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ABSTRACT: This paper presents the development of the digital twin of an advanced industrial robotic
system for pipe wall thickness inspection in the turbine building of nuclear power plants. The robotic
inspection system consists of 3 units, the first being the mobile unit, the second a robotic unit for
automatic pipe wall thickness measurement using the ultrasound technique, and the third unit for
power supply, communication and auxiliary services. To develop the advanced robotic inspection
system, a prototype was built in the laboratory to study different situations and geometric
configurations that may arise in the field (turbine building). With Process Simulate software version
16.1.2, the digital twin of the prototype was developed including industrial robot, metal platform and
pipe sections. This paper presents the results for the virtual commissioning of the wall thickness
measurement of a vertical pipe section and the novel design of the End-Effector of the industrial robot.
Therefore, technical discussions are made on the requirements to deal from the design to the functional
requirements of developing the end-effector, digital twin and the creation of a commissioning method
for industrial robots. The analyses and insights from virtual commissioning made it possible to verify
that the robot could access any part of the pipe surface through interpolated movements with spatial
coordinates of the robotic arm along its sides.

KEYWORDS: Digital Twin, Ultrasound Measurement, Pipe Wall Thickness, Virtual Commissioning,
Process Simulate

1. Introduction unforeseen  scenarios to make wall thickness
measurement. Given the amount of work involved during
inspections, it is desirable to automate these activities, and
foresee access difficulties and variability of inspection

Complex industrial facilities such as nuclear power
plants require pipe wall thickness inspection for safe and
reliable operation. These pipes, submitted to high pressure

conditions and pipes geometric configurations. To
and temperature, connect the steam generators, turbine,

increase the efficiency to handle complex activities in
changing scenarios, several authors propose the use of
robotic automation systems with and without user
assistive actions [6]-[8], and the use of digital twins and
other industry 4.0 approaches to streamline their design
and commissioning phases [9].

condenser, and may undergo thickness reduction due to
corrosion and erosion [1]-[3]. The inspection environment
is hot and humid (50°C and 100 % relative humidity). The
field space has complicated geometry and access to
inspection locations, the pipes have diameters varying
from 50 cm to 65 cm, and are positioned in horizontal,

vertical, or inclined directions. During plant panned This work presents part of the development of a robotic
shutdown, the inspections may include tens of thousands ~ System for measuring the wall thickness of the secondary
measurement points of wall thickness [4]-[5]. system pipes of the Angra 1 nuclear power plant, more

Traditional inspection systems are usually rigid and ~ specifically the development of its digital twin. This
require intense human action to circumvent field method allows dividing the development process into two
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stages, the first being development via simulation (virtual
project) and the second stage in which the physical project
is built from the virtual project data, including the robot
programming that is exported from the virtual project to
the field robot [10].

Digital twins are very realistic virtual models of a
process and its interaction with the actual world
environment [11]. They include the equipment and all the
steps to carry out a certain production process [12]. Using
the benefits of the digital twin and virtual commissioning
tools, it is possible to increase communication and
coordination between the parts of the process, allowing for
smarter decision-making [12]. This technology makes it
possible to quickly and flexibly develop different
situations aimed at automating and integrating operator
agents and robes to perform complex tasks [13]. It allows
integrating sensory data from physical assets and
simulating a variety of robotic conditions in which an
agent can interact. As a result, the agent can learn an
adaptive task allocation strategy that increases project
performance. Lee et al. [13] tested this method for the
robot-automated construction problem. Results indicated
that model task allocation reduced build time by 36% in
three dynamic test environments when compared to the
conventional method.

The biggest benefit of virtual commissioning is the
savings. It is possible to test an investment in advance,
which could be hundreds of thousands or even millions of
dollars in equipment, since a single robot could cost you
around $50 to $70,000. [14]. So, five robots, equipment,
clamp systems, accessories, different products, and all that
together in one manufacturing cell is a significant
investment. Companies do not intend to develop projects
without knowing if it can satisfactorily perform at the
expected levels and results. Process reduction Standard
operating. Possibility of carry out part of this process in a
more convenient environment (no necessarily on-site)
combined with the opportunity to use the emulation
model for training workers. Parallel development and
optimization of mechanical parts, especially mechanisms
[15]. and debugging
simultaneously from the control software. The Companies
aim to implement sustainable manufacturing of robotic

mechatronics. Programming

cells, in order to improve profitability, reducing resource
consumption, global expenses, as well as satisfying the
regulatory input of ecological impacts. In addition, the
widespread adoption of industrial robots, necessary to
satisfy the ever-increasing requirements in terms of
manufacturing quality, customization and flexibility,
further increased the need to improve the energy
efficiency of robotic cells. [16].

