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Abstract Industrial process plants are increasingly becom-
ing complex structures with high level of automation.
Nonetheless, the final plant productivity and the overall
equipment efficiency does not solely depend on an opti-
mized engineering design/installation practice, but also on
human operators supervision. In parallel, along with the
classic demand to minimize costs and time-to-market dur-
ing the design phases, issues concerning human safety and
failure prevention play a crucial role, one of the highest tar-
get being the avoidance of dangerous process states. Within
this context, Simulation-Based-Training (SBT) allows plant
operators to learn how to command complex automated
machineries within a secure virtual environment. Similar to
its usage in medical, aerospace, naval and military fields,
SBT for manufacturing systems can be employed in order
to involve the user within a realistic scenario, thus providing
an effective, lifelike, interactive training experience under
the supervision of experienced personnel. In addition, also
according to previous literature, industry-driven SBT may be
effectively envisaged as a natural extension of the plant life-
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cycle simulation practice, comprising Design Simulation &
Optimization, Virtual Commissioning, Operator Training, up
to Plant Maintenance. In this context, since the overall system
behavior depends both on manufacturing process dynamics
and Control Logics, the main challenge for an effective SBT
is related with the development of a real-time environment
where control system responsiveness is fully reproduced.
Owing to this consideration, this paper reports a success-
ful industrial case study, concerning a novel SBT workbench
used for steel plants operator training, discussing both the
virtual prototyping phase and the development of a real-
time simulation architecture. In particular, a hybrid process
simulation is employed, where a virtual process model is cou-
pled with physical PLC and Human—Machine Interface, thus
achieving an accurate reproduction of the real plant/operator
interaction.

Keywords Simulation-based-training - Virtual prototyping -
Virtual commissioning - Hybrid virtual/physical simulation -
Industrial case study

1 Introduction

Automatic machinery design must strive to high production
rates by optimizing the mutual interaction between mechan-
ics, electronics, control logics and operation sequences.
Along with the increasing complexity of automated plants,
also the engineering challenges for plant design, installation,
maintenance and compliance with safety requirements con-
sequently increase [1,2]. Nonetheless, an important aspect
which is usually underestimated during the design pro-
cess, is that the actual plant performances can be quantified
as the rated output only in the best case, since the over-
all equipment efficiency does not solely result from the
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reliability/optimization of the machinery itself but also as
a consequence of the interaction with the human opera-
tors [3,4]. For instance, concerning the particular case of
batch processes automation, the German norm DIN8743 [5]
introduces the distinction between theoretical and actual pro-
duction. On one hand, the theoretical production capacity is
set in relation to an ideal condition, in which the machine
works continuously over the complete time interval without
any stoppages while producing only compliant product units,
(i.e. no waste). On the other hand, the actual output, which
is of course smaller than the theoretical production capacity,
results from the fact that some product units may not comply
with the required features and shall be rejected. Moreover,
within the set time interval the machine operation normally
undergoes interruptions, due to both functional and acciden-
tal (operator-related) causes.

As for human related inefficiencies, the interactions spans
from supervisory control through Human—Machine Inter-
faces (HMI) [6,7] to man-machine collaboration [8,9]. This
research focuses on the first case, as a typical scenario for
heavy and hazardous machineries. In practice, the correct
states interpretation enables to fire the proper HMI inputs
for the transitions to the desired controlled states. On the
contrary, a wrong input sequence results in performance
degradations or bad failures [10, 1 1]. Both literature and prac-
titioners report that the operators tasks should be envisaged
as critical and variable (in function of the specific work
skills, physical and mental workloads and personal motiva-
tions [12,13]). Therefore, in order to improve the operator
performances and, as consequence, the system ones, a key
issue is to provide effective and interactive operator training
[14,15].

It should be underlined, at first, that the design of any
training material starts from the consideration that opera-
tor training is different from teaching. Teaching is focused
on knowledge, to be learned from e.g. written instructions,
movies and tutorials. Training should focus on work skills
through guided experiences (not just information), in order
to acquire higher confidence on specific results in a short
timeframe. The practical operator training on the job is fun-
damental, although critical in terms of effort, time, costs,
hazard to trainees and to the equipment itself, especially in
case of safety procedures. These drawbacks can be bypassed
in training sessions on digital materials to some extents
[16].

