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This paper presents a control scheme for aerial manipulators which allows to solve different motion problems:
end-effector position control, end-effector trajectory tracking control and path-following control. The scheme
has two cascaded controllers: i) the first controller is a minimum norm controller based on numerical methods,
it solves the three motion control problems just by modifying the controller references. Also, since the aerial
manipulator robot is a redundant system, i.e., it has extra degrees of freedom to accomplish the task, it is
possible to set other control objectives in a hierarchical order. As a secondary objective of the control it is
proposed to maintain a desired configuration for the robotic arm during the task. ii) The second cascade
controller is designed to compensate the dynamics of the system which main objective is to drive the velocity
errors to zero. The coupled dynamic model of the robotic system (hexarotor and robotic arm) is presented. This
model is usually developed as a function of the forces and torques. However, in this work, it is written as a
function of reference velocities which are usual references for these vehicles. The proposed control algorithms
are given with the corresponding stability and robustness analysis. Finally, to validate the control scheme,
experimental tests are performed in a partially structured environment with an aerial manipulator conformed

by an aerial platform and a 3DOF robotic arm.

1. Introduction

In the last decade, the robots have been evolving due to the capabil-
ities and functionalities that robots have developed in different fields
such as in agricultural services [1,2], search and rescue of people [3,4],
nuclear and exploration activities [5,6]. A robot can have total or
partial autonomy, which allows it to make decisions based on the
work environment. By different navigation techniques the robots are
able to perform tasks such as rescue, search and localization, among
other activities. These types of tasks can be simple and performed by
non-complex robotic systems. However, there are applications such as
object manipulation, maintenance of structures, transportation, that
require the ability to move from one place to another and the ability
to manipulate to reach the final goal. Among this type of robotic struc-
tures are aerial manipulators (AM), which allow performing active and
passive tasks combining the manipulation characteristics of a robotic
arm and the transport characteristics of an unmanned aerial vehicle
(UAV).
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Some of the control algorithms used to solve motion problems of
aerial manipulators are based on the kinematic model and the dynamic
model of the robotic system. In the literature there are several motion
control techniques that involve kinematics and/or dynamics, e.g., in [7]
the trajectory tracking of an aerial manipulator is presented using
an adaptive algorithm to compensate for the variations of the UAV
dynamics, but it does not consider the dynamics of the robotic arm.
Similarly, in [8] a trajectory tracking control based on an adaptive
algorithm of infinite H-norm is presented, in which the robotic arm is
assumed as a perturbation within the model of the aerial manipulator.
In [9] it is presented a model based adaptive control algorithms for
an under actuated AM composed of a conventional multirotor and a
robotic arm. The authors consider the aerial platform and the robotic
arm as two independent systems for modeling and control. In the same
context, position control based on the sliding mode technique is pre-
sented in [10], the dynamic model of the AM supposes the mass of the
UAV within the mass of the first link, which generates control problems
due to change of center of gravity. To solve this, the authors implement
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an adaptive control law. Several works in the literature [11,12] present
the dynamic model of an aerial manipulator robot independently, that
is, the dynamic model of the aerial platform and the dynamic model
of the robotic arm are analyzed separately. Therefore, one of the
contributions of this work is to obtain and validate the dynamic model
of an aerial manipulator as a coupled system (aerial platform + robotic
arm). Another aspect to take into account from the review carried out
is that the dynamic model of robots is usually expressed in terms of the
forces and torques that act on the systems [13,14]. However, in order to
avoid estimating or measuring forces and torques of the robot, another
contribution of this work is to obtain a dynamic model as a function of
the reference velocities, facilitating the application of control actions
to the real robot.

Motion control issues that commonly exist for aerial manipulators
are: (i) position control; (ii) path-following control; and (iii) trajectory
tracking control. Some of the control algorithms developed to solve
motion problems are based on the kinematic model and the dynamic
model of the robotic system. In this context, several works have been
carried out, such as in [15] where it is presented an inverse kinematics-
based controller for a dual-arm aerial manipulator, being the motion
constraints handled by the kinematics Null-Space. An inverse dynamics
scheme for the internal control of the dynamics is presented in [16]
with a robot model having torque inputs. There are schemes with
trajectory optimization for the control of aerial manipulator [17]. These
optimization schemes have been applied to the separate analysis of
the UAV and the robotic arm, which generates inconveniences when
solving the problem of different control schemes for each system.
On the other hand, more advanced control schemes have been im-
plemented for trajectory tracking such as null space algorithms and
path-following with secondary objectives [18,19], however, they do
not take into account the dynamics of the system, but only use the
kinematic model of the robots. These works are presented at the
simulation level, without evaluating the behavior of the system in face
of the changes in the inertias, present in a combined coupled system.
Therefore, the analysis of the dynamics of aerial manipulator robots
in the control systems are totally pertinent and the performance at an
experimental level should also be investigated. For example, in [20] an
inverse dynamic control is developed for an aerial manipulator with
a parallel 3DOF manipulator robot. There, the authors propose the
dynamic compensation only of the omnidirectional floating base robot
and mention that for better precision of the end-effector, it should be
considered dynamics compensation control of the complete system in
a coupled way.

In the present work the coupled dynamics of the complete sys-
tem is obtained and an inverse dynamics compensation controller is
proposed using numerical methods. Research has been carried out for
the implementation of the theory of numerical methods in robotics
applications such as in [21], which performs trajectory tracking in
mobile robots. The controller design method is based on linear algebra
theory, and numerical estimation techniques are used to estimate the
uncertainty value for each sampling time. Also in [22] a sliding mode
controller using linear algebra for trajectory tracking of a mobile robot
is presented. The model of aerial manipulator robots are characterized
by highly nonlinear and complex characteristics and its knowledge is
mandatory for the development of traditional control strategies such as
Sliding Mode Control (SMC) or inverse dynamics control strategies.

For all the above mentioned, this paper presents a new type of
dynamic model for this kind of robotic systems that has not yet been
discussed in the literature. The dynamic model is presented in terms
of reference velocities, facilitating the application of control actions to
the real robot. The Euler-Lagrange methodology is used to obtain the
dynamic model, after which the parameters of the model are identi-
fied with the respective validation. The dynamic model is then used
for implementing dynamic compensation in cascade with a kinematic
controller, which is designed to allow the three control objectives of
position control, trajectory and path-following control, in an unified
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way, by only modifying the desired references. In addition, the stability
and robustness analysis of the control system are presented. Finally,
experimental tests are performed in partially structured environment,
to validate and assess the performance of the proposed control scheme.
Such a control scheme is the main contribution of this work.

The work is structured as follows. Section 2 presents the problem
formulation. Section 3 presents the motion control problems. Section 4
presents the kinematic and dynamic models of the aerial manipulator.
Section 5 describes the proposed cascade controller scheme. Section 6
presents the proposed controllers with the respective stability and
robustness analysis. Finally, Section 7 presents the experimental results
with their analysis.

2. Problem formulation

This section presents the multilayer scheme proposed in this work,
see Fig. 1. The proposed multilayer scheme considers different objec-
tives, i.e., each layer has different functionalities and is composed of
five main layers:

Task configuration layer. The main objective of this layer is to plan
and define the tasks to be executed by the aerial manipulator robot.
This layer is subdivided into: (i) Off-line configuration. In this sub-layer
the initial parameters of the robot are defined; the motion problem to
be solved is selected, i.e., it is defined if the robot executes position con-
trol, trajectory tracking or path-following; and the secondary control
objective to be solved by redundancy of the robotic system is assigned.
And finally, (ii) On-line configuration. In this sub-layer it is possible
to modify the primary control objective; and modify or add another
secondary control objective.

