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Abstract. Safety passenger transportation is more im-
portant than efficiency or reliability. Therefore, it is vital to
maintain the proper condition of the equipment related
to the passengers' comfort and safety. This manuscript
presents the methodology of complete development and
implementation of both hybrid model and digital twin 3.0
for an HVAC in railways. The objective of this is to monitor
the condition of the HVAC where it matters to the comfort
and safety of the passengers in the trains. The level 3.0 of
digital twin will be developed for the diagnosis and prog-
nosis of HVAC by using hybrid modeling. The description
illustrated in this paper is focused on the methodology
used to implement a hybrid model-based approach, and
both the need and advantages of using hybrid model ap-
proaches instead of data-based approaches. The develop-
ment considers the importance of safety and environ-
mental risks, which are included in the risk quantification
of failure modes. Railway's maintainers replace critical
components in early stages of degradation; thus, the use
of a data-driven model loses essential information related
to advanced stages of degradation which might decrease
the accuracy of the maintenance instructions provided.
Physics-based model can be used to generate synthetic
data to overcome the lack of data in advanced stages of
degradation, and then, the synthetic data can be com-
bined with the real data, which is collected by sensor lo-
cated in the real system, to build the data-driven model.
The combination leads to form hybrid-model based ap-
proach with a large number of failure modes that were un-
predictable. Finally, the outcome is beneficial for the proper
functioning of systems; hence, safety of the passengers.

Introduction

The diagnostics and prognostics are the main processes
in condition-based maintenance (CBM). These processes
are broadly used in industrial assets, mainly, at levels of
part, components, sub-systems, and systems. Fault detec-
tion and diagnostics (FDD) is the identification of a
faulty component through the detection and isolation of
afault. Once afault appearsin a system, diagnostics pro-
cess might detect that fault and identify the faulty part.
Prognostics process is performed for estimating the re-
maining useful life (RUL) of asystem. It is estimated us-
ing the behavior data while the system works, alowing
maintainersto avoid the corrective maintenance [1]. Thus,
appropriate implementation of CBM leads to reduce costs
and increase the reliability and safety of systems.

Asitisshown in Figure 1, there are highlighted four
techniques for estimating the RUL and, on a conse-
guence, for implementing FDD and prognostics pro-
cesses [1]: experience-based approaches, model-based
approaches, data-driven approaches, and hybrid model-
based approaches (HyMAS).
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Figure 1: Remaining useful life (RUL) estimation models.
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The model-based approach are mathematical models
of the physical system [2]. These models incorporate
such characteristics as material properties, thermody-
namic, and mechanical responses. Furthermore, different
operational conditions, components defect, and degrada-
tion must be modelled for fault detection. Thus, these mod-
els accurately describe the behaviour of systems[3] [4].

Data-driven approaches use operational data col-
lected by sensors embedded in the system for obtaining
information related to the degradation state of compo-
nents. Thus, these approaches can trace the relationship
between the data acquired from the system with its deg-
radation [5] [6].

As Figure 1 shows, HyMAs is the combination of
data-driven and model-based approaches. The main ad-
vantage of this combination is the reduction in both the
historical information required to train a data-driven
model and the information needed for a robust physics-
based model. This data fusion aims to improve FDD and
prognostics processes. The model-based approaches gen-
erates synthetic data to overcome the lack of historical
data, thus improving the ability of a data-driven apprach
to detect failure modes (FMs) and reducing the appear-
ance of hidden FMs, metaphorically known as “black
swan losses’ [7].

1 Problem Discussion

The case study used in this research work is a heating,
ventilation and air conditioning (HVAC) system which is
installed in a high-speed passenger train.

Currently, many types of research are based on data
driven approaches but missing important information and
failures. This occurs because maintainers replace critical
elements in early stages of degradation for safety, relia-
bility, economic, and environmental reasons. Therefore,
it is challenging to acquire data in faulty stages of the
system and advanced stages of degradation [3].

The solution proposed in this manuscript isto transfer
the methodology to railway subsystemsto scale, develop,
and validate an HyMAs for railway equipment through
the combination of modeling based on physical laws and
modeling based on data. Asa primary purpose, it will be
developed to improve the diagnostics and prognostics
processes of components of railway systems.

