dynamics,
(3) and (5), the strategy is based on command-filtered backstepping [10]. Thus,
consider the dynamics of the UAV given by (2)—(6).

Position control. Let p = (z y z)' be the position of the UAV and Dref =
[z y 2] its reference, the position error is defined as p. = Drey — p- Thus,
defining the virtual control signal as U, it is well-known that the Eq. (4) of a
quadrotor-like UAV can be inverted in the following way

. Tr
p=ge€;—
muyav

Re,=U. (7)

The right hand side of the latter expression that can also be rewritten, once pre
and post multiplied, as
Tr

e,=R'(ge, —U 8
- (g ) (8)

which pre and post multiplying becomes
Tr =myay U —ge:|2 9)

that shows the direct relation between T and U. After some tedious but straight-

forward calculations from (8) the following inverted relations are also obtained

Uy cos ¢ + Us siny
Us—yg

tanf = (10)
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Ui cosyp — Us siny
11

This step of the cascade control strategy provides the references for the attitude
controller given any external yaw reference. Hence, the whole inversion of the
dynamics (7) allows to prescribe any linear behaviour in closed-loop. Thus, for
any positive-definite matrices Kp and Kp the following closed-loop is stable

sing = —

p.e"_KD Pe+KP Pe :Oa
corresponding to a PD-type controller. Matching the open and closed loop reads
p’:p.reffp.e:p.ref‘i’KD Pe +Kp pe =U, (12)

from where, we obtain U and with (9), (10) and (11) the actual controller inputs.

Attitude control. The attitude and angular speed errors are defined as
Z1 = Brey — O and Zy = (2. — 12, respectively. This controller is based
on the command-filtered backstepping approach that is, in turn, a passivity-
based control design technique. Thus, the following Lyapunov function can be
considered

Vi = %ZJ Z.
Its derivative becomes
Vi=271 =21 (Orey — O) = Z] (Ores — W),
where the angular speed is used as a virtual control signal. Hence, defining
Q4 =W Bres + I Z1), (13)
where the subscript d stands for desired, the condition of stability is met as
w=-2Z'1nz <o,

with I a positive-definite matrix. Now the following command filter is used to
make the angular speed converge to the desired one

Qref - _T(Qref - Qd)7 (14)

being T a positive-definite and diagonal matrix. The values of T should be large
enough to assure a fast transient. However, this filter provides a mismatch in the
commanded reference that has to be considered in the Lyapunov function as a
tracking error. Let € stands for that mismatch, and so its dynamics become

€ = —F16 - W(Qref — Qd)

Redefining the attitude error as Z; := Z; — € and adding another step to the
backstepping methodology the Lyapunov function reads

1+- 1
V2:§ZITZ1+§Z;ZQ.
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Neglecting the effect on the rotating dynamics of both aerodynamic torques and
the RM, its derivative becomes
Vo =27 21 + Zy Zs

= ZF(Qref —W0—é+ Z;(Qref — .Q)

=7/ (Oref — W24 e+ W (2pep — 24))

+ 23 (rey + Ihy (2 X Inay 2+ Go — 7a))
Using the definition of the errors the latter equation can be expressed as

Vo=—Z{ "2y + Z3 (W' Z1 + Qe + Igay (2 x Iav 2+ Go — 72)),
and hence the following controller
To = QX Iyav 2+ Go+ 1o Zo + Tyay (W' Zy + Qref), (15)

forces the Vs < 0, as desired. Qref, and subsequently (2, , is obtained from (14)
and O,y is estimated with a tuned linear time-derivative tracker.
Rotor control. Let & = w,.; —w and the proposed Lyapunov function V3 =

1
§&Tu~), which derivative reads

‘7?> - (DT&) - ‘:‘:)T(wref - (Trotor - KW2)/Irotor);
and therefore, T,ot0r 1S chosen so that Vd = -0 Kyotor® < 0 as
Trotor — Kw2 + I’r‘otar (d)ref + K’rotor‘:))v (16)

where w,..y is also estimated with a linear time-derivative tracker.

5 Redesign of the Control Strategy

In order to deal with the above-mentioned effects and the perturbations produced
by the presence of the RM, some essential modifications are introduced. In this
section the most substantial changes are presented and explained, leaving the
analysis of their influence on the whole system dynamics, behaviour and opera-
tion for the next section. The stability proof of the redesigned controller mimics
the one presented above for the command-filtered backstepping approach.