This article is organized as follows: section 2 presents a
State of Art, section 3 presents a brief description of the
robotic system for pipe wall thickness measurement and

section 4 presents the method used in this research, data
and details of the equipment used. In section 5 we present
the results and discussions and in section 6, the final
considerations.

2. State of Art

This paper seeks to present, through emerging projects,
the concept of digital twins was named one of Gartner's
Top 10 Strategic Technologies Trends for 2022 [17].
Thomas Kaiser, SAP Senior Vice President, IoT, put it this
way: “Digital twins are becoming a business imperative,
covering the entire lifecycle of an asset or process and
forming the basis for connected products and services.
Companies that fail to respond will be left behind.” It is
estimated that within three to five years, billions of things
will be represented by digital twins [18]. Using physical
data about how a thing's components operate and respond
to the environment, as well as data provided by sensors in
the physical world, a digital twin can be used to analyze
and simulate real-world conditions, respond to changes,
improve operations, and add value. Industry 4.0 (i4.0),
which has been known as the “Fourth Industrial
Revolution”, emerges with the aim of meeting this new
global demand with customized products and services
[19]. One of the concepts that will be widely used in i4.0 is
the Digital Twin, which from a production perspective,
incorporates the virtual context into the real context of a
production system. In [20], Digital Twins are very realistic
virtual models of the current state of the process and its
own behavior in interaction with the real-world
environment, including the equipment and all the steps to
carry out a given production process [21], [22]. Using the
benefits of the digital (DT) and virtual
commissioning (VC) tools, it is possible to increase the

twin

advantage of communication and coordination between
manufacturing areas, allowing for smarter decision-
making. This allows automated systems and robotic cells
to start operating (running) much faster and with fewer
errors [23].

According to [24], the growing use of Virtual
Commissioning during the development process of
automated factories, combined with the growing demand
for better quality control, leads to the need for improved
virtual plants that systematize the configuration
procedures required to perform their processes. Common
plant simulation techniques based on the concept of
virtual commissioning of robotic cells go beyond the need
to validate control algorithms. In other words, new
approaches need to be developed to meet the demand for
reconfiguring their operational resources in a systematic
way, with the flexibility that these
autonomous resources currently have. The need for new
solutions in Robotics Engineering® for the design of
complex projects involving physical systems and the
virtual part associated with them has never been so

compatible
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present. Virtual commissioning technology can be
considered as one of the established trends in automotive
assembly. Among other benefits, it promotes more
efficient treatment of the complexity associated with
assembly systems, capable of causing a reduction in the
acceleration time of the system itself and a reduction in the
development time of the product capable of meeting
market competitiveness.

According to [25], the digital twin synthesizes sensory
data from physical assets and is used to simulate a variety
of robotic construction site conditions in which an agent
may interact. As a result, the agent can learn an adaptive
task allocation strategy that increases project performance.
They tested this method with a case project in which a
virtual robotic construction project (i.e., interlocking
concrete bricks are delivered and assembled by robots)
was digitally twinned for training. The results indicated
that the model task allocation reduced construction time
by 36% in three dynamic test environments when
compared to an imperative model rule-based method.

Along with the trends of mass customization, flexible
robotic applications are becoming increasingly popular.
Although conventional robotic automation of workpiece
handling seems to have been solved, advanced tasks still
require a lot of effort to achieve. In most cases, on-site
robot programming methods, which are intuitive and easy
to use, are not applicable in flexible scenarios. On the other
hand, the application of offline programming methods
requires careful modeling and planning. Consequently,
[26] proposes a generalized approach to the development
methodology for flexible pick-and-place robotic work cells
in order to provide guidance and thus facilitate the
development process. The methodology is based on the
Digital Twin (DT) concept, which allows iterative
refinement of the work cell in both the digital and physical
space. The goal is to streamline the overall commissioning
(or reconfiguration) process and reduce the amount of
work in the physical work cell. This can be achieved by
digitizing and automating the development and
maintaining sufficient proximity. With this, the operation
of the digital model can be performed accurately in the
physical work cell. The methodology is presented through
a semi-structured pick-and-place task, performed in an
experimental robotic work cell in conjunction with a
reconfiguration scenario [27]-[28].

