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Abstract
Digital technologies have the potential to achieve a breakthrough in productivity performance
affecting the whole supply chain in the mining industry. The productivity cannot improve without
enhancing automation and maintenance activities and its management in factories. Enterprise
Asset Management system is one of the Information and Communication Technologies tools.
As related to maintenance management, asset management ensures a vast difference across
strategies in terms of efficiency and adaptation on value creation and capture. Such a program
should be alimented by a condition-monitoring system. The aim is to optimize material and
equipment flow and improve anticipation of failure. This paper presents a Model-based System
Engineering architecture of rotating machines condition-monitoring. We reviewed MBSE
approaches and applications to investigate the convenient technic to adopt. The designed
system can collect data and identify rotating machine physical parameters. These pre-steps
are an input serving the predictive maintenance strategy design. Then Operational, functional
and constructional visions of the system are presented via SysML diagrams building a more
comprehensive understanding of the detailed layout plan. Finally, we state that the MBSE
technic is yet to be explored for Maintenance systems development.

Keywords
Model-based systems engineering, Enterprise architecture, Condition-monitoring, Predictive
maintenance, Maintenance management, Enterprise asset management systems, System modeling language

Introduction and State of the Art
The digital transformation within the mining industry leads to a tide of change in the interaction
with stakeholders at every step of the value chain.