In this context, Simulation-Based-Training (also named
Virtual Training) has gradually become a useful technology
available in many fields [17,18], as e.g. surgery [19,20],
aerospace [21], automotive [22]. The virtual experience
involves hazards similar to a videogame and literature reports
even performances improvements for training on simulated
equipment, compared to the actual one. For instance, the
most advanced flight simulators can provide a degree of reli-

@ Springer

ability/realism that are even certified to add credit hours for
achieving/maintaining the pilot license. In general, however,
each field is characterized by its own requirements, the main
research areas being (1) physics and/or control simulators,
(2) human-computer interaction and visual systems and (3)
training session aids. Reducing the investigation to industrial
training on heavy automatic machineries, these drawbacks
arise:

e Resource usage efficiency Many virtual training appli-
cations are too sophisticated and costly to be adapted to
each single machinery that can be customized or even
engineered to order;

e Predictive modelling The reliability of the behaviour of
a virtual prototype is a priority with respect to its graph-
ical representation. In fact, the deep interaction between
mechanics and control software logics through sensor
and actuation systems [23] involves also real time phe-
nomena with cycle times like few ms, that are much faster
than the graphics updates perceivable by humans;

e [Integration with engineering processes The control soft-
ware, fundamental part of the machinery behaviour, is not
practically portable from control to simulation technolo-
gies, due to its weight of hundreds or even thousands of
inputs/outputs (IOs), along with the software dependency
to the specific vendor firmware. Then, to avoid doing the
work twice, the reuse of already existing software tools
is a demand for introducing SBT as part of the machinery
development process.

These considerations provide the foundation for the
present work in investigating the engineering issues in
conceiving/providing virtual training material, focusing on
heavy machinery industry. The paper recalls the concept of
industry-driven SBT as an integral part of the various engi-
neering phases to be faced during the plant life-cycle [24,25].
The methods and the commercial software tools employed
in this paper are presented, along with the particularities of
an industrial case study, where SBT has been successfully
employed for training the operators of an Electric Arc Fur-
nace (EAF).

The manuscript is organized as follows: Sect. 2 pro-
vides an insight of SBT as a natural extension of the
Virtual Commissioning approach, also introducing hybrid
virtual/physical simulations; Sect. 3 generally describes the
specifications to build a virtual prototype for training pur-
poses. A framework for reusing an existent 3D modelling
package although enabling interactivity through Man-in-the-
Loop (MIL) and Hardware-in-the-Loop (HIL) is presented
in Sects. 4 and 5. Section 6 finally reports the discussions on
the user experience, whereas Sect. 7 draws the concluding
remarks.
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Engineering Phases during Plant Life Cycle
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Design Simulation — Offline
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Fig. 1 Simulation processes in the various phase of a plant life-cycle (adapted from [22]). Extension of the virtual commissioning approach to

simulation-based-training of industrial automated plants

2 Simulation-based-training as part of the plant
design process

In the specific case of industrial plants, as previously pro-
posed by Oppelt et al. [26], SBT may actually be envisaged
as a natural extension of the overall plant simulation process.
This concept is schematized in Fig. 1, which underlines the
use of simulation on the various engineering phases of the
plantlife-cycle. In particular, Oppelt identifies four use cases,
namely:

1. Design Simulation & Offline Optimization [27,28],
which may be classified into static (steady-state) and
dynamic simulation of the production process. The main
outcome of the former is a locally optimized process
and machinery layout, whereas the latter investigates
start-ups, shutdowns and transient plant behaviour, thus
providing information about the design of the product
unit.

2. Simulation-Supported Engineering & Virtual Commis-
sioning [29,30], which builds up on the previous phase,
also embedding the control system design. According
to the terminology employed in [26], the controller
(such as a PLC) can be either physically included,
i.e. Hardware-in-the-Loop (HIL) setup, or emulated,

i.e. software-in-the-loop setup. The purpose is to tenta-
tively mimic the actual controlled behavior of the later
established physical plant. The four various cases this
hybrid virtual/physical design & testing procedure for
automated manufacturing system design, as recently dis-
cussed in [31], are schematized in Fig. 2. This picture
highlights that either (or neither) the Process and the PLC
can be included as HIL or emulated mock-ups. The sit-
uation in which a virtual prototype of plant and process
are coupled to a physical HIL controller is termed Virtual
Commissioning (VC), a procedure allowing to validate
the controller behavior before actual plant installation.

. Simulation supported (Online) Plant Optimization, the

plant models developed in the previous stages can also be
used to provide suggestion of improvements (e.g. model-
based predictive control) and/or maintenance of already
established plants (e.g. virtual machines for condition
based maintenance [32]).