3. Brief Description on of the Advanced Robotics
System

The Robotic System for Thickness
Measurement (RSTM) aims to meet the licensing needs of
the Angra 1 Nuclear Power Plant for long-term operation
in fast and efficient manner [29]. This RSTM has 3 units,
the first, named Unit of Remotely Operated Vehicle
(URQV), being a vehicle that can be operated remotely to

pipe wall

allow displacement of the whole RSTM to the pipe area
under inspection. The second unit, named Unit of
Measuring Robotic Cell (UMRC), is a robotic work cell
indexed on the UROV and equipped with a robotic arm
that performs the movements and inspection actions and
an effector with sensors for spatial orientation and for
measuring pipe wall thickness through the ultrasound
technique. The third unit contains all other RSTM systems
such as power supply cables, data transmission cables,
information, computer, and ancillary
equipment. This unit is named Unit of Communication,
Power supply and Ancillary services (UCPA) [29].

real-time

The RSTM must be able to approach the defined
inspection location and measure the thickness of the pipe
wall. Figure 1 shows the complexity and geometric
variability of the piping system in the field (turbine
building). The solution provided for the inspection
problem is a hybrid, contemplating the assistance action of
the user to approach the inspection region, and robotic
automation to perform the final approach to the inspection
locations on the pipe surface and wall thickness
measurements. An example of actual inspection locations
is the grid of yellow circles shown in Fig. 1. The robot end-
effector has an ultrasound-based approximation sensor to
provide spatial orientation and an ultrasound-based
sensor for pipe wall thickness measurement [30].

Figure 1: Piping section showing the environment and situation of pipe
inspection at Angra nuclear power plant 1. Circles show positions
indicated by the engineering group for pipe thickness inspection.

The user operates the UROV to approach the RSTM to
the measuring locations on the pipe external surface. The
first grid location must be manually identified and
recorded by the user, that is, with the help of the “teach
pendant” he or she moves the industrial robot end-effector
through the piping environment to the first measurement
position marked on the pipe wall and register its
coordinates. From there, the robot present in the UMRC,
with its spatial orientation system, automatically scans all
the measuring points on the grid and automatically
performs the wall thickness measurements. After carrying
out the measurement, the result must be transmitted to the
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While conventional robotic automation for handling
workpieces and performing specific tasks seems to have
been resolved, more complex tasks in less controlled
environments, such as in the field, require more flexible
solutions. In most cases, robot programming methods in a
controlled environment are not applicable in variable

scenarios found in the real world [31].

4. Methods, Data and Equipment

The use of the Digital Twin concept in an iterative
way, both in the digital space and in the physical space,
to refine the work cell development process is the
solution adopted in this work. The objective is to
streamline the overall commissioning process with
different configurations or reconfigurations according
to the work situation [31]-[32].

Figure 2 presents the main steps of the approach
based on the digital twin technique for the UMRC
development. The software adopted to develop the
digital twin is the Tecnomatix Process Simulate, version
16.1.2 and the robot used is the ABB IRB 1600-6/1.45
model.

Digital Twing development

Virtual design of the interaction
between robot, sensors,
enviroment and pipe

Environment <<= = Sensors

Pipe

Virtual commissioning

Vakdation of engineenng, mathematical
and functional aspects

Figure 2: Scheme of the method for developing robotic systems using
the digital twin technique. All the capabilities of the robot are
developed via programming (software) and virtual commissioning is
carried out via simulation of the various tasks that the robot must
perform until its validation.

Figure 3 shows the robotic cell prototype installed at
the UFABC Robotics Laboratory to develop the UMRC
that contains the intelligent part of the robotic
measurement system. The robotic cell includes ABB IRB
1600-6/1.45 robot, the metal platform and two pipe
sections taken from the Angra 1 nuclear power plant.
The pipe section is assembled on the platform in
different geometric configurations and situations
emulating actual measurement conditions. These
configurations are obtained from field situations like
the one shown in Figure 3 or others from field situations
as shown in Figure 1.