From mineral exploration, through mining and production, to downstream sales and distribution, digitalization is defining new approaches challenging
the traditional business models.
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Nowadays, electromechanical devices and electrical machines play an important role in all industrial applications. Ensuring their availability and
dependability is a fundamental task. Therefore, the
management of maintenance should fit the digital
transformation road-mapping.
The change from a situation where "we suffer
breakdowns" to a situation where "we control
breakdowns" requires a few technological means
as well as technical knowledge of appropriate and
powerful analysis. The switch to a proactive reliability-based approach is an important aspect of
Condition Based Maintenance (CBM) [1]. The continuous condition-monitoring of the equipment
operating through quantifiable and qualifiable data
and its interpretation thus makes it possible to prevent a malfunction before it happens and to eliminate false alarms that can slow down production by
managing the equipment in the best way possible
[2].
The maintenance constitutes a substantial part
of the Manufacturing Execution System (MES). The
innovation in the predictive maintenance field involves also the activities enabled by Information
and Communication Technology (ICT) and that is
where a well-implemented Computer Maintenance
Management System (CMMS) and/or Enterprise
Asset Management (EAM) system is one of the
key tools that are essential to underpin proactive
maintenance management. The trend is to move
the Maintenance towards the Asset Management
paradigm, involving important issues about asset
life cycle cost and availability of the asset, that can
be easily translated in gained production, above
all when considering the process industry (24h of
working time) [3]. For example, the adoption of a
modern CMMS that can be easily connected to all
other running company’s systems as ERPs is the
first and most significant step that organizations
can undertake to follow the pathway leading to industry 4.0. [4].
It is, therefore, necessary to develop systems for
detecting (monitoring) and evaluating (diagnosis)
the state of these. To manage and develop an integrated complex system, we need to use a tool that
enables responding to this devices [1,5-7] requirement. System Architecting & modeling Approaches have attracted the attention of several research
teams in various fields such as aeronautical industry and automotive [8]. It is indeed much easier to
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deform an existing system architecture to adapt it
to a series of new needs, rather than constructing it
from scratch. System Engineering Approach is also
used in Software development [9] and manufacturing Systems [10], to determine specifications for
reconfiguration [11] and to define a new complex
system [12].
Complex systems are known to be hard to design
due to the required multidisciplinary knowledge.
Model-based Systems Engineering (MBSE) is a way
to improve classical systems design challenging
document-based approaches while considering a
complex system architecting. Douglass has provided the importance of MBSE as one is dealing with
systems instead of a discipline-specific engineering
problem, reviewing workflow models (V-Model, Incremental Model, and Hybrid V-Model) [13]. MBSE
is a powerful approach to adopt ensuring features,
such as consistency, traceability, analysis, verification, and validation [14]. Many research works have
been lead to review MBSE approaches, to prove its
flexibility and to emphasize the interest of selecting
this methodology [8,15-19]. Murray has spanned
some of MBSE advantages: improving communication, managing the system’s complexity at any
level, enhancing quality, managing Knowledge and
transferring learning fundamentals about Systems
Engineering [20].
Research studies have stated that modeling activity is the core of MBSE. Many Frameworks and
technological solutions were created to meet a
certain need or specification according to the field
of application. Mare listed best practices for modeling of aircraft systems after reviewing technical
standardization documents [21]. Chemical process
systems Engineering methodologies, algorithms,
and tools are paraded by Guillén-Gosálbez, et al.
focusing on sustainability on different scales [22].
Sadovykh, et al. introduced the project MegaM@
Rt2, an integrated framework incorporating methods and tools for continuous system engineering
and runtime verification and validation (V&V) applied to embedded systems [23]. While Do, et al.
investigated practices involving MBSE in a contractual scope of tendering environment for a groundbased air missile defense system. They proposed
Whole-of-System Analytical Framework (WSAF).
This framework adopting the learn-by-doing research approach features MBSE models of the system through the transition from acquirer capability
definition and supplier proposition while tender-
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ing, till their use and maintenance. Inkermann, et
al. developed a concept for model-based requirements engineering in Automotive complex system
development at the early stages of the design process [24]. Whereas Kübler, et al. proposed a combination of Model-Based methods, called Model-Based Production Engineering MBPE approach,
adapted to the production system as a collection of
sub-systems from different points of view during its
lifecycle [25]. In the same topic, Lukei, et al. applied
MBSE to figure out a design methodology for modular mechatronics products production systems for
the development and the quality inspection while
specifying the interoperability of functions [26].
Modeling languages for MBSE approaches are
mainly Unified Modeling Language (UML), Systems Modeling Language (SysML) and Modeling
and Analysis of Real-Time and Embedded systems
(MARTE) [27]. UML is a graphical modeling language
designed by Object Management Group (OMG) to
provide a standardized method for system analysis, design, and implementation. It is dedicated
to software development and object-oriented design. SysML is an extension of UML specialized in
Systems Engineering allowing specification, analysis, conception and V&V [28]. This Object-oriented
modeling language is flexible and modularly structured hence the user can use it effectively without
knowing the integrality of language units [29]. It
allocates accurate descriptions across views of the
modeling process. In our study case, we focused on
UML/SysML diagrams as OMG’s MARTE is dedicated to embedded and electronic applications, as a
modeling platform [30]. In point of fact, Van Noten,
et al. presented SysML as being the standard formal graphical modeling language for MBSE [31]. In
the avionics domain, ZHU, et al. have proposed the
MBSE Approach using SysML to define functional
requirements tested on the Onboard Maintenance
System [32]. There are several tools used for this
purpose like Capella based on ARChitecture Analysis and Design Integrated Approach (ARCADIA)
explained by Roques [33], and Papyrus [34] driven by automated model-to-model and model-totext transformations. Modelio is also a platform
for UML/SysML [23]. Several research works have
reviewed the different modeling tools based on
UML/SysML like [15,20]. SysMl has proven that it is
a flexible Modeling language for MBSE, and models
are is still to be developed to fit different requirements according to the system nature [17,35].