The outcome will be to provide railway companies
with the necessary tools to reach alevel 3 of digital twin
based on HyMA.. The Digital twin levelsarelisted in Ta-
ble 1 and shown in Figure 2, Figure 3, and Figure 4.
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Digital

Twin Data Layer Level

1.0 SCADA Data OT (SCADA) Operational
Online Data Alarms based

on anomalies

2.0 Adding: Offline ~ OT (SCADA) Tactical
data, GMAQO, ERP, and IT (ERP, P|anning of
taxonomy, ontol- management corrective
ogy management data...) maintenance
data instructions.

2.1 Context data Operative

context

3.0 Physics model OT+IT + Strategic
Hybrid digital Engineering  Renew of
twin technology  assets, perfor-

mance improve-
ments

Table 1: Digital twins levels description.
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Figure 2: Digital twin 2.0, extracted from [8].

Figure 3 shows the Digital Twin 2.1, who combines the
Digital Twin 2.0 (see Figure 2) and context data. Con-
text-awarenessis considered as an application’ s ability to
adapt to changing circumstances and respond according
to the context of use.

Figure 3: Digital twin 2.1, extracted from [8]).

Figure 4 shows the Digital Twin 3.0, who combines the
Digital Twin 2.0 with a HyMA. It could be used from
component to system level.
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Figure 4: Digital twin 3.0, extracted from [8].

2 Objectives

Theaim of thisresearch work isto provide maintainer
of the HVAC system with the necessary tools to reach a
level 3 of Digital Twin based on HYMA — see Table 1.
The objectives of this development are listed below.

1. Study the different approaches to achieve arobust hy-
brid model of the HVAC system. Model must consider
the number of variables monitored in the real system,
the information contained in it, and the information
available in other sources, such as expert knowledge,
other papers, the history of failures and alarms, and
work orders. The selection of informationiscrucia for
developing arobust HyMA because it helpsto identify
the balance between the resources needed for model-
ing versus the accuracy of FDD and prognostics pro-
cesses. Then, this leads to propose a methodology for
combining data-driven and model-based approaches;
thus, for implementing the HyMA.. This approach will
befirstly applied to HVAC use case.

2. Study the available models of the under-study asset,
and then, develop models based on the physics of the
monitored system that represent the response of the
HVAC system. Thisincludeselectrical modeling of mo-
tors such as electric circuits, modeling of moving parts
such as rotation of rigid solids, or modeling of heat ex-
changers through the energy balance, among others.

3. Definition the methodology for synchronizing the
model with the real system. This step fixesthe values of
key unknown parameters of the physics-based models.
The synchronization of the model is carried out using
the data collected by the available sensors. The data used
will be considered under normal operating behavior.

4. Validation of the HyMA will be carried out by com-
paring the response of the the physics-based model
with the response of the real system. The validation
will focus on fault detection, fault location, and fault
identification.

E!I Galvez et al. Hybrid Models and Digital Twins for Condition Monitoring: HVAC System for Railway

Context Driven
CBM

Figure 5: Context-Driven CBM Digital twin 3.0,
modified from [8].

3 Advantages of the Hybrid
Approach

Industries where safety is more important than efficiency
or reliability, asit is the case of the railway sector, com-
ponents are replaced in the initial stages of degradation,
sometimes far from their maintenance limit, due to regu-
lations and regulations, such as the standard EN 13848-
5:2017 which stablishes strong replacement criteria for
the railway sector.

This early substitution of components implies a lack
of data of the complete degradation of replaced elements.
This lack of data limits the visibility of FMs and the ap-
pearance of the aforementioned black swan losses, which
are events associated with failures not foreseen or con-
templated [8]. This can be avoided by using synthetic
data generated by physics-based models, which is built
for reproducing the behavior of the asset in degraded or
unusual conditions and compl ete database on failuresand
degradation of systems. It should be noted that the assets
are usually complex systems composed of severa sub-
systems and their components, which makes it difficult
to perform an accurate maintenance model. Conse-
guently, theinteraction between components and subsys-
tems makes it challenging to obtain a global failure sce-
nario due to sub-systems work together and they can fail
individually or together. Thus, complex systems have
many possible combinations of faults.