Figure 3: Piping Robotic cell in the Laboratory emulating the UMRC.
One sees the ABB IRB 1600-6/1.45 robot, the metallic platform and
two pipe sections taken from the Angra 1 power plant

Automatic measurement was performed numerous
times using various measurement techniques to ensure
repeatability, accuracy and robustness of the measured
data. The wultrasonic thickness gauge from the
manufacturer METROTOKYO used was the MTK-1301
PRIME model. The electronic transducer was the
standard 5SMHz/@10mm model. The longitudinal wave
speed for the “glycerin” material was 1920 m/s and for
the 330-steel material it was 5600 m/s, respectively, the
speed of sound. Figure 4 shows the specification of the
system's measuring sensors.

Figure 4: Meters used: A-) Model Prime 1300. B-) Model Prime 1301.
C-) Transducer Model.

The older model did not allow data extraction, as it
did not have a USB connection. Therefore, the MTK-
1301 PRIME meter model was used, with the following
features:

* Manual or automatic shutdown after a period of non-
use;

¢ Table of 9 pre-established ultrasound speeds;

¢ Calibration function with 3mm standard attached to
the meter;

¢ Calibration of the speed of sound with 1 or 2 points;
* Simple or sweep measurement;
¢ Individual measurement or with average calculation;

e Measurement with audible alarm for
minimum/maximum tolerance;

e Measurement with differential calculation with
percentage;

® Measurement on a surface with high temperature
(optional sensor);
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¢ Improved measurement for pipe walls. measurement

Figure 5: Ideal amount of glycerin: A-) Approximately 50g of glycerin
controlled by the time the regulating valve is activated. B-) Spraying
at 40 different points in the piping. C-) Visual inspection of the
“micro-mesh” to prevent drying.

Figure 5 shows evidence of the unprecedented
procedure developed in the laboratory for applying the
coupling liquid. It was observed through numerous
tests that a small amount of coupling liquid (glycerin)
interferes with the quality of the measurement, that is,
there are chemical reactions between the electronic
transducer nozzle, the type of pipe material and the
amount of glycerin. The measurements remained stable
with two sprays per point and the robotic manipulator
program was adjusted for this function through the
“pulse” command.

The Communication, Power Supply and Ancillary
Services Unit (UCPA) fulfilled the scope of its title. For
the communication part, the principles of Industry 4.0
were adopted, which seeks to integrate the “work
field”, the engineering group and other sectors that
Eletronuclear may require. After the thickness
measurement was performed, the result was
transmitted to the UCPA through a communication
interface. These enabling technologies of Industry 4.0
follow data security and interface communication
protocols based on APIs (Application Programming
Interface) that allow applications to be customized
according to Eletronuclear's needs. The UCPA was
created and developed based on a new, more modern
thickness gauge model that allowed access and transfer
of the measured data that was stored inside the gauge
to an external computer. Figure 7 and Figure 7 shows
both systems.

Figure 6: Different views and settings of automatic measurement.

CON port: |S8E -

@ Device is not connected

00%

Information:
Open COM3 Successed.
Open COM4 Failured.

Save I Exit |

Figure 7: UCPA Communication Interface.

5. Results and Discussions

The workstation geometric data representing the
UMRC prototype (Figure 3), containing information
about the robot, workstation platform, piping section
and sensors, were transferred to the Process Simulate
software. After modeling the UMRC prototype digital
twin with all its physical characteristics (ABB IRB 1600-
6/145 robot and end- effector) mathematics,
kinematics, and information from the environment,
virtual commissioning began in order to test and
validate the prototype solution for building the robotic
cell. Figure 4 presents the UMRC prototype digital twin
developed with Process Simulate software for the
configuration of a pipe section with vertical orientation.
The two boxes connected at the end of the robotic arm
represent volumes occupied by the end-effector. Table
1 presents the positioning of the robotic arm for a
thickness measurement activity performed during
virtual commissioning. It shows the positioning in
terms of the angles from the 6 joints of the robot's digital
twin at the measurement location indicated in Figure 8.

