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There are many different definitions for the term Digital Twin. So far, there
are some research approaches to the application of Digital Twins. In in-
dustrial applications, however, they have not yet been widely used. Based
on a gear box test rig which is currently under construction, a Digital Twin
is to be designed for predicting the bearing and gear life time. Existing
service life models of gear box components are to be used to build the
overall failure model. These are to be placed in the context of the Digital
Twin and suitable interfaces to other elements of the Digital Twin are to
be developed, such as the sensor system, the IoT platform and, further mo-
dels and the user.

With regard to the transmission, it is necessary to analyze which data (con-
trol data, external sensors ...), interface formats (REXS, OPC UA ...) and
models (CAD, MKS ...) can be used to build up the Digital Twin in different
forms. For this purpose, the Digital Twin is to be built up in a modular
way, whereby all interfaces are to be clearly defined, so that an extension
can be guaranteed following the work. A comprehensible documentation
of the issues that have arisen as well as the reasoning for decision making
is crucial to sustainably develop the setup further.

Work packages:

- Research for the definition (basis FVA trend study 889I) and
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Abstract

In figure 1 the schematic approach of this thesis is summarized. The outcome can be categorized in four
sections with similar extent. In the first section, "Service", the digital twin concept is elaborated on the
basis of investigated requirements which are defined via the identification of the system stakeholder for
the realization of MoL applications. The focus on service provision is enabled via the system-protagonist
interaction analysis which is represented by the aggregation of use cases. The development procedure
is accompanied by SysML diagrams which are part of the section "Representation". For the modeling
of the interactions between the protagonists and the digital twin, sequence diagrams are created. The
static system structure is represented by block diagrams which are generated in the software "Enterprise
Architect". The third section, "Analysis", includes the related gearbox investigation which is summarized in
a simulationmodel that is comprising besides a diagnostics part with load-based (damage accumulation)
and vibration-based (IAS signal analysis) approaches, a prognostics part, which is presenting a similarity
and degradation estimation. The data input to the simulationmodel is established by HCP-Sense bearings
and magnetoresistive sensors which are applied for monitoring the gearbox components, namely the
bearings and the gear wheels with their toothing. Based on the data input from the sensors the subsequent
information transmission within the system structure is described in the fourth section, "Communication".
In this section, interfaces which are categorized by OSI-layers and the specification of objects, transferred
between the system elements, are defined. The modularity of the system structure is achieved by the
definition of adaption nodes.
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1. Introduction

Since the birth of the Digital Twin (DT) idea in 1991 (Moyne et al., 2020) many different definitions were
published. One reason for that is the wide applicability of the DT which has lead to extensive research in
different fields of proficiency. Another reason is the difference in the definitions’ volume: Either completely
unspecific or extremley narrow. Therefore, it is crucial to sensefully restrict the context of the thesis to
aggregate a clear understanding of the DT. Due to the orientation of the Institute for Product Development
and Machine Elements (pmd) a general restriction to drive technology is regarded as appropriate. As stated
in the work packages of the assignment, the thesis is based on a Forschungsvereinigung Antriebstechnik
(FVA) trend survey (Wilking, 2021) and therefore allows to reasonably narrow the definition further to
industrial drive technology. With regards to the implementation example (gearbox test rig) a focus on
Middle of Life (MoL) and partly End of Life (EoL) applications allows to categorize the DT on the basis of
the Product Lifecycle (PLC).

Due to the complexity of the DT, arising through the engagement of different engineering disciplines, a
lucid form of the concept presentation is mandatory. It is for that reason that elements of Model-Based
System Engineering (MBSE) are used to express the concept of the DT. This modeling approach has to be
accompanied by clearly defined terms which are the basis for an unambiguous development process. As a
consequence, the ISO 13372:2012, 2012 is used as a guideline.

