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Abstract — This paper presents a method to control and
generate motion for omnidirectional mobile manipulators that
operate in internal logistics scenarios. It proposes transport and
maneuvering operations where human operators may coexist.
Thus, to ensure that human operators can easily infer the vehicle's
movements, the vehicle preferentially performs non-holonomic
(i.e., like a differential drive vehicle), and only takes advantage of
holonomic movements in narrow spaces and when maneuvering.
On the other hand, the docking maneuvers method enables the
system to perform the approach and departure processes to the
workstation or parking slot. These behaviors are orchestrated by
a dedicated management controller, designing a unified solution.
Simulation results demonstrate the system’s performance and
robustness to perform a complex industrial service in a dynamic
environment.
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I. INTRODUCTION

The globalization of the economic market and the instability
established in the current economy, are some of the external
factors that shaped the modus operandi of enterprises, driving
the research and implementation of new methods to improve
productivity and profitability [1]. Typically, the strategy focuses
on the introduction of automated mechanisms, mainly on the
production side, increasing manufacturing capacity and reducing
labor costs. However, transport and handling operations are still
mostly manual processes [2], making the process asynchronous,
and impairing operational performance as a result of sub-optimal
utilization of available resources.

This paper proposes a solution that allows the optimized use
of the available industrial resources, such as machine tools,
providing seamless operation and synchronism between the
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overall processes, by developing an intelligent mobile solution,
capable of attending nowadays industrial requirements, such as
efficiency, flexibility, and optimization of industrial processes.
Given the objectives and requirements, this paper presents the
solution adopted for the omnidirectional mobile platform, which
is part of a mobile manipulator, capable of performing
manipulation operations, such as machine tending and pick-and-
place tasks, and transport operations, including navigation and
docking tasks. By definition, a mobile manipulator is a flexible
robotic system composed of a robotic arm and a mobile
platform, which enables manipulation and navigation
operations, correspondingly [3]. Moreover, this combined with
the collaborative robotics concept makes it possible to share the
working environment with human operator’s safety and unlock
a wide range of possible cooperative tasks with them.

This paper focuses on transport operations, which means, the
control and generation of mobile manipulator’s movement in a
dynamic industrial environment, considering the presence of
human operators and the possibility of operating in confined
spaces (e.g., access to workstations). Thus, while the transport
efficiency is usually related to the ground floor characteristics,
the influence could be minimized by using omnidirectional
mobile platforms, allowing the definition of complex
trajectories, such as lateral and diagonal movements. These
types of movements, also known as holonomic movements, have
special relevance in docking operations and navigation in narrow
spaces, considerably reducing the number of maneuvers
required and the total operation time. For this purpose, the main
contribution of this paper is to present a low-level motion control
planner, capable to deal with unstructured and dynamic
environments.

In transport operations, the vehicle navigates on a dynamic
factory floor, driven by target-following and obstacle-avoidance
behaviors [4]. In this operation, despite the holonomic
capacities, it was required, whenever possible, that the
established movements be human-readable, i.e., that human
operators intuitively understand the vehicle’s maneuvering
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intentions [5]. However, this driving requirement is not always
possible, especially in operations in narrow environments.
Therefore, holonomic navigation behavior was also considered,
allowing the system to operate in tight spaces due to increased
maneuverability. In the manipulation operations, the system
performs the handling object tasks in pre-defined workspaces,
such as on machine tools or assembly lines, performed by a
collaborative robotic arm. For this purpose, the mobile platform
should dock in a pose that maximizes the range of operation of
the robotic arms, making these processes more efficient. To
achieve the project’s main goals, it was essential to automate the
approach and departure procedures and establish them through
holonomic movements. To orchestrate and articulate the
described behaviors to establish a complete task, it was
necessary to develop a mechanism to manage the execution of
tasks depending on the state of the system. The proposed
solution was implemented and verified in a dynamic simulation
scenario, replicating a complex industrial environment.