Kinematic control layer. In this layer, a minimum-norm kinematic
controller based on numerical methods is implemented in order to solve
the problems of position control, trajectory tracking and path-following
for an aerial manipulator robot. The controller in each sampling period
receives the reference positions and velocities of the desired shape.
Therefore, this controller is responsible of calculating the maneuver-
ability velocities for the system. In addition, the control of secondary
objectives is considered in this layer.

Dynamic compensation layer. Is responsible for compensating the
dynamics of the aerial manipulator robot in order to reduce the velocity
tracking error.

Robot layer. Represents the aerial manipulator robot consisting of a
robotic arm on the underside of an unmanned aerial vehicle.

Environment layer. Represents the partially structured workspace
where the aerial manipulator robot executes the task planned in the
first layer.

The proposed multilayer scheme presents independence of each
layer, i.e., the changes within any layer do not cause structural changes
in the other layers. Several nonlinear control algorithms can be tested
using the same control strategy. It is important to mention that from the
presented scheme a simple structure can be obtained, in other words,
some layers can be increased or removed keeping the basic structure,
ie., subtraction or addition of layers does not affect the rest of the
layers. For example, the on-line configuration layer could be discarded
in the case of trajectory tracking in a known environment and without
obstacles. An adaptive dynamic control layer can also be included, for
tasks at high velocities and transport of heavy loads.

3. Motion control problems

In this paper, a control scheme is proposed to solve the problem of
position control, trajectory tracking and path-following for an aerial
manipulator robot in a unified way. The proposed control scheme
considers the desired position and velocity of the end-effector of the
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Fig. 1. Multilayer scheme.

aerial manipulator robot as reference signals. Therefore, these signals
can be represented as:

Ea(t,5,8) = [fld &oa -fmd]T eR" (@]

Vat,5.8) = [v1g vy Vg €R" ®)

where, &3 = [cfpdT éod]T is the desired position vector and orientation;
and v4 represents the desired velocity vector of the end-effector of
the robot at each time instant. According to the control problem, the
desired position and velocity can be defined as a function of: + which
represents the time variable; s represents the variable of the desired
path profile; and & = [pr éa]T is the vector that contains the current
position vector &, and the current orientation &, of the end-effector of
the robotic system [23].

3.1. Position control

The positioning problem consists of maneuvering the robot with
the objective of positioning the end-effector of the robot at a desired
point with a desired orientation &4. Therefore, the desired position
and orientation (1); and velocity (2) for position control is defined as:
Eq(1,5,8) = &g € R™ and v4(1,5,6) = 0 € R™. The controller receives
the desired constant position and orientation (.fd’t € [ro,t f]> and the

desired velocity ( vy = 0| t € [to.1/] ) Then, the motion control problem

is to determine a control law pg (1) = f (E(t)) with &(t) = &4 — &(1), such
that lim,_, &) = 0 € R™.

3.2. Trajectory tracking

The trajectory tracking problem of a robotic system consists of
maneuvering the robot over a desired continuous smooth profile param-
eterized in time. Fig. 2 shows the trajectory tracking problem, where
£q(1) and &4(¢) represent the desired position-orientation and velocity
of the end-effector at time 7 with respect to the inertial reference
frame Ry. Therefore, the desired position (1) and velocity (2) for the
trajectory tracking control are defined as:

£a(t,5,8) = Eq()  Vq(1,5,8) = &Eq() = %tfd(t)

The trajectory tracking controller receives the desired trajectory
and orientation (&4 (1|1 € [1g,1,]) and the desired velocity (vq = &3 (1)
t € [ty,t f]). Therefore, the problem of motion control is to determine
a control law ux (1) = f (E(t),&4(1) with &(r) = &4(1) — &(t), such that
lim,_,&@) =0 € R™.
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3.3. Path-following

Path-following control consists of maneuvering the robot so that the
end-effector follows a desired non-parameterized path in time. Fig. 3
shows the robot path-following problem, where,

p(s) = [£,(8)  &,(9) §A,Z(s)]T represents the desired path to be fol-

lowed; &4 = [pa" &l = [6d & & &' such that py repre-
sents the point closest to the current position of the end-effector; &,
is the desired orientation of the end-effector in the plane XY; p =
EX’E ,&,|| is the position error norm; and v, is the desired velocity of
the end-effector on the desired path, defined with respect to the inertial
reference frame R,. Therefore, the desired position (1) and velocity (2)
for path-following control is defined as:

£a(t.5.8)=84(s,8)  vq(t,5.8) =vq(s,8)

The desired position and velocity over the path does not depend
on time as an independent variable, it depends on the current posi-
tion of the robotic system. (éd (s,§)| te [to,tf]) represents the closest
position of the desired path to the end-effector of the aerial ma-
nipulator with its desired orientation. Also, the desired velocity is
(vd (5,8) = [vp (5.8, &, (s, .f;)” t € [t tf]), with v, the velocity tangent

to the path at the point p; and with norm HVPH which represents the

desired speed at this point, and ¢, is the desired rotational velocity of
the end-effector. Therefore, the control objective is to design a control
law for the robotic system pg () = f (E(),vq (s, &) with &) = &4 (1) -
& (1) to guarantee the convergence the end-effector position &(t) to the
desired path p(s), i.e., lim,_ E(t) = 0 € R™.

4. Aerial manipulator model

Two kinds of models are used to design control strategies in
robotics: (i) Kinematic Model which describes the motion of the robot
end-effector as a function of the velocities of the joints of the system;
and (ii) Dynamic Model, which provides a description of the relationship
between the actuator torques of the robot joints and the motion of the
system. On the other hand, the dynamic model is usually defined in
terms of torques and forces [13,24]. In the present work, the dynamic
model of the aerial manipulator is obtained as a function of the robot
maneuvering velocities by including the dynamics of the servo actua-
tors. With this dynamic model representation, it is possible to propose
cascade dynamic compensation control schemes after controllers based
on kinematics.

4.1. Kinematics of aerial manipulators

The configuration of the aerial manipulator is defined by the vector
q of n independent coordinates, known as generalized coordinates of
the system. The vector q = [q,” q,']" with q, representing the vector
of generalized coordinates of the aerial platform and q, the generalized
coordinate vector of the robotic arm. It is possible to see that n =
n, + n,, where, n, and n, are the dimensions of the spaces associated
with the generalized coordinates of the aerial platform and the robotic
arm respectively. The configuration q corresponds to the configuration
space of the aerial manipulator A(. The location of the end-effector of
the system is defined by the vector & = [¢, &, &y |', where &
defines the position and orientation of the end-effector into the fixed
reference frame R,. The m coordinates of £ represent the dimension of
the working space of the aerial manipulator denoted as . The end-
effector location can be defined in different ways depending on the
task, i.e., it can consider only the end-effector position or position and
orientation.

The kinematic model of an aerial manipulator gives the location of
the end-effector & as a function of the configuration of the robotic arm
q, and the configuration of the aerial platform q,.

[ ANXA, = M
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Fig. 3. Aerial manipulator path-following problem.

(qu’ qa) ~&=f (qu! qa)

where, A\, and A, represents the configuration space of the aerial plat-
form and the robotic arm respectively. Now, the differential kinematic
model of the aerial manipulator gives the derivative of the location of
the end-effector as a function of the derivatives of the configuration
of the robotic arm q, and the aerial platform q,. The result of the
partial derivative of the position and orientation of the end-effector
with respect to the joints of the system is:

con_ Of .
=5 (qu-9a) 4 3)

where, ¢ = [¢, § &,]" is the velocity vector of the end-
effector. Now, taking into account q(rf) = T(q) u(¢) and replacing in
(3), results:

&0 =J@®) u G

where, T(q) € R is a matrix that includes the transformation between
the velocity commands of the mobile reference frame R, and the
velocities in the fixed reference frame Rr; J(q) is the Jacobian matrix
of the system that defines the linear mapping between the vector of

velocities of the aerial manipulator u(r) and the end-effector velocities

&o.
4.2. Case study

This section describes the kinematic model of the aerial manipulator
robot, which considers a coupled system, i.e., aerial platform and
robotic arm as a single system. The aerial manipulator consists of a
hexarotor and a 3DOF robotic arm mounted on the underside of the
aerial platform. Fig. 4 shows the configuration of the aerial manipulator
in the operating space.