Through the FVA context the conceptional design of the DT is oriented to the requirements of Small and
Medium-Sized Enterprises (SME) situated in the industrial drive technology branch. The focus on SME
entails a limited knowledge in the software development area as well as limited financial opportunities
for the development of new digital products like DTs. Nevertheless the digitization of the SME’ products
is essential to maintain competiteveness and to secure future growth. The DT can be regarded as a key
element of the digitization process and therefore the FVA aims to support their members via providing
guidelines for the development of DT applications. This thesis aims at supporting the guideline identification
process via an extensive documentation during the conception and the recording of upcoming questions
that are likely to be relevant for the SME.

In order to fulfill as many requirements of the FVA members as possible, the conceptional design of the
DT is modularly built. Due to the connection between mechanical elements, electronic components and
Information Technique (IT) infrastructure the interface definition is the basis for achieving modularity.
To guarantee the interoperability between the DT system elements, adaption nodes which describe the
interplay of interfaces and DT system elements are described.

One of the major functionalities that the assignment implies for DTs is the possibility for Condition
Monitoring (CM). While aspects of the Prognostics and Health Management (PHM) are part of the
mechanical engineering and especially the drive technology branch ever since, the usage of DTs in this
context promises new potential. Besides the popular Vibration-Based Condition Monitoring (VBCM)
procedures for the State Estimation (SE) of bearings and toothings, new aspects like Load-Based Condition
Monitoring (LBCM) for the Remaining Useful Lifetime (RUL) estimation are current issues of research. Both
aspects of CM are discussed for bearings and toothings in the context of an exemplarly implementation to
a gearbox test rig at the pmd.




2. State of Research

This chapter covers the current state of research, relevant for the allocation of the manifold terms and
topics related to the DT. It describes the general DT idea in section 2.1 and provides a short overview on
the prognostics and health management approaches referred to in the context of DTs in section 2.2. In
section 2.3 and section 2.4 the presented PHM approaches are detailed. The general basics for the enacted
development procedure are described in section 2.6 after current modularity approaches are detailed in
section 2.5.

2.1. Digital Twin

In order to develop a clear concept structure the DT has to be allocated in the context of the current state
of research. Therefore, literature reviews about the DT topic (Juarez et al., 2021; Kritzinger et al., 2018;
Negri et al., 2017) aswell as encyclopedic elaborations (R. Stark and Damerau, 2019) were used for a
research orientation. The following subsections present relevant elements of the DT, like its’ definitions,
subsection 2.1.1, essential DT components, subsection 2.1.2, different integration levels, subsection 2.1.3,
generic categorization approaches, subsection 2.1.4, and universal classification efforts, subsection 2.1.5.
The subsection structure is partly adopted from R. Stark and Damerau, 2019 and Juarez et al., 2021.

Fundamental Idea

The following three major issues of NASA, presented in Grieves and Vickers, 2016, with their engineered
products are: Tremendous system costs, low production volume and highly innovative technology. These
three aspects are the motivation for the twinning idea and resulted in the DT definition stated in Shafto
et al., 2010, 2012. There the DT is defined as “[...] an integrated multi-physics, multi-scale, probabilistic
simulation of a vehicle or system that uses the best available physical models, sensor updates, fleet history,
etc., to mirror the life of its flying twin. It is ultra-realistic and may consider one or more important and
interdependent vehicle systems [...]”. This basic idea is the starting point for the following definitions.

2.1.1. Definition

According to Juarez et al., 2021, Negri et al. collected most of the definitions for the DT from 2010 to
2016 in Negri et al., 2017. Juarez et al. concluded that these definitions have in common, that they use
“[...Iphysical, electronic and structural models to simulate the life cycle of the element of interest.” Juarez
et al., 2021. Further findings in the context of DT definitions of Juaerz et al. are the intelligence integration
(Schluse and Rossmann, 2016), the cloud platform execution of DT simulation models (Lee et al., 2013),