The remainder of this paper is structured as follows: section
II presents some existing projects in the literature related to
mobile robotics topics. Then, the robotic system configuration
and task constraints are described in section III; The overall
system architecture is presented in section IV; Section V
presents the dynamic behavior behind the navigation control
methods. Further, in section VI the docking maneuvers control
methods are described; Section VII presents the system’s
operational management and behavior orchestration. Section
VIII presents the tests and validations performed to verify the
system’s performance. Lastly, in section IX the conclusion and
future work are presented.

II. BACKGROUND

Mobile robots are being applied as internal logistics
solutions in today’s industries [6], providing flexibility and
efficiency across industrial processes. From these, AMRs
(Autonomous Mobile Robots) are state-of-art in the
development and research of internal logistics solutions [7] due
to their real-time adaptive capacities [8]. These concepts
converge to current industrial requirements, driving research and
development of new motion control methods, with a focus on
dynamical systems [9].

There are several strategies and methods for controlling
vehicle movements in dynamic environments. One such
possibility is the fuzzy control method, showing its performance
in establishing an optimal and smoother route during navigation,
as Basheer Essa et al. claim [10]. These control methods
qualitatively characterize the input into a fuzzy output according
to predefined rules. On the other hand, empirical control
methods are methodologies based on empirical information that
allows simplifying complex considerations compared to
traditional control methods. In this technique, the system's
behavior is trained by machine learning techniques during the
learning process. Considering the research field of autonomous
navigation, Choi et al. approach is emphasized [11], applying
the reinforcement training technique in the system’s behavior
definition. Another possible control strategy is presented by
Louro et al., by formulating the navigation dynamics based on
the target following and obstacle avoidance behaviors [12]. Both
behaviors are specified and parametrized as individual

dynamical systems and integrated into a single dynamical
system, which means that all components are active during the
motion generation. Currently, most articles make use of existing
state-of-the-art global path planners, complemented by local
path planning algorithms, for dynamic obstacle avoidance and
vehicle speed control [13].

Docking operations are considered a delicate and precise
process, highly dependent on the vehicle’s maneuverability
capacities. Although tricycle vehicles are more usual in
industrial environments, the complexity of trajectory
formulation and orchestration during docking operations is
notable. These docking operations can be formulated in two
phases (approach and pose correction), and thus it is necessary
to determine an auxiliary maneuver point, as proposed by Fan
Guangrui & Wang Geng [14]. This type of constraint is not
verified in holonomic vehicles, which due to their high
maneuverability can move directly to the docking site.

Regarding navigation control and docking methods for
omnidirectional vehicles, the proposal by Bavelos et al. stands
out, presenting a solution with similar objectives to those
intended to be achieved in this article. The navigation process is
defined in a previously known environment, based on the SLAM
(Simultaneous Localization And Mapping) algorithm. The
mapping process generates a cost map, being then possible to
calculate the "best path” [15], based on the sensorial information
of the laser scanners. During navigation, the presence of
dynamic obstacles is also considered, and the planned trajectory
is subsequently redefined. Navigation accuracy and velocity are
configured by parameterization of the SLAM algorithm and cost
maps. In the docking process, the system compensates for the
positioning error allowed in navigation. The control method is
defined by a PID (Proportional-Integral-Derivative) controller,
with feedback on the positioning error. The error is calculated
by the difference between the desired final position (obtained via
visual information from a fiducial marker) and the vehicle's
frame. In turn, Xiuzhi Li et al. present a method focused on
docking maneuvers for omnidirectional vehicles. The solution is
based on a visual servo control method relative to the position
error [16]. Based on the vehicle’s inverse kinematics, the angular
velocity to be applied to each wheel is calculated to transit the
desired velocity vector for the motion.

The literature review shows that most navigation strategies
rely on prior information about the operating environment (e.g.,
depending on SLAM algorithms). This condition imposes
limitations in dynamic applications, concerning layout
redefinition (as may occur in industrial environments). For this
reason, we intend to minimize this dependency by proposing a
navigation strategy depending on the information obtained from
the space surrounding the platform, as presented in Louro et al.
but for omnidirectional vehicles.

