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1 INTRODUCTION

1.1 Use Case and Challenges

Efficient material flow, also known as intralogistics, plays a crucial role in agile production.
The automatization of the internal supply chain processes is a rising trend in the nowadays
industry, especially with the introduction of Automated Guided Vehicles (AGVs). However,
despite the potential of such robotic solutions, their complete integration into automating in-
tralogistics processes, particularly in collaboration with humans, remains a significant chal-
lenge. This is primarily due to the limitations in flexibility, cost-effectiveness, and safety cer-
tifications, with the latter being the biggest obstacle. In fact, currently, the available solutions
are often based on the assumption that navigation and manipulation tasks are performed
separately, this severely simplifies the achievement of certification but hugely impacts the
performances of the robot.

1.2 Proposed Solution

To address these challenges, this thesis focuses on the development of a model-based,
whole-body controller for an omnidirectional-wheeled manipulator that can handle naviga-
tion and manipulation tasks simultaneously while ensuring human safety. To achieve effi-
cient execution of manipulation tasks, it is essential to employ rigid or compliant actions.
Therefore, the whole-body controller has been specifically designed with a strong emphasis
on dynamics, leveraging the theory of impedance control. By adopting a model-based ap-
proach instead of alternatives like optimization-based control, we can ensure safety and re-
liability, mitigating the risk of failure and improving our understanding of the overall system’s
functioning. Safety is addressed by the control framework at the trajectory planning level by
employing a validated algorithm that incorporates impact dynamics and injury biomechanics.
Eventually, the required flexibility for agile production is attained through the exploitation of
the structural redundancy to tackle coordinated arm-base motions. Particularly important for
this final aspect is the consideration of the couplings that arise between the two subsystems
that compose the mobile manipulator, a part often neglected on behalf of the hypothesis that
these two will be subject to only sequential and non-simultaneous motions.
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1.3 Thesis Structure

In chapter 2 the theoretical background needed to understand the proposed control frame-
work is provided to the reader. This comprises a brief introduction to robotics, a detailed
description of omnidirectional-wheeled mobile manipulators’ kinematics and dynamics for
the rigid case, a simple experimental method for deriving the center of mass of the robot,
an explanation of impedance control, including the choice of its characteristic parameters, a
way of resolving redundancy by means of artificial potential fields and null-space projections,
and, eventually, an approach to hinder unsafe motions.

Subsequently in chapter 3, the proposed solution is discussed in detail by actualizing and
joining the theoretical foundations introduced in chapter 2. Here a description of RB-KAIROS+
is also provided as this was the robot utilized as an example of application.

Chapter 4 and 5 show the rigorous testing performed in MATLAB/Simulink, the developed
simulation in ROS/Gazebo and also discuss the results that were obtained.

Ultimately, chapter 6 draws the conclusions of this work and adds some interesting ideas on
the possible future developments.

1.4 A clarification on the notation in use

A brief discussion on the notation in use is needed to ensure an easier understanding for
the reader.

Scalars, vectors and matrices In order to distinguish these 3 objects, it is made use of
different notations:

* a or K - scalar: non-bold, both lower case and upper case letters will be used.
* a - vector: bold, lower case.
» A - matrix: bold, upper case.

A notable exception is the notation of the twist vector V.

Coordinates and frames of reference The notation {A} = (z,y, z) is exploited to define
a right-handed 3D frame of reference with axes z,y, z. The same notation will be extended
to 2D framers.

In order to state that a vector or a matrix is written in frame { A}, the vector or the matrix will
be preceded by a superscript 4, e.g. “p. It is true that in this way the writing is heavier but
the resulting clarity makes it worth.
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Cross product through matrix multiplication An alternative way of writing the cross
product is by means of skew-symmetric matrices.

axb=S(a)b=50b)a

where

* S(a) - Skew-simmetric matrix corresponding to vectora: S(a) = | a3 0 —a;
—Qa2 aq 0
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2.1 An introduction to robotics

Robotics aims to design machines that can ease human life. In order to fulfil this objective,
robots need to be able to perform tasks and this, many times, means executing a motion in
a controlled and smart way.

To execute a motion, it is first needed to describe it. The initial step to do so is to define the
location of the robot. Since robots can be quite complex systems formed by several rigid
bodies, one of these rigid bodies will be selected (usually, in the case of manipulators, this
coincides with the end-effector) and its location in space will be utilized to depict the location
of the whole robot. It is very well known that a rigid body in Cartesian space has 6 degrees
of freedom (DOF), this is why robot location is usually depicted through a 6 x 1 vector x
called pose in which all the information of position and orientation is embedded.

The location of the selected rigid body will depend on the movements of the other rigid
bodies that compose the robot. In order to describe their state, a vector g € R”, with n =
the number of rigid bodies, is introduced and named configuration space coordinates' or
generalized coordinates or even joint space coordinates.

As a consequence we can state that « is a function of the configuration space variables q
and their relation is described by the direct kinematics equation [1],

= f(q) (2.1)

where p is used to denote the position and ¢ indicates the orientation 2.

Now, a motion, or a trajectory, is always linked to time, and it actually can be defined as the
evolution in time of the pose of the robot, hence,

x(t) = f(q(t)) (2.2)

It is of great interest to understand how fast the trajectory changes over time, this is done
by analysing the twist of the robot, which is also called task space velocity «(t). Again, this
is linked to the rate of change of the configuration variables, e.g. the configuration velocities
q(t). The relation that allows retrieving the task velocity @(¢) from g consists in

'As intuitively understandable, the name comes from the fact that it describes the configuration of the robot
2Position and orientation can be described through several different representations, a brief discussion on
representation choice can be found in 2.1.1
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i = = Ja(q(t))q(t) (2.3)

£(6) = H _ df(a(t) _ df(q)da(t)
dt dg dt

Where J, is the analytical Jacobian and depends on the representation chosen for x(t). A
clarification on this aspect will be provided in 2.1.1.

There is also another way to define the Jacobian which is representation-independent [2] and
is retrieved by studying the geometry of the robot. We will refer to this Jacobian as geometric
Jacobian or body Jacobian J,. Practically, the difference between the two is made plain by,

= Ju(q(1))q(t) (2.4)

where p(t) is the linear velocity of the rigid body, while w(¢) is its angular velocity.

From now on the variable ¢ will be often omitted to simplify the notation and when the dis-
cussion is valid for both the Jacobians, a generic J will be adopted.

Lastly, accelerations can also be retrieved by simply differentiating 2.3,

&(t) = J(q)q + J(q)d (2.5)

In the case in which it is desired to obtain g from &, we talk about the inverse kinematic
problem [1] that if J is invertible can be simply solved as

qg=J ' (q)z (2.6)

If the robot is redundant, meaning that n > 6, J will not be a square matrix and, thus, not
invertible. In this case, a pseudo-inverse can be adopted to solve the problem. As a solution
to this problem, in section 2.3.2, a dynamically consistent pseudo-inverse is presented.

2.1.1 Task space representation

Nowadays, to represent robot kinematics in task space there are several and very well-
known methods. To describe a position, except for special cases, Cartesian coordinates
(z,y,z) appear to be the simplest, yet effective representation. Coming to the orientation,
instead, the choice is not that straightforward.

In principle, a rotation matrix R could be directly adopted, and the direct kinematics problem
would be solved by means of the homogenous transformation matrix T'(q),

T(q) = [ﬁ(‘” ”(1")] 27)

However, this solution is often avoided because of the high number of parameters needed,
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due to its difficult integration in control loops and due to its counter-intuitive description of
the orientation.

Much simpler and very similar to Cartesian coordinates in their clarity and compactness is
the use of Euler angles. Euler angles constitute a minimal representation® [1] and are easy
to integrate in control, nevertheless they are prone to mathematical singularities and they
determine an impedance behaviour that is representation dependant [3].

Consequently, this led researchers to find a different representation not subject to the afore-
mentioned problems that will be introduced in the next paragraph.

Unit quaternions representation A unit quaternion is a non-minimal representation of the
orientation defined as: [3]

q={n€} =n+ei+ej+ek, €€ R3, (2.8)
lal> =n*+e'e=1 (2.9)

A more meaningful definition from a physical perspective is the subsequent:

q = {cos(0/2),rsin(0/2)} (2.10)

where r is the axis around which a rotation ¢ is occurring.

The definition as a special case of angle axis makes it eligible to the application of the
Rodrigues’ formula which leads to the two-to-one* relation with rotation matrices[3]:

OR = 2ewely + (2% — DI + 2005 (€10) (2.11)

Even more important from a practical standpoint is the inverse relation:

1
7725\/R11+R22+R33+1 (212)

sgn(R3s — Roz)V/Ri1 — Ryg — Rs3 + 1
€ = — SgIl(ng — Rgl)\/RQQ — R33 - Rn +1 (213)
sgn(Ra1 — Ri2)V/R3s — Rip — Rog + 1

where 71 has been chosen to be > 0

Representing a pose with quaternions Eventually, quaternions can be employed to rep-
resent the pose of a rigid body in this way,

3"Minimal" because at least 3 parameters are needed to describe an orientation in three-dimensional space
4{n, e} and {—n, —€} lead to the same rotation
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T
Y
z
T — [P] = |n (2.14)
q
€1
€2
€3
and its rate of change as,
Y
. z
@ = H = |5 (2.15)
q )
€1
6'2
6'3

The derivative of the quaternion can be obtained through the so-called quaternion propaga-
tion formula [3]:

n= —%eTw (2.16)
¢ %(771 — S(&))w (2.17)

where w is the angular velocity of the rigid body.
Recalling 2.3, 2.4 and applying 2.16, 2.17, it is easy to prove that:

= P
:

where E(q) = 1 [(771 __Z*T(e))w]

A 7 element x, z, & might be difficult to tackle, especially inside control laws, luckily, via a
simple trick it is possible to trace back to a 6 x 1 vector as explained in the next paragraph.

I3,z Osys

= Tal@)d = [o B(q)| 7 (&19)

A simplified orientation error via quaternions’ representation For control, it is interest-
ing to investigate how to represent the error between the current orientation and the desired
one.

Assuming that 2 R and 7 R are the matrices that describe the current and the desired ori-
entations of the end effector in the space frame S, from eq. 2.11 it is evident that we can
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describe the same orientations via the quaternions q,, = {7.s, €.s} and q,; = {nas, €as }-

The orientation error® is characterized by a rotation that brings the end-effector from a frame
to another, therefore, in this case, this coincides with 2R = 2 R-'2 R. Analogously to what
has just been done, we can associate this rotation with a quaternion that we will call quater-
nion error

qud = Dq;sl * qus (219)

where q; = {n4s, —€as} is the quaternion corresponding to the rotation 3, R~!. Please notice
that everything is reported to the desired frame {D} this, of course, is not mandatory for
defining the orientation error but can simplify the definition of the stiffness matrix [4] of the
impedance controller.

Actually, the most important information about orientation is embedded in the imaginary part
of Pq., as Natale and Luh, Walker, and Paul state in their works [3][5]. This leads to the first
simplification that allows to define the orientation error e, as a 3 x 1 vector,

eo = Presin(0.q/2) = Pecq (2.20)

Now, one could think to directly derive the rate of change of this error by simply writing
eo = Pé.q, however, this is an unnecessary complication that would only increase the com-
putational burden and lead to the employment of an elaborate analytical Jacobian as showed
in 2.18.

This can be avoided by applying a small approximation as explained in the subsequent part.

As depicted in [5], consider a sufficiently small time interval (¢ — t;), such that the relative
angular velocity between {D} and { EF'} can be regarded as constant and equal to w.,4. Con-
sequently, this rotation can be represented through an angle and an axis as follows:

w
TEd(tj) = HweZH and 0= ||w€d||(t - tj)7 tj St< tj+1
e

recalling 2.20, e, can be rewritten as,

We, .
eo = o “tosin(|we|(f — 15)/2)

||wed |

Whereas its derivative is

. 1 1 1
€o = §wedCOS(HwedH(t —1;)/2) ~ 5Wed = 5(‘%8 — Was)

In order to avoid the factor % a factor 2 is added in the expression of ep.

From the possibility of writing éo as a simple difference between angular velocity, it follows
that the introduction of the analytical Jacobian is useless and the body Jacobian can be
directly exploited.