Cyber-Physical System (CPS) inclusion (Schroeder et al., 2016) and the structural model definition for
the work with quantitative data (Majumdar et al., 2013). As the origin for the most accepted definition
Juarez et al. identified, in accordance with Negri et al., 2017, Kraft, 2016: “An integrated multi-physics,
multi-scale, probabilistic simulation of an as-built system, enabled by digital thread that uses the best
available models, sensor information and input data to mirror and predict activities/ performance over the
life of its corresponding physical twin[...]”. This definition’s general character, reflected in the inclusion
of the PLC, makes it applicable for this thesis. The mentioned multi-physics, multi-scale and probabilistic
simulation refers to the aspects of the in section 2.2 presented CM approaches. The digital thread can
be regarded as a synonym for the digital shadow, explained in subsection 2.1.3. Due to the fact that the
definition of a generally valid DT description is problematic the following subsections present further
description elements for DTs which cannot necessarily be described as “definitions” but help to clear the
picture of the current research understanding of the DT.

2.1.2. Components

Juarez et al. identify three main components by the analysis of Grieves, 2015 and Raileanu et al., 2019 in
Juarez et al., 2021. These components are the physical world, the digital world and the connection between
them. The physical world is understood as the real physical entity that is to be monitored. This can be a
process, a technical device or any physical element that is measureable. The digital world comprises the
aspects of the virtual world and is represented via data manipulated in any kind of software application.
The element that links both worlds can be described as the connector and can be realized via a sensor or the
physical model on which the sensing principle is based on. A more detailed description of the components
can be found in Y. He et al., 2018.

2.1.3. Integration Level

Kritzinger et al. distinguish in Kritzinger et al., 2018 different elements of DTs categorized by their level
of autonomy in information interchange. The elements are the digital model, the digital shadow and,
as the most sophisticated element, the DT itself. This categorization can be related to other works like
Sjarov et al., 2020; R. Stark et al., 2020; R. Stark et al., 2019 and R. Stark and Halstenberg, 2018, where
the digital model is referred to as digital master. The digital model/master comprises all the technical
specifications necessary to evaluate the data collected about the unique physical entity in the digital shadow.
The separation of both data sets enables the efficient design of different DT variants which comprise
both aspects, the digital shadow and the digital model/master. Furthermore, this approach allows the
integration of other influencing factors such as manufacturing data or the usage of the DT in prototyping.
By the integration of the physical entity in the digital model/master with the digital shadow, the DT can be
described as a CPS (Czwick and Anderl, 2020; Czwick et al., 2020; Monostori, 2018) or as a Cyber-Physical
Mechatronic System (CPMS) (VDI/VDE 2206, 2021).

2.1.4. Categorization Approaches

As stated in the assignment, the work of Wilking in Wilking, 2021 is used as the basis for this thesis. Wilking
presents in addition to the general DT structure proposal, see subsection 2.1.5, a generic categorization
approach which uses three categories to classify the DT according to its degree of activity autonomy, also




presented in Wilking et al., 2021. The categories are: Informational, supporting and autonomous DT. The
informational DT serves the purpose of monitoring the physical entity which comprises the data gathering
and the transformation in human readable information. Further sophisticated is the supporting DT which
is able to suggest system adaptions or other relevant recommendations based on the gathered system
information. If the system adaption is not only suggested but directly applied, the DT is categorized as
autonomous which represents due to its bidirectional communication capability (sensor - actuator) the
most sophisticated DT category. A more detailed explanation of the generic categories can be found in
Wilking, 2021.

In Juarez et al., 2021 a subsection called “terms” is used for summarizing further categorization approaches
which are commonly used in the context of DTs. These are the digital twin prototype, the digital twin
instance and the digital twin aggregate. This classification is based on Raileanu et al., 2019 and Grieves
and Vickers, 2016 who explained the differentiation procedure in detail. For this thesis it is sufficient to
refer to these categories as detailing categorizations along the PLC.