III. VEHICLE AND TASK CONSTRAINTS

A mobile manipulator is a robotic system consisting of a
robotic arm and a mobile platform. Such a configuration allows
the system to integrate various internal logistics operations in
different workplaces, extending the work scope. An
omnidirectional mobile manipulator was chosen as a use case, to
minimize the required maneuvers to establish the docking
operations, as well as allow the operation in tight workspaces.
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The mobile platform is equipped with two laser scanners
arranged diagonally in opposite corners, covering the platform’s
entire surroundings. Each sensor has a maximum range of 30 m
with 0.5° resolution coverage, ensuring safe operation in
dynamic environments. Four independent omnidirectional
wheels (mecanum wheels type) drive the platform. Each wheel
can be described as a free shaft bearing assembly, arranged
transversally to each other on a rim, replicating a wheel. These
wheels allow holonomic movement, i.e., they increase the
maneuverability and flexibility of the mobile platform. The
motion of the vehicle is established by defining the velocity
vector, composed of the longitudinal and lateral velocities and
angular velocity, v, , v, and wyp; respectively. Individual
wheel motion control is linked to the vehicle’s intrinsic
characteristics with the desired velocity vector. This linking is
established as in (1), where 13,,0¢; 1 the wheel radius, a;and [;
the orientation and linear distance to the i wheel, relative to the
vehicle’s center, Y the wheel’s cylinders rotation orientation and
Bi the rotation transforms between vehicle and wheel referential.

—sin (B;=Y)
y Twheel Sin(Y)

=lisin (—a;+B;-Y)

Twheel SIn(Y)

(1

w; =v —cos (f;i-Y)

w i
* Twheel SIn(Y) vehi

The mobile manipulator control system is structured in the ROS
environment, networking the overall system’s architecture.

The operation of the omnidirectional platform in dynamic
environments, shared with human operators and dynamic
objects, requires special safety considerations: i) the system
should move only on its lane, especially in transportation tasks;
ii) in navigation operations, non-holonomic movements should
be prioritized as they are predictable to humans in the
surroundings; iii) keeping a dynamic safety area around the
mobile manipulator (dependent on the operation type and
minimum safety distances imposed); iv) docking areas should be
kept clear (due to the reduced safety margins). Docking
maneuvers are considered critical processes, ensuring an
accurate and adequate final docking posture for subsequent
handling operations. The existing space next to the docking area
is so small that the presence of human operators can make it
difficult to maneuver the vehicle.

IV. SYSTEM ARCHITECTURE

The overall architecture is formulated in a four-modular
hierarchy, which specifies the system’s required characteristics
(see Fig. 1), i.e., the external communication module, the motion
controller module, the service manager module, and the vehicle
perception and location module. The system is designed to
interpret several predefined operations, received from an
external server as operation requests or Services (e.g., “Load
milling machine”). The Service Manager receives and interprets
the services and splits them into a set of successive tasks. These
tasks are transmitted to the management and control component
(the Task Manager component), which formulates the received
tasks into primary operations. According to the operation
purpose and system state, the Task Manager orchestrates the
motion controller components: Navigation, which implements
autonomous navigation behavior between two different
locations in a dynamic environment; Omnidirectional
Navigation, similar to the Navigation component, but uses the

holonomic capacities of the platform (to operate in narrow
environments); Go to Dock, which defines the docking approach
maneuvers (when close to the workspace); Return from Dock,
which establishes the exit maneuver from the workspace; Go to
Park, similar to Go to Dock, but this component corrects the
approach maneuver so the final movement is parallel and
oriented to the battery charge connectors; Return from Park,
establishes a safe exit movement, considering the charger
connectors and the park spot layout. The handling operations are
performed by the robotic arm once the mobile platform is docked
at the requested workstation, i.e., at the end of the Go to Dock.

To ensure a safe and accurate operation in industrial
environments, i.e., to establish a collision-free trajectory to
accomplish a desired goal, the Movement Controller
components depend on the mobile manipulator’s location and
environmental surroundings. The Environment Perception
module components provide such information after processing
raw data from sensors.

