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Abstract. In the current industrial context, the adoption of a digital twin (DT)
has proven to be an appropriate tool to optimize the entire lifecycle of a system.
This vision includes the adoption of a DT, in the collaborative network of
organizations from the virtual modeling of a system, through its control,
operation, namely simulation, implementation, and monitoring/supervision. To
take full advantage of DTs, it is essential that they are as photorealistic as
possible, allowing all kinds of simulations to be carried out, for example testing
vision algorithms. In this context, this paper presents the development of a DT
that is integrated as a collaborative system to monitor all phases of the life cycle
of a robot destined to wash tank truck. The Unreal Engine 4 software was used
to develop a DT and the communication architecture was designed, using the
standard OPC UA protocol.

Keywords: Digital twin, Robotic simulation, Factories of the future, Unreal
Engine 4, Tank Truck Washing.

1 Introduction

The fourth industrial revolution (Industry 4.0) introduced several changes in
manufacturing processes and service provision, driven by the need for their
digitalization. Today's business competitiveness requires manufacturers and service
providers to be able to respond and adapt to the increasingly diverse requirements of
customers in ever shorter periods of time, demanding the adoption of collaborative
networks [1]. One way to achieve this goal is to implement the smart factory concept,
introduced by Industry 4.0 [2]. Cyber-physical systems (CPS) and digital twins (DT)
are two important technologies for the digital transformation in organizations. Both
concepts seek to connect the physical with the cybernetic world. However, while CPSs
focus on the interaction between the two worlds, DTs provide a complete digital
description of the physical world/process. A DT can be considered a digital
representation of a physical system [3].
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With the recent advances in computing technologies, the DT concept has evolved
into a safe virtual space for simulation, testing and validation [4]. From this perspective,
a solution for the creation of simulation models is to construct a DT that mirrors and
observes the behavior of the real world, allowing to achieve a virtual commissioning
(VC) scenario [5],[6]. VC is typically viewed as a hardware-in-the-loop (HiL)
configuration that is used before the actual (physical) commissioning of an industrial
device, for the purpose of testing and verifying the control logic. In HiL. simulation, the
real controller is connected to a DT that replicates the physical system [7].

In recent years, the DT concept has evolved quickly and been widely used. The
authentic representation of physical systems, has advantages in several areas such as:
manufacturing [5], health care [8], smart cities [9] and robotics [10], [11]. DT in
robotics are embedded throughout their lifecycle, taking a key role in VC in order to
test their design and improve control algorithms for robots at the development stage
[10]. With DTs it is possible to test different scenarios to improve performance related
to cost and time. In [11], the authors proposed a DT to monitor the collaborative work
of various robots.

The implementation of a DT in an organization's communication network allows
achieving a digital transformation towards collaborative manufacturing [6, 12]. In the
development of a new system, the use of a DT facilitates the simulation of several
scenarios previously related to being physically implemented, allowing the
identification of bugs in efficiency systems, i.e. reducing costs related with tests of new
processes in physical systems [6, 8, 9].

This paper addresses the DT implementation applied to a tank truck washing process
automation, contributing with an effective solution for testing vision algorithms in a
photorealistic virtual environment. Currently, tank washing is carried out through
rotary jet heads which are manually inserted into the tanks. Motivated by the need to
build collaborative, resilient and sustainable systems and meet the concept of factories
of the future, this paper focuses on a robotic system to automatically perform the
washing task. Specifically, this paper describes the development of a DT to support the
entire lifecycle of the robotic system and promote its integration into the organization's
collaborative network. One of the features of this system is the use of computer vision
to detect the loading port. Given the need to validate computer vision algorithms, we
propose a DT based on the Unreal Engine 4 (UE4), which allows rendering
photorealistic images captured by virtual cameras.

To guarantee the smart factory concept, it is intended to develop a DT interoperable
with the different systems present in organizations. The DTs must have the ability to
simulate the changes that may occur in the production/service delivery processes.
Several research works have been developed to implement a Service Oriented
Architecture (SOA) in which all control, automation and supervision systems are
designed as a combination of different services. These architectures allow the functions
performed by the robot to be quickly improved and adapted to changes in the industry
[10]. For that matter, the Informatics System of Systems (ISoS) architecture was
adopted, where the developed DT constitutes a service. The implementation of this
architecture allows the DT to communicate with the other services that are part of an
organization, ensuring interoperability between all systems [13].

This paper is organized into the following sections: section 2 describes the various
stages of the DT development for the robotic system for tank truck washing; section 3
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presents the architecture developed for the communication between the DT and the
system controller; section 4 presents the tests performed to verify the functioning of the
proposed communication architecture, and finally, section 5 presents the work
conclusions.

2 Development of a Digital Twin

This work addresses the development of a DT for an automated tank truck washing
system. The use of a DT has advantages in the development of the robotic system and
in its monitoring during operation. For example, a DT enables testing of control
algorithms in parallel with the mechanical design, production and installation phases.
Once implemented, the DT may be used to complement the existing supervision
system, by providing a realistic visualization of the system in real time.