2.1.5. Universal Classification Efforts

While the mentioned subsections above describe approaches for defining DT elements in detail, some
authors published more holistic classification models like the “8-dim model” from R. Stark et al., 2019, the
13 characteristics of DTs according to the review of Jones et al., 2020, and the DT framework of Wilking,
2021. The DT application dimensioning in Wellsandt et al., 2019 is not presented, because the aspects are
widely covered in the subsequently depicted approaches.

FVA Framework for Digital Twins

During a FVA trend survey (Wilking, 2021) a DT framework was defined. This framework is portrayed
in figure 2.1. As declared in the assignment and previous sections, this framework builds the theoretical
basis of this thesis. The generic requirements cover the "Data Transmission" from the "Operational Data"
to the DT, the establishment of "Decisionmodels" for the response behavior of the DT and the evaluation
of the "Operational Data" in the "Simulationmodel". In order to understand the interplay of the system
components a "Systemmodel" is defined which together with the "Framework" describes the FVA framework
for DTs.
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Operational Data Data Transmission
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Figure 2.1.: FVA Framework for Digital Twins (Wilking, 2021)




Digital Twin 8-Dimension Model

In R. Stark et al., 2019 the different elements of DTs are categorized in eight main aspects named
"dimensions". In R. Stark and Damerau, 2019 the dimensions with their related elaboration are presented,
depicted in 2.2.

1. Integration 2. Connectivity J 3. Update 4. CPS 5. Simulation 6. Digital mo- 7. Human 8. Product Life
breadth mode frequency Intelligence capabilities del richness interaction cycle

Level 0 Level 0 Level 0 Level 0 Levelo Levelo Level 0 Levelo

Product/ Machi Uni-directional Weekly Human Triggered Static Geometry, Smart Devices (i.e. Begin of Life
kinematics intelligent mouse) (BoL)

Level 1 Level 1 Level 1 Level 1 Level1 Level 1 Level1 Level1

Near Field / Bi-directional Daily Automated Dynamic Control behaviour Virtual Reality / Mid of Life (Mol)

Production System Augmented Reality  + BolL

Level 2 Level 2 Level 2 Level 2 Level 2 Level2 Level 2 Level 2

Field / Factory Automatic, i.e. Hourly Partial autonomous  Ad-Hoc Multi-Physical Smart Hybrid End of Life (EoL)

environment directed by context (weak Al supported) behaviour (intelligent multi +Bol + Mol

................................. = sense coupling)

Level 3 Level 3 Level 3 Level 3

World (full object Immediate real Autonomous (full Look-Ahead

interaction) time [ event driven  cognitive-acting) prescriptive

Living Digital Twin

Figure 2.2.: DT 8-Dimension Model (R. Stark and Damerau, 2019)




13 Characteristics of Digital Twins

On the basis of a systematic literature review Jones et al. isolated 13 characteristics of DTs in Jones et al.,
2020. This approach can be regarded as a categorziation approach and is listed in table 2.1.

No. | Characteristic Description

1 Physical Entity/ Twin The physical entity/twin that exists in the physical
environment

2 Virtual Entity/Twin The virtual entity/twin that exists in the virtual envi-
ronment

3 Physical Environment The environment within which the physical en-
tity/twin exists

4 Virtual Environment The environment within which the virtual en-
tity/twin exists

5 State The measured values for all parameters correspond-
ing to the physical/virtual entity/twin and its envi-
ronment

6 Metrology The act of measuring the state of the physical/virtual
entity/twin

7 Realisation The act of changing the state of the physical/virtual
entity/twin

8 Twinning The act of synchronising the states of the physical
and virtual entity/twin

9 Twinning Rate The rate at which twinning occurs

10 | Physical-to-Virtual Connection/ Twinning | The data connections/process of measuring the state
of the physical entity/twin/environment and realis-
ing that state in the virtual entity/twin/environment

11 | Virtual-to-Physical Connection/ Twinning | The data connections/process of measuring the state
of the virtual entity/twin/environment and realising
that state in the physical entity/twin/environment

12 | Physical Processes The processes within which the physical entity/twin
is engaged, and/or the processes acting with or upon
the physical entity/twin