The system is composed of seven maneuverability velocities, four
hexarotor velocities subject to the mobile reference frame of the robot
Ry : vy is the linear velocity for the hexarotor frontal displacement; v, is
the linear velocity for the hexarotor lateral displacement; v, is the lineal
velocity for the hexarotor elevation; @ = y is the angular velocity that
rotates the hexarotor around the E-axis; and three angular velocities
41, 4, and ¢; which are the velocities of the robotic arm joints.

Remark 1. In the procedure for obtaining the kinematic model of the
aerial manipulator robot, the system is considered to work with low
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Fig. 4. Kinematic configuration of the aerial manipulator.

velocities. Therefore, the pitch and roll angles are approximately zero:
0 ~0and ¢ ~0.

The model representing the motion of the aerial manipulator in the
fixed reference frame is defined as follows:

S =vpcy, —Usy, — (@ + 41)Sy g1 (lzs(ﬂ + l3sq2q3)+
oy ar (hep +13cp) + dacyqr (3epgs)

éy =vrs, +0ic, + (@ +4)e, (lzsqz + l3sqzq3)+ (

EO = JQu@) = 5)

ot dasyq (e + 3egs) + d35yq (13¢4q3)
&, =0, + dolasgy + (o + 43)35,003

6’0=w+q.l

where, & = [, ¢, ¢ éo]T is the vector of the end-effector ve-
locities and the orientation of the end-effector on the XY plane of
the fixed reference system Ry; p = [v; v, v, ® 4 @ q3]T
is the maneuverability velocity vector of the aerial manipulator; and
J(@ : R" - R™ is the Jacobian of the system with » = 7 which is
the dimension of the configuration space of the aerial manipulator and
m = 4 is the dimension of the robot workspace. In addition, C, = cos («a);
Cyop =cos(a+ p); S, =sin(a) and S,; = sin (& + f).

4.3. Dynamic model of the aerial manipulator

The dynamic model establishes a mathematical relationship be-
tween the coordinates of the joints, their velocities, accelerations, forces
and/or torques that act on the system and parameters of the robot
such as: masses, length of the links, inertias and moments [25]. Fig. 5
shows a description of the parameters involved in the movement of the
robot.

To obtain the dynamic model of the aerial manipulator, let us
determine the velocities of each mass involved in the system, starting
from the center of mass of the hexarotor to the end-effector. The
position and velocity for the first mass is:

Xy Xy
P1=| W Vi = (6)
Zy — ll Z.u

The position and velocity of the second mass is determined by:

xu+l2cu,ls2
P2 =| Wt hsy15;
zy =l —he

X, = lysy18 (v +d1)+ lyey 164y
Vo = | Sy +haey15y (¥ +dy) + hsyicd @
Zy+ 1554,

Finally, the position and velocity of the third mass is:

Xy + ¢y (1257 +13523)
P3 =| Yy + Syi (lzsz + 13523)
zy =l —lyey = lzeo3
Ky = 8y1 (lSy +13503) (W + a1 ) +¢1 ((laea +13003) 4 + I32343)
V3 =y, + Cyl (1232 + 13523) (x/'/ + ql) + 5y ((12c2 + 13023) g + l3c23q'3)
Zy + (lsy +13503) do + 1362343

®

The dynamic model describes the relationship between the inputs and
the motion of the robot, through the Euler-Lagrange equation [25],

L£@9=K(q9-U@ ©)

where, K is the total kinetic energy of the system, U is the potential en-
ergy of the total system. The kinetic energy of the system is determined
by:

K=K,+K, (10)

K, is the total kinetic energy of the aerial platform and K, is the total
kinetic energy of the robotic arm. The kinetic energy of the hexarotor
is composed by the kinetic energy produced during translation and the
kinetic energy produced during rotation, in such a way that:
1 1

K, = EVuTmquu + E(oLI“wu an
where, m, is the mass of the hexarotor, v, is the linear velocity vector
of the hexarotor in the fixed system, w, is the angular velocity and I, is
the moment of inertia of the hexarotor. Replacing the angular velocity
of the hexarotor, the kinetic energy of the platform results:

1
= —v,

|
W= Va5 Ly° 12

2
The kinetic energy of the hexarotor written in matrix form as a function
of the generalized coordinates q results as follows:

K,

K, = 2dt (Y, mdy, + T, 130, ) 4 a3
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Fig. 5. Moment and mass scheme of the aerial manipulator.

where, g =[x, ¥, z, ¥ 4 & q3]T is the velocity vector of
the generalized coordinates of the aerial manipulator, J, and J, are
defined as:

I

0 0 O
Jv“:[13><3 03><4] Jmu_

as
02><7

Now, the kinetic energy produced by the robotic arm is composed
by the kinetic energy of translation and rotation produced by each link:

Ka = Kal + Kal + Ka3 (15)

Replacing the kinetic energies we obtain:

1 . . \2 .2 . . \2
K, = 3 (v{mlvl +1 (¥ +4dy) +v£m2v2 + 145 +v;m3v3 +13(dy + d3) )

(16)

Then, separating the kinetic energies produced by the masses of the
robotic arm links and writing in matrix form as a function of the
generalized coordinates, it results that the kinetic energy for mass one
is defined by:

1. .
K, = 5qT (Ivim v +Jol I Jo;) q a7
with,
o 0 0 1 1 0 O
W=l Opy] Joy= N (18)
2X7

Kinetic energy of mass 2:

1. .
K, = EqT (Ivimydvy +Jol Jw,) q (19)
with,

L 0 0 =bhsyeo —lbsyeo —heys, 0
Jv={0 1 0 Iy Leyieo  =lysyis, 0

0 0 1 0 0 e 0 (20)

00 0 0 0 1 O
JCO2=
02x7

The kinetic energy of mass three is determined by:
1. .
K, = EqT (Ivimsdvs +Jol I Jws) q (21)

with, (see Eq. (22) in Box I). Then, the total kinetic energy of the system
is given by:

3
K= %qT (IVimJv, +Jo! 1 Jo,) 4 + %qT z (Iv/mdv; +Jo! IJw;) 4 (23)

i=1

replacing the Jacobians, masses and moments of inertia results:
J .
K=-dM@q @9

Finally, the potential energy is determined by:
3
U =m,g2py + Y, mg2op; (25)
i=1
where, the vector z, is given by zy= [0 0 1] and g is the gravity.
Replacing the kinetic and potential energies in the Euler-Lagrange
Eq. (9), it results:

. ) .
L@9=54"M@q-U@ (26)
The torques and forces of the system are determined by [25]:
c= 4 (L) _ (oL @7
dt \ 0q aq

where, © = [fT tT]T = [fxM foo [z T T T 73]T is the
vector of torques and forces associated with the generalized coordinates
of the aerial manipulator. The derivative of £ (q,q) with respect to the
vector q is:

0L(q.q) _ 19 /. . c )

— Y == (¢M =M 28
34 154 (@M(@d) =M@4q (28)

Now, deriving with respect to time the Eq. (28) results:

d (0£(q, Q)

dt aq

Finally, the derivative of £ (q,q) with respect to q:

0L(Q. @) _1( 0
aq 2 \dq
The equations of motion written in compact matrix form represent-

ing the dynamic model of the joint space is given by:

T=M@{i+C@q+&@ (31)

where, M (q) € R is the mass or inertia matrix of the system, which
is a positive definite symmetric matrix, C (q,q) € R’ is the matrix of
centripetal and Coriolis forces determined by:

)=M(q)q+M<q)q 29)

(a"™ (@) q)) - a% W (@) (30)