Serror is defined in Ott fashion [4] e = . — x4 to make it coherent with the other parts of this thesis
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2.2 Kinematics of omnidirectional mobile manipulator

Kinematics is the branch of mechanics that aims to describe motion without considering its
causes.

In this section, the direct kinematics and the derivation of the geometric Jacobian of an
omnidirectional vehicle equipped with mecanum wheels will be presented and the same will
be done for a serial-link manipulator. Eventually, these two models will be joined together to
compose the kinematics of a mobile manipulator.

2.2.1 Kinematics of a manipulator

The most interesting part of the motion of a manipulator is constituted by the end-effector,
which is the ultimate part of the robot in which, usually, a tool is applied.

Manipulators are constituted of multiple links attached through joints. Each link will contribute
to the motion of the end-effector and modelling this contribution through generic geometrical
intuition can be complex, thus, to help in this regard a convention has been developed.

The Denavit-Hartenberg convention defines a set of simple rules to attach frames to the
joints of the manipulator thus allowing to shrink the number of parameters, used to describe
the kinematic relationship between two adjacent links i and i — 4, to just 4. These constitute
the so-called D-H parameters («;,a;,0;,d;) [2]. A detailed description on how to apply this
set of rules can be found in [2] for the standard D-H convention and in [6] for the modified
D-H convention.

Here will be reported only the final result obtained using the modified D-H parameters, that
is, the homogenous transformation matrix that relates link i — i to link i:

cos b; —sin 6; 0 i1
il _ sin#; cosc;_; cosb;cosa;_; —sina;_1 | —d;sin o;_q (2.21)
g sinf;sino;_q cosb;sino;_;  coso,_q d; cos a;;_q
0 0 0 | 1

If the joint to which the link is attached allows only translational motions (prismatic joint),
only the parameter d; will be a variable while all the others will depend on the geometry of
the robot and hence, will be fixed. On the other hand, a joint that allows only a rotational
motion (revolute joint) implies that ¢; is the only parameter that varies.

Putting together all of the joint variables the set of configuration space variables q, is ob-
tained.

By means of q, it is possible to determine each transformation matrix :~*7" and starting from
the first joint every matrix is multiplied for the one corresponding to the subsequent pair
resulting in a kinematic chain that describes the pose of the end-effector as a function of the
joint variables.

nT(@2) = VT (¢a1 2T (das) - -7 T(da,) (2.22)
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Axisi—1 Axis i

Figure 2.1: Link frames in modified D-H convention. Image taken from [6]

Jacobian of the manipulator From the geometrical description of the arm, it is possible
to derive the cause-effect relation between the end-effector velocities, which belong to the
operational space, and the joint variables rate of change ¢, [2]. Each joint contribution is
given by ©:

Zi

J(g,) = [z * (e 0’”’] 2.29

where °z; is the z-axis of link frame i, °p; is the position of the link frame i origin and °p, is
the position of the end-effector frame (refer to figure 2.1 for a complete understanding).

Stacking up all of the links’ °J* the geometric Jacobian (also called body Jacobian) °J,(q.)
of the manipulator is formed. Therefore a simple way to retrieve the end-effector twist is
given by

OV = OJa(qa)Qa (224)

2.2.2 Kinematics of an omnidirectional vehicle

Omnidirectional vehicles are, by definition, vehicles that can move in any direction without
being subject to any constraint. Depending on the type of wheel adopted, different consider-
ations can be done while attempting the modelling of their kinematics. In this case, a model
that assumes the presence of 4 mecanum wheels will be provided.

The mechanical design of a mechanum wheel allows these two directions of motion [7]:
« Driving - movement along the direction perpendicular to the axis of rotation.

« Sliding - movement along a line characterized by a 45° inclination with respect to the
axis of rotation.

8For modified D-H convention
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Sliding direction (45°)

driving direction

Figure 2.2: Simplified schema of the mechanum wheel. Figure adapted from [7]

It is clear that the most general motion will be the result of a combination of a movement
along both driving and sliding directions [7]:

w
w,, _ | Uz| _
v = WU = Udrive

where W is a frame of reference centered on the wheel’s geometrical center.

E]

—sin
cos(

+ Ustide [ )] (225)

:

~—

1
0

Y

Varive = Vg + vytan(y)

Figure 2.3: Wheel motion capabilities. Figure adapted from [7]
Dividing vg.;»e bY the wheel radius r, the angular velocity w is obtained,

Vdrive
w =
r

= %(vz + vy tany) (2.26)

Defining a body frame {V} = (z,,v,), centered in the geometrical center of the mobile
platform and rotated by an angle ¢ with respect to a fixed spatial frame {S} = (z,y), it
is possible to obtain the existing relationship between the velocities of the vehicle *V, =
(44, 1, b, )7 and the wheels’ angular velocity w; as [7]:

’where "v" subscript is used to differentiate the vehicle configuration coordinates from the arm configuration
coordinates that will be introduced later
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o

‘ COSQ, SINGy Ty
] — SN, cospy, Ol |9 (2.27)

where the vector h;(¢,) is:

1 cos(V; + ¢y)
hi(¢,) = sin(yi + ¢v) (2.28)

T;COS7Y; .
T 2 i5in(v) — Yuicos()

Stacking up in columns each wheel h; in a single matrix H(¢,) € R**3, whose inverse
embeds the information about the contribution of each wheel to the vehicle velocity, we get

[7]

et e

_ L jcos(¢y) — sin(oy cos(¢y,) + sin(o, +w

H(¢,) = r (¢v) (¢v) —cos(¢y) + sin(oy) [ +w (2.29)
(%) (6y)  cos(¢y) + sin(d,)  —l—

where it has been considered that each wheel is placed at a distance |z,,;| = and |y, ;| = w
from the geometrical center of the vehicle.

”\\”( oY
A

Figure 2.4: Wheel position representation. Adapted from [7]

Writing the same model w.r.t. the body frame V instead of S, H becomes independent from

oo [7]:
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L -1 —l-w|r,
1 1 [ +w v

w=H(0)"V, = L 1 Lw | |V (2.30)
1 1 - w]| [V

From this expression, it is very intuitive to state that
* a movement in z, direction is achieved by actuating all the wheels at the same speed.

* a movement in g, direction is achieved by actuating wheels 1 and 3 in the backward
direction and wheels 2 and 4 in the forward direction (at the same speed).

+ a rotation is achieved by moving wheels 1 and 4 in the same direction and wheels 3
and 2 in the opposite direction.

Now, similarly to what has already been done for the arm, in order to fully describe the
state of the vehicle, a vector q, is introduced. We refer to this vector as the set of vehicle’s
configuration variables,

QG =[10 Yo P Oui...044 €R® (2.31)

Where z,,y,, ¢, describe its 2D pose, while 6,,; ... 0, 4 represent the rotation angles of the
wheels.

Recalling the predefined frame {S}, that from here on will be referenced as space frame it
is possible to describe the orientation and the position of the vehicle by means of a transfor-
mation matrix

cos¢p, —sing, 0 x,
sing, coso, 0 v,

iT(g,,) = |0 o T 2:32)
0 0 0 1

Jacobian of the vehicle To derive the expression describing the Jacobian of the vehicle,
the first 3 elements of g, will be initially neglected. Equation 2.33 already describes the
connection between wheels rate of change and the velocity of the vehicle. However this
has been done considering only planar quantities. In order to extend the formulation to the
whole 3D space, the twist and H'(0) will be rewritten as "V, 6 = [ye vy, 0 0 0 w,.]”
and H{(0) = [0, 0, H'(0) 047 € R4 Premultiplying the body twist for [Ads ] the
space twist is obtained [7]:

Voo = [Adgp) " Vis = [Ads 7] H{(0)qu,., (2.33)

where

8q, € R7, however, the degrees of freedom of the vehicle remain 3 due to the direct relationship between
wheel angular motion and vehicle motion. The state of the wheels has been introduced for the sake of
completeness and it will be also useful for modelling the dynamics
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— i 0 T

SR SR C.OS o8 sin ¢, .

[AdgT] = (‘)/ [pSSV-]RV y \S;R = [sm ¢'u COs ¢v 0 ’ Psv = | Yo
v 0 0 1 h

The matrix linking the vehicle twist 5V to the velocity of the wheels ¢ is itself a Jacobian.
This Jacobian will be referred as:

T @ury) = [Ads ] HE(0) (2.34)

However, in many cases, the low-level controllers of the wheels are masked to the user,
therefore it is not needed to address for the wheels’ angular motion and the Jacobian of the
vehicle becomes a trivial matrix:

SO O oo

5J, (2.35)

O O O O~ O
_ o O O o o

and

SVv,G = Squm;g (236)

2.2.3 Kinematics of a mobile manipulator

Thanks to macro-mini manipulators theory introduced by Khatib in [2], integrating together
the manipulator and vehicle’s model is easy.

This theory describes the effects of serially interconnecting a bulky macro-manipulator, at-
tached to the ground, and a lighter micro-manipulator. Since the mobile base can be consid-
ered as a 3 DOF manipulator composed of two prismatic joints and one revolute joint, and
that the connection of the mobile base to the arm leads to a serial manipulator, this theory
applies also to the mobile manipulators’ case.

As a consequence, the mobile base is reconducted to the macro-manipulator case, while
the arm constitutes the micro-manipulator. If the vehicle and the arm configuration spaces
are described, respectively, by two sets of configuration variables ¢, and q,, then the set of
configuration variables belonging to their union is:

¢=|a. a (2.37)

And the transformation matrix that relates a frame of reference {E} attached to the end-
effector and the fixed space frame becomes:
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2T (q) = VT(q) i TET () (2.38)

where {A} is a frame of reference attached to the first link of the arm (in 2.2.1 it was referred
to as {0}) and {V'} is the aforementioned reference frame attached to the vehicle geometrical
center.

{E}f\
e

v}

A

{5}

Figure 2.5: Mobile manipulator frames of reference

Jacobian of a mobile manipulator Similarly to what happens for manipulators, also in
the case of mobile manipulators the motion that is of most interest is the one of the end-
effector. It is clear that both the base and the arm contribute to this motion, thus, one may
think to simply stack the vehicle and the manipulator Jacobians together analogously to
what has been done for the joints Jacobians in the manipulator case. Even though this is a
good approach, the base Jacobian relates the base configuration velocities to the base task
velocities and not to the end-effector task velocities, furthermore, the end-effector frame { £'}
will be rotated in space by the rotation of the mobile base.

Therefore, to retrieve the contribution of the base to the end-effector motion is beneficial to
consider the velocity of a point (e.g. { £'}’s origin) w.r.t. a moving frame (e.g. {V'}) [2].

For the linear part we have °:

Sv, = S'vm + S, + w, X Spv6 (2.39)

where p,. can be evaluated by taking into account the first 3 components of the fourth column
of YT = ET%YT(q.) and *v., =5 R v.,.

%here the subscript ., has been used to stress that this velocity is caused by the arm joints only, thus
distinguishing it from the total velocity of the end-effector
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Figure 2.6: Displacement vector p,.

For the angular part, instead,

Swe =Sweq + Swy (2.40)

where “w, , =5 Riw.,

The two relations together lead to,

SU@ _ I3><3 _[Spve] va gR 03><3 S'Ue,a _ S S qv;.3
lswe] B [03><3 Toss | |Sw,| |05 SR | [Sw..| = [Vl(qa) J, Vi(q,) Ja(qa)} "
(2.41)

Is, 3 —{SPBE]

where V,, =
[03x3 Is,3

SR 0
10 3x3
] %(%) - [03><3 gR]

and the anticommutative property of cross product has be exploited to swap “p,. and *w,,.
The wheels have been neglected for simplicity.

To conclude, the whole-body geometric Jacobian is formulated as,

SJ: ‘/:U(qa>SJv %(qv)SJa<qa> (242)
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2.3 Dynamics of omnidirectional mobile manipulator

Dynamics is the branch of mechanics that studies forces as the causes of a motion.

Understanding the dynamics, and modelling it, is crucial for developing control techniques
such as impedance control, as it will be better explained in the next section.

The most used techniques to derive the dynamics of a robot are the Lagrange formulation
and the Newton-Euler formulation, their detailed explanation is depicted in [1].