13 | Virtual Processes The processes within which the virtual entity/twin is

Table 2.1.: DT Characteristics (Jones et al., 2020)

engaged, and/or the processes acting with or upon
the virtual entity/twin




2.2. Prognostics and Health Management

This section aims at the categorization of terms which are often related to the DT in the context of CM. The
designation "PHM" is selected according to the elaborations of Zonta et al., 2020 who review the terms for
prognostics in relation to Condition-Based Maintenance (CBM), RUL, Predetermined Maintenance (PRM)
and State of Health (SoH). The presented categorization approach is dedicated to the context of this thesis
and does not satisfy the requirements of generalization. Therefore, the in figure 2.3 presented classification
overview is exclusively valid for this thesis. Considering the context, the origins of PHM can be traced back
to Health and Usage Monitoring Systems (HUMS), which were established in the service management
for helicopter drive systems in the 1990s. On the basis of HUMS different enrichment approaches, for
instance Wurzel, 2011, were developed with the goal of establishing a general procedure for monitoring
technical systems. The approaches comprise elements of disciplines like “[. .. ]sensing technologies, failure
physics, machine learning, modern statistics, and reliability engineering [...]” (Kim et al., 2017). Including
these aspects, PHM can be regarded as the basis for every CM process and therefore also as the basis
for every maintenance approach. Todays maintenance strategies can be assigend to two main pillars:
Preventive and corrective maintenance. While corrective maintenance can be described as breakdown
maintenance, preventive maintenance can be divided in two subpillars: Time-based and condition-based
maintenance (Dietrich et al., 2018). The focus of the research is set on CBM because it offers the best
relation of prevention and repair cost which was already stated in 1995 in Toms, 1995. According to Jardine
et al., 2006, the major elements of CBM are Data Acquisition (DA), Data Processing (DP), diagnostics and
prognostics. This categorization can be further detailed with the in ISO 13374-1:2003, 2003 defined data
assessment blocks. There DP is included in DA, which can be put together with Data Manipulation (DM)
and State Detection (SD) to diagnostics. Elements of prognostics can be further categorized by Health
Assessment (HA), Prognostic Assessment (PA) and Advisory Generation (AG). Prognostics and diagnostics
cannot be regarded as standalone procedures because detailed diagnostics are the basis for every prognostics
approach. The following subsections go into more detail with the mentioned elements of PHM.
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Figure 2.3.: PHM Classification Overview




2.3. Diagnostics

According to VDI 2888, 1999 diagnostics can be categorized in knowledge-based, model-based and
functional diagnostics, presented in figure 2.4. The direct linkage between a measured symptom and a fault
can be established within a rule-based diagnostics procedure. Contrary to the pattern recognition which
relies on methods like neural networks or fuzzy logic to detect features of processes that are complexely
linked, the rule-based diagnostic is based on empirical knowledge about the relevant system or process.
The analysis of failure probabilities and influence on the diagnosed system is comprised in the fault tree
procedure. The concrete knowledge about the physical correlation of detected effects enables the modeling
of the relation in analytical models. Petri’s networks provide analytical models focused on predefined
event characteristics (VDI 2888, 1999). The subsequent subsections are generally categorized in failure
detection, which details the signal analysis, subsection 2.3.1, and the state detection, which presents
a hybrid approach, damage accumulation, consisting of rule-based and analytical model approaches,
subsection 2.3.2.