The choice of the supporting software is an important step in the development of a
DT. In the present work, this choice is influenced by the requirement of detecting the
loading port through an image processing system. Since image processing is essential
for the robotic system operation, special emphasis was placed on the photorealism of
the DT. For this reason, it was chosen the Unreal Engine 4 (UE4) software, from Epic
Games®, for the virtual environment development, due to the sophisticated methods
that it provides for rendering realistic images. The use of a game engine allows testing
the system under varying lighting, by changing weather settings or artificial lighting,
which is essential for validating a computer vision system. This software, which was
initially developed for the creation of first-person shooter (FPS) games, has been
successfully used in a wide variety of applications, including robotics [14],[15].
Additionally, UE4 is free to use, therefore it does not increase the robotic system cost.

According to Lei, et al. [16], the development of a DT can be divided into the
construction of three models: 3D model, kinematic model and rules model. In the first
stage, a three-dimensional model of the environment is built, including the robotic
system and the tank truck. Next, a kinematic model of the system is defined, by
establishing the mechanism constraints. The final stage defines the rules for interaction
with the DT and the data exchanged between the controller and the DT. Next, the
application of these stages in the DT development on the proposed robotic system is
detailed.

The first stage in DT development is 3D modeling. To obtain a realistic DT, the 3D
shapes, colors and textures used in the model must closely resemble those of the real
world. Such models can be created with a computer aided design (CAD) software or by
digitizing the physical system with 3D scanners. Since the proposed robotic system is
still under development, the second approach was not viable and, thus, the 3D model
was developed in the CAD software Solidworks®.

The DT model essentially includes a gantry robot, a jet head, and a tank truck, whose
models were obtained from various sources. The gantry robot design was carried out
through a specialized software from LUCAS [17], which also provided 3D models of
that equipment (Fig. 1a). The jet head was selected from the catalogue of the Alfa
Laval® manufacturer [18], which also provides corresponding 3D models (gantry robot
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Fig. 2. DT realistic environment developed in UE4.

end effector depicted in Fig. 1a). The tank truck model (Fig. 1b) was selected from the
GRABCAD® repository [19].

Besides the aforementioned items, the virtual environment was enriched with a
realistic model of the scenario where the washing operation takes place, by resorting to
objects from the UE4 marketplace [20]. The complete virtual environment is shown in
Fig. 2.

The 3D model described above represents the appearance of a static system.
However, to develop a DT it is essential to set the kinematic properties that are relevant
to the simulation. In the present work, the robot is described by a cartesian kinematic
configuration, which yields linear relations. In this case, to impose the kinematic
constraints on the objects of the system, it is necessary to: i) establish the rigid coupling
among objects that are fixed together, ii) allow the translation movement of the x, y,
and z axis and iii) establish the hierarchy between the axes. For this purpose, the objects
in UE4 were organized in a hierarchical tree that defines the kinematic order, as usual
in 3D modeling programs.

The purpose of the rules model is to define the interaction protocol with the DT and
to identify the data exchanged between the virtual world and the controller. Within this
interaction, the role of the controller is to send action commands in the form of x
(longitudinal movement), y (transverse movement) and z (vertical movement) values
that describe the movement of each robot axis.
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The action commands should depend on visual feedback from the virtual world. For
this purpose, a “Fusion Camera Actor” element was also added to the model (element
A depicted in Fig. 3a). This element simulates a virtual camera and enables capturing
images in the DT, as illustrated in

FusionCameraAc1ond

90.0p000q *

FusionCameraAc1ond

90.0p000q *
b)

Fig. 3. Virtual camera in UE4: a) camera position and orientation; b) captured image.

controller consists of image data, which is later processed by image processing
algorithms that compute the position targets for the gantry.

3 System Architecture

The proposed robotic system for tank truck washing is controlled by a programmable
logical controller (PLC) connected to a computer, running a software platform for
supervision, control and a data acquisition (SCADA).

In the present work, an HiL architecture is configured with the DT controlled by the
same PLC that control the real system. This aims to validate the logical control
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developed and the SCADA system functionalities. Furthermore, this architecture
allows to use the DT in a hybrid commissioning, with the PLC connection to the real
system, simultaneously.

As mentioned earlier, the robotic system DT was created with UE4. However, this
software is not geared towards automation and the communication with a PLC is not
provided as standard. For this reason, a custom designed communication architecture
was required. Matlab® was used in the communication between the PLC and the DT
due to need of its image processing capabilities, required by the current task, and to
achieve future project goals that build on artificial intelligence (Al) algorithms. Taking
this into account, Matlab® was selected to develop image processing algorithms. This
allowed greater flexibility in choosing the most appropriate techniques from a wide
range of classic and advanced tools available in the Matlab® computer vision toolboxes.
From the communication architecture point of view, this choice implies that images
recorded in the DT must be sent to Matlab® and that targets found by the detection
algorithm must be sent back to the DT. To support this communication a custom library,
Matlab_Unreal Interface, was developed, building on the existing UnrealCV library
[21]. UnrealCV is a set of python functions developed to support computer vision
research by providing an interface to UE4 synthetic worlds. Matlab_Unreal Interface
extends this library with Matlab® functions that port the same functionalities to the
Matlab® environment. In addition to exchanging image data, the library features include
reading and setting the position of objects in the virtual environment.