In this section, the resulting dynamic models of a manipulator and of a mobile base will be
presented and then joined together to describe the mobile manipulator’s dynamics.

Differently from what seems to be a trend today, at least in mobile manipulation [8] [9] where
the dynamic couplings between arm and base are neglected under the assumption of quasi-
static conditions of the base during the manipulation task, here, they will be considered since
this hypothesis is in very contrast with the objective of this thesis.

2.3.1 Dynamics in configuration space

Configuration space dynamics puts in relation the torques produced by the joints with their
motions and constitutes the starting point for deriving dynamical models since this is the
direct outcome of the Lagrangian and Newton-Euler approaches.

Dynamics of a manipulator

As written in many references over the literature, the dynamics of a manipulator can be
modeled as [10]:
Mo(qa)da + Ca(Gas Ga) + 9a(qa) = 7o + 7,7, (2.43)

Where q, € R" is the vector of the joint coordinates, M, € R™*" > () is the inertial matrix
of the arm, C, € R" is deputed to describe the Coriolis and centrifugal force, g, € R™ is
the gravity vector, 7, and 72** € R™ are the input and external torque vectors.

Dynamics of a omnidirectional vehicle

In the same way, applying the Lagrangian formulation to a vehicle leads to the subsequent
expression [10]:

M, (q,)q, + Cy(qvs Gv) = Ey(qu) Ty — AUT(QU)}‘> (2.44)

Where q, € R™ is the vector describing the pose of the vehicle (n, = number of the DoF of
the mobile platform), M, € R™*" > ( is the inertial matrix of the arm, C,, € R™ is deputed
to describe the Coriolis and centrifugal force, E, € R™*™ > 0 is the input transformation
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matrix '°, 7, € R™ is the input torque vector, A, € R"™*™ is the constraint matrix and
A € R™ is the Lagrangian multiplayer which denotes the constraint force vector.

In the case of an omnidirectional wheeled vehicle A, = 0,,, ., Since no constraint is applied.

Dynamics of a mobile manipulator

When two bodies interact with each other, it is needed to extend their models by considering
the motion contributes that each part’s dynamics causes on the other. These contributes are
called dynamical couplings and lead to a reformulation of 2.43 and 2.44 [2][12][10]:

Ma(qa)da —l_ Ca<qa7 q.a) + Cav(ch q‘a’ q‘v) + +ga(qa)

2.45
=T, + T;It - Mav(Qa? qU)d’U' ( )

where C,, € R" represents Coriolis and centrifugal terms caused by angular motion of the
mobile platform, M., € R™*" is the inertial matrix which represents the effect of the mobile
platform dynamics on the manipulator.

M., (q,)Go + Cu(@vs Gv) + Cua(Qus Qas Gy Ga)
= Ev(qv)Tv - AvT<qv))\ - Ma,up(qv’ qa)dv (246)
- Mva(‘]va qa)dau

where M,, € R™*™ and C,, € R™ denote the inertial term and Coriolis and centrifugal
terms due to the presence of the manipulator, M,, = ML € R"*" is the inertial matrix
which reflects the dynamic effect of the manipulator motion on the mobile platform.

In the end the complete model of the whole body considering both the arm and the base can
be written in a more compact form:

M’U + Ma,up Mva QU + Cv Cva q.v + 0
M£ Ma qq Cav sz Qa ga
(2.47)
| Ey(q,)Ty Tert B 0
_[ | et A

It's worth noticing that there is no M, ,, matrix to be added to the M, matrix because the
arm is built on top of the mobile base, hence it doesn’t add any mass to the arm motions.

As mentioned before, for omnidirectional wheeled vehicles the last term involving A, can be

0
0
0
1

10g.g. for a two wheels mobile robot, having one actuator per wheel the E, matrix will be [11]

o= O O
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deleted from the equation. Thanks to the omnidirectional wheels there are no constraints to
be taken into account.

This equation can be also written in a decoupled fashion by moving all the terms that involve
both the bodies at the second member. This is particularly useful to understand which is the
actual torque exerted by the arm or by the base.

M'U 0 d'U CU 0 qU O
[0 M, | |d| | o ca] G| " |90
(2.48)
) + Tvezt . Ma,up Mva QU o 0 Cva QU
I K B M, 0 | |du Coo 0| |qa

From this view, it becomes clear that the couplings will be acting as disturbances for what
regards most of the tasks.

Dynamics of a mobile manipulator considering the wheels To include the wheels in
the model dynamics, g, is extended as follows

@ =1[T Yo & Oui...04n,] therefore n, =3+ n,.

Then, similarly to what has already been done for the arm and the chassis, the couplings
are added into the inertia and Coriolis matrices:

M’U + Ma,up Mvw Mva
M = M M, 0., ,xn, (2.49)
Mg; Onaxnw Ma

Cv va Cva
cC=|C,, C, 0,,xn, (2.50)
C’Z;L Ona XN Ca

where M, = M! € Rw*mw (C,, = CL € R™*" describe the couplings between the
wheels and the chassis, M,,, C,, are the mass and coriolis matrix related to the wheels and
the 0 matrices are included because the arm and the wheels have do not influence each
other directly.

In the end the whole body dinamical model is,
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Mv + Ma,up Mvw Mva .. CU va Cva . 0
M My O | |2+ [Cuw  Cu Oppen, | |T] + "'““]
Mg; Onaxnw Ma “ Cg; Onaxnw Ca da Yo (251)
T, szt]
= + ext
Ta Ta

2.3.2 Dynamics in task space

Most of the times robots are required to execute motions that are defined in task space (also
called operational space). By exploiting the link between torques and forces,

T=J(q)"'F (2.52)

it is possible to extend the just-derived models to task space.

As introduced by Khatib in [13], applying equations 2.5 and 2.52 to 2.47 the dynamics in
task space can be written as,

A@)z + p(z, &) + J(q) g(q) = T(q)" T + Feu, (2.53)

where

A(x) and u(x, ) are the inertia matrix and the Coriolis/centrifugal matrix in task space
coordinates = and J(q) is the dynamically consistent pseudo-inverse.

To understand the meaning of dynamically consistent pseudo-inverse it is necessary to intro-
duce some theoretical background. The inverse kinematics problem has an infinite number
of solutions, in fact, since J is rectangular, there is not a unique q that satisfies the relation
Jq = . As a consequence there is not a unique inverse of the Jacobian J~! that maps =
into g. A possible workaround is the Moore-Penrose inverse which is obtained by exploiting
the least square method to find the matrix J that minimizes the norm ||Jq¢* — x|| and results
in the solution ¢* with minimum norm [14].

There is also a weighted version of the Moore-Penrose inverse, that in this case, will result
in the pseudo-inverse corresponding to the minimal solution ¢*’ WTW ¢* [15], where W is
the chosen weight matrix. Therefore, setting W = M we ensure that J(q) is the inverse
corresponding to the solution that minimizes the kinetic energy of the robot (namely T' =

3dMq).
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Dynamic consistency property will also be beneficial in the redundancy resolution as ex-
plained in section 2.5.3.

2.3.3 Remarkable properties of dynamic model

The approach adopted to model the dynamics is well-known in robotics and carries with itself
some properties that are useful also for control, in particular, [1]:

* M(q) is symmetric positive definite
« M —2C is a skew-symmetric matrix

For the second property, it is worth mentioning its link with the energy balance of the system,
in fact, it can be proven that it is a direct consequence of the principle of conservation of
energy [1], making it useful to do considerations on passivity and stability.

These two properties can be extended also to the task space model, a proof of this can be
found in [4].

2.4 Center of mass and total mass identification

Using model-based approaches to control a system, it is fundamental to have a good es-
timation of its parameters. While most of the parameters of the hardware that this thesis
takes as reference for testing its outcomes (see section 3.1.1) were provided by the man-
ufacturers, this was not the case for the dynamic ones (e.g. body inertia, center of mass,
total mass) of the mobile base. Taking in consideration that no specific instrumentation was
available and that this is not the main focus of the thesis, the identification esperiments were
chosen accordingly to the best compromise among accuracy, cost efficiency and simplicity.

In this section an experimental way of determining the total mass and the center of mass of
vehicle is advanced. The estimation of the inertia has been avoided since it requires a more
complex and time-consuming approach, such as using system identification techniques as
explained in [1]. In its place, the data provided from the manufacturer for a similar platform
has been adopted.

Center of mass identification The idea that has been followed and that is also sustained
by [16] is based on the fact that the robot in static conditions satisfies the relations:

Y F=0 (2.54)

Z M, =0 (2.55)

where F; and M; are, respectively, the forces and the moments acting on the robot.
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Considering:
+ a frame of reference O placed in the geometrical center of the chassis

the robot being parallel to the pavement

the contact forces F; between each wheel and their contact point

the total weight of the chassis W applied in the center of mass

the distances d; and dco) between each of the aforementioned forces point of appli-
cation and the origin on O

By applying 2.55 the x and y coordinate of the center of mass are given:

[dcom] _ Z 5

dcon,

] (2.56)

Only F;. component has been considered because the robot is placed parallel to the terrain.

Figure 2.7

In order to get also the z component of the center of mass another experiment with the robot
in a different configuration must be carried out [16] and this is a direct consequence of the
fact that we are measuring forces that are all parallel among each other. The ideal way to
do so would be to flip the robot and repeat the experiment, however this is not practically
advisable since no guarantee is provided on the resistance of the structure in that configu-
ration. Therefore, instead of completely flip it, the robot can been tilted by placing a wedge
underneath two of the four wheels.

This leads to a further equation that is:

doom. = Z Fidi, — Z

where F;, = Ficos(a) and F;, = F;sin(«), an analogous reasoning can be done for the total
weight components W, and ..

(2.57)
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e

Figure 2.8

Total mass identification The identification of the total mass comes easily by measuring
the weight force exerted on each contact point of the mobile base, that, in this case, are
simply the points in which the wheels touch the terrain.

Mchassis = Z Ez *g (258)

2.5 Whole-body control of mobile manipulator

Controlling a mobile manipulator is not an easy task, the whole platform has a high amount
of degrees of freedom, the base and the arm are subject to dynamic couplings and their
actuators work at different rates ''. These are the main reasons why, currently, in most
applications, the base and the arm are controlled separately, in a sequential way, thus limiting
the actual potential of the hardware and reducing productivity, this is observable both in
industry and in research (e.g. [8]). Some have tried a more holistic approach such as
[17] [18], but have focused mainly on kinematics, thus making their solution undesirable for
practices that require compliance with the environment. Definitely, much more can be done
in this sense.

The problem of developing a whole-body controller, which is also compliant and that doesn'’t
neglect the arm-base couplings is not a heavily explored topic, only a few studies have been
found, such as [9], which unluckily was discovered only in the final stages of this thesis, but
provides a good confirmation that a model based whole-body impedance control constitutes
a viable option.

In the discussion about whole-body control, any reference to optimization techniques will
be avoided since human-populated environments require a reliable and known behaviour

"Typically the base has slower dynamics
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and by employing a model-based approach it is possible to achieve a more complete under-
standing of the problem.

When a robot comes into contact with the environment its motion becomes constrained by
the surroundings. Because it is unusual to own an accurate model of the space around the
robot, it is fundamental to tackle compliant movements in order to automatically react to the
force constraints exerted by the environment and avoid any possible source of instability.
To better explain, complying means to interact with the objects placed in the vicinity, in a
non-rigid manner, at the cost of moving slightly away from the desired trajectory [1]. Compli-
ance control, thus, aims to ensure a desired disturbance response to external forces while
minimizing the deviation from the desired path.

A way of dealing with compliance is called impedance control (also referred to as force-
based impedance control), whose key concept is to make the robot follow a desired dynamic
behaviour. A sufficient mathematical representation of this desired dynamic behaviour is
usually constituted by the mass-damper-spring model that is written concerning the pose
error & = « — x, between the end-effector pose x and the virtual equilibrium point z,'2 [4]:

AyE + Dy3 + K@ = F.. (2.59)

where K; > 0, D; > 0 and A, > 0 are the matrices of desired stiffness, damping and inertia,
while F.,, = J T, is the vector of the generalized forces that the environment exerts on
the robot.