. Simulation-Based Training, whose purpose, as already

said, is to train the personnel for normal production
procedures, emergency/abnormal situations, startup and
shutdown behavior and abnormal process conditions.
According to this design framework, simulation meth-
ods and related software tools employed during the plant
design (at least, during the first two above mentioned
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Fig. 3 The concept of virtual commissioning and its extension to simulation-based training

phases) can be effectively re-employed for SBT, which
may be envisaged as a further design step following the
VC stage.

In particular, focusing on the VC approach and on the
subsequent virtual training phase, whose implementation
framework and main features are schematized in Fig. 3, sev-
eral potential benefits can be highlighted. For instance, VC
tools are capable to provide an interactive and dynamic 3D
visualization, while modelling complex machineries with a
system perspective (including mechanics, control logic, oper-
ational sequences). In parallel, when connected to a VC
model, the controller can be extensively tested in all dif-
ferent working scenarios (such as serious emergencies and
extreme performance), although not leading to irreparable
damages of the real plant. In practice, also according to
prior projects and surveys presented in the literature [33],
VC tools allows achieving non-negligible reduction of devel-
opment time/cost, efficient performance verification prior to
physical testing, optimization of operation sequences on a
virtual benchmark. Building on these basic considerations,
a successful introduction of SBT in an industrial environ-
ment requires the virtual training material to be seamlessly
embedded into existing engineering processes and design
phases, thus reducing further efforts/costs as much possi-
ble [34]. A key feature for the VC to be extended for SBT
purposes, besides the HIL controller, is the introduction of a
Human—Machine Interface (HMI) to include human actions
in the simulated world, namely a Man-in-the-Loop (MIL)
architecture, see Figs. 2 and 3. On one hand, MIL allows
to provide stimuli to the trainee during the training ses-
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sions while keeping track of his/her actions, whereas HIL is
needed in order to interface simulated IOs to a physical con-
troller/component. Since the physical controller would not
be in any case affected by potential damages during SBT, its
inclusion with a HIL approach is fundamental for an efficient
reuse of the work already done in the previous design phases
and for achieving a predictive virtual model that replicates
the real plant. Owing to these considerations, also recall-
ing previous definitions from the literature (see e.g. [35]),
the proposed simulation framework can be envisaged as: a)
multidisciplinary and highly integrated [36], since knowl-
edge from mechanical, electronic and process engineering
are simultaneously leveraged; b) interactive [37], since it
entails the close collaboration of engineers, expert users
(trainers) and unexperienced users (trainees) on a hybrid vir-
tual/physical platform simulating the behaviour of a rather
complex machine; c) mostly based on a virtual prototyping
(VP) approach. Specific features of a VC model to be applied
in SBT are furtherly discussed in the following section.

3 Requirements and challenges for effective
SBT in industrial scenarios

A SBT platform for automated manufacturing system oper-
ators is characterized by a number of features, which mimic
similar simulators in other fields of technology (e.g. medical,
aerospace, naval industries). On the other hand, the effective
implementation of SBT in an industrial scenario, must surely
deal with some peculiar requirements and challenges, which
may be outlined as follows:
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e Cost effectiveness VS Model Size On one hand, a cost
reduction in setting up an SBT platform can be achieved
by exploiting existing engineering work, such as CAD
models and/or simulations available from the initial plant

Real Time Computing Two features are deemed as funda-
mental when connecting the models with HIL and MIL:

e Synchronization, real-time flow, and continuous cycle

design stages. In case a physical controller is employed,
the size of each virtual prototype (3D virtual represen-
tation + behavioral models) and the depth of details are
practically determined by the HIL interface. In practice,
the models must comply with the concept of trans-
parency, which means that the virtual prototype must
account for the whole Input-Output (IO) map of the phys-
ical plant, so that the controller does not ideally encounter
any difference from the actual equipment [38]. Therefore,
the model size depends on the considered control level,
increasing from process, machine, cell up to plant [33].
The opposite trend is followed for the details, where a pro-
cess model can even reproduce the instantaneous motions
of the servo drives, whereas a plant model mainly con-
siders a discrete event simulation. Therefore, for what
concerns the 3D graphic representation, it should include
only those phenomena that cause a stimulus perceiv-
able by the operator (unperceivable quantities, like e.g.
high-speed motions/vibrations, may add useless compu-
tational weight). If 3D models exported in neutral formats
from common mechanical CAD packages are re-used for
saving costs/time, then these 3D models should be sim-
plified to save computational weight by deleting useless
information or parts. The simulation of the manufacturing
process may be an exception and, if necessary, additional
CAD parts must be set up for their visualization and inter-
action with the machinery (as a clarification example,
the mechanical CAD of an automated machine does not
usually include the graphical representation of the prod-
uct units and their transformation during the process). At
last, specific features must be included, which explicitly
record the signals detected by the MIL interfaces, which
are clearly not inherently available in other engineering
simulations.