CESAMES’s MBSE Framework [8] is a step by
step approach to formalize conceptual design and
organic architecture to produce complex systems.
Maintenance systems are qualified as complex systems due to all components managed like maintenance activities, assets, humans, data, and risks
[36]. Therefore, it is interesting to explore CESAMES’s flexible approach to vulgarize, and then well
define, the maintenance system using UML/SysML
diagrams. The maintenance program recommends
maintenance decisions based on the information
collected through condition monitoring. It consists
of three main steps: data acquisition, data processing and maintenance decision-making [1]. Diagnostics and prognostics are two important aspects
of the predictive maintenance strategy, especially
when using multiple sensors in condition monitoring. The maintenance management model can also
rely on MBSE Framework, and such effect can be
either to modify the requirements influencing the
design for the product or to improve/change the
production system technology or layout concerning
machining/assembling operation [37]. We evaluated this approach as a core modeling for integrating
predictive maintenance applications.
The purpose of this paper is to design a monitoring system of electromechanical systems based on
predictive maintenance by parametric identification. We propose to implement algorithms [2,7,38]
on the monitoring system in order to follow the
evolution of mechanical and electrical parameters
of the machine such as friction, moment of inertia,
resistances, and inductances over time. As indicated in the literature these parameters are related to
faults or the first stages of defects. For example, an
increase in friction may mean a need for lubrication. If this augmentation remains despite lubrication, it means that it is a beginning of wear on the
bearing [5,39] that requires maintenance tasks.
The objective of this work is to develop a machine maintenance strategy using the real-time
evaluation of the system’s physical parameters
including the electric motor and mechanical transmissions in the industrial environment [7]. This
strategy is based on algorithms simulation [40], collected data by sensors [41], and interfaces & alerts
management [42]. This predictive maintenance approach will meet the explicit needs:
- Predict failures;

Citation: Guerroum M, Zegrari M, Elmahjoub AA, El Alaoui A, Saadi J, et al. (2020) The Architecture of Rotating Machines ConditionMonitoring Using Model-Based System Engineering Approach. Int J Signal Process Anal 5:006

Guerroum et al. Int J Signal Process Anal 2020, 5:006

- Optimize preventive maintenance breakdowns;
- Minimize sudden stops of production;
- Increase the synthetic rate of return;
- Ensure better traceability;
- Improve the organization of traditional mainte-

nance.

To develop the various requirements that fulfill
the expressed needs, we have designed our system
using the SysML diagrams [17,43,44] to implement
an appropriate solution by using the various components (sensors, acquisition card, interface, etc.).
The remainder of this paper is organized as follows: First of all, the main stakeholders are identified, this is the definition of the external systems of
the System’s reference environment. Their related
flows are prominent to induce structuring architectural orientations for the System. Secondly, space
and time modeling are required to specify the System behavior in the operational architecture section. Thirdly, we have focused on the functional
view of the System to design, which is an abstract
perception of the solution without getting into the
technical aspects. Finally, the constructional architecture details the components and their configuration, making the architecture representation
concrete.
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Digital Transformation and Integration Environment
It is very important to define precisely the environment architecture. This step has a role in identifying external stakeholders and equivalently different related needs. It can also be used for monitoring the first systems architecting activities [8].
The evaluated needs constitute a basis for the resulting concrete System. Thus, any mistake or role
misevaluation can lead to erroneous needs. As a result, functions and components of the system rely
on the quality of the environment identification.
This core initial analysis is represented by the
stakeholders’ diagram in Figure 1, a fusion of two
diagrams: The stakeholder hierarchy diagram and
the environment diagram. The first one itemizes
the hierarchy of external key stakeholders. The
second one pictures the reciprocation between the
System and its first level stakeholders.
The stakeholders’ diagram shows the abstract
relationships between the monitoring system,
which is our System to design, and its environment.
It describes how the system will be integrated with
the other elements of the maintenance operations
systems. As indicated in Figure 1, the main external systems (stakeholders) trading with the System
are:

Figure 1: Stakeholders diagram for the electromechanical system monitoring.
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• The electromechanical system that must be
monitored;
• The Supervisor can be an operator from the control room or the production manager;
• The Maintenance workshop for interventions:
the manager ensuring the planning while the
operator executes the maintenance operation;
• The Diagnostic system is monitoring and determining the state of the system;
• Asset Management using the Computerized
Maintenance Management System (CMMS) or
the Enterprise Asset Management System (EAM)
for managing internal maintenance operations;
• The Environment conditions: either weather
conditions or surrounding equipment effects;
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is expressed by multiple interactions with the first
level stakeholders. In our case, these interactions
reside in the primary need for real-time monitoring
such as formalized in Figure 2.
From the perspective of representing the operational contexts, states, and temporal transitions,
the lifecycle diagram is drawn with a manner to express consecutiveness, inclusion, and simultaneity.
Identifying and describing the life cycle of the
monitoring System addresses issues of System adaptation or reconfiguration in a changing context
(resource availability, retrofit, upgrading, recycling). Thus, the lifecycle diagram, as shown in Figure 3, is represented by a state machine diagram
which is a dynamic view of the System. It shows