Virtual commissioning was performed for various
locations of wall thickness measurement in this vertical
pipe section ensuring that the robot could accesses any
part of the pipe external surface and perform
measurements. Accesses were verified by moving the
robotic arm along the sides of the pipe. The result in
Table I exemplifies a measurement location accessed by
the robot's digital twin.
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Figure 8: Digital twin of ABB model IRB 1600-6/1.45 robotic
manipulator on workstation representing UMRC unit. The digital twin
shows the robot, pipe section, and end-effector frame. Digital validation
was performed for various measurement configurations of pipe wall
thickness.

Table 1: Angles for the joints furnished by the digital twin of robot
ABB IRB 1600-6/1.45. The joint angles represent a measuring position
on the pipe section shown in Figure 8.

Joint Angle (degree)
il 37.45
j2 298
j3 37.70
j4 71.51
j5 36.32
jb 141.12

Figure 8a presents the OLP program generated by
Process Simulate for export to the real robot ABB IRB
1600-6/1.45.

VERSION:1

LANGUAGE: ENGLISH

MODULE irb120_3_0_58_PNP_Angral

1& Process Simulate Disconnected 15.1.2 to ABB Rapid download
e —

!# CREATED : 22/04/2023 16:31:22 by VITALLI

WCELL
irb1600_6_145

1% -—---- ROBTARGET
12

LOCAL CONST robtarget Ent:=[[623.32,231.38,364.23],[0.655024,-
0.256295,0.659024,0.256295],[0,-1,-
4,1],[9E+09,9E+09,9E+09,9E+09,9E+09,9E+09]];

LOCAL CONST robtarget pick1:=[[415.39,131.33,19.98],[0.659024,-
0.256295,0.659024,0.256295).[-1.-1,-1.
1],[9E+09,9E+09,9E+09,9E+09,9E+09 SE+09]]

LOCAL CONST robtarget Out:=[[415.39,131.33,104.73],[0.659024,-
0.256295,0.659024,0.256295],{0,-1,-
4,1],[9E+09 9E+09,9E+09,9E+09,9E+09,9E+09]];

LOCAL CONST robtarget placel:=[[311.32,302.111,46.01).[0.659024.-
0.256295,0.659024,0.256295),[-1,-1,-1,-
1),[9E+09,9E+09,9E+09 9E+09,9E+09,9E+09]];

LOCAL CONST robtarget
In_Place:=[[325.32,337.69,137.73],[0.659024,-
0.256295,0.659024,0.256295],[0,0,-
1,1],[9E+09,9E+09,9E+09 9E+09,9E+09,9E+09]];

LOCAL CONST robtarget
Out_Place:=[[378.46,324.44,192.45),[0.659024,-
0.256295,0.659024,0.256295),[0,0,-
1,1).[9E+09,9E+09,9E+09,9E+09,9E+09,9E+09]]:

ENDMODULE

Figure 8a: Offline (OLP) robotic program generated by Process Simulate
for export to the real ABB IRB 1600-6/1.45 robot. The program was
generated in the ABB RAPID language for ABB industrial robots.

Figure 10: Projection of point vectors and spatial coordinates. Defined

type of movement for the robot.
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Figure 11: Recording of the first points of the trajectory of the ABB
robotic manipulator with the Digital Twin scenario completed during
automatic thickness measurement.
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Figure 12: The ABC mesh on one side (right) of the pipe and the DEF
mesh on the other side (left) of the pipe, together total 180 degrees of
automatic measurement with the robot, divided into 10 layers with 40
distinct points.

Figure 13: Automatic measurements on the last layer performed by the
robotic system.

Figure 14: Automatic measurements on the first layer performed by the
robotic system.

Figure 15: Example of automatic measurement performed by the robot
in an unprecedented way with the value shown on the display.

Upload time:2024-0-21 23:15:52
Group 0001 No. Thickness (mm)

01 11,08

02 10,43

03 10,46

04 10,55

05 11,22

06 10,55

07 10,38

08 10,62

09 10, 66

10 10,79

Figure 16: Thickness measurement data from the first ten points
measured on the pipe are automatically exported to any device via USB
cable in a secure manner to avoid manual typing errors.