Interactive Experience Interactivity features are funda-
mental to virtually reproduce the actual experiences,
which are necessary to train the operators skills. Actually,
the operators act on the machinery from the HMI through
the interposed controller, while keeping inputs and feed-
backs from the same HMI or from the plant views through
cameras and control pulpit windows. As for the state
interpretation, a realistic representation on a 2D mon-
itor reproduces the operating environment. Although a
conventional screen is deemed sufficient for training pur-
poses, that does not mean that a kind of interactive movie
would be enough. In fact, the computation of the system
behaviors and the effects of operation actions needs com-

execution As for synchronization, all the models in a
simulation must be synchronized for the results to be
predictive of the real behaviors. Due to the heavy com-
putational weight, the engineering simulations generally
run in virtual/slowed-down time, meaning that all the
models must wait for the slowest one to be synchronized.
Therefore, if the models are connected with a HIL, also
the external hardware clock must be slowed down. This is
possible only in case of advanced controllers, and not for
the most common PLCs, as far as the authors experienced.
Finally, a MIL can be somehow delayed by agreement,
but the trainee brain does not, so that the training results
would be misrepresented. Therefore, the models execu-
tion synchronization is mandatory but not sufficient. In
fact, the simulation must run in a time flow close to real-
ity, in order to be effectively interfaced with Hardware
and Man-in-the Loop. According to standard nomencla-
ture, real-time refers to computing systems subjected to
time constraints, such as diagnostics deadlines. It can be
generally declined in hard, firm or soft real-time, depend-
ing on the consequences involved in a missed deadline. In
particular, soft real-time basically means that the system
performances just degrade when overtaking the dead-
lines (without catastrophic failures). In the present case of
operator training, the system performances are measured
as the human perception of fluent or jerky phenomena.
The historical speeds used in film making, about 42—-62
ms of cycle time [39], are quite far from the control real
time specifications, so this feature can be heuristically
relaxed to soft real time. At last, SBT requires a con-
tinuous cycle execution. In fact, a traditional simulation
model is run from initial conditions with a predefined
set of computation parameters, like a finite test time, and
the results are available for analysis only at the end. On
the contrary, HIL and MIL need a virtual prototype inter-
acting with external agents with unpredictable behavior
rather than just anumerical computation, namely the SBT
requires a simulation without predefined temporal limits
or, at most, dependent on operator actions. The virtual
prototype is then run through start, all nominal, auxiliary
and degraded behaviors, transitions between operating
scenarios, stop.

4 Modelling framework for HIL/MIL systems

simulation

plicate physics models with parameters taken from 10s
in a shared memory of the controller.

A possible framework for implementing an SBT platform
for automatic system is depicted in Fig. 4, which highlights
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Fig. 4 Schematic of the modeling framework for the HIL and MIL system simulation

both virtual and physical components enabling HIL. and MIL
interactions.The physical controller (real PLC) executes the
machine software as if the actual plant was running. The PLC
is slightly reconfigured for inclusion of additional features
(such as, inputs from the trainer). PLC outputs are fed to the
plant virtual prototype that comprises both plant behavioral
models (virtual behavior box) and 3D graphical representa-
tion (3D CAD). The machinery VP processes its variables
according to its internal state and the controller outputs read
from the virtual image updated through the HIL interface.
The model then commands the 3D CAD for visualization.
Since common 3D CAD can natively implement certain mod-
els of some physical features (e.g. collision detection and
rigid-body dynamics), the CAD environment may take part to
the VP behavior or, alternatively, stands just for an animated
graphical interface. The choice of either of these solutions is
actually a topic of discussion [40]. Nonetheless, in case the
CAD is used also for physical simulation, its update com-
putation in hard real time would fail the real time control
deadlines. Therefore, it is easier to adopt the second solution,
that is having the 3D CAD representation separated from the
machinery physics model and updated in soft real time with
quite longer and independent cycle times. In parallel to the
CAD update, the trainee keeps track of both HMI information
and the 3D CAD representation. Consequently, the operator
can decide upon suitable strategies and provide inputs to the
controller through the physical HMI. These inputs are com-
plementary to the behavior results in the IOs map just as in
the actual machinery. Furtherly, a second HIL interaction is
embedded, since a skilled operator (the trainer) can guide the
trainee activities with additional information from another
HMI. This second HMI can be either physical (although it
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would add one un-necessary component) or even set up via a
virtual panel in the same VC software. For training purposes,
the second HMI should be simply hidden to the operator (e.g.
using a second screen). The trainer actions can also bypass the
virtual behavior results to force transitions between machin-
ery states (for instance, simulate a catastrophic event).