_ ) = 1..0 -~

C(q. 9 =M(q - 59"-M(q (32)
27 dq

and is g(q) € R7! the gravitational force vector obtained as follows:

5(q) =2
g(q) = aqU(q) (33)
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I 0 0 =5 (lzcz+l3cz3) =Sy (12C2+13C23) —Cy (1252+l3523) —l3¢,1523
Jvy=10 1 0 ¢, (12c2+l3cz3) Cyl (12c2+l3c23) —l58y152 —135,1523
0 0 1 0 0 lyeo +13¢p3 l3¢3 (22)
00 0 0 0 1 1
Ja)3=
02><7
Box L

The dynamic model (31) verifies all properties defined in [25]. Now, let
us represent the generalized coordinate velocity vector q in terms of the
velocity vector of the aerial platform by the equality q = T (q) u. Where,
T(q) € R™7 is the matrix to transform the associated velocities in the
fixed frame Ry to the mobile reference frame of the hexarotor Ry,
and u = [uf, U}, Uys @, 4y > 4o q3]T is the vector of robot maneuverability
velocities. The acceleration  is obtained from the derivative:

Q=L @@m=T@i+T@n &D)

The dynamic model (31) as a function of robot velocities, accelerations,
forces and control torques is defined by:

£, = [T(@ 'M(@T (@] e+ [T(@" (Cq. p) T(q) + M(q) T ()] p
~+ [T@'g (@)

where, f, = [, raT]T is the vector of forces and torques of the
aerial manipulator robot and is composed by f, = [f o fi fe TW]T ;
and 7, = [r; 7, 13]". Now, to transform the dynamic model of the
aerial manipulator as a function of reference velocities, we first obtain
the transformation of the torques of the robotic arm as a function of
velocities considering the electro servo actuators. The torques applied
on the robotic arm joints are calculated by:

7= (v, —kyd) =123 (36)

35)

where, ¢; represents the angular velocity produced by each joint; k, is
the torque constant multiplied by the reduction constant; r, is the ar-
mature resistance of the motor; k, is the counter-electromotive constant
multiplied by the reduction constant and v;, is the voltage applied to the
motor. On the other hand, the motor voltages are controlled by a PD
controller, which is common in commercial motors to follow reference
speeds. The model of the controller is described by:

v, =k, (4, =) = kad 37)

where, ¢;  is the reference angular velocity and §; is the angular
acceleration produced by the motors. Replacing Eq. (37) in the equation
of the motor torques (36) results:

k
7= =2 (kyd,, = (ky = k) 6 = ki) 38)
a

The torque vector of the robotic arm 7, is determined by:

Ta = quaref - (Gp + Gb) qa - qua (39)

kqk

rﬂ

gk kgk
where, G, = ( . ) I3ya; Gg = (Td) Li; and Gy, = ( . ) Lys-

rH

Now, since the hexarotor is a robot that accepts reference veloc-
ity commands, it is assumed that the internal control (attitude and
altitude) of the hexarotor has PD-type controllers. The robot has four
controllers that handle the three linear velocities and the rotational
(yaw) speed. As a first part, we have the expression of the force
generated in each direction of the robot as a function of velocities [26].
Furthermore, according to the aerodynamic properties [27,28], there is
a velocity that opposes the thrust force of the rotors in each direction
of the platform. Therefore, the expression of the total force exerted by
the robot is given by:

fi=kp(ti—kgv) i=f.le (40)

where, #; is the thrust of the hexarotor; k,; is a constant that transforms
the current velocity v; into opposite thrust due to aerodynamic effects
and ky; is a drag constant that transforms into linear displacement
force. Now, it is assumed that the internal control of the hexarotor has
PD controllers for the thrust, therefore, the thrust in the three directions
is:

t=ky (0, = 00) = kats (41)

As in (40), it is assumed that the rotational torque produced by the
hexarotor is given by

1, =k, (1, — k,o) (42)
And the PD-type controller for the rotational torque 7,, of the robot is:
t, =k, (0,5 — o) —kgi> 43)

In general the forces for linear displacement and the rotation torque of
the robot are defined by:

Ji=kpikyor = (kyiky +kp k) 0 =k pikat;

. 44
Ty = kokyw.p — (kok, +k k) o—k ki

Then, the forces for linear displacement and the rotational torque of
the robot are calculated by:

fu = Gp1Vu, = (Gp1 + Gpr) Vu = GarVu (45)
where, v, = [v Frep? Ulyey > Verey» @re f]T is the hexarotor reference veloc-
ity commands vector, while the actual linear velocities vector that the
hexarotor generates is v, = [uf,u,,ve,w]T; and v, = [vf,z'),,oe,d)]T is
the acceleration vector of the hexarotor. The matrices that represent
the transformation of forces into references velocities are defined by:
Gy = diag ([kyprkpikperkp,|)s G = diag ([k; s kyokee ko, ]) and
Ggy = diag ([kdf’kdl’kde’kdu/])'

Then, expressing the system in hexarotor and robotic arm reference
velocities, it results:

fr = Gy, prer — G, #=G, 1 (46)

where, s = [Vy, qam,T]T is the reference velocity vector of the
aerial manipulator robot; u = [v,T an]T is the velocity vector of the
robot; ji = [V,T an]T is the acceleration vector of the robot and

G, = Gy 03 G, = Gy + Gy 033 G = Gar 03
r 0y G, b (L G, + Gy a4 054 Gy
(47)

Now, considering the dynamic model of the robot (35) and (46), we
obtain:

et = G [T@ " M@T @ + Gy, | i+
G [T@ ' €@ T @+ T@ ™ M@ T @) + Gy, | e+ (48)
4+ G T@ g (@
Finally, the dynamic model can be written as follows:

Heee =M(qQ) t+C(q. p) u+g(q (49)
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where,

M@ =G [T@ M@T@+Gy,|
Cla.n =6 [T@'C@nT@+T@ " M@T@+G,| (50
8@ =G 'T@ 'g@

Remark 2. Eq. (49) represents the dynamic model of the AM without
taking into account external disturbances and unmodeled robot dynam-
ics. The dynamic model considering perturbations and errors in the
modeling is represented by py = M(q) jt + C(q, p) u + g(@) — 8(k),
where, 8,(k) = f(y,.v,) is a vector depending on external disturbances
7e € R" and on unmodeled dynamics y, € R”". However, not taken into
account in (49), it is considered in the control error behavior through
the robustness analysis in Eq. (81).

4.4. Parametric identification of the dynamic model

The method used for the identification is through general or black
box identification, where the objective is to establish the input-output
relationships of the system, without making physical interpretations on
the composition of the mathematical model. In order to identify the
parameters of the dynamic model of the aerial manipulator robot, it is
done through the minimization of an objective function:

min f () (51)

where, 9 € R" is the vector of dimension # that represents the
parameters of the system to be identified. The function to optimize to
find the parameters is given by:

F® = |pex — A (52)

such that, u,, is the reference velocity that excites the real robot; f
is the velocity provided by the dynamic model obtained from the real
data of the robot and is calculated by:

B=M(q") i° +C(q°. p°) u® +g (") (53)

where, ¢°, u° and j° are vectors of actual positions, velocities and
accelerations obtained from the robotic system. As the velocity readings
and accelerations of the robot contain noise, the acceleration i° is
estimated from a first-order filter f (s) = Hi/l with 1> 0.

Parameter identification is done through the Quasi-Newton opti-
mization algorithm [29]. It is a linear search method that solves a
minimization sub-problem by approximating the Hessian of the La-
grangian. When the value of f (&) reaches a minimum, the search
provides the vector of parameters 9 that fulfill the minimization of the
function. The dynamic model has a total of twenty-seven parameters
(n = 27), which represent nonlinear combinations of masses of links,
inertia moments of the hexarotor and of the links of the robotic arm,
among other parameters that make up the dynamic model.