Being a simple second-order system with positive-definite matrices, in the free-motion case
F.., = 0, (= will tend asymptotically to x, and the closed-loop system will be asymptotically
stable.

It is clear that by tuning:

« K, - the robot will act more or less rigidly, which means that it will allow smaller or
bigger changes in the tracking of the desired motion

* D, - the robot will adapt to changes in a faster or slower way and with more or fewer
oscillations

* A, - the robot will keep strongly or weakly its previous state of motion

Now, from 2.3 derives that the motion equations of the robot are non-linear. The classical
impedance controller introduced by Hogan in [19] acts on these non-linearities by directly
compensating them:

T = M(q>7-7,mp + Tcomp (260)

where T...,, = C(q,q) + g(q) and 7., is employed to enforce the desired impedance be-
haviour.

More specifically, this control law in task space formulation coincides with [4],

2In the impedance control literature, the desired setpoint x, usually is called a virtual desired setpoint (or
virtual equilibrium point), since it can only be reached in case of free motion, i.e. when no external forces
act on the robot.
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Ad Dd
Le
Tq
K,
T=J(q)"F, =
9(@)+J ()" (Al@)dq + p(x, )z)—J(q)" A(z)A," (Kdi - D@) +J(@)" (M)A —I) Fop,

(2.61)

It can be seen that plugging this torque in 2.53, 3.10 is obtained.

Since this technique linearizes the system, many choose, K,;, D, and A, as diagonal pos-
itive matrices to keep the system linear and decoupled. In this way, if F.,; < oo, the global
asymptotic stability of the closed-loop system, can be also proven for the forced case, since
it is characterized by a collection of 2nd-order linear differential equations with positive coef-
ficients. Ideally, a wide range of finite, non-null, impedance parameters can be implemented
without losing this property.

Nonetheless, sometimes, this approach is avoided because it involves the sensing of the
external forces and complicates the problem by including the additional specification of a
desired inertia matrix which might not be needed for many applications. This problem is
especially important for the mobile manipulator case in human-populated environments be-
cause it would imply the placement of several force sensors all over the platforms.

By setting A4(x) equal to the inertia of the manipulator A(x), namely performing an inertia
shaping avoidance [4], force sensors are no more needed and the new input torque can be
written as:

T=J(q)"F, =g(q)+ J(q)" (A(w)fi:d + p(z, )2 — Ko — Dd(w)i) (2.62)

3In the case of industrial manipulators, instead, one force sensor at the end-effector might be sufficient



28 2 STATE OF THE ART

It should be noted that in this way the closed loop dynamics is not linearized and assumes
the form,

A(@)E + (Dy(x) + p(x, &))& + K& = Fly (2.63)

In principle, one could try to also compensate for p but since A varies with (x), by including
p we respect the skew-simmetricity of M — 2C' thus ensuring asymptotic tracking of the
desired pose x, in free motion (F.,; = 0).

2.5.1 Stiffness and Damping choice

The choice of K, strongly depends on the application and many are basing their tuning on
experiments [4]. In general, a static choice of D, may lead to poor performances due to
the time-varying nature of A(q) [20]. Certainly, this is not the case when inertia shaping is
performed (A4 # A) thus resulting in a fixed A.

In any case, D, can be derived from K,; and A so that the eigenvalues of the impedance
dynamics are real, thus enforcing a critically damped behaviour. This result is achieved
by means of the Double diagonalization method that consists in solving the generalized
eigenvalue problem[21] [4]:

Given a symmetric positive definite matrix A € R™*™ and a symmetric matrix K, € R™*",
a nonsingular matrix @ € R™*" can be found, such that A = QQ* and K, = QK Q" for
some diagonal matrix Ky = diag(\k, ;) Where Mk ; is the i' generalized eigenvalue of K,
with respect to A.

Assuming that A varies slowly, this allows choosing D, as

D, = 2Q(x) diag(&\/ M, ) Q(x) (2.64)

with & € [0, 1] as damping factor to enforce the desired behaviour.
In this way, in fact, the system will behave as a second-order system of the form

z+ 2diag(&i\/ My, )2 + diag(Nk, )2 = Q)" Fuy (2.65)

where z = Q(x)x

While this technique is formally correct, solving a generalized eigenvalue problem might be
difficult, especially in the proximity of singularities. To be more robust, a factorization design
can be adopted [21]:

Let’s assume to be in the free motion case, 3.10 is a system of homogeneous second-order
differential equations. Now, taking one of these equations in consideration, the associated
characteristic equation leads to two equal and real solutions (critically damped system) if it
coincides with the square of a binomial (a® + 2ab + b?), extending this reasoning to the whole
system, in order to make it critically damped, D, should be chosen as:
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Where A, = Ad,%Adé and K, = KdéKdé.

For obtaining a different behaviour, instead D, can be modified to [21],

with D, = diag(&;) and & € [0, 1] where & = 0 corresponds to an undamped system while
& = 1 reconnects to 2.66.

Practical insights: Large values of stiffness, which may be needed for certain tasks, lead
to amplification of the noise and, thus, instability. On the other hand, a higher gain, implies
a rejection of model uncertainties, making the system more robust [22]. Furthermore, it is
also important to consider that high friction systems (in which friction is not compensated)
and systems with poor backdrivabilty performance will end up in bad position accuracy if
controlled through impedance control [22].

Control law changes due to task space representation

As Ott states in [4] the choice of coordinates affects the overall stiffness behaviour. Stiffness
matrices are symmetric positive definite matrices of the shape:

K, K.
K= [K; K] (2.68)

where t and r stand for, respectively, translational and rotational stiffness elements while ¢
describes the couplings between the translational and rotational behaviours.

It is important to remember the physical and geometrical interpretation of this matrix, in fact,
the stiffness is a measure of the resistance to deformation and, also, it can be viewed as a
mapping between force and displacement.

Now, decomposing K through eigendecomposition [23]:

K =UrUu" (2.69)

where U = diag(u, us, u3) is the eigenvector matrix and I' = diag(~y:,v2,73) is the eigen-
value matrix, it becomes clear that along direction u; a displacement & is mapped into a
force F = ~;.

The vectors (u;, us, us3) are also called principal axes of K and they remain constant in the
system of reference in which the displacement is defined [4]. Therefore, the representation
of the displacement error & directly affects in which reference frame the principal axes will
be constant.

In many applications having the principal axes constant in the tool frame or in the desired
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frame can ease the choice of stiffness parameters since it is known in which direction it is
desirable to have a stiff motion of the end-effector and in which not.

Changing the frame of reference in which & is defined, implies that in its time derivatives
also the variations in time of the new frame have to be considered [4]:

i = %g’l’ Dt %gj’” (2.70)
& = %é‘;’t)m% (a‘%é‘;’t)) q+%% (2.71)
Luckily, by calling
g, 2 92a.t) (2.72)
dq
v 2 —% (2.73)

It is possible to infer a direct correspondence between the new formulation and 2.62 which
maintains all the properties of the impedance control law introduced by Ott [4]:

J(q) = J.(q,1)
g — —v(q,t)
é:f'd — _vt<q7t)

While the equations of motion can be rewritten as:

A(g.t) (& + (g 1) + pa,d.t) (& + (g 1)) + Ju(0.) "g(@) = Ju(@,) " (7 + 7ear) = 0
(2.74)

A note on the influence of orientation representation on impedance behaviour The
choice of quaternions has proven to be particularly beneficial also for attaining a meaningful
impedance behaviour. As shown by Caccavale et al. in [23], in fact, by employing Euler
Angles, the impedance behaviour depends not only on the inertia, damping and stiffness
matrices but it is also influenced by the orientation of the desired frame. This is made
evident by the closed-loop system resulting from the use of Euler angles:

Aut + Do+ Ko = T7 () preas (2.75)

where T'(¢) is the transformation matrix that maps the Euler angles derivative to the angular
velocity w = T'(¢)¢ and p.,. is the external moment applied to the robot.

This could seem to be a negligible issue, however, T'(¢) is also suffering from representation
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singularities leading to the exchange of huge moments with the environment [23].

2.5.2 Artificial potential fields

As introduced in 2.3, the dynamics of a manipulator can be modeled through the Lagrangian
equations, namely,

d (0L oL

where the Lagrangian L(x,x) = T'(x,x) — U(x) is a measure of the energy balance of the
system, being the difference between the total kinetic energy 7" and the potential energy V'
and F is a force acting on the system.

Here will be explained how potential fields can be easily exploited to enforce a desired motion
to the robot. This theory was first introduced by Khatib in [24].

Notably, a force corresponds to the gradient of a potential field: FF = —VV/, furthermore, it
is well-known that every passive system will try to place itself in @ minimum energy config-
uration, therefore, we can try to apply a force corresponding to a potential field that has its
minimum in the goal pose that our robot has to achieve, e.g. [24]

1
Vioal = §kp(a: — )" (x — ) (2.77)

Including a compensation of the gravity the Lagrangian equations assume the form:

d (0T T = Viyour)
S =) 2 Pged) 2.7
dt (8:1:) ox 0 (2.78)
which is a conservative system stably oscillating around x,.

In order to damp oscillations, a dissipation has to be introduced, this corresponds to adding
the term Fy;,, = —k,a to the plugged force.

This approach can be extended to many applications (e.g. obstacle avoidance) and is par-
ticularly useful for redundancy resolution.

2.5.3 Redundancy resolution

Mobile manipulators have the characteristics of possessing a huge number of degrees of
freedom, usually npor > 6.

As a consequence, the system is redundant with respect to the Cartesian space, meaning
that there are several ways to perform the same end-effector motion.

While this certainly opens the door to a great number of possibilities, it also introduces some
problems such as the non-invertibility of the Jacobian and a more challenging treatment of
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kinematic singularities '

In order to exploit this potential and overcome these problems, the null space of the Jacobian
can be analyzed and manipulated.

In the following, the same topic will be examined from a dynamic perspective, thus leveraging
the null space of J-7 instead of the one belonging to J.

By definition, the null space of J~7 is the linear subspace of its domain that is mapped to
zero [25]. Namely,

null(J™ ) ={reR": J T =0) (2.79)

A practical interpretation of this definition coincides with saying that there is an infinite num-
ber of torques that result in no force generated at the end-effector.

A widely used method to act on the null space of the robot is by means of the null space
projection [2]

N(q)=I-J"(q)T (q) (2.80)

In fact, any torque 7 is projected in the null space of J~7 by simply premultiplying it by N(q),
as a result, we can act on 7, to enforce desire useful internal motions that do not affect the
end-effector 1°.

Eventually, the general torque of a redundant manipulator is the sum of two contributes, one
that affects the forces acting at the end-effector and one that is only responsible for internal
motions [2]:

T=J"(QF +[I - J"(9)T (q)]70 (2.:81)

Dynamically consistent null space It is important to consider a dynamically consistent
inverse in the computation of the projection, otherwise, force couplings will be generated at
the end-effector level even by projected torques [2].

2.6 Safety in robotics

A core aspect of this thesis is the safe interaction between robots and humans. All the
choices for developing the control architecture have been made by keeping this clearly in
mind, this section focuses on what is considered a safe interaction and how safety can be
tackled in the control.

“Kinematic singularities are configurations in which the Jacobian loses rank [1], meaning that 2 or more joint
movements result in the same displacement of the end-effector. In non-redundant robots, these can be
easily avoided through accurate trajectory planning

15As a matter of fact F = J (I — JT(q)J " (q))7o = (I — I)mo = 0
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2.6.1 Understanding what is a safe behaviour

Everyone has their own idea of what is safe and what is not, however, robotic applications
require a clear definition (quantitative) on which to base control decisions. Particularly useful,
in this sense, is [26] where the safe behaviour is defined starting from which injury a motion
may cause. This, of course, depends on many factors that can be lessened to just 3 that
embed all the interesting information:

1. m mass
2. v speed
3. shape of the hitting object

Several experiments have been conducted on pig skin to derive the relationship between
the couple (m, v) and the injury caused for different shapes. The injury is classified following
the AO classification [27] and, in particular, the 1C2 level of damage (which means contu-
sion without skin opening) is considered the worst allowed scenario for the human-robot
interaction.