5 Case study—SBT for electric arc furnace
operators

As an industrial case study, a virtual prototype of an Electric
Arc Furnace (EAF) has been employed to empirically test
SBT features and efficacy. As known, an EAF is a powerful
machinery that heats and melts charged material (e.g. steel
scraps) via an electric arc. The main nominal data concern-
ing the EAF considered in this paper are reported in Table 1.
Obviously, this kind of machinery involves non trivial haz-
ards and high fixed and variable costs. At the state of the art,
EAF operator training requires long times/efforts, and cannot
fully reproduce many incipient critical scenarios for obvious

Table 1 Electric arc furnace—some nominal data

Weights ~1.000 tons
Production 100 tons/h
Operation cycle duration 1h

Molten steel temperature >1600°C
Power 90 MW
Alternating current 60000 A

Electrodes size (3 x graphite electrodes) ¢ 400 x L6500 mm
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Fig. 5 Operator control pulpit (courtesy of Danieli Automation)

A Sl

|//

Fig. 6 EAF Virtual Prototype (courtesy of Danieli Automation)

reason (i.e. real accident may result in huge money losses).
The EAF is controlled by two SIMATIC S7-400 PLCs [41].
The first PLC supervises the process variables, such as the
current waves, and adjusts the working parameters accord-
ingly. The second PLC manages the machinery functions
controlled through the HMISs, like scraps charging, slagging,
liquid steel tapping, robot temperature, and chemical sam-
pling. The operator works through the HMIs from a control
pulpit, shown in Fig. 5, whereas the graphical 3D plant rep-
resentation for SBT is depicted in Fig. 6.

5.1 Tools for building the virtual model

The overall SBT platform has been developed using the VC
tools from Dassault Systemes, DELMIA™ and DELMIA
Automation™ As widely commented in the literature [31,
42-441], these set of PLM tools can be used, among several
other tasks, to design, model and simulate automated manu-
facturing systems. Initially, a realistic virtual representation
is achieved by importing neutral *.step files generated from
Inventor CAD 3D software. As previously highlighted, the
CAD assemblies must be optimized in order to reduce the

computational weight of the simulations. Usually the stan-
dard parts, such as screws and bearings, are the less useful
for the virtual experience and can be deleted. Then, start-
ing from a simplified 3D CAD, the nominal behavior of
the essential system modules is set up, emulating the nec-
essary 1Os to/from the controller. A schematic of the Delmia
Simulation environment is reported in Fig. 7. The overall
system is conceptually divided into four types of simula-
tion modules (also named “smart devices”): (1) mechanical
devices, (2) actuators, (3) electrical devices, (4) processes.
Mechanical devices are linkages, dynamic behaviors if nec-
essary, logic interactions and collisions. The actuators are
electric motors, hydraulic cylinders and a robot. Electrical
devices are the EAF electrodes. The considered processes
are steel scraps handling, melting, liquid roll and flows. In
theory, a fifth conceptual module could be included, embed-
ding the systems sensors. Nonetheless, the sensors are not
mentioned as simulation modules since they are simply mod-
elled as variables from other modules, that are then defined
as global variables (IO ports). The modules behaviors are
modeled with IEC 61131-3 programming languages [24,31].
Finite state behaviors use Sequential Function Charts (SFC)
for sequential and parallel operations. Dynamic, continuous
and logic behaviors are set up with Function Block Diagram
(FBD). The models use internal variables to keep their state
and external ports to communicate to other entities. The ports
are just global variables, but named differently as M_*, E_*
and L_* to describe, respectively, mechanical, electrical or
logic parameters. Special functions link the model variables
to the CAD models and to the simulation timeline. When the
smart devices have been set-up, the IOs can be connected to
a virtual controller (also including a virtual HMI) for debug-
ging and then to the physical PLC/HMI. Finally, the graphic
representation is completed with additional CAD models to
visualize the process transition states and any other graphic
effects that can act as stimuli for the operator. A schematic
of the first HIL simulation prototype is depicted in Fig. 8.