Service Manager
Task

Tash Manager Movement Controller
o

Positi Movement
Detection ostenng l 1

Environment Perception

xw:in:, Yveic, d:lw-,clNaviuﬁtbun] [Gu lo chkl ke

Omnidirectional cturn from elurn from|
Navigation Dock Park
Vx,V[. Wyeic

Data acquisition {surroundings and positioning) f‘_(MR iiwa'j éimulation'j

[Gu to F"ark] Arm ]
L 4

Bobs, dobs, linearghs

Interface

Fig. 1: Overall system's architecture

V. AUTONOMOUS NAVIGATION DYNAMICS

According to the operation workspace dimension and the
type of maneuvers to be performed, the movements can be
defined either by the Navigation or by the Omnidirectional
Navigation components, differing in the movements’ definition.
Both navigation strategies are based on nonlinear dynamical
systems theory, with motion defined by the behaviors of
following a target and collision avoidance. These behaviors are
formulated by the time course of the vehicle’s navigation
orientation, @;(t) (j = vehi,nav), and the motion velocity,

v(t), as stated in (2) and (3), correspondingly:

= (@) + £i(#) @
% =9:(v) + ¢c.g:(v) 3)

where each individual contribution, f; and g; (i = tar, obs),
raises an attractor point at the desired value, the latter being
controlled by ¢; component (activation component).

A. Navigation established by legible movements

The Navigation component was designed to implement
transport operations in dynamic environments by establishing
human-legible movements. This was achieved by ensuring that
the velocity vector always has the direction of the vehicle's
physical orientation @,,,; (see Fig. 2), this being one of the
control variable, and then the modulus of the velocity vector (v,
in this case). The motion results from the integration of two

120



2023 IEEE International Conference on
Autonomous Robot Systems and Competitions (ICARSC)
Tomar, Portugal — April 26-27, 2023

behaviors: moving toward a desired target and avoiding
obstacles.

(2 (b
Fig. 2: Movement definition: a) By holonomic movements; b) By legible
movements. (like a differential-drive vehicle)

1) Heading direction control: Steering the system to the
desired route is accomplished by controlling @,,;; along the
time (assuming it is moving, i.e., v, > 0), replicating the
steering of a differential drive vehicle. Considering an obstacle-
free environment, the mobile platform follows the predefined
route as a sequence of via points. Subsequently, the control
system converges the platform’s heading to the calculated via-
point relative orientation, i.e., W4, (both calculated in external
world coordinates) (see [4],[12]). This behavior is shaped
through the following dynamical system:

fear (q)vehi) = —AdiarSin (Pyeni — Yiar) 4

by establishing a fixed attractor point at @,.p; = Wier, With
strength 1,4, (> 0). Similarly, the obstacle avoidance behavior
is modeled as a sum of individual dynamic fields by erecting a
fixed repulsive point at the orientation of each sector i of the
laser sensor. Therefore, the overall behavior is modeled by:

fobs ((Dvehi) = ?:0 fobs,i((pvehi) (5)
where f,ps,; (Pyeni) specifies the individual repulsive force-let,
defined by the laser beam i of n considered. The individual
repulsive force-let is modeled by:

2
_(q"’vehi‘q’obs,i)

—Wopsi)e  HorsT(6)

fobs,i(d)vehi) = Aobs,i((pvehi
which establishes a fixed stable point at W, ;, with a repulsive
strength defined by A,,s; (> 0). The repulsive effect is
bounded by an angular range according to the vehicle
dimensions, sensor characteristics, and obstacle distances,
established by 0, ; (see [4] for more details).

2) Motion velocity control: Similarly, to the heading
direction control, linear speed control is also the result of two
behaviors: target following and obstacle avoidance. The
fundamental control theory is the same as for the previous
control, i.e., establishes an attractor fixed point at the desired
velocity:

G(vx) = —Ctar (vx - Vtar) — Cobs (vx - Vobs) (7

which converges the system’s linear velocity v,, to Vi, or
Vobs, depending on whether the path is free or obstructed (see

[4] for more details). The behavior selection is performed by the
single activation of ¢4, (cleared route) or c,,s (obstructed
route), which further specifies the respective relaxation rate.