On the basis of the collected data and on the decided reasonable injury level, a safety curve
(m,v) is derived through data fitting.
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Figure 2.9: On the left: data collected related to a wedge-shaped tool, each graph represents differ-
ent tissue damage: IC = skin damage, MT = muscle and tendon injury, NV = nerve and vessel injury.
A darker square means higher damage.

On the right: Corresponding safe (m,v) curve for a wedge-shaped tool. Adapted from [26]

It is then sufficient to stay below this curve in order to avoid dangerous practices.
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2.6.2 Attaining a safe behaviour: generalized Safe Motion Unit

In [26] is provided a simple yet effective algorithm for keeping the robot under the safety
curve thus preventing any possible injury above IC2 level (under the name Safe Motion
Unit), the algorithm was developed for a manipulator and then extended in [28] by Hamad
et al. to tree-like robot structures (under the name generalized Safe Motion Unit).

Key concepts behind the algorithm The charts are derived using a point mass and a
velocity in a specific direction, however, robots are far more complex systems, therefore
their velocity has to be projected into a specific direction w and their mass matrix has to be
reduced to a scalar by evaluating its contribute on u, only in this way it is possible to get a
meaningful comparison.

While for the velocity a simple scalar product with w is sufficient for obtaining the projection,

Ve =v (2.82)
for the mass matrix, the concept of reflected mass has to be introduced

1

WA (@ =

My (q) =

where the subscript ¢r stands for translation, because only the linear velocity is taken into
account.

Now, considering that the robot is composed of multiple rigid bodies, it is worth evaluating
not just one velocity but multiple velocities in order to be sure that any part of the robot could
be considered safe. This is done by picking several points of interest (POls) on the robot
structure that represent particularly dangerous areas (e.g. edges, corners, tools...).

The location of the POI defines which dynamical and kinematic parameters should be used
[28]. For the case of a mobile manipulator, the robot can be subdivided into 2 parts: arm
and base.

For a POl located on the base, since the arm is on top of it, also the inertia coming from the
arm should be considered, therefore

M(Q) = Mv<qv) + Ma,up(qa)
Then, the translational part of the associated inertia matrix in Cartesian space is given by

-1 14T
A(x);, = JporswM JPO],tr

I, 5 _[SpPOI]

J, is the Jacobian evaluated at the position of the POI.
0353 I3, 3

where Jpo;r = [

For a POI located on the arm, similar reasoning can be done, however, it should be taken
into account that:
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» The base is beneath the arm, meaning that if the base is not in motion only M, should
be considered in the computation of the inertia matrix

« If the arm is in motion while the base is fixed, Jpo; is computed through J, instead of
J,.

« If both the arm and the base are in motion, Jpo; is computed through the whole-body
Jacobian J, instead of J,,.

By employing similar reasoning any possible combination can be taken into account. The
table below summarizes them for the case of single-arm mobile manipulators.

POl location Body in motion M Jpror
vehicle vehicle M, + M, ., J,
vehicle arm No SMU No SMU
vehicle arm + vehicle M, + M, ., J,

arm arm M, J,
arm vehicle M, + M, ., J,
arm arm + vehicle M, + M, ., J

Table 2.1: Kinematics and Dynamics to be considered for attaining a safe velocity at POI location
catalogued for any possible scenario on single-arm mobile manipulator

After having defined a list of POls and their associated dynamics, every time instant the
reflected mass at each POl is used to retrieve the corresponding safe velocity v,.; using
the safety curves. The reflected mass is computed along w; which is the direction in which a
hit could cause more damage to the human (e.g. if a POl has been chosen on an edge, u;
is along the edge direction).

The smallest v, . ; is taken as the most conservative.

This velocity, namely v, is then compared to the requested one at each POlI, if the re-
qguested one is bigger, the joints have to be commanded to slow down until the velocity at the
most conservative POI gets below v,, ., otherwise the desired velocity remains unchanged.

A detailed description of the algorithm as it is implemented in this thesis can be found in 3.4.



3 Materials and methods

This chapter has the purpose to show the design implications maturated from the theory
discussed in the state of the art and to provide interesting information about the hardware
employed as an example of application. The discussion is generally valid for any omnidirec-
tional wheeled manipulator.

3.1 RB-KAIROS+ dynamics and kinematics mode

Throughout this thesis, a custom version of the platform RB-KAIROS+ has been considered
as possible hardware on which to test and verify its outcomes. In this section, it will be briefly
described and then exploited as an example of how to derive the kinematic and dynamical
model of a mobile manipulator.

3.1.1 Hardware overview

RB-KAIROS+ is a mobile manipulator provided by Robotnik and designed for collaborative
manipulation in industrial environments. The unit at my disposal was a custom one that
replaces the Universal Robots cobot with a Franka Emika Panda and matches the system in
use in the European project DARKO (https://darko-project.eu/).

Figure 3.1: A render of the RB-Kairos+ mobile manipulator


https://darko-project.eu/
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The mobile base is equipped with four mechanum wheels that allow movements in any
direction, a 3D lidar, a 3D camera and two 2D laser sensors for stopping the robot in the
proximity of an obstacle.

The arm is a 7DOF lightweight cobot provided with torque sensors at each joint (all joints
are revolute), specifically developed for research.

A central CPU is deputed of running all of these systems together by means of the Robot
Operating System (ROS).

3.1.2 Model of the system

Leveraging the consideration made in sections 2.2, 2.3, and considering that most of the
time, in practice, the low-level controllers of the wheels are masked to the user, the platform
dynamics has been modelled as:

Mv + Ma,up Mva (jv + CU Cva QU + On,uxl
Mg:z M, da CZ; C. d. gda
(3.1)
ext
= T + Tqéact]
Ta p

where it can be noticed that the wheels’ dynamics has been neglected.
The direct kinematics problem is solved through

2T(q) = VT (¢.) 4 T5T(40) (3.2)

where
+ {S} is the fixed space frame.
« {V} is the frame attached to the vehicle geometrical center
» {A} is the frame at the base of the arm
« {E} is the frame at the end-effector
While its whole-body geometric Jacobian is

SJ: %(qa)SJv %(qv)s']a<qa> (33)

with ¢, = [v, v, ¢,] € R? representing the two-dimensional pose of the vehicle and q, €
R” representing the angular displacement of each joint belonging to the arm.



38 3 Materials and methods
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Figure 3.2: frame of references’ definition

3.2 System Ildentification

To assign a value to each parameter of the system a proprietary software of TUM has been
used. This software is based on the mathematical formulations introduced in sections 2.2,
2.3 and takes as input:

» The inertia tensors of the vehicle’s chassis, the wheels and the arm joints.
» The centers of mass of the vehicle’s chassis, the wheels and the arm joints.
» The mass of the vehicle’s chassis, the wheels and the arm joints.

» The information about the geometry of the vehicle’s chassis, the wheels and the arm
(modified DH parameters).

and returns:

» The vehicle and arm’s mass matrix.

» The vehicle and arm’s Coriolis matrix.
» The arm’s gravity vector

« the vehicle and arm’s body Jacobian

The information about the geometry of the arm and the base has been taken from the man-
ufacturer, here below two exemplification pictures are reported

For the joints’ inertia tensors, centers of mass and masses, a previous identification per-
formed through the open-source software FLOating BAse RObot dynamical IDentification
has been used.

For the base’s center of mass and total mass an experiment on account was performed.

"https://github.com/kjyv/FloBaRoID


https://github.com/kjyv/FloBaRoID
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(a) Picture of the arm (Franka Emika PANDA)
used for defining the D-H parameters following
Craig’s convention (b) RB-KAIROS+ mobile base geometry

3.2.1 Total mass and center of mass identification experimental
procedure

Exploiting the theory leveraged in section 2.4 an experiment was performed using the poor
instrumentation available in the laboratory. First, the arm was dismounted, then the experi-
mental procedure was conducted in 2 phases, the first one allowed to determine the x and y
coordinates of the center of mass (in this case the vehicle was placed parallel to the ground),
the second one, instead, led to the finding of the = coordinate by inclining the robot.

The two phases are described in detail here below:

1. Chassis parallel to the ground - a single scale was placed below the first wheel, a
measurement of the force exerted by the wheel has been taken, then the robot has
been lifted and slowly released paying attention to reach the same configuration at-
tained before. The experiment has been repeated in the same way for each of the 4
wheels considering that the elevation caused by the scale was matched on the other
wheels by using some wedge made from wood.

2 measurements for each wheel have been taken.

2. Wheels inclined w.r.t the ground - The first experimental phase has been repeated
with the chassis subject to an inclination. Also in this case, the elevation has been
matched and the robot has been maintained as fixed as possible in the same initial
position. This was crucial for keeping always the same contact point on the scale.

2 measurements for each wheel have been taken.

It is worth noticing that this angle has a huge impact on the estimation of the z coordi-
nate. A steeper inclination makes the experiment to bemore robust.
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(a) Setting of the experiment, (b) Part in which the chassis has (c) Level placed on top of the

measurement of the force ex- been elevated to in order to re- chassis to ensure that it is par-
erted by wheel 4 take the measurement allel to the ground

Figure 3.4: Phase 1 (chassis parallel to the ground) pictures

(a) Measurement of the force ex- (b) Measurement of the force ex- (c) Side view, here is evident that
erted by wheel 1 erted by wheel 2 the chassis is not touching the lift

Figure 3.5: Phase 2 (chassis inclined) pictures



3 Materials and methods 41

Prior information and acquired data Here are briefly reported the available information
on the wheel contact point position, the measurements of the contact forces captured dur-
ing the experiment. For measuring weight forces, a scale has been employed, thus, the
measurement unit reported below will be "Kg". This may seem in contrast with the theory
depicted in the previous chapter, but it's not because weight and mass differ only by the
gravity constant g.

wheel d;, (M) d;, (M) d;, (m)
1 -0.215 -0.2675 -0.345
2 0.215 -0.2675 -0.345
3 0.215 0.2675 -0.345
4 -0.215 0.2675 -0.345

Table 3.1: Wheel contact points defined in the reference frame originating in the geometrical center
of the chassis (see figure 2.7)

Measurements regarding the chassis parallel to the ground:

wheel Fi, (Kg) i, (Kg)
1 54.6 54.4
2 51.4 51.8
3 58.6 59.2
4 41.7 40.8

Table 3.2: Wheel parallels to the ground: measured weights. The indices 1 and 2 are used to
distinguish between the first and second measurement

Measurements regarding the chassis inclined of a:

wheel F;, (Kg) Fi, (Kg)
1 41.9 42.4
2 67.2 66.8
3 64.5 64.5
4 29.2 30

Table 3.3: Wheel parallels to the ground: measured weights. The indices 1 and 2 are used to
distinguish between first and second measurement

In the end, the inclination angle was obtained as: o = sin™'(3:2™%) = 0.21276 rad =

12.1905°. where 90.8 mm is the elevation of the front wheels, measured with a vernier
calibre, and 430mm is the distance between the contact points of the front and back wheels,
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bar 1 weight 3.2 Kg
bar 2 weight 1.4 Kg

Table 3.4: Weights of metal bars used to move and hang the robot

provided by the manufacturer. Such a small height makes this procedure prone to very big
uncertainties, which can’t be estimated since they depend on the quality of the height mea-
surement. However, this is the best that could have been done without making the chassis’
bottom touch the wedge.

3.3 Whole-body controller

Here a whole-body control framework for safe mobile manipulation is presented. The main
intent of the framework is to make the robot follow a trajectory while attaining a compliant and
safe behaviour. Safety, is handled at trajectory planning level: at any moment, if a human is
detected in the vicinity, the control input is recomputed to tackle a slower motion.

The robot is given two tasks, which will be called primary task and secondary task. The
primary task involves the accomplishment of the desired motion at the end-effector while
showing a desired impedance, the secondary task, instead, exploits internal motions to per-
form coordinated arm base motions. The way in which the secondary task is formulated also
allows to avoid singularities, joint limits and excessive extensions of the arm.

The torques generated from the two tasks are then added together and sent to the robot
actuators, the null-space projection applied in tau,, ensures that the two tasks do not overlap
in any sense.