5.2 Hardware in the loop interfaces

As previously said, in order to command the 3D virtual
prototype by means of the plant software logics, a virtual
“controller emulator” may be employed or, otherwise, the
plant software can be run onto the physical PLCs and HMIs.
The case study presented in this paper follows the latter
approach, in order to: (1) provide a realistic experience while
reusing the real HMIs; (2) spare the effort in porting\adapting
the source code within the controller emulator. Therefore,
the physical PLCs are interfaced with the simulated machin-
ery through OPC-Scout, an OLE for Process Control server
[31]. The software is completed with specific data blocks to
read/write signals from the VP, whereas the operator HMIs

@ Springer
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Fig. 7 Schematic showing the connection of smart devices and virtual controller (comprising HMI) in Delmia Automation

Fig. 8 Laboratory Prototype including graphical representation, vir-
tual HMI and physical PLC

are directly connected to the PLCs, as in the real system. In
practice, the proposed SBT architecture comprises:

1. PLC units (2 CPU Siemens S7-400 run in parallel). The
PLCs operate in hard real time (2 ms), with no possibility
to be forced to operations employing a virtual clock;

2. The 3D virtual prototype, which operates in “virtual”
time, due to the computational weight for the synchro-
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nization of behavioral models and CAD representation.
This “virtual” time is variable (e.g. in the range of 20—
500 ms), since different computations are involved in
different simulation states. For example, the computa-
tions required are different if (at a certain time instance)
one single actuator is moving or several motions must be
contemporarily computed;

3. The OPC communication, which does not operate in real
time, being slow, variable (about 100-200 ms), and non-
homogeneous (i.e. there is no certainty to which PLC
time instance the OPC communication is actually dealing
with).

The simpler solution is to synchronize virtual process, PLC
and OPC is to run a clock into the PLC, as a watchdog, and
then to parameterize the virtual process integrators with the
sampled PLC time intervals, instead of the simulation time.
In practice, the process model advances of one single step
any time it receives an input from the PLC. This solution is
easily implemented but the outcome is a slow update of the
3D model (at about 8—10 Hz), which is perceived as jerky
motions.

The final solution is the algorithm reported in Fig. 9, which
monitors both the PLC and VP simulation times, the vari-
ables definitions being reported as comment lines in the same
figure. The script synchronizes the virtual prototype with
the PLC controller in case the virtual prototype computa-



Int J Interact Des Manuf (2017) 11:785-797

793

Macro Main synchronizer

Input: PLC.time % PLC clock

SIM.time % Synchronized simulation time flow;
HiL Inputs % Outputs from PLC and HM;
Output: SIM.time.step % Time for the numerical integration steps;

Hil Outputs % Simulation outputs;

1 Init Variables

2 Model run // also run the PLC

3 loop

4 if PLC.time > pre.PLC.time

S PLC.time.step = PLC.time — pre.PLC.time

6 next.SIM.time = PLC.time + PLC.time.step

7 SIM.time.step = ( next.SIM.time — SIM.time ) / SIM.steps

8 pre.PLC.time = PLC.time

9 SIM.steps = 1

10 else

11 SIM.steps = SIM.steps + 1

12 if?M.time >= next.SIM.time

13 SIM.time.step = 0

14 Sm.Outputs =f (Inputs, State , SIM.time.step )

Fig. 9 The macro that synchronizes simulation and PLC

tional weight varies during time, the simulation being either
sometimes slower and sometimes faster than the PLC com-
munication. On one hand, even if the synchronization with
the OPC is guaranteed by the macro, the virtual process will
comprise motions that will be perceived as “jerky” whenever
the simulation is excessively heavy. On the other hand, if the
virtual process computational weight is low (i.e. computa-
tions can be handled in that machine state with a time step
lower than the OPC communication one), the simulation will
simply proceed of more steps as compared to the PLC, and
the machine operator will perceive a fluid 3D movie without
latches. In practice, an efficient (in terms of computational
weight) simulation is a demand for these kind of applications.
With reference to Fig. 9, the macro mainly comprises three
routines:

e A first “if” routine, which relates to a case where the
OPC sends a new communication (including several PLC
steps) and a new PLC time step is computed (i.e. the vari-
able PLC.time.step). Then, the main macro advances to
the next (future) time instant (next.SIM.time), computed
as the actual PLC.time increased by the PLC.time.step.
In practice, the algorithm computes what should be the
simulation time step during the next communication
instant, in order to be synchronized with the PLC. The
simulation time step (SIM.time.step) for the simulation
integrators is computed as the time step the simulation

should cover in the next “blind communication time”
divided by the number of steps the simulation ran during
the yet concluded “blind communication time”. Finally,
the variable pre. PLC.time is re-set to PLC.time and the
variable SIM.steps is re-set to 1.