B. Navigation established by holonomic movements

The Omnidirectional Navigation component generates
holonomic robot movement, which allows it to maneuver in
narrow spaces. It does so by adding the control of lateral
movement, vy, to the previously presented components. Thus, in
this component, in addition to maintaining control of the
direction of the vehicle (in which the direction of navigation may
not be equal to the direction of the front of the vehicle) and the
modulus of the velocity vector, it becomes necessary to control
the direction of the velocity vector.

Xyehi
Plmnf 7
v'ﬁé’

(a) (®)
Fig. 3: Holonomic motion control strategy divided into two complementary
methods: a) Velocity vector definition; b) Vehicle space orientation.
(Perspective of movement from 1 to 2)

The control strategy is divided into two complementary control
methods (see Fig. 3), these referring to the definition of the linear
velocity vector, performed by v, and v,, and to the vehicle
orientation, performed by @,,.p;.

1) Linear motion direction control: Considering the
holonomic characteristics, the method must consider the
hypothesis that the orientation of the movement (linear
movement) does not coincide with the orientation of the
vehicle’s front (space orientation), i.e., @,eni F Pomni, Where
@,mni 18 the linear motion orientation. This particularity
redefines the notation for the vehicle’s navigation orientation
concept:

Prav = Poeni + Pomni (®)
where @,,,, specified the actual navigation orientation. The
follow to a target behavior is modeled using a dynamical system
identical to that in (4), but with respect to the vehicle’s
navigation orientation, @,,,,:

ftaromm- (Pnav) = _}LtaromniSin (Pnav — Year) ©)

erecting an attractor fixed point at the target orientation, W,
with attraction strength 4,4, . (> 0). The collision avoidance

behavior has an identical definition as in (5), i.e., is modeled as
a sum of individual repulsive force-let, each one modeled by:

_(®nav=Yops,)?
2'("'obs,i)2

(10)

fobsomni,i((pnav) = Aobsomni,i((pnav - qJobs,i)- e
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which erects a repulsive fixed point at W, ;, with a repulsive
strenght Aops, i (> 0). As stated before, 0,5, corresponds to
the angular range over which the repulsive force is exerted by
the i sector of the laser sensor considered. The overall system
behavior is defined as the influence of both behavior:

dd;% = ftaromni(d)nav) + Yo fobsomm,i((pnav) (11)
As matter of principle, this control method is capable of
compensating and correcting possible intrinsic and extrinsic
influences on the system (such as the dynamics of the vehicle
itself). However, the main goal is to extract the desired
navigation orientation, @,,,, from the differential equation
(11), to subsequently determine @,,,,;. This was achieved
through the progressive Euler method strategy.

The velocity in modulus is determined identically (7) to the
one of the navigation component, taking into account both
behaviors. Therefore, the linear motion control variables are
calculated as the vector projection on a two-dimensional plane,
where vV, 1s the calculated motion velocity:

Ux = Vomni COS((Domni) (12)
Uy = Vomni Sin(@omn;) (13)

2) Orientation Control: The orientation control strategy is
similar to the one presented for legible movements, i.e.,
modeling both behaviors (follow to a target and obstacle
avoidance) in dynamical systems. Therefore, the overall system
behavior is shaped by integrating of (4) and (6), specifying
however different attractive and repulsive strengths, ¢4y ori (>
0) and A,y 0ri (> 0) respectively.

The emphasis on the holonomic nature translates into the
prevalence of the vehicle motion orientation control method (
Fig. 3 a)) over the vehicle orientation control (Fig. 3 b)). As an
example, when the orientation of the target to the vehicle's
trajectory is changed (W¢,r), it converges the direction of the
velocity vector to the desired orientation faster than the
orientation of the front of the vehicle to the desired orientation.
This is achieved by ensuring a Agar, - >Atar,ori- The same is
true for obstacle behavior.