T = Timp + Tn (3.4)

Whole-Body Controller

Xg, Xa, Xq

e,6,8 Cartesian Timp
Impedance

»| Controller

> Null-Space

q Controller
aq

Qvs Gas Gvs Ga

Figure 3.6: Whole-body control schematic
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While the arm directly supports a torque signal, the mobile base is usually controlled in
velocity, therefore the torque elements corresponding to the base are firstly passed to an
admittance interface that generates a velocity coherent with the impedance to be attained.

X4 Q) c >
Trajectory Xa 711@ e | Whole-Body | 7 ~ Tacma R
Generator X, —5t ® E Controller IT”
> > Vema
T A+
S ' -~
Base
Admittance
Interface
l q.'I/' md
timing law
X ) v Go
X Direct M .
gSMU X X Kinematics | da; 4a

Figure 3.7: Control framework schematic

3.3.1 Primary task

To follow a desired trajectory while attaining a specified impedance a classical Cartesian
space impedance controller with gravity compensation has been adopted, but before intro-
ducing the control law, it is necessary to specify how the pose is represented and how the
control error is defined.

For the advantages explained in 2.1.1 and due to their property of non-affecting the dynamic
behaviour of the rotational part [23], quaternions have been favoured over the other repre-
sentations for the orientation of the end-effector. Therefore, the pose has the same shape
as 2.15.

Leveraging the result given by 2.1.1 and choosing the desired frame D as the frame of
reference in which the principal axes of the rotational stiffness remain constant (see 2.5.1)
the control error has been defined as,

- [et] _ [ »R"(°pr — °pp) ] _ [Dped] (3.5)

€, 2(77ds * €cs — Tes * €gs — €gs X Ees)) 2€ed

Differentiating Pp., with respect to time 2 and approximating the quaternion derivative with

2it is useful to recall the derivative of the rotation matrix: $,R” = S(Pwp)? RT and the property S(Rw) =
RS(w)RT[1]
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the angular velocity (as explained in 2.1.1), the velocity error  is obtained

, SRT(r5. _ 25\ _SRT _
G [DR (PE p%Dj){T(cDuf—iEZ)D)(pE pD)] (3.6)

Looking at these two errors and considering the discussion made in 2.5.1, it is evident that

SRT 04, | |5 SRT 0 J
- __ |D 33 Pe| |D 33 t
Joq = [03903 SR [CUE B lozxs SRT| | J, 1 (3.7)
S RT 045 | [pp + S(wp)(p5 — pp)
) 33 DD D)\PE — PbD
YT | 0 R wp (38)
b — pR" 03,3 | |Pp + S(ap)(pe —pp) + S(wp)(Br — Pn) — S(wp)a (3.9)
t 03303 lS)RT ap — S(wD)wD )

where J; and J, are, respectively, the translational and the rotational part of the body Jaco-
bian and a = Pp + S(WD)<pE — pD).

In conclusion, the classical impedance controller is reformulated as,

Timp = Jo(@, 1) Fop = g(q) + Jo(q, )" (—A(% t)o:(q,t) — plq, g, t)vi(q, t) — Kqx — Dy(q, tﬁﬂ)
by means of this torque, the closed-loop system assumes the form

A(q, )& + (Da(g,t) + p(q, 1))@ + K& = Fipy (3.10)

The lack of subscript in A indicates that no inertia-shaping has been applied as a conse-
quence of the absence of a force sensor at the end-effector level. D,, is determined by
means of the factorization design technique because practically more robust. We recall,
here, that i« has not been compensated to ensure that passivity property of the system dy-
namics is respected. Since the only compensation applied is the one for gravity, the resulting
system is non-linear.

A note on the effect of antipodal quaternions on control error Quaternions are well-
known for their 2-to-1 covering of the 3D rotation group SO(3). This means that (1,€) =
(cos(%),usin(%)) and (—n, —€) = (cos(E2), usin(H2E)) = —(cos(%), —usin()) represent
the same orientation [3]. While this is certainly true, the two quaternions result in differ-
ent rotations. In particular, considering the quaternion error, a negative sign in the scalar
part results in a rotation that is 7 radiants longer, thus compromising the performances of
the controller. For this reason, in the control implementation, a check on the sign of 7 is

performed to ensure that the shorter possible rotation is always followed.
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3.3.2 Secondary task

To act on internal motion, inspiration has been taken from [29]. Firstly a potential V' to be
minimized is defined, then its gradient is computed and the resulting torque is projected in
the null space of the mobile manipulator to decouple it from the primary task:

1o =T —J"T 9= (I - J'T )M(q)VV (3.11)

where the mass matrix M (q) has been included to provided a dynamically consistent torque.

Russakow and Khatib provide an interesting artificial potential field for coordinated motion
between an arm and a floating base (namely a drone). Since a floating base and an om-
nidirectional vehicle share a lot of similarities, this approach can be directly applied to our
case.

The developed V exploits the redundant degrees of freedom of the base to keep a certain
configuration of the arm.

Its gradient coincides with

kv,xiv
kv,yy:'u
kv,eev
kp,al (Qa,l - Qa,ld) + kv,al (Cja,l)
VV — kp,aQ(QaJ - Qa,2d) + kv,aZ(C.:]a,Z) (31 2)
kp,a3(Qa,3 - Qa,3d) + kv,a3(Qa,3)
kp,a4(Qa,4 - Qa,4d) + kv,a4(<]a,4)
kp,aS(Qa,S - Qa,5d) + kv,aS(Cja,B)
kp,a()‘(Qa,()’ - Qa,Gd) + kv,a(}’((]a,()‘)
_kp,a7(Qa,7 - Qa,7d) + kv,a?((]a,?)_

where g, 4 is the arm configuration to be maintained, %, ,; are the gains for the configuration
error and the terms multiplied by %, . have been introduced to enforce stability via dissipa-
tion.

Thanks to this potential, the base will be activated to minimize the difference between the
actual and the desired configuration. An accurate choice of g, makes the robot try to stay
away from singularities, joint limits and can be also used to increase its manipulability.
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3.3.3 Admittance interface

Compliance control require to act on the system dynamics and this is accomplished by
sending torques to the robot’s joints. Nevertheless, most of the times, mobile bases are
not provided of a torque interface, instead, they dispose of a velocity/position interface. As a
consequence, the impedance control law can’t be directly sent to the base actuators and has
to be transformed in an equivalent velocity input signal that the wheels have to follow. The
proposed admittance interface will make use of the dynamical model without changing it, in
order to keep the fidelity with the hardware dynamics. Others, such as [9], when specifying
the admittance interface, prefer to impose a different dynamics which is linear, decoupled
and of magnitude similar to the other subsystems of the robot, however this leads to ad-
dressing the new parameters in a specific way and to compensating the non-linearities in
order to avoid instabilities.

Since no force sensor is available on the hardware the external forces acting on the robot will
be treated as disturbances, the high gain of the velocity controller that acts on the wheels is
supposed to perform a perfect rejection.

Recalling 3.13, the velocity input can be obtained as the integral of

Go.emd(t) = (M,(t) + M., (1)) (1, (t) — Cu(t) 4, (1)) (3.13)

Here the time was made explicit to stress that the acceleration command is obtained through
terms belonging to the current time instant and it corresponds to the acceleration induced
by 7, in free motion.
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3.4 Safety implementation

Having in mind the preliminary knowledge discussed in 2.6.2, it is possible to present the
algorithm:

Algorithm 1 generalized Safe Motion Unit (Adapted from [28])
Inputs: Curvatures, inertial data, desired base/arm EE velocity
Resources: INJURY database with encoded safety curve

1: Define a set of POls (points of interest) {POI, ... POI,}: By specifying their position
ppoys, and the direction u, in which they are more harmful.

2: Compute vppy,: Obtain the desired velocity of each POI from the end-effector desired
velocity by applying the adjoint representation [Ad ] corresponding to the transformation
T = (I,pror,)-

3: Evaluate the inverse of the operational space kinetic energy matrix for the coupled mo-
bile manipulator system at the base/arm POls using the POI Jacobian, see 2.6.2.

4: Calculate the reflected mass of the mobile manipulator at each POI in the most danger-
ous direction u; through 2.83.

5: Evaluate the maximum permissible velocity that is safe v;¢/¢ for the corresponding re-
flected mass of each POI (m,,,, ) and its curvature primitive from the corresponding
safety curve after querying the INJURY database.

6: select the most conservative v:%/¢ (lowest v*%/¢ among all the POls).

max max;
7: if |UPOI * ’Ll,| > U;ag; then
8: Scale v:%/¢ with the projection of POI velocity in u direction to get the new human-
safe safe  safe

safe POl velocity vJ; (if vpor along w is lower than v37, vpd; = vpor and no change
is applied to the end-effector velocity).

9: Calculate the new, safe velocity of the mobile manipulator’s end-effector v**/¢ from
v through [Ady] with T = (I, —ppoy,).

10: else
11: the end-effector desired velocity remains unchanged
12: end if

This algorithm is executed at each sample time and then, if needed, a trajectory planner
which is proprietary to TUM is used to slow down the robot until it achieves the new desired
velocity.

Motion planning is not a topic addressed by this thesis but to have a general idea, the planner
in use is able to generate trajectories to tackle point-to-point motion via a trapezoidal velocity
profile. The peculiarity of the planner in use is its capability of relaxing the time law thus
leading to a slower motion while maintaining the same desired path.
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3.5 Software architecture

The control framework has been developed in MATLAB and then ported to ROS (Robotic
Operating System). C++ has been chosen for the porting since it is compatible with ROS, it
is computationally efficient and it is object-oriented.

3.5.1 Kinematics and dynamics

Each matrix that is involved in the kinematics and dynamics of the robot has been transposed
into a function, by means of a string it is possible to select the matrix corresponding to the
desired part of the robot (mobile base, manipulator, whole-body). Since the information
about the dynamics and kinematics of the robot has to be accessible in different time instants
and by different nodes, the model has been designed as a library.

3.5.2 Safety

Safety is implemented as a ROS service. The server can be interrogated with a request,
specifying:

+ the body associated with the POI

» the position of the POl in {E}

 the most dangerous direction

+ the configuration variables attained by the arm and the vehicle at the moment of the
request

the desired velocity to be attained by the end effector

and responds with the velocity of the end-effector which ensures a safe behaviour. The
human position is retrieved from a topic that makes use of the SPENCER Multi-Modal People
Detection & Tracking Framework?® and consider it in the computation of the safe velocity.

Currently, the safety has been developed for only one POI, but can be easily extended to a
list of POls by adapting the request format and adding a loop in the server that computes
the safe velocity for each POl and considers the smallest one for the comparison with the
current velocity of the robot.

3see https://github.com/spencer-project/spencer_people_tracking


https://github.com/spencer-project/spencer_people_tracking
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Figure 3.8: Safety implementation in ROS

3.5.3 Whole-body controller

The whole-body controller node embeds the planning and the control law. A class has been
developed to read the data coming from the sensors and elaborate on them, compute the
current dynamics and kinematics, specify the control parameters and finally determine the
control inputs. The class is instantiated inside the node and by calling its constructor it is
possible to specify the body to be controlled (mobile base, manipulator, whole-body). At the
moment this feature is useful only for testing, but in future can be useful if a hierarchical
control technique is adopted.

:::ROS

/Whole_body_controller

Jjoint_states Trajectory Planner /base_vel
Jodometry Whole body control class farm_torque
Model
Kinematics &
Legend: ’
Dynamic -m w

| topic I Request/Rerpar

Figure 3.9: Whole body control implementation in ROS



4 Simulations

The control framework and the robot model have been tested on MATLAB/Simulink and
subsequently in ROS/Gazebo. Several simulations have been conducted to understand the
behaviour of the closed-loop system.

Firstly the impedance control has been simplified and tested on the base only in Simulink (in
this case the redundancy resolution is not needed and eliminated). Secondly the same has
been done for the arm and, in the end, the two systems have been tested together through
the whole-body controller. A visual animation has also been provided to better understand
the motions entailed by the robot.