• The Database for the storage of collected data;
• The Power supply for the monitoring system
components.
It is mandatory to emphasize that the ICT infrastructure of the organization should be ensured
and suitable for the successful integration of the
condition-monitoring system.

Interactions of the System to Design
Stakeholders needs development
The operational vision of the monitoring system

Figure 2: The primary need of the electromechanical
system monitoring.

Figure 3: Lifecycle diagram of the electromechanical system monitoring.
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Figure 4: Use case diagram of operational context “System in operation”.

the different successive states and the possible
transitions of the dynamic blocks. The dynamics of
change is sustained by events.
The System’s lifecycle is lunched by the monitoring System design (Initial node). Once connected
to the electromechanical system, the monitoring
operation leads to displaying the parameters depending on the operator’s instructions. The System
is perpetually communicating with deferent stakeholders such as the database or the control room.
Maintenance and recycling operations are also on
the cards.

The monitoring system operational descriptions
The use case diagram (uc) describes with accuracy the missions to be fulfilled associated with the
operational context “System in operation” of the
monitoring System lifecycle. Each mission of the
System is related to a stakeholder. The use case
diagram in Figure 4 lists the functions performed
by the monitoring system and the interconnected
stakeholders. The System interacts with the electromechanical system to diagnose when it comes
to collecting information or in case of failure detection. Our System communicates with the supervisor through an interface. The maintenance agent is
notified when a fault occurs, and initiating maintenance operations is required. The rest of the mis-

sions are internal and can be added by the system
architect. The purpose is to anticipate some of the
monitoring System functions. As said in the previous section, the operational vision is much related
to the functional and to the constructional visions.
It is very natural to think about modeling the functional context while specifying the interactions between stakeholders and the System to design.
So, the use case diagram gets a preview of two
functional missions that the monitoring System affords: Processing the collected data and Extracting
parameters.
As a matter of fact, the “extract parameters”
mission involves the “processing data” mission.
The including relation predicates that the basic use
case "requires that" or "cannot be done without"
collecting data mission. Regarding the “receive
alarms” mission, it is depending on creating failure
on the electromechanical system.
The monitoring system must be able to detect
such variation in the parameter and recognize that
something unusual is happening.

The Monitoring System Functional View
The functional architecture is the key to track
down specific and transversal behaviors. This step
is ultimate to spot and to manage the emergent
behaviors of an integrated System. We must stress
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Figure 5: Requirements diagram of the electromechanical system monitoring.

that although the functional description of the
monitoring System allows thinking about the constructional options, it does not interfere with the
technical design choices mechanism. This functional view will serve for comparison and evaluation of
the composition architecture [37]. This step gives
the functional guide of the System, in other words,
the list of all objects that are functionally manipulated.

scribes requirements contained in a specification.
Common functionalities can be linked via « satisfy
», « refine » and « DeriveReqt » relationships. For
example, the “Diagnosis of the electromechanical
system” requirement includes the “parameter extraction” requirement for more precision. While
“failure detection” is refining the previous requirement to which it is connected and is identified as a
way of satisfying “maintenance Alert”.

The monitoring system functional requirements

The requirement diagram is providing, for one
other time, a preview of the composition of the System which will be exposed in detail in the constructional section. Thus the speed sensor, the current
sensor, and the voltage sensor are components, inherited from the block definition diagram, satisfying the functional requirement “data acquisition”.