VI. DOCKING MANEUVERS CONTROL

The docking operations must ensure that the system
performs the approach and departure procedures safely and
securely. These maneuvers are performed by exploring the
vehicle’s holonomic characteristics, thus reducing the number of
movements required as well as the maneuvering space to
perform them. Motion control is formulated in two
complementary methods: spatial orientation control of the
vehicle and the vehicle’s linear motion control. Both strategies
are based on a proportional controller.

A. Space orientation control

The heading correction is established by controlling w,,ep; as
a function of the orientation error, @y, This error is

determined depending on the desired docking orientation,
W ,0ck> and the vehicle orientation, @,,.p; (see Fig. 4):

d)dockerror = Yaock — Poeni (14)

once the orientation error is determined, the control action is
generated by a proportional controller, imposing a k,,, (> 0)
gain:

Wyehi = kp,w(pdockermr (15)

This control strategy is applied for both the approach and
departure processes.

YWurld“ A

Dyehi= Yaock

1 1
:xvehi : Xdock -~
Xworld

Fig. 4: Docking maneuver considering the desired dock pose.

B. Linear motion control

Linear motion control is formulated as a projection of the
velocity vector onto a plane. Therefore, the control strategy is
structured on two levels: linear motion direction control and
linear motion velocity control.

1) Linear motion direction control: Given an obstacle-free
environment, the system’s linear movement must coincide with
the desired dock location. Otherwise, the motion compensation
mechanism is expected to act (c.f. in Section VI-C). Thus, the
movement direction, 84,., is calculated as a function of the
vehicle location (X,en;, Vyeni) and the desired docking location
(Xgock» Yaock)- However, considering the assumption that the
linear movement orientation does not coincide with the vehicle
orientation (due to the holonomic characteristics) (84ocx #
D,.1ni), the latter term is discounted in the calculation:

edgck — arctan—l (Ydock_}’vehi) _ (pvehi (16)
Xdock~Xvehi

where @,,;,; specifies the vehicle orientation. This control
strategy is applied for both the docking approach and departure
processes.

2) Linear motion velocity control: Velocity is adjusted
considering the positioning error (linear distance to the desired
dock location), dist zock:

distyock = \/(xdock = Xpeni)® + Waock — Yveni)* (17)
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depending on the docking operation, approaching, or departing,
the path velocity should decrease or increase, respectively, as the
vehicle reaches the desired docking location. Therefore, in
approaching maneuvers, the system’s linear motion velocity,
Vgock 1S modeled by a linear proportional controller:

Vaock = kp,apprdiStdock (18)

imposing a Ky, 4 (> 0) gain. On the other hand, in departing
maneuvers, the system’s linear velocity control is shaped by a
quadratic proportional controller so that the vehicle gradually
increases the modulus of the linear speed as a function of
proximity to the imposed extraction location (decreasing of
distgock):

Vaock = _kp,depar(diStdock)z + Vinax (19)
where kp gepar (> 0) gain is defined considering that the

maximum velocity, V., , occurs when distz, =0 ,
considering the initial dock distance, dist;n;tiqr dock:

Vmax (20)

k =
p.depar distinitial,dock
The linear motion control variables (v, 1) are calculated as
in (12) and (13).

C. Safety mechanism

The docking processes are complemented by a safety
mechanism, to avoid collisions with possible obstacles in the
maneuvering area. However, its use is limited due to the very
small safety margins. This mechanism can override the
previously generated control actions if the safety distance to
obstacles is not respected. First, the presence of obstacles closes
to the vehicle that infringe on the safety margin considered is
verified. In this case, if the direction of the linear motion
coincides with obstacle’s location, but only in one control
variable (e.g.: v ), the mechanism cancels it while maintaining
the other. Moreover, if the distance to the nearest obstacle
infringes on the minimum safety distance to continue the
operation, the mechanism immobilizes the vehicle. Docking
processes are designed to operate in critical proximity to
obstacles. For this reason, the margin considered is variable,
being less sensitive the closer to the dock location (if
approaching) (21). In the extraction operation, the opposite is
true (22), where ¢ parameterizes the sensitivity of the maneuver.