]
oo = b At . -
Cre=] 1

|
L L b g

Robot Mogel for utputsimulaion

Figure 4.1: A screenshot of the whole-body control framework in Simulink

After having evaluated the proper functioning of the control framework in MATLAB a huge
amount of time has been invested in the ROS/Gazebo simulation because it represents
the closest thing to the software implementation on the real hardware. Gazebo is an open-
source simulator also suitable for simulating dynamics that can be easily interconnected with
ROS. A simulation for the RB-KAIROS+ robot was already available and provided by DARKO
project, however, it was designed just for observing the motions of the robot and not to sim-
ulate its dynamics, which is very undesirable for testing an impedance controller. Therefore,
the urdf models have been revised to match the ones derived during this thesis. Further-
more, the digital twin of the robot was subject to small and fast oscillations, resulting in very
disturbed measurements of the joints’ configurations and of the base odometry. A cause of
this behaviour has been found in the low-level controllers that ROS implements to simulate
the actuators’ dynamics. By changing the PID parameters related to these controllers and
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Figure 4.2: Robot’s motions visualization in MATLAB

tuning the parameters that characterize the physics engine a more stable simulation has
been obtained. Further complications were caused by the fact that Gazebo runs in a Docker
container to match the ROS version available in RB-KAIROS+ and by the complexity of the
overall simulation that involves several packages from DARKO and the manufacturers. Nev-
ertheless, eventually, it has been possible to test the C++ code also in Gazebo, the results
will be discussed in the next section.

Figure 4.3: Gazebo simulation environment



5 Results and Discussions

5.1 Center of mass and total mass identification
experiment

The measurements collected during the experiment are elaborated here and presented as
results.

5.1.1 Partial results
The subsequent values are obtained directly applying equations 2.56, 2.57 and 2.58 on the

data coming from the experiment, without subtracting the metal bars center of mass and do
not include uncertainty.

dcon, -0.01537576 m
dcon, 0.007716970 m
deon, 0.08113930 m
Mehassis 206.25 Kg

Table 5.1: Center of mass coordinates with respect to the reference frame defined in the geometrical
center and total mass of the chassis.

5.1.2 Error Analysis

For a complete understanding of the quality of the experiment, it is necessary to perform an
error analysis. Here are reported all the sources of disturbances that lead to quantitative
uncertainty in the measurements.

» The scale is a bathroom scale (ldeen Welt PT-738). There is no data provided about
its precision but testing it several times always gives the same results, also employing
different weights. For what comes to accuracy, using known weights shows values
coherent with them, the difference is only due to the sensitivity of the instrument which
is 0.01 Kg. So, the data coming from the scale will be considered correct up to a delta
of £0.01 kg.
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» Weight measurements have shown a maximum shift w.r.t. the expected value of
+0.45Kg. To be conservative, this measure will be considered for the overall error
calculation.

» The elevation has been measured with a calibre which has a resolution of 0.05 mm.
Another source of error, since mechanum wheels have not a perfectly rounded surface,
comes from a possible wheel displacement that would change the distance between
contact points. However, this error is considered negligible because the motors are
particularly stiff and notable attention has been put to avoid undesired rotations.

» The two bars necessary to hang the robot introduce a deviation to the results. Thus
their weight must be subtracted from the total weight measurement and their centers
of masses should be included in the overall center of mass calculus. For what regards
their weight, it is subject only to the resolution error of the scale.

These considerations have then to be collocated inside the formulas that were used to de-
termine the center of mass location in order to have an estimation of the overall uncertainty.

Firstly, we analyse the estimation of the total weight of the chassis. The source of error in
this case comes from the scale resolution and from the deviation from the expected value.
According to equation 2.58 the calculus involves 4 sums, other than this, the mass of the
bars should be subtracted, therefore, in total 6 sums are involved. As it is well-know [30], the
overall error corresponds to the sum of each error which is:

A =4%045+4%01+2%x0.1Kg=186Kg (5.1)

Mchassis

Then, coming to the = and y coordinates of the Center of Mass, equation 2.56 shows that it
involves -, whose error is Ay = A — 2% 0.1 " and the sum of products between F;_
and d;, or d;,.

Mchassis

The error of a product is summarized as [30] &= = £« 4 22 where b and a are the quantities

a

involved in the product, A, and A, are their respective errors and ¢ = a * b.
Thus, the partial error on the coordinates x and y is:

Ao 0.45+0.01 0

P;}o;z = Z + + Z T 0.008921 (5.2)

Apro 0.45 4 0.01 0

p:ojy _ Z — + Z = 0.008921 (5.3)
Y i Lz i by

This result combined with the error coming from % gives:

'because in the calculus of the COM the bars need to be initially included, then their COMSs will be subtracted
to get the true COM value of the chassis
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AdCOMgE o Ap7‘odmg A

= + =% — 0.008921 + 0.008921 = 1.7842% (5.4)
dcoj\/jm pTde W
A Aproa. A
deomy _ Derody | BW () 008921 + 0.008921 = 1.7842% (5.5)
dCOMm pTOdy W

Finally, it remains to compute the uncertainty on dcoa,. This quantity is described by 2.57
and its indirect dependency on « requires to introduce the error propagation in sine and co-

sine functions. In [30] is stated that the error deriving from applying a arcsine to an uncertain
angle is given by: A, = Ayging) = ﬁ * A,

The measurement on z is subject to an error of 0.05e-3 m, therefore;

A, = B x A, = 5.1153¢ — 05 rad (5.6)

1= (35)°

o

Considered the small value obtained, the error on « will be neglected.

The other terms involved, are already known, in particular, there are 3 terms involving AWW,
. A
2 terms of the kind <% and one term —co

rod dcony,

AdCO]\/IZ — 34 AW 1% Aprod AdCO]\/Iw
dCOMz w pTOd dCOMI

= 4x0.8921%+2%0.8921%+1.7842% = 7.1368% (5.7)

5.1.3 Final results

The last thing to be done for obtaining a complete description of the center of mass of the
chassis is to remove the metal bars’ contribute.

dcom, * Mehassis — dcon,1 * Mear1 — dcon,2 * Mear2

deom, = S = —0.0249272751m  (5.8)
CZ * 17 chassis d * arl — d * ar
doon, = M = Teh oMy Mhart — CCOMy2 F 1Thar2 _ () 007716970m  (5.9)
. Mchassis
CZ 7 chassis — d arl — d ar
deoy, = “0OM et COM.L* Mharl — CCOM2 T Thar2 _ () 081139300m  (5.10)

mchassis
Mchassis = mchassis - (mbarl + mba'r2) - 20165Kg (51 1)

where the subscripts 1,2 and indicate the center of mass data relative to bars 1 and 2.

In the end, the final results of the identification process are summarized in the subsequent
table
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dcom, -0.0249272751 + 1.7842% m
dcom, 0.007716970 = 1.7842% m
deon, 0.081139300 + 7.1368% m
Mechassis 201.65 *+ 0.9223% Kg

Table 5.2: Center of mass coordinates with respect to the reference frame defined in the geometrical
center and total mass of the chassis.

5.2 Whole-body controller

Here are presented the results of the control law introduced in 3.3. Initially, these are shown
isolating the control inputs to only one of the two systems at the time, then, the control is
activated for both. Tests are conducted in Simulink and Gazebo and a comparison between
the two is provided. In this section is included also a discussion about the models of the
system and the consequences that they implicate on the closed-loop behaviour.

5.2.1 Separated systems: results in Simulink

To test the correct functioning of the control law the mobile manipulator has been divided
into its two subsystems to reduce the overall complexity and have an easier debugging of
the problems. This is made necessary by the high amount of degrees of freedom and the
consequent high number of tunable parameters.

Mobile base impedance control The mobile base possesses only 3 DOF, therefore it
constitutes an underactuated system for the 3-Dimensional space. Null space control is not
possible for such a system, hence it has been eliminated, but everything else has been kept
as described in 3.3.

Both in Simulink and Gazebo, the base has proven to be stable for a wide range of stiff-
ness parameters. In the free motion case, the desired pose is asymptotically reached as
expected.
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Figure 5.1: MATLAB: Mobile base only - Tracking error for K; = 5000, damping factor = 1.
Requested task: motion along x and y directions of 1 meter, rotation around z of %

Increasing the stiffness it is possible to increase accuracy and reduce the time needed to
reach the requested destination and a lower damping factor leads to oscillations confirming
that the impedance control law has been implemented properly.
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(c) K4 = diag(500) (d) K, = diag(5000)

Figure 5.2: MATLAB: Mobile base only - Tracking error comparison for different values of stiffness.
The damping factor was kept constant at 1. Requested task: motion along x and y directions of 1
meter, rotation around z of
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Figure 5.3: MATLAB: Mobile base only - Tracking error comparison for different values of damping
factor. The stiffness was kept constant at K; = diag(5000). Requested task: motion along x of -1 m,
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Also during the interaction with the environment, the closed-loop system behaves as ex-
pected, showing a more or less compliant behaviour depending on the stiffness that has

been imposed
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Figure 5.4: MATLAB: Mobile base only - Tracking error for the requested task: motion along x. This
figure compares the response to an external impulsive force applied along the y direction for different
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Effect of uncompensated couplings on the tracking error Being a simpler system, the
base is perfect to show some insights on the effects of non-linearities and on the conse-
quence of designing the control law so that the stiffness principal axes are constant in the
desired frame.

Consider, for example, a simple translation on the x-axis as the desired trajectory to be
tracked, suppose that the system is linear 2 and that its starting orientation coincides with
the one of the space frame {S}. The expected behaviour is an error along the x-axis that
asymptotically goes to 0 while on the y-axis and on the orientation around the z-axis there
is no error, a consequence of the fact that no motion has been requested.

And in fact, this is what can be observed:

X, Y, Z, eps_X, eps_y, eps_z
0.025 Iy P,‘P,y P,‘

0.02 — — Y !
—_
eps_x||
eps_y
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0.005 — =

Tracking error [m]
(=]

-0.005 =

-0.01 =

-0.015— =

-0.02 - =

| | | | | | | | |
1 2 3 4 5 6 ¥ 8 9 10
time [s]

-0.025
0

Figure 5.5: MATLAB: Mobile base only - Tracking error for K; = diag(5000), damping factor = 1.
Requested task: motion along x, starting orientation: (0, 0, 0)

Now, suppose that the robot is orientated with its x-axis rotated of 90° with respect to the
x-axis of {S}. In this case it is important to remember that the error is represented in D
frame whose orientation (since no rotation has been requested) coincides in every instant
with the starting orientation of the mobile base. Therefore the error is appreciated on the
y-axis rather than on the x-axis:

This is evident also looking at the Jacobian which assumes the shape:

SO O oo
_— o O O o O

2to simulate this kind of system, the non-diagonal terms have been eliminated from the simulation



60 5 Results and Discussions

X,Y,2,eps_X,eps_y,eps_z

0.025 : ; ‘

—y Ll

p—2

0.02

eps_x||
eps_y
—eps_z

0.015

0.01

0.005

-0.005 — =

Tracking error [m]
o

-0.01— =

-0.015— =

-0.02 — =

.0.025 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

time [s]

Offset=0

Figure 5.6: MATLAB: Mobile base only - Tracking error for K; = diag(5000), damping factor = 1.
Requested task: motion along x. Starting orientation: #(0, 0, 7/2)

Eventually, it is interesting to bring back the couplings and to analyse their contributions. The
inertia matrix of the mobile base was found to be:

201.65 0 4.38sin(¢,) — 1.35cos(¢.)
M, = 0 201.65 —4.38cos(¢.) — 1.35sin(¢,)
4.38sin(¢,) — 1.35cos(¢,) —4.38cos(¢.) — 1.35sin(¢,) 201.65
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Reflecting on 7 = M,q, + ... It is evident that an acceleration along x, which in a linear
system only triggers a force in the x direction, in this case, also triggers a torque around the
z-axis. Indeed this is what should happen employing 2.62 in which the non-linearities are
left untouched, as a matter of fact the simulation confirms this theoretical analysis:

X, Y, Z, eps_X, eps_y, eps_z

0.025 : ; :
X
0.02 =¥
p—Z.
0.015 €ps_ x|
eps_y
0.01 —€eps_z
£ 0.005 -
S
(o]
o O
R
-
Q
% -0.005 .
b
-0.01 .
-0.015 -
-0.02 ~
Tt | | | |
0 1 2 3 4 5 ) 7 8 9 10

time [s]

Offset=0

Figure 5.7: MATLAB: Mobile base only - Tracking error for K; = diag(5000), damping factor = 1.
Requested task: motion along x. Starting orientation: #(0, 0, 7/2). Non-linearities considered
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Arm impedance control and redundancy resolution The control of the arm has been
tested in a very similar way to what has already been done for the base. Since it has 7 DOF,
a simpler version of 3.12 has been employed, namely,

kp,al(Qa,l - Qa,ld) + kv,al (q.a,1>
kp,a2(Qa,2 - Qa,Qd) + kv,a2<q.a,2>
kpa3(qas — Qasd) + Kv.a3(das)
VV = kp,aA(QaA - Qa,4d) + kv,a4<q.a,4>
kpas(Qas — Qasd) + Kv.as(das)
kp,a6(da6 — Qa6d) + Kv.a6(das6)
_/fp,w(%ﬁ — (a7d) + ku,a7(qa,7)_

In this way, the internal motions are used to keep the arm the nearest possible to a certain
configuration.