5. Control scheme

The proposed control scheme for an aerial manipulator robot is
shown in Fig. 6. The proposed controller can be applied to solve the
motion control problem of positioning, trajectory tracking and path-
following by appropriate selection of control references in the task
configuration layer of the proposed multi-layer scheme, see Fig. 1.

1. Nonlinear kinematic control. 1t is a kinematic controller of minimal
norm with saturation of the maneuverability commands of the aerial
manipulator robot. This controller receives as inputs &, (k) € R™ and
vy (k) € R* which describe the desired position and velocity of the
end-effector with respect to the inertial reference frame R,; and k
represents the discrete time instant. Control errors are defined as & (k) =
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&4 (k)—E& (k) = A& (k) € R™. Therefore, the control objective of the aerial
manipulator robot can be defined as:

Jim (g (k) —&(k)) =0€R" (54)

2. Dynamic compensation. It is a control law that compensates the
dynamics of the aerial manipulator robot in order to reduce velocity
tracking errors and disturbances caused by environmental conditions
and dynamic effects of the system. This controller receives as inputs
the vector uyg (k) € R” calculated by the nonlinear kinematic controller
and generates the maneuverability commands of the aerial manipulator
robot up, (k) € R". Control errors are defined as ji (k) = pg (k) — p (k) =
Aji(k) € R". Therefore, the dynamic compensation control objective
can be defined as:

lim (g (6) = u () =0 € R (55)
6. Nonlinear kinematic and dynamic control

The nonlinear kinematic controller at t+ = kT, (where, T} repre-
sents the sampling period with respect to Nyquist’s theorem, and k €
{0,1,2,3,...} are the samples of the continuous response) receives the
desired position and velocity of the robot end-effector &4 (k) € R™ and
vy (k) € RY respectively. This controller generates the maneuverability
velocities of the robotic system ug (k) € R". In other words, the desired
operational motion of the robot is an application of &4 (k) and v, (k).
Therefore, the motion control problem is to determine the maneu-
verability vector ug (k) to achieve the desired motion of the robotic
system. The corresponding evolution of the whole robotic system is
given by the vector of generalized coordinates of the aerial manipulator
q (k). The design of the proposed control law is based on the tools of
numerical methods and linear algebra properties [30]. Therefore, the
kinematic model of an aerial manipulator robot (4) can be discretized
through Euler’s method, where it is possible to determine the state of
the system at instant (k + 1) as:

&k +1) =ToJ (q k) p (k) + & (k) (56)

On the other hand, the use of numerical methods to calculate the
evolution of systems is mainly based on the possibility of determining
the state of the system at instant (k + 1), if the state and the control
action are known at instant k. Then, a variable at instant (k + 1) can
be substituted by the desired variable and then calculate the necessary
control action to make the output system change from its current value
to a desired one. To achieve this control objective, it is proposed that
the behavior of the error variation is given by Ed(t) + &) = 0, where
T is a square weight matrix. Then, discretizing the error equation
proposed through Euler and considering the error at instant k is &(k) =
£q(k)—£&(k), it turns out that the state at the instant (k + 1) of the system
as a function of the desired state and the control action results:

E(k+1)=Eq(k+1) = &g (k) + & (k) + TyT'(k) (&g (k) — & (k) (57)

where, T'(k) € R™ " is a diagonal matrix that weights and saturates the
control errors defined as I" (k) = diag (I;/(o; + |&; (k)|)) where, 5, € R*
defines the saturation rate of & (k); T I'; € R* represents the maximum
saturation value for the ith component of the control error vector & (k).
On the other hand, equating (56) and (57) we obtain the following
system of linear equations:

J(q (k) p (k) = Ti (Eak+1) = Eq (k) + (k) (£q (k) — E(K)) (58)
0

Now, considering that the aerial manipulator robot is a redundant
system, ie., J(q(k)) € R™" with m < n it is necessary to consider
the right-hand pseudo inverse of J(q(k)). In addition, it is known
that a system of linear equations is homogeneous if it can be writ-
ten in the form J(q(k)) u(k) = 0. Now, if it is considered that the
configuration of the robotic system is redundant, therefore, J(q (k)) €
R™" has more unknowns than equations with range r = n for every
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Fig. 6. Cascade control scheme.
(TL (Ea(k + 1) = Eq () + T(k) (£q (k) — & (k))) and taking into account ~ Table 1 _
0 Evolution of the control error ¢ (k) at time instant k.

that the homogeneous equation has a non-trivial solution, the system X k4D (1-Ty0) & )
could have infinite solutions. In this case, consider that (58) is consis- 1 ) (-1,r)E M

1 . i —Lodii) s
tent for (T_o (&4 (k+. 1)—&4 (k)). +T(k) (& (k.) - §(k))) z.md being that 2 £ (=Tor) & @ = (1-Tyr) 8 ()
Hp (k) € R" Is a particular solution, the solution of (58) is the set of all 3 Z@ (1-T,I,)E®) = (1-T,I,) & (1)
vectors of the form: : : :

n Em+1) (1-TyL) & = (1-T,1,)"E (1)

Hg (k) = py (k) + py (k) (59)

where, y;, (k) is any solution of the homogeneous system J (q (k)) u (k) =
0. A viable solution method is to formulate the problem as a constrained
linear optimization problem % ||;4(k)||§ = min, obtaining as a particular
solution:

Eqa(k+1)— &4 (k)

- f
Hp (k) = J(q (k) < T

> +Jq k)" (Tk) (&g (k) — & (K)))
(60)

where, J(q (k)" = J(q (k)" (J (q (k) J(q (k))T)‘1 is the right-hand pseudo
inverse matrix of J(q(k)). The second term of (60) allows to perform
positioning tasks, while the first term allows to perform velocity track-
ing. Therefore, Eq. (60) can be unified in such a way that it allows to
perform the two tasks only by modifying the velocity parameters and
is defined by:

Hp (k) = J(q (k)" (va (k) + T (k) (&4 (k) — & (K))) (61)

where, v, (k) represents desired tracking velocity. Now, u;, (k) as a ho-
mogeneous solution of (58) is the set of solutions where J (q (k)) p (k) =
0. Therefore, for the optimization problem it is necessary to define the
cost function as min (% || = ;40||§) with p, € R” thus obtaining the
homogeneous solution:

iy () = (Lew — 3@ (k)TT (@ (0))) pg (k)

where, (L, —J(q RIC (k))) is the orthogonal projection operator in
the null space of J(q(k)) and p, (k) is the velocity vector that affects
only the internal structure of the system and does not affect the position
of the end-effector of the aerial manipulator. Finally, considering (61)
and (62) in (58), the following control law is proposed:

p (k) = J@(k)" (va (k) + T(k) (&4 (k) = E(K)) ) +

Hp(K)

o (L = J(q () T (q (K))) g ()

<

(62)

(63)

Hn (k)

In the proposed control law (63) the first term on the right de-
scribes the main task of the end-effector which minimizes the term
% [l (k)||§. While the second term defines the movement of the internal
configuration of the aerial manipulator robot, therefore, this type of
system allows to establish several secondary control objectives that
do not affect the main task of the end-effector. The redundancy of
aerial manipulator robots can be effectively used to achieve additional

features such as: avoidance of obstacles in the workspace and sin-
gular configurations, safe configurations for the robotic arm or for
optimization of various motion criteria.

6.1. Stability analysis

Now, to demonstrate the stability of the proposed control law (63),
perfect velocity tracking is considered, i.e., ug (k) = u (k). Therefore,
the closed-loop equation is obtained by equating Eq. (63) with (56)
which belongs to the discretized kinematic model of the system:

TLO Ek+1) = &) =T (@) (J@E) (vq k) +Tk) (& (k) = & (0)))

ot (L) = (@) T (@) pg (K))
(64)

Considering that J (q (k) J(q (k)T = I € R™™ and after simplifying
it results:

E(k+ 1) = &(k) = Tyvg (k) + TT(k) (&4 (k) = & (K)) (65)

In the following, it is studied the convergence of the unified kinematic
controller to any of the basic motion control objectives.