Safetymargin = . distgock (2D

SafEtymargin = e distgock > 0 (22)

C.c—/————
distgoc,

VII. BEHAVIOR ORCHESTRATION

As stated in section III, the system operation is established
by the management and activation of primary operation types,
performed by the Task Manager component. The orchestration
of the behavior depends on the assigned task (e.g.: navigating to

a workstation, or returning to the parking slot, among other
possibilities) as well as on the system state (i.e., the current task
status, e.g.: approaching the docking zone, navigating in a
narrow area). Therefore, in the first instance, the last executed
operation sub-task is verified. Considering the beginning of the
action, these can be the Go to Dock or the Go to Park operation
(only these behaviors are valid as first sub-task operation
behavior), selecting the complementary behavior maneuver
operation (Return from Dock or Return from Park, accordingly).

Once the procedure is successfully completed, the Task
Manager selects the navigation component according to the
characteristics of the navigation space. Two navigation options
have been considered: navigating by holonomic movements
(Omnidirectional Navigation component) or as a differential-
drive vehicle (Navigation component). If the navigation space is
considered narrow (demanding in terms of maneuvering space),
the Omnidirectional Navigation behavior is selected. Otherwise,
the Navigation component is activated (wide maneuvering
space). The space classification is contained in the narrow area
flag, received in the service, signaling narrow spaces operation.

When the omnidirectional platform is in the vicinity of the
dock location (the entire planned route has already been
traveled), the Task Manager selects the approach maneuver
(depending on the assigned task). Thus, if the goal is to dock at
a work area, the Go to Dock maneuver behavior is selected. On
the other hand, if the goal is to return to the parking slot, the Go

Start: Now task
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T
Mo Last via Yes Steg
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Fig. 5: Tllustration of the operation orchestration in a flowchart.

to Park is activated.

The Task Manager continuously monitors the execution of
the various components’ tasks, and in case of any failure, it
aborts the task execution, informing the Service Manager about
the error. Fig. 5 illustrates the operation orchestration performed
by the Task Manager according to the received task.

VIII. SIMULATION VALIDATION

This section concerns the tests and validations performed to
verify the system’s overall behavior in a simulated realistic
industrial environment. For this purpose, a simulation scenario
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was developed in CoppeliaSim, considering a complex industrial
floor as well as the dynamic model of the mobile platform. This
validation method allowed us to analyze the system behavior in
the execution of a typical internal logistic task and verify the
behavior in a dynamic environment (environment composed of
dynamic simulation models: mobile platform and human
operators’ models).

A. Methodology and test design

The method validation was specified by integrating the
system control processes with the CoppeliaSim simulation
scenario. These were interfaced through mediation by ROS
(Robotic Operation System) communication schemes: ROS
Topic (for data stream purposes) and ROS ActionLib (for high-
level communication). A complex industrial service, that
requires all the proposed motion controllers, was requested to be
executed. Then, the Service Manager divided it into the
following three actions: Unload Production (to navigate and
dock to the pickup point); Load Milling (to navigate and dock to
the machine tool feeding zone); Go Park (to return to parking
zone).

B. Unload Production: Navigation and docking to the
collecting workspace

As illustrated in Fig. 6, this action is split into four distinct
behaviors: Return from Park, Navigation, Omnidirectional
Navigation, and Go to Dock.

Fig. 6: Behavior representation that defines the Unload Production action.
a) Return from Park; b) Omnidirectional Navigation; c) Navigation; d)
Omnidirectional Navigation; e) Go to Dock.

As priorly stated, behavior orchestration is performed by the
Task Manager. Since the initial system location coincides with
a parking zone, the Return from Park component was selected
(Fig. 7 a)). Once completed, the system is governed by the
navigation components. Given the limited workspace in the
e?vironment, the mo?ile robot started by using the

Fig. 7
(https://youtu.be/BYTV8281Dfc)

Snapshots sequence of the Unload Production action.