If the internal motions are not specifically controlled, even though the end-effector has
reached the specified pose, the joints keep moving because there is no unique configu-
ration for such a pose. Eventually, a kinematical singularity can be approached triggering an
oscillating behaviour.
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o
o
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time [s]

Figure 5.8: MATLAB: Arm only - Tracking error for K; = diag(5000), damping factor = 1.
Requested task: motion along x and y directions of 0.3 meters, rotation around z of %. Null-space
control not implemented

By simply imposing K, , = diag(]0,0,0,40,0,0,0]) and K, , = diag(]30, 30, 30, 30, 30, 30, 30]),
with ¢,4 = 2 which corresponds to the request of trying to not extend the elbow, the system
demonstrates to be asymptotically stable.

Non-linearities, tracking performance variations according to different values of stiffness and
damping have been already addressed for the base and won’t be repeated here but the
same reasonings are valid for the arm case.
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Figure 5.9: MATLAB: Arm only - Tracking error for K; = diag(5000), damping factor = 1.
Requested task: motion along x and y directions of 1 meter, rotation around z of &

5.2.2 Arm and base coordinated control: results in Simulink

When the arm and the base are subject to coordinated control, things get more complex.
The difficulties seem to be related to the null-space control which, in this case, is bigger
implying that more parameters have to be tuned. Their choice has proven to be critical for
stability and tracking.

The error is kept low, especially for high values of stiffness in a very similar way to what
has already been observed for the isolated cases. The subsequent graph summarizes the
performances attained for

- K,, = diag([800,800, 800, 800, 0,0, 0])
« K, = diag([10, 10, 100, 300, 300, 300, 300, 300, 300, 300])
which seem to be the best parameters for the secondary task.

It is interesting to analyse the effect of the first 2 elements of K, in fact, it can be seen that
higher values lead to smaller (or null) oscillations for the velocity g, but at the same time, they
increase the base activation at the beginning of the motion, leading to bigger accelerations
and worse tracking. However, the difference in tracking performances is of the order of 1073,
therefore, choosing a higher K, for the base might be the best if it is desired to reach a point
with the base stopping as fast as possible.

Eventually, an external force has been applied to verify that the robot is capable of being
compliant without incurring instabilities. Here is a demonstration of the reaction to an exter-
nal force along y-direction, acting on the end-effector of magnitude 100N. As expected, high
stiffness makes the robot react rigidly, low stiffness shows a compliant response.
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Figure 5.10: MATLAB: Whole-body control - Tracking error for K; = diag(5000), damping factor = 1.
Requested task: motion along x of 3 meters and along y direction of 1 meter, rotation around z of %.
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along the y-direction between seconds 3 and 7
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The simulations show that this kind of approach to whole-body control is viable and leads
to robust reliable results. However, this is just a first attempt and many enhancements can
be applied on top of it as it will be discussed in 6.1. Especially important is the study of the
internal motions that seem to play a big role in overall performance and stability.

5.2.3 Separated systems: results in Gazebo

Mobile base impedance control The mobile base has been tested with the same param-
eters adopted in Simulink and showed to be stable for almost all of them (too small values for
stiffness and damping, e.g K,; = diag(10),d < 0.5, lead to unstable oscillation. Nonetheless,
tracking performances are not quite the same: the final destination is successfully reached
with O error but during the motion, the tracking is not as good as in Matlab simulations.

By looking at the velocity tracking it is possible to see that the commands sent from the ad-
mittance interface do not match the desired velocities computed by the trajectory generator.
The cause, unfortunately, is yet to be discovered, it might be an error in the porting or a
discrepancy with the modeled dynamics. Low-level controllers have been excluded from the
causes since the commanded velocities are followed well by the robot, also the damping
and the stiffness parameters seem to not play a big role in this regard. It has been tried to
increase the stiffness or to reduce the damping but both lead to instabilities (the first one
because it amplifies the noise, and the second one leads to unstable oscillations at the end
of the motion, this is actually unexpected since the system should be theoretically stable for
any damping choice).

Amplification of the noise is particularly relevant on rotations, this has already been made
clear by fig. 5.15, but increasing K, to K, = diag(10000) it becomes even more evident 3:

Arm impedance control and redundancy resolution Simulating the arm in Gazebo was
more difficult. ROS provides several low-level controllers without thorough documentation.
To speed up the developments it has been opted for a position interface, in this way, in fact,
there is no need to suddenly activate gravity compensation at the start of the simulation, thus
preventing the arm to fall down. Therefore, an admittance interface, similar to the one already
adopted for the base, has been implemented inside the Impedance Control class. Other than
the poor documentation, the fake sensors that measure the joint states from Gazebo are able
to provide the measurements relative to only the type of interface in use (joint angles in this
case), thus impeding the measurement of joint velocities. A tentative of differentiating the
joint angles to obtain velocities was made but due to the noise in measurements and the
lack of samples at certain time instants that led to big jumps to the 0 value, eventually, the
command velocity derived from the admittance interface was used as a feedback, which, in
general, is not a bad choice if there is good tracking.

Regarding the performances, resembling what happened for the base, the arm simulation in
Gazebo is not able to match the ones attained in Simulink. Also in this case the velocities
do not follow the desired ones, however, the tracking of the position is much better while the

3The small spikes in the linear part of the velocity are thought to be caused by the couplings with the rotation
part
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orientation has some problems. As a matter of fact, while the position is almost perfectly
overlapping the reference, the orientation is subject to oscillations. This is a consequence of
a low rotational stiffness, unfortunately, increasing its values leads to instability. The reasons
behind this occurrence are not clear, noise shouldn’t interfere since the velocity is directly
retrieved from the admittance interface.
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Figure 5.16: Gazebo: Arm only - Measured pose curves vs desired pose curves.
K, = (1000, 1000, 1000, 2, 2, 2), damping factor = 1.
Requested task: motion along x of 0.1 meter, rotation around z of §

To conclude, since the translational stiffness can be chosen in a very wide range [0,1000],
it is probable that there is a non-identified bug in the code/simulation or some non-modelled
dynamics that shrinks the range of the rotational stiffnesses to such a low level.
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5.2.4 Arm and base coordinated control: results in Gazebo

It is obvious that the whole-body control will suffer from the same problems that its subsys-
tems introduce. Also in this case the rotational elements of the stiffness have to be chosen
low. The low accuracy and the resulting oscillations caused by the low stiffnesses make the
arm have big and slow oscillations that are made worse by the base movements. It was not
possible to find parameters that make the simulation stable. More work has to be done to
discover what makes the difference between Simulink and Gazebo.

5.3 Safety implementation

Safety was successfully implemented both in simulation and on the real system (it is currently
in use in the DARKO project). Here the results obtained for a POI placed on the arm while
the base is in motion are shown.

The gSMU client sends a desired velocity to be attained by the base (in this case an os-
cillatory motion along x), and the gSMU server receives the request and calculates a safe
velocity in the case in which the robot is performing an unsafe motion in the vicinity of a
human. The human is considered in proximity when its distance from the robot is below 1
meter. A simple kinematic control was adopted to show the proper functioning of the algo-
rithm.

As it can be seen the base velocity (blue) suddenly drops to a safe one when the human
approaches. Certainly, this is not what is directly experienced in a real system because such
an abrupt change is not viable, however, there are time relaxation techniques that can hinder
a very similar behaviour with a smoother transient.
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Figure 5.17: gSMU simulation in Gazebo: safe velocity versus desired velocity



6 Conclusions

In this work, a model of the dynamics and kinematics of an omnidirectional-wheeled mobile
manipulator was introduced. Starting from this, a model-based control framework was de-
veloped with the intention of attaining a safe and compliant behaviour. Safety is addressed
through an application of the generalized Safe Motion Unit [28] while compliance is accom-
plished by means of impedance control which is applied to both the mobile base and the
robotic arm. In addition to this, a way of tackling base-arm coordinated motions in a non-
programmatic way was presented exploiting the theory of artificial potential fields.

The theoretical formulations have then been tested in Simulink, showing promising results
and confirming that the chosen path is viable. To approach the implementation of the frame-
work on a real system, the platform RB-KAIROS+, currently in use in the DARKO project,
was taken as an example. An identification of its parameters was performed and a ROS
package was created to match the software architecture available. The package has been
tested on a ROS/Gazebo simulation that was adapted from the one provided by the DARKO
project. Unfortunately, the complexity of the simulation led to many difficulties that couldn’t
be all addressed in a so short amount of time. Currently, there are some problems that
didn’t allow to prove the framework on the real system but that seem to be mostly related
to undiscovered bugs in the software or in the simulation environment. Nonetheless, the
ROS/Gazebo simulation was enough to prove the functioning of the implementation of the
gSMU and the developed package was even deployed on the real system by the colleagues
of the DARKO project.

Surely, this framework is far from being a thorough one and doesn’t solve many of the prob-
lems that mobile manipulation brings in. Therefore, this work has to be seen as a starting
point that with some refining and the addition of new features could really bring lead to
interesting applications.

6.1 Future improvements

The final stages of this thesis have opened some questions without an answer. Though
really promising, the control framework should be tested on a real system to get the final
confirmation that the theory matches the practice. Similarly, the identification procedure
adopted for the center of mass has to undergo a validation experiment and has to be followed
by an inertia identification to get an exhaustive model of the system. Regarding, safety,
instead, the gSMU has to be assessed for a list of simultaneous POls.

Subsequently, it is possible to extend the framework by adding new features. Luckily its
inherent structure and the high number of DOF facilitate this process. Hereby some ideas
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are disclosed:

« Simultaneous separated tasks through hierarchical control: The artificial potential
field adopted allows to use the DOF of the base to automatically extend the workspace
of the manipulator. Though this is certainly useful, it might be interesting to perform dis-
joint motions, like reaching a certain destination while grasping an object or performing
manipulation. A direct implementation of this could be done through hierarchical con-
trol. Essentially, this is equivalent to defining multiple tasks, one task can be performed
using a certain amount of DOF, therefore the others can be exploited for tackling some
other action. In order to distinguish between tasks the concept of prioritized Jacobians
is introduced [31], each of these Jacobians will lead to a torque that can be added up
to execute all the tasks. A similar approach has been followed also in [32]

« Artificial potential field enhancements: The artificial potential field, at the moment,
is provided with a fixed arm configuration to be attained. However, this configuration
should be planned accordingly to the task to be accomplished. A possible criterion for
his choice could be the maximization of manipulability or to avoid joint limits.

» Choosing impedance parameters on the line: The impedance controller introduced
in this thesis implements a fixed stiffness. This is certainly undesirable. A possible so-
lution would be to experimentally determine primitives for associating a correct stiffness
to each application, otherwise, an optimization approach could be used (e.g. [20])"

+ Active vibration suppression: Mecanum wheels are well known for being a cause of
big vibrations. This side effect surely impacts on the accuracy of the manipulation, this
is why probably a vibration control should be implemented at the manipulator level or
through an active suspension placed between the arm and the mobile base.

» Solution to the subsystems’ different dynamics: Wheels’ actuators are usually
provided with low-level controllers that run at a very lower frequency with respect to
the actuators available in cobots. As a consequence, this discrepancy should be taken
into account in order to avoid undesired closed-loop behaviours.

"Notice that in this case optimization doesn’t threaten safety since the control low is stable for any positive
definite stiffness matrix
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