e An “else” routine, which relates to a case where the
OPC did not send a new communication during the pre-
vious cycle run, meaning that the simulation is faster
than the OPC. The number of SIM.steps for each OPC
communication is simply increased by 1. In this case,
SIM.steps will be used for the computation of the next
SIM.time.step.

e A second “if” routine, which relates to a case where
the simulation has not yet reached its next.SIM.time,
as computed in the previous cycle, meaning that it
made a transition to a computationally lighter step. The
SIM.time.step used in the integrators is then set to 0, so
that the simulation time is stopped. The simulation still
runs in order to update the previous SIM.steps. However
the events, e.g. motions, are all stopped since the integra-
tion time is null.

Finally, before the next cycle, the simulation outputs are
computed, as function of the simulation Inputs (namely,
the PLC outputs), State (state of the machine in the
simulation), and SIM.time.step. Note that all the simula-
tion routines should be parameterized in function of the
SIM.time.step, such as integrators or delays for any event
which is function of time. The final SBT platform installa-
tion is depicted in Fig. 10, which shows an EAF operator
managing the virtual prototype from a physical control pul-

pit.

6 Additional features to effectively enable human
interaction and SBT in industry

6.1 Interactions for trainees and trainers

As compared to a model employed for VC only, the SBT
platform comprises additional functions to enhance interac-
tivity with both trainees and trainer. For what concerns the
trainees, the following functions have been implemented:

1. The virtual model capabilities are extended with “more
than real” functions, namely color/transparency changes
in the 3D graphical representation. In particular, part
color changes in case of parts collisions or in case the
joint limits of some mechanical devices are reached. Sim-
ilarly, temperature and/or pressure variations in air, oil
pipes, vessels are visually highlighted by further color
changes. In addition, some parts can be made translucent
during the EAF operation phases, like the furnace walls
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Fig. 10 Operator experiencing the EAF virtual prototype from the control pulpit, (courtesy of Danieli Automation)
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Fig. 11 Diffeent phases of the SBT experience (courtesy of Danieli Automation)

that can be either shown (as in the real system) or hidden
(to highlight the process advancements—see Fig. 11).

2. Inclusion of the process visualization, so that the materi-
als to be melted are visualized while changing in shape,
dimensions and colors, as shown in Fig. 11. For instance,
the steel scraps melt depending on the electrodes posi-
tions and powers (as controlled by the operator).

Similarly, the tapping flow changes in function of molten
steel quantity and furnace inclination.

For what concerns the trainers, the following functions
have been implemented:

1. The SBT platform includes an additional virtual HMI
for the trainer that can be used to manage IOs and

@ Springer

transitions through different machinery states. As the
physical HMIs let the trainees to interact with the
machinery through the PLCs IOs, the virtual HMI lets
the trainer to interact with the virtual environment by
changing at will the operating scenarios and operator
stimuli.

. Possibility to enforce view changes and variation within

the CAD models. In particular, different views/orientation
of the graphical model can be automatically enforced
from the trainer HMI to rapidly present different loca-
tions. This is especially important for this machinery
dimensions. In addition, color/transparency changes (see
previous features) may be enforced through the virtual
HMI on the trainer side.
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6.2 Operator training