6.1.1. Case 1 (Trajectory tracking problem)

In order to analyze the evolution of the control error for the tra-
jectory tracking problem in the closed-loop equation (65) we consider
that vg4 (k) = TL@ (£q (k+ 1) — &4 (k)), therefore:

Ek+1) = (L, — ToT) E (k) (66)

Table 1 represents the evolution of the ith control error of Eq. (66) for
trajectory tracking problem.

If n — oo, the control error & (n+ 1) will be & (c0) = (1 -TyI};)™
& (1), therefore, if 0 < T,I;; < 1 then the control error results in

& (00) = 0 with k —» . Using an analysis similar to that of control
error & (k) we can conclude that:

lim & (kT,) =0 € R"
fim 8 (o) =0 €
with 0 < Ty max (diag (I')) < 1 when k — oo the ith control error of the

aerial manipulator robot is asymptotically stable satisfying the control
objective.
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6.1.2. Case 2 (Position control)

The stability analysis for the position control problem is similar to
the trajectory tracking problem, with the difference that &3 (k+1) =
&4 (k). Therefore, it can be directly concluded that:

klirgof (kTy) =0 €R”

6.1.3. Case 3 (Path-following control)

It is analyzed the evolution of the control error for the path-
following problem in the closed-loop equation (65), with & (#) the
closest point on the path to the end-effector with a desired angular
position &,(1) and vq (1) = [v, (T &, (t)]T, where, v, (¢) is the de-
sired velocity in the tangential direction to the closest point of the
end-effector.

Stability for orientation path-following. From (65) let us only con-
sider the equation for the orientation, such that:

&k +1) =&, (k) = Tob g (k) + Ty T, (&g (K) = &, (K)) (67)

The desired velocity of the end-effector is defined as &,(k) =
M where & ,(k) is the desired orientation at the closest point
pa(k) at instant k which implies that the closed-loop equation for the
orientation results in the following equation &, (k + 1) = (1 - T,) &, (k).
Using the analysis similar to (66) results in &, (c0) = (1 = T,I,) &, (1)
if 0 < Ty I, < 1 leads to the lim; _,, &, (kT;) = 0. Therefore, the control
error for the orientation is asymptotically stable.

Stability for position path-following. Now, from (65) only the equa-
tion for the position of the end-effector is considered, such that & (k) =
[:’,’x (k) &,(k) &, (k)]T and pqy as the desired vector representing the
closest point to the end-effector of the aerial manipulator, then we
obtain that:

E(k+1) = E(k) = Tyvy (k) + TyT (pg (k) — & (K))

Note that vp(k)isa tangential velocity in pq (k) that does not come from

a derivative with respect to time and has a desired speed ”vp”. Now,

rewriting (68) in the following way:

S+ -¢E)
Ty

(68)

= v, (k) + T (pq (k) — £ (k) (69
and considering Euler’s derivation method, it follows that &(k + 1)
— & (k) = Tyé (k) and the position error with respect to the closest point
to the end-effector & (k) = (pqg (k) — £ (k)), Eq. (69) reduces to:

E()=v, () +T (&)

Now, the position vector of the end-effector & (k) according to Frenet’s
coordinates [31,32] has two components: &1 (k) which is the tangential
component (T) and &y (k) is the Normal component (N) (see Fig. 3). The
velocity in the tangential component is & (k) = vp (K), which results the
desired velocity tangential to the path; while the velocity in the normal
component is:

&y () =T (&(k))

which means a normal velocity to the tangent of the path at which the
end-effector approaches the path. According to Frenet’s coordinates the
velocity &y (k) has direction to the closest point if the end-effector pg
on the path. Then, when the end-effector moves in that direction, the
error decreases. Therefore, the velocity of motion in that direction is the
decreasing velocity of error written as &y (k) = —.% (k) Now, substituting
in Eq. (71) this decreasing velocity results that:

E()+T () =0

(70)

(71)

(72)
Discretizing (72) for T;, results ff(k) = w and rewriting we have:
0

Ek+ D) -EK)

T +TEMK) =0

(73)
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Then, taking the error & (k + 1) results:

E(k+1) = (1-TyT) Ek) 74

Analyzing the error for the ith value of Eq. (74) similar to (66) it
results that & (n+1) = (1 -TyI};)"& (1). Then, if n - oo the control
error & (n+ 1) will be equal to & (c0) = (1 — TyI};)7& (1). Therefore, if
0 < TyI;; < 1 the control error & (c0) = 0 with k — co. Performing an
analysis similar to that of the control error & (k) it is concluded that:

Jim Ek)=0eR3
with 0 < T, max (diag (I')) < 1 when k — oo the ith control error of the

aerial manipulator robot behaves as asymptotically stable, achieving
the path-following control objective.

Remark 3. It is important to mention that the sampling period Tj is
given in seconds and is generally always less than 1 s in order to obtain
better real-time data feedback.

Remark 4. In order to accomplish the objective of path-following
control, the desired velocity tangent to the path is [19]:

”vp ” cos (a) cos (f)

vp 0 = [ [|vp | sin (@ cos 8) (75)
v
where, “vp ” is the desired scalar velocity on the path at the closest point

of the end-effector. While the a and f§ angles are determined by:

déyq
— -1 ds _ -1
a = tan T6] p = tan
ds

6.2. Dynamic compensation

dén
dixg %yd 76)
ds * ds

The cascade dynamic compensation controller receives the veloci-
ties generated by the kinematic controller, and generates new maneu-
vering velocities to the aerial manipulator robot. The desired velocity
tracking of the robot is an application of uy (k); while the control prob-
lem is to determine the maneuverability vector uy (k) to accomplish
the desired velocity of the robotic system. The velocity of the robotic
system is given by the vector u (k). Therefore, if there is no perfect ve-
locity tracking, the velocity error is defined as (ji (k) = ug (k) — p (k).
The proposed control law for the dynamic compensation is based on the
discretization through Euler’s method, therefore, the dynamic model of
the robotic system obtained in (49) is:

M (k) —p(k—1)

firer (6) = M (q (K) ( 4

> + C(q k), p (k) p (k) + g (q (k)

77)

Now, in order to determine the control action necessary to make the
output go from its current value to the desired value, the following
expression is considered:

k)+ Q2 (k—1)—puk-1)) - (k—1)
un(k)=M(q(k>)(”“ (b uik =) = >+

Ty
o+ C(q(k), u (k) p (k) + g(q (k)
(78)

Here, Q(-) is a diagonal matrix composed of sigmoid functions that
weighs and saturates the control errors ji(k — 1) = pg(k — 1) — pu(k — 1)
defined as © = diag (2;/(o; + |fi;(k — 1)|)), where, o, € R* defines the
slope of the saturation function; £, € R* represents the maximum and
minimum saturation values of the diagonal matrix €(-) weighing the
ith component of the control error vector.
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Table 2
Evolution of the control error j, (k) at time instant .

k A (k) (T —2) A (k= 1)

1 IAQ) (L = 2,) 7. ©) )

2 Q) (L = ) B (D = (L; = €4)" 7 (0)

3

3 () (L —2) 1, = (L = 2,)" /1 ©)

n A () (L= 2) i (1= D= (1, - 2,:)" 5, 0)
Table 3

Evolution of the velocity error vector /i (k) at time instant k.

k pk) (=) fi(k = 1) + TM(k)~" 8, (k)

1 A (I =) 1 (0) + T,M(1)~' 8, (1)

2 A A-2) 50)+ T, (A - M) 8,(1) + MQ2)™'5,(2))

n ji(m) A-Q) gO)+T, Y, A= )" M+ 1 =076, (n+1-1i)
—_———

i=1

50

Asn)

6.2.1. Stability analysis

In order to demonstrate the stability of the proposed control law,
it is considered that there are no modeling errors or environmental
perturbations 8, (k)= 0, in other words, uy (k) =pet (k). Therefore, the
closed-loop equation can be obtained by equating (78) with (77):

P =k =1) = p () +Q (g k= 1) = (k= 1) = pc (k= 1) (79)

Considering that fi (k — 1) = pg (k — 1)—pu (k — 1), it is possible to rewrite
Eq. (79) as:

p) = (I -Q) k-1 (80)

Table 2 represents the evolution of the ith control error of the
closed-loop equation (80).