Feedforward position integral action. As it has been discussed in the previ-
ous section, the permanent error produced by several effects should be considered
and removed. Those effects can be divided into: error in the AM mass estimation,
differences between the simplistic propulsive model and the real rotor thrust and
the thrust losses due to aerodynamic interferences between the rotors and the
UAV rotor-arms. Thus, (12) is modified, introducing an integral action as follows

t 0
jje+KDpe+KPpe+KI/pe dr =0, /pe dT:pé’O (17)

to to
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with pL0 = [0 0 21,07 a feedforward integral action introduced to counteract
the vertical forces at the beginning of the operation.

Derivative action on the attitude control. An additional derivative action is
also included in the attitude control to have a better and faster estimation of the
disturbances coming from the RM, like vibrations. This change is implemented
by means of additional cross terms in the controllers (13) and (15), as it is shown
below

Qi =W YOy + I 72, + TP Z1), (18)
Ta = 2 X Iyay 2+ G, +F2PZ2 —|—F2DZ.2 -‘rIUAV(WTZl + Oref)a (19)

where I'T, I'P, I'f TP € R®*3 are positive definite matrices associated to the
proportional and derivative gains of the attitude and angular speed, respectively.
The first recommended tuning values for both I and I'Y are the ones used in
the standard command-filtered backstepping controller.

Saturation and filtering. Finally, some saturation and filtering add-ons have
been introduced to avoid unrealistic and/or hazardous situations and to reduce
the sensitivity of the solution to noise and vibrations. The final goal is to provide
the best simulation possible and to implement practical solutions in the controller
to reduce unexpected responses.

On the one hand, the dynamic model has been slightly filtered so that the
state signals do not show unreal behaviours, such as large accelerations or fast
thrust changes. This filtering strategy has been also applied to the controller
itself, being especially necessary the filtering of the position control signal, U,
in (17), the differential propulsive torque, 7,, in (19) and the reference for the
rotor speed, wyy.

On the other hand, the introduction of saturation is completely essential in
the control design to prevent references or demands not possible to meet in a real
application. For example, saturations have been used to delimit the total thrust
reference the control establishes for the rotors, as it is counter-productive to
demand both too high or too low thrusts. Another necessary limitation has been
the one of the attitude references. If not specifically avoided, these references
may results in completely unsafe configurations, such as high pitch angle forward
flight that would definitely end up in a catastrophic failure. Finally, the rotor
angular speed references have also been saturated to prevent the same case of
prejudicial thrust conditions unable to meet.

6 Simulation Results

Once the modifications of the control strategy have been presented, a simulation
environment is used to compare both options and demonstrate the improvements
produced by the proposed solution. In this simulation setting, the RM is consid-
ered a disturbance to the AM operation connected by the dynamic equations.
However, in order to reduce the analysis complexity, the RM degrees of freedom
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are treated as sinusoidal signals introduced directly via acceleration instead of
producing an external generalised force to control them externally. This decision
provides a simplistic way of studying the influence of a generic RM, modelled as
an equivalent spherical arm with the same properties at the centre of gravity, on
the AM dynamics. Additionally, both aerodynamic force, torque and propulsive
deviation monitoring information is presented to show the important influence
these effects have on the AM dynamics and on its permanent regime errors.

6.1 RM Disturbances

The sinusoidal RM signals given (Fig. 2) are chosen to be composed by both high
(~500-100 Hz), intermediate (~25-10Hz) and low frequencies (~0.1Hz) to sim-
ulate the real effects of a operating RM with significant noise and vibrations. The
high frequency ones produce similar noise and vibrations as observed in the AM
used in previous works, being the amplitude of their oscillation overestimated to
analyse the problem from a conservative point of view. The same safe considera-
tion is taken concerning mid-range oscillations, whose introduction is considered
important to model small rectifications of the EE position produced by the RM
controller. Finally, slow motions introduced model the overall reconfiguration of
the RM in the different phases of the design mission, being the amplitude chosen
less conservative in terms of order of magnitude than the previous ones.

1 T T T T T T T T T T
S 0. _
- i ikl
K v | 1|T“7\|M\"n\mﬂm‘|‘ il
%0 0 ;‘!,J\WU‘U 'U
<
| 4! 72 |
0.5 I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50 55 60
0.3 T T T T T T T T T T T
£
o 0.25 |
Q
7
+ 0.2 .
B
A V3
015 1 1 1 1 1 1 1 1 1 1
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Fig. 2. RM disturbances, where 7 is the azimuth, v, the polar angle and 3 the module
of the distance between Op and the centre of gravity of the RM.