It is, therefore, necessary to develop a strategy to
overcome the lack of data which might provide infor-
mation on the evolution of system degradation. This
strategy must be hybrid, considering both model-based
approaches, that is, models based on physical laws; and
models based on data, in such a way that their combina-
tion can supply the shortcomings of each method. The
primary objective of the project isthe transfer of a meth-
odology to build aHyMA for obtaining moreinformation
of faults and how these faults change over time.
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Condenser coil and Evaporator coil.
Heat exchanger between airflow and re-
frigerant liquid. These components do
not usually have movable elements; their
performance is mostly controlled by in-
let and outlet temperatures.

Bypass valve. Regulates the refrigerant
e, flow.

' Dehydrator filter. Retainsthe moisture
o and solid particles existing in the refrig-
fg-\ erant circuit.

Air diffusion unit. Composed mainly of
fans connected to electric motors. This
component can be monitored through the
vibrations of the fans, the airflow and
electrical consumption.

Figure 7: HAC saloon scheme.

Asitis shown in Figure 6, a dataset with operational data
is generated; then, this data is used for performing diag-
nostics and prognostics processes. These processes gener-
ate the necessary information that congtitutes the know-
ledge base for maintenance planning will be generated.

4 Case study on HVAC

The HVAC system is installed in a passenger train car-
riage. These systems are composed by many vital com-
ponents. The main parts can be identified as compressor,
condenser coil, evaporator coil, bypass valve, dehydrator
filter, and airflow units (Figure 7).

Compressor. Move the refrigerant liquid from the
low-pressure chamber to a high-pressure chamber by
scroll mechanism without excessive noise and vibrations.
The monitoring of compressor status can be performed
indirectly through the parameters/variables, for example,
inlet pressure, outlet pressure, engine current, vibration,
the temperature of the compressor parts, etc.
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5 Methodology

The methodology shown in thissectionis
ageneral approach used in many research

studies where CBM is deployed in an in-

dustria environment.

)
Figure 8: Taxonomy classification with taxonomic
levels (from standard ISO 14224-2016).

The methodology followed is composed of theitemsbel ow:

1. Analysis of the information related to the HVAC sys-
tem, such as design, operational conditions, mainte-
nance tasks, etc., and analysis of the data acquired by
the sensors embedded in the system.

2. Evaluation of the current capabilities; the maintainers
of the HVAC system understudy use a data-driven
model to perform diagnostics and prognostics. There-
fore, it is necessary to evaluate the limitations of the
current data-driven model and the maturity of the de-
ployed diagnostics and prognostics processes. Level
2.1 of the Digital Twin confirmed but improvable.



3. Taxonomy of the system considering the standard | SO
14224-2016. Before developing the taxonomy of the
system, the taxonomic level of interest must be identi-
fied — see Figure 8 [7]. Identification of the subsys-
tems, equipment, subunits, and components for build-
ing the hybrid model. This step reaches until level 8 of
the taxonomy classification shown in Figure 8.

4. Analysis of the current list of FMs, their effects and
causes. Moreover, study the possibility to add new FMs.

5. FMs classification by their criticality. Then, quantifi-
cation of safety and environmental risks.

6. Selection of variables and parameters to perform the
physics-based model, definition of appropriate models
for each component based on the sensors installed in
the system.

7. ldentification of critical items and significant varigbles.

8. Anadlysis of models developed by the railway com-
pany. Adaptation of models, if possible, or develop-
ment of new physics-based models and data-driven
models; these models will be developed separately.
Digital Twin 2.1 enhanced.

9. Integration of physics-based models and data-driven
models to build the hybrid model considering subsys-
tems. Level 3.0 of Digital Twin reached.

10. Validation of the fina HyMA. Level 3.0 of Digital
Twin reached and tested.

6 Planning

The research work will be addressed in two phases: the
first phase will provide an early evaluation of the scope
of the HyMA; and the second phase leads to develop the
diagnostics and prognostics processes from model de-
fined in the first phase. The scope of this research work
includes both phases for the HVAC system.

6.1 Phase 1: Viable minimum product for
evaluation of the scope of the hybrid
approach on HVAC

The first phase involves the firsts contact between the

technical team and the customer. This allows the tech-

nical team to study all the documentation, data, infor-

mation related to the components and system understudy.

1. Visit and study the real system, anaysis available
data, and mapping of FMs and variables.

2. Estimation of diagnostics and prognostics perfor-

mance.
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3. Analysis of the models devel oped by the railway com-
pany; then, proposal of models for deploying both the
diagnostics and prognostics performance.