Requirements are commonly used to formalize system prerequisites, resulting in features or
conditions that should be satisfied by the System,
depending on any priorities associated with the requirements.
The requirements are also used for modeling,
for creating associations with use cases, blocks or
any type of element of the model, and then establishing traceability between functions.
The functional requirement diagram (req) Figure
5 is a hierarchical exhaustive description of all functional requirements. It is represented by a two-part
box. The top is reserved for the « requirement »
stereotype which represents a text-,based requirement, and the title. While the bottom includes id
and text properties. Requirements hierarchy de-

The system functional descriptions
At this level, we used the state machine diagram
(stm) in Figure 6 to represent the functional modes
of the monitoring system and the events that cause
transitions between each mode. These diagram
models from a functional perspective time and rationally describes in a consolidated and organized
way all inputs and all outputs of the functions of
the System.
Firstly, the monitoring System must draw current intensity, voltage and rotation speed signals.
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Figure 6: Functional modes diagram of the electromechanical system monitoring.

And then it must send the data to be operated. In
the processing phase, the System extracts the identification parameters from the electromechanical
system data. The data processing is followed by
two actions:

concrete vision of the System helps comprehend
details of the structure. The goal is to find answers
to stakeholders’ needs in the most optimized way
while integrating industrial and technological constraints.

• Diagnosis of the System based on the extracted
parameters ;

The system constructional requirement

• The display of parameters.
Precise algorithms [7] compare the extraction
results with the correct functioning electromechanical system thresholds.
Two scenarios can take place. The first is to trigger visible alarms to the supervisor. Maintenance
operations are started to repair the failures. As
for the second, there is a direct switch to the first
post-processing action: The display of parameters.
The activity then ends.
In fact, by integrating the functional properties
in the operational view, it helps for more precise
identification of the problem, to develop the appropriate solution.

The Monitoring System Organic Construction
The constructional architecture is meant to describe precisely the different components and their
relative interactions of the monitoring system. This

The block definition diagram (bdd) represents
the constructional view of the System. Thus the
main block and the hierarchy of the blocks that
compose it, whether software or hardware, are
specified in this diagram.
In our case, the bdd diagram in Figure 7 illustrates the components of the monitoring system,
resulting in an overall view of the modeled system.
For example, the speed sensor block is in the composition of the monitoring system block as an indispensable component. The speed sampling is an
operation completed by the speed sensor, and the
rotation speed is a value reported by this block.

Constructional descriptions
The internal block diagram (ibd) in Figure 8
describes the white box view. It is based on the
« bdd » to assemble the blocks that build the monitoring System. The links represent flows, material,
energy, and information, exchanged between the
constitutional parts of the System while the diagram frame represents the monitoring System. A
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Figure 7: Block definition diagram of the electromechanical system monitoring.

Figure 8: Internal block diagram of the electromechanical system monitoring.

block can have multiple ports that specify different
interaction points.

trol interface or personal digital assistant (PDA) and
Control System.

This diagram describes the circulation of flows
between the different blocks inherited from the
« bdd » in accordance with what is prescribed in the
specifications. The input information (supply voltage and rated current) and output (speed) of the
electric motor are collected via high-performance
sensors and then sent to the acquisition card. The
latter performs processing operations and sends
the extracted parameters to visualization and con-

The sequence diagram (sd), Figure 9, represents the elements involved in the scenario, as
well as the message exchanges between the system and actors, or between parts of the System,
in a chronological manner, specifying possible time
constraints. The reading of such a diagram is from
top to bottom.
The scenario begins with the operation of detecting the information (current, voltage, and
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Figure 9: Constructional scenario diagram of the electromechanical system monitoring.

speed) of the System. Once the mission of the sensors is complete, the data is supply to the acquisition card. Then, the acquisition card analyses the
data, extracts, and analyses the identification of
physical parameters from the electric motor before
being transferred to the interface. The supervisor
or operator reads the settings on the interface and
can choose a specific parameter to display. Thus
the System executes its request.