Omnidirectional Navigation mode (Fig. 7 b)). Then, in the main
corridor, the system motion became defined by readable
movements (Navigation component) (Fig. 7 ¢)). Due to the
limited room to maneuver at the workstation access, the system
behavior was once again defined by holonomic movements (Fig.

7 d)), and subsequently established by the Go to Dock
component (for pose correction) (Fig. 7 e)). The final dock pose
was specified to maximize the working space of the robotic arm
(future intention of conjugation with motion generation of a
robotic arm attached to the mobile platform).

C. Load Milling: Navigation and docking to machine tool
feeding zone

This action is split similarly to Unload Milling, except for the
starting operation, which is a Return from Dock, as shown in Fig.

Fig. 8: Behavior representation that defines the Load Milling action. a)
Return from Dock; b) Omnidirectional Navigation; c) Navigation; d) Go
to Dock.

8, being the complementary operation to the dock state (last
active state).

After Return from Dock (Fig. 9 a)), and once cleared the
workspace zone, the goal is to access the main corridor. Here,
due to the narrow space, the system’s motion was specified by
the Omnidirectional Navigation component (Fig. 9 b)). After
accessing the main corridor, the system is controlled by the
Navigation components, defining readable movements (Fig. 9
¢)). This behavior was active until near the machine tool feeding
zone and then controlled by the Go to Dock component (pose
adjustment) (Fig. 9 d)).

D

Fig. 9: sequence of the Load action.

Snapshots
(https://youtu.be/BYTV8281Dfc)

Milling

D. Go Park: Returning to the parking zone

This action is orchestrated in a similar way to the ones
before, differing in the last approach component: Go to Park
instead of the Go to Dock behavior. This last component
capacitates the system to perform an appropriate approach to the
battery charger connectors. The system's behavior can be
verified in  the last action of the  video:
https://youtu.be/BYTV8281Dfc.

E. Dynamic Environment Operation: Safe crossing with a
human operator at the main corridor

This experiment validates the system’s capacity to share the
factory floor with human operators by defining legible
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movements. This experiment condition occurred during the
return navigation to the park site. As illustrated in the Fig. 10
sequence, the mobile platform established a safety bypass
maneuver to the right, avoiding the action of the stop mechanism
or potential incidents.
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Fig. 10: Snapshots sequence of a safe crossing between the mobile
manipulator and the human operator. (https://youtu.be/SUva9dcU9Rg)

F. Dynamic Environment Operation: Congested workspace
access corridor

This experiment demonstrates the system’s ability to avoid
an imminent collision during access to the workspace corridor
(narrow access). As demonstrated in the Fig. 11 sequence, the
system was able to compensate for the movements by the action
of the safety stop mechanism (critical proximity) (Fig. 11 a)) and
subsequently access trajectory correction (by holonomic
movements) (Fig. 11 snapshots B and C).
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Fig. 11: Snapshots sequence of a safe crossing between the mobile
manipulator and the human operator. (https://youtu.be/qrymVdjKcBA)

IX. CONCLUSIONS AND FUTURE WORK

This paper proposes an internal logistics solution based on an
omnidirectional mobile manipulator. Motion control was
designed considering both the environment layout and the
presence of human operators in the shared workspace. This
method was based on a low-level planner, using dynamical
systems. As matter of principle, this approach is also able to
compensate for possible slippage problems. Methods allowing
docking maneuvers were developed to perform the approach and
departure trajectory to a workstation or a parking slot,
considering the final pose requested and trajectory restrictions.
The overall system behavior results from behavior orchestration
by a dedicated management controller, given the task to be
performed as well as the system’s operational state.

Simulation results demonstrate the system’s performance to
perform a complex industrial service, composed of several
individual tasks, and its robustness to operate in dynamic
environments, being able to adapt to operating circumstances.
Future implementations include both the integration of this

solution with the robotic arm motion controller, and the system’s
validation in a real industrial context.
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