6.2 Phase 2: Development of diagnostics and
prognostics processes using a hybrid
approach to HVAC (HyMA-HVAC)

After the study and proposal submitted in the first phase.
The project should be narrowed down and ready to start
this phase.

1. Modeling of the system and subsystems chosen. De-
termination of the most appropriate modeling in each
case: compressors, heat exchangers, air diffusion,
blowers....

2. Parametrization and fine-tune of models with availa-
ble operational information.

3. Selection of FM s based on the performed analyses and
modeling capabilities.

4. Giving an understanding of the physics of the selected
FMsfor integrating them in the model.

5. Generation of synthetic data under unique fault con-
ditions, if possible, varying severities.

6. Study of the most suitable hybridization strategy in
each casefor the export of resultsto intermediatefiles;
so that, the railway company provides data of failure
to its system: limit values, rules, data export for data-
based modeling... expanding the database of know-
ledge of FMs and operation parameters.

7. Implementation of diagnostics and prognostics pro-
cesses based on the hybridization of data sources.

8. Transversely, transfer and integration of developed
models, services, and work methodology; thus, the
railway company may integrate the new strategy and
tool in their current system.

7 Discussion

Once the digital twin 3.0 is tested and ready for the use,
it can analyze the behavior of the system. The data will
be taken from the sensors every thirty minutes; the sys-
tem will record the operational data, parameters, and var-
iables in a dataset as a fingerprint. It will be compared
with the fingerprints previously saved. There are two
possible situations: first, an alarm is not detected. Sec-
ond, an alarm is detected. In the second case, the algo-
rithm chooses the data with the biggest changes in the
value in comparison with the previous value.
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If itisafalse alarmis detected, the fingerprint and the
operational datawill be deleted; if it isnot afalse darm,
the algorithm will estimate the RUL considering the op-
erational data. The RUL will also be estimated when the
algorithm does not detect any alarm.

The RUL is estimated using the fingerprint, opera-
tional data, and context data[10]. It isimportant to high-
light the importance of FMs related to critica compo-
nents in train transportation. One of the peculiarities of
this implementation is the effort made to evaluate the
safety and environmental risk, this means that in this
field, the implementation cannot consider just the opera-
tional and reliability risks. Thisisbecauseafailureinthis
field can affect people or the environments; thus, safety
and environmental risks become more important than re-
liability of systems.

The development allows us to know the behavior of
the system and its progression. Thus, it shows and anal-
yses how the degradation of the system varies in rea-
time, which reduces the time between maintenance in-
structions, and gives supports to maintenance area for
managing the maintenance tasks.

8 Conclusions and Future Work

This research work starts with arigorous study and eval-
uation of the maturity level of the current diagnostics and
prognostics methodology developed for HVAC system.
It is crucia for both knowing the utility of the available
information and for having an overview of the personnel
abilities related to CBM, which is important for the pos-
terior staff training.

The data-driven approaches have agood result, but in
train transportation, maintainers replace the critical com-
ponents in early stages of degradation; thus, information
is missing, and most of them are part of the advanced
stages of degradation, this means that the approaches
cannot identify several FMs in these stages. The HyMA
proposed will use physics-based model, which uses real
data, to generate synthetic data to overcome the afore-
mentioned lack of data. Thus, many FMs in advanced
stages of degradation will be identified by the proposed
model.

The knowledge of more FMs and the possibility to
predict accurately the RUL of a system reduce mainte-
nance cost; arobust CBM supports decision making pro-
cess, therefore, this allows maintainers to give compo-
nents longer service life under required operational con-
ditions.
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Longer times between maintenance tasks implies the
reduction of the spare parts inventory, and then, the re-
duction of maintenance cost.

The data-driven model is trained using data acquired
from the real system and synthetic data, which is gener-
ated by the physics-based model. The synthetic data con-
tains FMs that are already defined in the literature, expe-
rience, or other sources; thus providing a HyMA fully
useful. Nevertheless, giving critical components alonger
servicelife could resultswith the appearance of new FMs
which have never been detected before, the aforemen-
tioned “black swan losses’.

The future of this work is focusing on detecting and
identify black swan losses for researching methods to
identify the behaviour of every unknown failure.
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