Diagnostics
|
l l }

Knowledge-Based Model-Based Functional
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« Pattern Recognition

Figure 2.4.: Diagnostics Overview

2.3.1. Failure Detection

The most common method for the failure detection of machines in the industrial drive train domain is
the Vibration-Based Failure Detection (VBFD), exemplarily presented in Mohammed et al., 2015. It uses
the unique vibration signal characteristics of machines to detect failures and abnormal conditions. There
are three types of vibrations: absolute (e.g. housing vibration), relative (e.g. vibration between shaft
and housing) and torsional vibrations (e.g. angular velocity fluctuations of a shaft) which are sensed via
different sensor concepts. Each concept transforms the measurand into an electrical signal which comprises
the effects of the excitation force and the transmission path influence which is characteristic for Multi Input
Multi Output (MIMO) constellations. Depending whether the analysis is permanent or intermittent, signal
processing techniques, varying in complexity, can be applied. Due to the unique character of the signal,
sophisticated predications about the source of the failure can be made (Randall, 2021; Randall and Antoni,
2011). In Roy et al., 2014 the usage of the Instantaneous Angular Speed (IAS) as an analysis signal is
described. This approach is applied in this thesis and further elaborated in the subsequent sections. The
analysis of the gearbox lubricant, as another common method for failure detection, is not reviewed.




Signal Analysis

As detailed in the work of Li et al., 2016 and Barszcz, 2019 the analysis of the vibration signal can provide
detailed information about the failure and state of the gearbox. The general signal processing procedure
can be structured in three phases 1. Setting up the sensor signal; 2. Teaching machine characteristic "good"
signal; 3. Monitoring signal. The first phase comprises the analysis of best sensor positions (assembly space,
signal transmission path), measurement principles (relative, absolute, proximity, velocity, acceleration)
and the implementation of data processing techniques. In the second phase the analysis algorithm is
trained. Depending on the algorithm specification, different comparison signals need to be recorded and if
necessary the machine has to be operated in a reference load cycle. The last phase comprises the actual
state supervision. Therefore, two main strategies exist: Permanent and intermittent signal monitoring.
Permanent signal monitoring offers the possibility of immediate damage detection, whereas the intermittent
signal monitoring allows more sophisticated signal analysis (Randall, 2021; Sharma and Parey, 2016).
Further signal analysis methods are the phase demodulation (Transmission Error (TE) detection) (Sweeney
and Randall, 1996) and the synchronous averaging (tooth root crack detection) (Ahamed et al., 2014).

2.3.2. State Detection

While the VBFD is predominant in the failure detection, it requires complex algorithms to evaluate the
system state further (e.g. Golafshan et al., 2021; Sinha, 2020). The state detection describes the procedure
of aggregating detailed information about the system state with or without the presence of a failure. While
the SD for the toothing in this thesis is based on the analysis of the IAS signal, in Hu et al., 2016 and
Kumar et al., 2020 it is described how a vibration signal can be used for a similar purpose. Additionally,
the Load-Based State Diagnostic (LBSD) is detailed, on the basis of elaborations on damage accumulation
and bearing dimensioning, for bearings in the subsequent sections.

VBSD of Toothing

The basic information about the Vibration-Based State Detection (VBSD) is presented in subsection 2.3.1.
The concrete application to the toothing failure detection comes along with the computational focus on the
signal processing, which comprises the transformation of time signals to the frequency range, aswell as
filtering of the raw signal. Despite the name "vibration based" the actual measurand is no vibration value,
but according to the elaborations of Roy et al., 2014 the IAS. Therefore, the in subsection 4.2.2 presented
Magnetoresistive (MR) sensors are mounted to the gearbox. Based on Liang et al., 2019 and Slatter, 2018,
the number of counted pulses V;, the clock signal frequency f; and the timely resolution R = %, is
calculated to the IAS (w(¢)):

_27T'fi

w(t) = 4 N, (2.1)

The signal characteristic is depending on the solid measure which in this gearbox is choosen to be the
toothing and a permanent magnet at the end of the output and intermediate shaft. Depending on the type of
failure and system state, the signal amplitude values and their sidebands aswell as the amplitude frequency
(transformation from time signal to frequency range) can be analyzed and assigned to failure phenomena
and current wear states. The establishment of a load based approach (similar to the subsequently presented




LBSD for the bearings) for the toothing is also possible and derived in the appendix E for toothflank pittings
and in the appendix F for toothroot failure. The presented realization is based on VBSD because no torque
sensor is currently intendend. Furthermore enables the usage of MR sensors a reduction of the signal
transmission path which increases the signal to noise ratio and therefore is beneficial for the overall analysis
quality (Hausmann et al., 2021).