If n > oo, the control error fi; (n) in an instant of time will be
i (00) = (I;; — £2,)®ji; (0). Therefore, if 0 < £;; < 1 the control error
f;(00) = 0 with k — oo. Similar to the control error j (k) it can be
concluded that:

lim (k) =0 € R"
k—o0

with 0 < max (diag (2)) < 1 when k — oo, in other words the ith
control error of the aerial manipulator robot is asymptotically stable,
thus satisfying the control objective of dynamic compensation.

6.2.2. Robustness analysis
For the robustness analysis it is considered that there are distur-
bances and/or modeling errors, therefore:

Hret (k) = pp (k) — 6;(k) €R" (81)

where, 8;(k) is the vector representing the perturbations and errors in
the modeling. This vector is assumed to be bounded, that is ”6,-4(k)“

< ks Vk, where k5 € R*. Therefore, in order to obtain the closed-loop
equation, Egs. (81) and (77) are combined:

(k) = (Lyy — Q) it (k — 1)+ TyM(k) ™' 8,(k) (82)

The evolution of the velocity error of Eq. (82) is analyzed in Table 3.
Now, the norm of the ith value of the velocity error fi(n) can be
written as:

Nl = | Ag 00+ As 00| < || a5 0 + 45 0] 83)

where, |Ap(n)“ = |@-2)"i (0)]| and ||As (n)|| is given by.

[As )| =<T, Z ki “(M (n+1-0)"6,(n+1- i)“ (84)
i=1
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where, kg = Ay, (I - Q) and A, (-) represents the maximum eigen-
value of a matrix. Taking into account the properties of the matrix
M(q) € R*, the following constants are considered: k,, =
\/ Amax (M(n)"TM(n)™") Vn and k; that represents the maximum singular
value of M(n)~! and the boundary value of the error 6, (n), respectively.
Rewriting (84) results:

n

|As | <T, Y ki kyks

i=1

(85)

Now, we obtain a geometric series [33], where, a = kj ks and r =
kq. Thus, the series converges if and only if |r| < 1, such that the terms
decrease to close to zero in the limit. Indeed, as 0 < max (diag (2)) < 1,
then, 0 < A, I— Q) < 1 and consequently the series converges. The
sum of the first n-terms of the geometric series is given by:

n

D kg karks = kagks (1—kg") (1= ko)™ (86)
i=1
and the convergence of the series is:
n

. i—1 _ ) _ -1
Jlim Z} kil kpgks = kprks (1= kg) 87)
Therefore, if n — oo Eq. (85) results:

lim Ay ()| < Tokprks (1—kg) ™' (88)

n—co

Now, rewriting (81) and considering (86), the velocity error value at
each sampling instant k is: [|i(k)|| < HAﬂ (k)” + Tokpks (1 - ko)

-1
(1-kg) -

Finally, the behavior of the velocity error when k — oo is given
by [limy gy A0 = [[limyg A0 + [Jlimy oo As(R]|. First, let us

calculate lim_, Atk = limy_, o, I - Q)kji (0). As 0 < max (diag () <
1, it results that (I — £2)¥i (0) > 0 when k — co. Therefore, ) Ay (k)H =
H(l — Q)kﬁ(O)H — 0. And taking into account (88), the velocity error

fi(k) when k — oo results:

I (Ol < Tokprks (1 - kg) ™ (89)

This means that, in presence of disturbances and/or modeling errors,
the velocity error ji(k) is bounded, moreover, the maximum value of
the velocity error can be estimated by Eq. (89) if k,, and k; are known.
In case there were no disturbances or errors in the model, the error
fi(k) — 0 when k — oo and the system verifies to be asymptotically
stable.

7. Experimental results

This section presents the experimental results of: (i) validation of
the dynamic model of the aerial manipulator; (ii) experimental vali-
dation for position control; (iii) experimental validation for trajectory
tracking; and (iv) experimental validation of the controller for path-
following. Fig. 7 shows the robotic system used for the identification
of the parameters of the dynamic model and for the experimental
tests [19]. The aerial manipulator robot consists of: (i) DJI Matrice
600Pro hexarotor, it has a total weight including batteries of 9.5 kg and
the maximum speed reached by the platform is 18 m/s without wind.
The aerial platform through libraries (SDK) provides the global and
local position data, global velocities, pitch, yaw and roll angles that are
indispensable to feed back the control loop and calculate the position
of the end-effector; (ii) A robotic arm of three degrees of freedom,
the joints of the robotic arm are constituted by ROBOTIC DYNAMIXEL
(MX-106) actuators. This type of motors provides the necessary data
to feedback the control loop (position, angular velocity and angular
acceleration); and (iii) An Intel computer (Intel® NUC 11 Enthusiast)
which is in charge of commanding the system. It interconnects each
part of the robot to send and receive information from the aerial
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Fig. 7. Aerial manipulator robot used for the experimental tests.
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Fig. 8. Validation of the dynamic model, the subscript “ex”
and “mod” is the velocity obtained from the dynamic model of the aerial manipulator.

platform and the robotic arm, in other words, it sends the control
reference commands and obtains the feeding of the robot speeds and
positions. The software that performs the numerical computation to
execute the control algorithm is Matlab.

For the experiments the sampling period used is T;, = 0.1 s, during
which the robot is able to receive and send the position and velocity
data to feedback the control loop. The experiments were carried out in a
partially structured environment, where the environmental conditions
(wind speed) at the time of the experimental tests can be seen at [34].

Remark 5. As the system is redundant, a secondary task is defined to
avoid undesired configurations of the robotic arm during experiments
and facilitate the task with the end-effector. The velocity vector in the
control law p, (k) that affects only the configuration of the robotic arm
is defined by:

po()=Kytanh ([0 0 0 0 G (k) Gk §GK)) (90)

where, §; (k) = ¢,y — q; (k) with i = 1,2,3 is the error of the robotic arm
joints; g;, is the desired angular position value for each joint of the
robotic arm; K, € R7™ is a positive diagonal matrix that weights the
joint errors; and tanh (-) is an odd function that saturates the joint errors.
Therefore, the desired values for the joints ¢;; are defined in order to

maximize the manipulability index w =4/det (JJ7) [35] as a secondary
control objective.
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(b) Robotic arm velocities.

represents the excitation velocity to the robotic system; “real” represents the actual velocity produced by the robot;

7.1. Dynamic model validation

The validation of the dynamic model allows to observe that the
identification is acceptable, comparing the real reference inputs in-
jected into the robot, with the real velocities it provides and the
velocities obtained from the dynamic model. Two reference velocity
inputs are considered to observe how the dynamic model responds.
Fig. 8 shows the behavior of the model with the first type of reference
signals. These signals are different from the ones used for parameter
identification.

Now, Fig. 9 shows the validation of the dynamic model with step-
type reference inputs for the aerial platform and for the robotic arm
joints. The similarity between the real and the model signals validates
the identified dynamic model.

7.2. Position control experiment

To validate the position control, multiple experiments are proposed.
The experiments consist of having the end-effector of the aerial ma-
nipulator converge to a desired position, starting from various initial
conditions. Table 4 shows the conditions established for the experi-
ment, while Fig. 10 shows the behavior of the aerial manipulator in
various performed experiments. The video recreated in Matlab with real
data obtained during the experiment is available at [36].