It is important to remark again that the RM signals presented are considered
undesirable in a real AM operation but they are a safe simulation condition to
validate the robustness of the proposed solution in substantially bad-conditioned
operational environments.
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6.2 Aerodynamic Influence on the AM

Before analysing the operation-focused results, the aerodynamic effects are stud-
ied in the simulation environment. Firstly, both aerodynamic forces and torques
in simulation are represented to clarify the orders of magnitude of these external
perturbances and their mean value (3). Both torques and horizontal forces are
certainly zero-mean perturbations, as expected, being minimal when the AM
is in hover (see [13] for further details). Thus, their action will definitely not
have any repercussion in the permanent regime. Meanwhile, vertical aerody-
namic forces tend to introduce a non-zero-mean perturbation to the system of
about 3 N, which causes a permanent error if not counteracted (Fig. 3).

02 T T T T T T T T I| I T |
— F, F,
Z © Y
= 0 M
LL‘ _02 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60

E ert [N
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z 0 L == Reme = = —
A s L~
v -
E 0.1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60
Time [s]

Fig. 3. Aerodynamic forces and torques estimation using the aerodynamic model in
[13] expressed in the AM body frame (see Fig. 1).

Additionally, the thrust estimation accuracy is also studied, being its results
shown in Fig. 4. As can be seen, there is an approximately constant offset between
the three thrust values: the one with the advanced propulsive model (hereby
called real), the T = K, w model and the control reference the strategy demands
to the system. While on the unmodified case this offset produces permanent
vertical error, a slight reduction of this deviation in the proposed modification
considerably reduces the permanent error.

6.3 Improvements of the Modified Control Strategy

Finally, the main advances obtained with the modified solution are presented.
In Fig. 5 the position of the UAV is shown, being specially interesting to remark
the above-mentioned reduction of the permanent error in the vertical position.
On the contrary, the horizontal position of the AM seems to suffer little changes



826 C. R. de Cos et al.

150

Time [s]

Fig. 4. Comparison between the total thrust in the unmodified case and the modified
one according to the BEMT model (hereby considered real as it is a much more accurate
estimation) and the common proportional to quadratic rotation speed of the rotors one,
being the controller references also shown as dashed lines.

5

Position [m]

0 5 10 15 20 25 30 35 10 15 50 55 60
Time [s]

Fig. 5. AM position comparison between the modified strategy (solid) and the original
cascade one (dotted), where dashed lines show the references sent as input to both
position controllers.

and can be considered unaffected by the improvements in the solution if only
analysed by this figure. However, according to the attitude error results in Fig. 6,
the modification of the controller implies a substantial decrease of noise and
vibrations in attitude that produces a smoother translational motion.
Moreover, this decrease of attitude noise and vibrations under the significant
RM perturbations introduced is considered acceptable to validate the advances
to obtain a more robust solution, taking into account that not only these RM per-
turbations have been considered, but the aerodynamic effects have been included
as well. This advance is proved to be produced by the inclusion of the term
ryp ZQ, which actually works as a filter of the RM disturbances, avoiding the
over-actuation of the attitude control induced by the RM perturbations.
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Unmodified backstepping Modified backstepping
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Fig. 6. Attitude and motor RPM errors comparison between the modified backstepping
and the unmodified one.

7 Conclusions

In this work, a modification to cope with perturbations derived from a robot
manipulator and aerodynamic and propulsive effects of a cascade control strat-
egy has been proposed and studied. This modification, consisting of the introduc-
tion of feedforward position integral action, additional derivative action in the
attitude and angular speed control and some other minor changes, such as filters
and saturations, has been proved to be substantially beneficial in a simulated
operation mission. Although having introduced significant oscillations in the RM
not considered in the model used to design the control strategy, the modified
controller has shown a substantially better performance than the initial cascade
controlller, based on a backstepping strategy. Moreover, the inclusion of these
changes has also been demonstrated to be essential to avoid the permanent posi-
tion error produced by the simplifications of a complex system needed to obtain a
explicit control algorithm. Summarising, the modification significantly increases
the robustness of the control solution and provides a useful controller to use in
a real aerial manipulator.
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