Digital Model Physical Model

‘lMaﬂab | o

UNREAL
EnGiNE

“OPC UA
Main Program
Digital Twin & _—T “Scapa

Robot “
obe PLC Matlab OPC UA

Interface -

PLC

Matlab_Unreal
Interface

| B o
Physical Robot

Fig. 4. Communication Architecture

Once a communication interface has been established between Matlab® and UE4, it
can be used to mediate communication between the PLC and UE4. The OPC UA is the
preferred PLC communication protocol, due to its high reliability, cross communication
and uniformity of access [16]. This protocol is based on a client/server model, where
the OPC UA server defines the address space and provides an access interface, and the
OPC UA client implements the data acquisition that references that interface [11]. In
the proposed communication architecture, shown in
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Fig. 4, the PLC performs the role of the OPC UA server while the other OPC UA nodes
are clients. This is the case of Matlab®, which mediates the communication between
the PLC and UE4. To achieve this functionality, another library was created, called
PLC_Matlab interface. This library, based on the python library freeopcua [22], is a set
of functions that enables Matlab® to perform the OPC UA client role. In the proposed
architecture, Matlab® is responsible for both the image processing task and
communication dispatch. All the operations underlying these tasks are integrated in a
Matlab® program, Main Program (see
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Fig. 4), which is executed in parallel with the other agents of the system.

4 Communication Architecture Verification

The developed system was tested according with the control real system specifications.
It is considered a controller performed by the PLC CPX-E+CMMT, supplied by
FESTO® and programed by the Codesys® software. Notice that the PLC has a server
OPC UA, which specification is required in the developed architecture. The robotic
tanks washing process was programmed in the PLC, according to the flowchart
depicted in Fig. 5. The axes movements allow the validation of the developed DTs
models and proposed architecture. The robot moves a virtual camera, coupled to the y
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axis, to detect the loading port position through the image processing algorithms of
captured images. The loading port position is estimated from the relative position to the
virtual camera.

Step 1 Step 2 Step 3
[ |

[
> 2, . Target
—_— ﬁ'b " ﬁ ke " detected?
START Home position Movement  Image capture
movement and processmg |‘~Io

Next Position \{0\ EDlenI
Movement to target
END |+— |ﬁ\“| — | & | «—| Washing Process | +— | P '____l
Home Position  yi7ach head lift Wash head descent
Movement |
Step 6 Step 5

Fig. 5. Flowchart of the robotic system for road tank washing.

According with the flowchart depicted in Fig. 5, after the operator press the

“START” bottom in the HMI, the washing cycle begins the following steps:

1. the robot moves to the home position, defining the cycle start position.

2. the y axis moves the jet head and the camera to the vehicle longitudinal axis.

3. the x axis moves the terminal element along the tank until the loading port is
detected, through image processing algorithms.

4. bothx and y axes are moved to ensure that the terminal element is over the loading
port, resorting to image processing.

5. The jet head is introduced inside the tank, carried out the tank washing process for
a predefined time and is removed again.

6. The axes are moved to the Home Position, finishing the washing cycle.

The process was executed, and the DT jet head positions were obtained by the
Matlab® software.

Fig. 6 shows the DT jet head positions throughout the washing cycle, where it is
possible to observe the steps executed by the implemented algorithm. Notice that the
path does not show step 1, since the robot was already in the home position when the
washing cycle was started. Observing the results, the proposed architecture was
successfully validated.
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Fig. 6. Jet head trajectory described throughout the operating cycle.

5 Conclusion

A DT is one of the pillars of a digital transformation. This allows to create virtual
replicas of physical systems, providing a simulation and supervision environment. The
use of a DT makes it possible to configure and test a collaborative system before
physical commissioning, to be integrated into the factory concept of the future. This
work presented the DT development of a tank truck washing robotic system. The DT
was implemented in UE4 in order to achieve a high level of realism. The use of this
software allows the development of control algorithms based on image processing. For
that purpose, the DT components were modeled in UE4, including a virtual camera to
capture images from the environment. It was implemented an architecture to ensure the
communication between devices and platforms: DT, PLC, SCADA software and
Matlab®, resorting to OPC UA communication protocol. The results have shown that
the architecture was successfully implemented, allowing the DT development in many
real frameworks that requires a high-level photorealism and advanced computation.
The DT will be tested for supervision of a laboratory gantry and is intended to be tested
on a gantry in an industrial environment.

Acknowledgments. This work was supported by the project POCI-01-0247-FEDER-
039764 under the Program PORTUGAL2020.
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