Fig. 11(a) shows the evolution of the end-effector position in XY Z
space starting at the initial condition of q4 (fy), while the behavior of
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Fig. 9. Validation of the dynamic model with step-type reference inputs.
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Fig. 10. Movement of the overhead mobile manipulator to position the end-effector in the desired position.

Table 4
Position controller parameters.

Desired position &; Ea =2, 6y=3, &4 =2 [m], &, =05 [rad]

Hexarotor and robotic arm q; (1) = [12,9, 14,0, 7.0, 2]1
initial conditions . (t ) _ [_10 60.% % 0 ﬁjIT
alty) = [au (1) g (10)'] A R
a; (1) = [-10,12,5,-2,-%,0,2]" and
T
q, (1) = [14,—7,3, Z-%0, g]

Control gains I =05, 1I,=05,I;=01, I, =0.1,
o,=1 i=1,2.3,4and

K, = diag ([0,0,0,0,1.5,1.75,1.75])

Desired joint positions 41 =0, @y =5 and g3y = %ﬂ [rad]

the position control errors can be seen in Fig. 11(b). We can see how
the errors converge close to zero when the end-effector is adjusted to
the desired point.

The evolution of the robotic arm joints is presented in Fig. 12. It can
be seen how each joint converges to the desired values by the control
action in the null space.

7.3. Trajectory tracking experiment

For the validation of the trajectory tracking controller with dynamic
compensation, an experimental test is performed which consists of
the end-effector following a trajectory without dynamics compensation
(only the kinematic control action applied to the robot), and sub-
sequently the cascaded dynamics compensation is activated. Table 5
shows the parameters established for the experiment, while Fig. 13

13

Table 5

Trajectory tracking controller parameters.

£y () = 4sin (0.35) + 2,

&, (1) =8sin (0.175) — 1,

£,4 () =0.5sin(0.525r) + 7 and
&,4 () = arctan (540/é,,0)

x,(tg) =4, y,(t) =2, z,(t)) =9 [m].
w(ty) = 5, a1(ty) = =%, ¢,(19) =0 and
as(ty) = 5 [rad]

=08, I,=08, I} =15, I, =2,
o,=1 i=1,23,4and

K, =diag([0,0,0,0,1.5,1.75,2.75])

Desired trajectory and
orientation &,(7)

Hexarotor and robotic arm
initial conditions q (t,)

Control gains ug

Control gains puy, 02, =085, 2, =085, 2; =08, 2, =0.64,

0;,=08, 2, =08 and 2, =08

Desired joint positions 414 =0, @y =5 and g3y = %ﬂ [rad]

shows the evolution of the end-effector on the plane and in 3D space.
It is evident the effect of the dynamic compensation in reducing the
trajectory tracking error by seeing how the end-effector fits better to
the desired trajectory (green line). The video recreated in Matlab with
real data obtained during the experiment is available at [37].

The behavior of the control errors is shown in Fig. 14. As can be seen
in the first part of the experiment, the control errors are higher with a
Root Mean Square Error of RMSE = 0.636 m for only kinematic control.
While from ¢ =75 s with the dynamic compensation the RMSE = 0.205
m, therefore, it is verified that the error is smaller and that the dynamic
compensation improves the trajectory tracking of the end-effector.

The objective of the dynamic cascade compensation consists in
reducing the velocity errors to zero so that the end-effector fits better on
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Fig. 11. Robot movement in XY Z space and control errors of the experiment.

0.5 T T 0 T T 3 T T
— V—

= 0 05 Q2d [ J
S 2
o5, 05 —q1d q1 1k 1

1 15 ‘ ' 1 : :

0 20 40 60 0 20 40 60 0 20 40 60
Time [s] Time [s] Time [s]

Fig. 12. Evolution of the joints of the robotic arm for the experiment with q4 (1,).

Desired = 10
Trajectory

Actual trajectory with

Actual trajectory with Desired

dynamic compensation

¥ (m)

Trajectory ~ dynamic compensation

Actual trajectory without / 65 —-
dynamic compensation T dynamic compensation
. . . . . | ! 2 s s ‘ ‘ . ‘ i |
-8 6 4 2 0 2 4 6 -10 -8 -6 -4 -2 0 & 4 6 8
x [m] x [m]
(a) Motion executed as seen in the XY plane. (b) Motion executed as seen in the X Z plane.

Fig. 13. Evolution of the end-effector during the trajectory tracking experiment. (For interpretation of the references to color in this figure legend, the reader is referred to the
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Table 6

Path-following controller parameters.

&y (s) =8sin(125) +3, £, (s) = 6cos (125) + 12,

£.4(s) =0.5cos (60s) + 10 and
de de

&,4 (s) = arctan ( Ljfﬂ/ ) ) ”vp”

ds
x,(1g) =3, y,(tg) =2, 2,(ty) =8 [m]. w(t) = %;
q,(19) = _5, 4,(19) =0 and ¢;(t)) = % [rad]
N=1,IL=1,I=151I,=18,
o, =1 i=123,4and
K, = diag([0,0,0,0,1.5,2,4])

Desired path p(s) and desired
orientation for the end-effector

Desired speed ”vp” = 1.5 [m/s]

Hexarotor and robotic arm initial
conditions q (z,)

Control gains py

Control gains py, 02, =085, 2, =085, 2, =08, 2, =0.64,

2;=08, ;=08 and 2, =0.8

Desired joint positions Gy =0, gy = —% and ¢y, = %n [rad]

the desired trajectory. Fig. 15 shows the velocity errors of the hexarotor
and the robotic arm joints during the experiment.

7.4. Path-following experiment

The experiment to validate the path-following controller consists of
defining a non-time parameterized desired path for the end-effector.
Again, both experiments, with and without dynamic compensation
have been done. Table 6 presents the parameters of the experiment.
Fig. 16(a) shows the evolution of the end-effector during the path-
following experiment without dynamic compensation and 16(b) shows
the evolution of the end-effector during the path-following experiment
with dynamic compensation. The videos recreated in Matlab with real
data obtained during the experiments are available at [38,39].

The R? norm of the control error p = |"§x,‘§y,§Z| of the two path-

following experiments are presented in Fig. 17(a), which are very close
to zero. Small oscillations are observed which are produced by the
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environmental conditions during the experimentation, resulting a value
of RMSE = 0.175 m for experiment with dynamic compensation. On
the other hand, a value of RMSE = 0.4817 m was obtained for the
case of the control scheme without dynamic compensation, i.e., only
path-following kinematic control. The orientation error of the path-
following experiments are presented in Fig. 17(b), it is evident how
the orientation error with dynamic compensation is smaller than the
error without dynamic compensation.

Fig. 18(a) shows the behavior of the velocity errors of hexarotor
and Fig. 18(b) shows the velocity errors of the robotic arm during the
path-following experiments without dynamic compensation (blue) and
with dynamic compensation (red). The velocity errors of the robot with
dynamic compensation are smaller than the errors without dynamic
compensation, therefore, it is verified that the dynamic compensation
fulfills its objective.

In the position control, trajectory tracking and path-following ex-
periments, small oscillations can be observed in the control errors
produced by the wind in the test environment or by dynamics not taken
into account in the model, therefore, control errors remain bounded as
foreseen in Section 6.2.2.

8. Conclusions

The proposed unified controller by numerical methods solves the
three motion control problems of an aerial manipulator: position, tra-
jectory tracking and path-following. Only with the suitable selection
of the desired tracking velocity, the three tasks can be executed with
the same control law algorithm. Furthermore, the dynamic model
presented in this work has been defined in terms of reference velocities,
which makes it easy to establish control structures to compensate for
the system dynamics. For future work, adaptive dynamic compensation
control is proposed, with the objective of transporting loads and tuning
the parameters of the dynamic model according to the load handled by
the robot.
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