The success of automatic measurements with

robotic technology was guaranteed by the
innovation in the development of the automatic
“spraying” process of the coupling liquid (glycerin).
This accessory present in the robot’s End-Effector
was essential to spray the ideal amount of glycerin
before the

measured the thickness at the point. It was

electronic  transducer accurately
configured and activated by the robot’s control logic
through a solenoid valve in conjunction with a
unidirectional flow regulator to automatically
control the output pressure within a range of 2.4 bar
(Kgf/cm?2). The ultrasonic sensor that accurately
measures the distance of proximity of objects
performed the measurement through a high-
frequency sound wave, which is reflected by the
object to be detected, thus avoiding collision
between the robot and the pipe wall. The
performance of the coupling liquid reservoir was
tested

guaranteeing

extensively after  corrections  and

improvements, expressive  and
unprecedented results. The End-Effector technology
was 100% innovative, from its conception, design,
improvements, manufacturing and implementation,
validated in a real laboratory environment. The
results of the digital twins revealed the importance
and support they offer in the development of
scenarios for the study of robotic applications. It
should be noted that they were not used for real-
time monitoring of the problem. The aerial trajectory

positions for the robot and their respective
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corrections and adjustments were defined. The
complete version of the digital twin was validated
by comparing the virtual scenario with the real
scenario. The robot's TCP was accurate and stable
during the recording of points in a virtual
environment. The first point was successfully
recorded following the sequence of defined
operations and without any type of human
The thickness
measurement operation was created in a customized

intervention. first complete
virtual environment and as a result the OLP (offline
program) code for the real industrial robot was
generated. The entire laboratory layout was
calibrated with a laser system to avoid variation of
the piping on the bench in relation to the floor and
the base of the robot.

performed on the robotic system before the

Numerous tests were

measurements were taken, which were extensively
tested.

The counter-tests of the measurements at the first
points of the pipeline were performed numerous
times using a caliper to ensure a standard for
comparison. The discussion of physical contact in
the pipeline for automatic thickness measurement
between the electronic measuring transducer and
the pipeline took place after spraying the coupling
liquid; a fundamental factor for the measurement to
occur. When the robot's End-Effector physically
“touches” the pipeline, the sensor detects its
presence and it enters “Hold” (a temporary stop).
After this, the manipulator still exerts a small axial
force to completely touch the face of the measuring
transducer and ensure the quality of the procedure.
Finally, the digital LCD display shows the
measurement data and automatically records the
value in its internal memory. Regarding the MTK
1301 Prime meter, the greatest difficulty was to
equate the following variables: pre-established
ultrasound speeds, calibration function with 3mm
standard attached to the meter, sound speed
calibration with 1 or 2 points, simple measurement
or with sweep, individual measurement or with
average calculation, measurement with audible
alarm of minimum/maximum tolerance,
measurement with differential calculation with
percentage and improved measurement for pipe

walls. The robotic manipulator operated at a safety
speed of 10% (low inertia) in relation to the final
nominal speed because the base of the robot was not
“anchored” to the floor. The complete cycle time for

spraying the glycerin and measuring each

individual point took approximately 30 seconds.
6. Final Considerations

In this paper, we present the development of an
advanced industrial robotic system for automatic
inspection of tube wall thickness in the turbine building
of nuclear power plants. A prototype of the system was
built in the laboratory to study different situations and
geometric configurations for measuring the external
tube wall thickness. The digital twin of this prototype
was developed using Process Simulate software version
16.1.2., including a 6-degree-of-freedom industrial
robot, a metal platform, and nuclear tube sections.
Digital validation was performed for various
configurations of measuring the external tube wall
thickness through virtual commissioning. The results of
the virtual commissioning for a vertical pipe section
were presented.

The virtual commissioning allowed to verify that
any part of the external surface of the tube could be
accessed by means of movements of the robotic arm
along the sides of the tube. It was demonstrated that it
is possible to measure the external tube thickness
anywhere on the external surface of the nuclear tube.

The improvements in the End-Effector design were
significant and the results in the design were
unprecedented with numerous innovations, among
them: automatic application of the coupling liquid.

The technology was digitally validated in the
laboratory as shown in figures 5, 6, 7. It is currently in
the final phase of experimental validation and will be
presented to the plant directors. In the future, if it is of
interest, it may be applied within the plant itself.
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