Case Study General Remarks
Even though MBSE provides a flexible approach
to design systems, accidental complexity can be introduced, leaving several MBSE aspects to develop.
This area of research is attracting the interest of
system architecting society [45]. Besides, giving extra details can lead to hard to manage complexity in
the modeling using SysML. Indeed, some functions
were hard to illustrate due to the large paradigm
of the modeling language. Persistent gaps between
available paradigms and the industrial needs are
still existing [14,45] especially to support maintenance activities. MBSE in the literature is used the
most in embedded systems, software development,
automated processes, and discrete manufacturing
systems. MBSE for Maintenance systems is yet to
be explored. Further works must focus on Main-

tenance as a very important concern. We qualify
a transition from a document-based approach to
a Model-based approach as necessary since tasks
can be very complex [46]. The complexity of the
maintenance system is due to given multidisciplinary skills - mechanical, electrical and software required to remedy a problem. Therefore, a simple
issue can be hard to identify and cause catastrophic
repercussions because of the impractical maintenance system documentation making such a system, already complex as it is, appears more complicated and harder to comprehend. MBSE promotes
knowledge management for modelers and users
of the maintenance system about its behavior and
performance. Even if the system architect is an expert in SysML, all diagrams are easy to understand
by any member of the complex system engineering
teams. The interest is to make the system concretization and handling a practical process through
its lifecycle (from creation to destruction passing
by maintenance and adjustments) illustrated in
Figure 3. We are interested in the identification of
the physical parameters of the electromechanical
machine. This architecture is created to specify the
cyber-physical system in order to match the mathematical modeling of parametrical identification.
Furthermore, the monitoring system Architecture

Citation: Guerroum M, Zegrari M, Elmahjoub AA, El Alaoui A, Saadi J, et al. (2020) The Architecture of Rotating Machines ConditionMonitoring Using Model-Based System Engineering Approach. Int J Signal Process Anal 5:006

ISSN: 2631-5114 |• Page 11 of 13 •

Guerroum et al. Int J Signal Process Anal 2020, 5:006

incorporates, in the Data acquisition card, algorithms to follow the evolution of the mechanical
and electrical parameters of the electromechanical
system. This part is yet to be developed following
the MBSE approach and explicating the parametrical identification using mathematical models of the
system to be monitored. This modeling would help
choose the convenient technologies for the system
construction. As well as that, this MBSE approach
makes tracking changes an easy task for the systems developers and users, through the reference
diagrams.
Besides, team communication is an inherent aspect of knowledge management to be enhanced in
maintenance activity in a harsh environment like
the mining industry [46]. It should be noted that
MBSE can enhance decision making if the views are
well defined [47].

Conclusion and Perspectives
In our contribution, we presented the conceptual
and technical specifications of our electromechanical system monitoring. We pointed out the importance of the MBSE to design and develop a system
for predictive maintenance integration. Predictive
maintenance is a technic enhancing maintenance
strategies. A reliable condition monitoring system
can provide accurate data considered as input of
prognostic systems. Therefore, this work is a contribution to help define all requirements and architecture of such a system, by explaining the design
process with a specific study case. We have introduced a basic concept for predictive maintenance
based on parametric identification, the design of
our monitoring System using SysML. We have also
noted the relevance of using this method in this
field of application not yet explored by the Systems
Engineering community.
The precision as a highly demanded aspect in
the maintenance policies nowadays. As predictive
maintenance is the key to develop durability, security and resources management in businesses, it
is very interesting to follow advanced approaches
while designing systems in the Industry 4.0 environment. MBSE application on maintenance activities a field to be yet explored.
Our future work will focus on considering the
system requirements and behaviors from other
stakeholders’ points of view while trying to reconcile the aspects of modeling and the need to de-

velop a flexible monitoring system. We also intend
to publish our work on the electromechanical system physical parameters’ identification algorithm
we developed. Then we are intending to propose
a framework to enhance the MBSE state of the art
for maintenance systems. We are aiming to expand
our work to design the prediction maintenance system and to integrate it into the control system in
the mining industry context.
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