The operator training is guided in the workstation of Fig. 10
(physical side), including the presented 3D CAD represen-
tation, HIL, PLCs and HMIs and additional equipment to
reproduce the actual pulpit. Several HMIs variants have been
introduced and tested, with different command sequences
and nested menus. For what concerns simulated training-on-
the-job and knowledge delivery, best practices and patterns
have been firstly recorded from actions delivered by experi-
enced operators. Then, the recorded material has been used
to train new operators, while monitoring the responsiveness
of the user. The interactive simulation uses all but only the
PLCs IOs, without any bias behavior from past work habits.
Therefore, the model reliably responds to correct commands
as well as inputs that may lead to possible failures. In prac-
tice, the SBT platform can even provide experiences that
go beyond conventional training. That is the case of criti-
cal scenarios, which are not reproducible in reality, but can
be easily simulated without any real damages to humans or
equipment. For instance, plant failures have been modeled
with a bi-stable behavior, namely a catastrophic emergency
is actually reached or it depicts an incipient but still remedi-
able dangerous situation. In addition, even if self-evident, it
should be highlighted that the knowledge is delivered through
training sessions in scenarios that can be quickly reached
without having to wait for the whole manufacturing sequence
to start from the beginning. This means that the difficult oper-
ations can be iterated several times until its the goals are
reached. Also, the training may follow specific sequences,
different from the actual machinery ones, that are simulated
just depending on the training purposes. At present, the eval-
uation of the virtual experiences are being collected from
interviews to trainers, trainees and experienced operators,
with the aim of providing feedbacks on the features for oper-
ator training.

6.3 Training material costs

As highlighted in the introduction section, a crucial point
for an actual SBT implementation in industry is cost/time
effectiveness, meaning that the re-use of existing engineer-
ing tools and related data is mandatory. For what concerns
cost effectiveness, VC software (such as Delmia Automation)
can be interfaced with other commercial tools for control
software development and for 3D CAD modeling. The first
is achieved by including the real controller through HIL
interfaces, whereas the latter is achieved by importing a neu-
tral CAD format from mechanical design. This approach
bypasses the vendors limitations for protecting their intellec-
tual property and results in a general purpose tool. Even more
important, the reuse of other engineering tools takes advan-
tage of the industrial knowledge gathered in tens of years

at least. For what concerns time effectiveness and resource
savings, a VC model is used to test a complex system prior
to actual equipment delivery, meaning a safer forecasting of
heavy investment cashflows. At present, the system devel-
oped for the presented case study is not portable, even if its
portability could be enabled with few modifications. That
been said, it is not fundamental for the training material and
for the future actual machinery to be located in the same
place, meaning that operators coming from different loca-
tions can be trained in a single advanced training center.

7 Summary and discussion

In the present paper, specifications, requirements and chal-
lenges for adapting existing simulation tools for the industrial
application of operators virtual training have been presented.
It has been highlighted that fundamental features are user
interaction (for both trainees and trainers), real-time sim-
ulation interfaced with physical hardware (controller and
human-machine interface), adequate level of detail (limited
to the operator skills to be trained) and, last but not least,
cost effectiveness. In fact, owing to the time/costs restriction
of any industrial application, re-usage of existing hardware,
software, and expertise becomes an actual requirements for
SBT to be used in practice.

In light of these considerations, this paper envisages SBT
as an integral part of the plant design process, here includ-
ing the plant Virtual Commissioning, where a CAD model
of the system is interfaced with a physical controller prior
to the actual plant establishment. This approach allows to
reuse existing engineering tools and to set up hybrid process
simulations with control HIL in a system perspective. For
validation purposes, a large and complex case study on an
industrial Electric Arc Furnace has been evaluated. Accord-
ing to the industrial partner, the resources required to set up
the training material have been sustainable. In addition, SBT
tools enabled new training strategies for different operators
and employees, well beyond conventional training mainly
based on information sharing via written instructions. Other
advantages are lower costs, easier logistics and safety for the
courses.

By means of a Virtual Commissioning tool (such as
Delmia Automation), the operator training can be carried
concurrently with the system final development stages, up
to the actual commissioning, thus shortening the plant rump
up time. Enablers of the Hardware and Human in the Loop
simulations are the interfaces with mechanical and control
engineering software tools. Re-usage of existing knowledge
from the mechanical designers is simply obtained with com-
mon neutral CAD file formats, which allows data transfer
from any different CAD vendor. Re-usage of existing knowl-
edge from the control architecture is more critical. The OPC
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communication is the ready solution but usable only for slow
processes, as far as realistic time flow and synchronization
are satisfied.

Envisaged industrial benefits of extending a Virtual Com-

missioning approach to SBT are: (1) operator training
focused on developing skills through guided experiences and
not just on acquiring information; (2) training-on-the-job,
also in case of safety procedure which include hazards hardly
replicable on the physical plant; (3) potential optimization of
those process parameters which are heavily dependent on
the operator skills; (4) acquisition/recording of best operator
practice for recognition of weak points and possible direc-
tions of improvement, along with strategies for further plant
design optimization.
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