Damage Accumulation

As in figure 2.5 presented, the procedure of the damage accumulation is based on the measurement of
physical processes by sensors. The raw data is transduced and filtered for the aggregation to a stress
time function. In order to detract the influence of the stress sequence a counting procedure is applied.
The resulting frequency distribution is extrapolated to load spektra which build the basis for the damage
accumulation. In alignment with pertinent literature, the linear damage accumulation model according to
palmgren-miner original, for the toothing, and palmgren-miner elementary, for the bearings, is applied
(Haibach, 2002). According to the elaborations in Kohler et al., 2012, the rainflow counting procedure is
regarded as the most appropriate.

Linear Damage
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Sensor

Figure 2.5.: Process Damage Accumulation

LBSD of Bearings

In Schlecht, 2010 the calculated nominal Lifetime L is defined as the number of revolutions in millions
or operational hours with constant speed that is reached or exceeded by 90% of a sufficient amount of
similar bearings before any degradation signs surface. The nominal lifetime L can be calculated with
the dynamical load capacity C, the bearing equivalent load P and the lifetime exponent p, according to
Schlecht, 2010, to:

C\?
L=1|—= 2.2
(5) 2.2
In order to relate with the speed n the nominal lifetime can be calculated to:
C\* 108
L = [ 2) . 2.3
10k ( P) 60 (2.3)
The index "10h" relates to the estimated failure propability of 10%, which can be adapted via integrating a
factor for considering a different weibull distribution (Bertsche, 2011). The inverse, ﬁ, can be interpreted

as a momentary damage rate 6(¢). In order to apply the described calculation the acting forces on the
bearings need to be measured. On the basis of Martin, 2021; Schirra et al., 2018 and Schirra, 2021 the
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impedance measurement of roller bearings is used for the measurement of the bearings’ equivalent load P.
This is enabled via the substitution of the standard bearings with Hertzian Contact Pressure (HCP)-Sense
bearings. The measurement principle is explained in subsection 4.2.2. The previously derived momentary
damage rate §(¢) can be integrated over the isolated load spectra to the accumulated damage D(t).

s [T g [T (PO
D(t)_/T:[) 6(t)d7——/7::0 [qml(lf)d’]—_[_:() 106 ( e > dr (24)

In order to calculate the damage the bearing specifications C' and p are essential to know. The equivalent
bearing load P(t) as well as the speed n(t) are provided by the sensors and the data preprocessing (DA,
DM). For the actual state determination the critical damage D;,,, has to be defined, either by standard
regulations or application experience:

<D”’”_D(t)> -100 = (State)% (2.5)

The relation of the critical damage to the current, "consumed" damage enables the state detection in form
of a relative state estimation.

2.4. Prognostics

Kim et al., 2017 define three different approaches for prognostics. These are: Physics-based, data-driven
and hybrid approaches. The physics-based approach uses degradation data and combines it with the current
usage conditions. Based on a physical model this approach delivers the highest prediction accuracy and the
most information about the monitored process. Data-driven approaches can be subcategorized in Artificial
Intelligence (AI) approaches and statistical approaches which are elaborated in Si et al., 2017. In this case
the measurement data can be regarded as training data for the related Al approach or the applied statistical
method. Via mathematical functions the data-driven prediction outcome is translated into RUL estimations.
The accuracy of the prediction can be directly related to the used training data. It can be improved via
the backstream of recorded operational data sets which in this thesis is described as operational data
iteration. The mentioned hybrid approaches use aspects from both categories and can therefore be adapted
according to the given situation (Goebel, 2017; Kim et al., 2017). For the concrete gearbox components
the reviews Kumar et al., 2020 and B. He et al., 2021 present an overview of the currently used prognostics
(and diagnostics) of gear wheel defects and the review of Xia et al., 2020 presents the current state of RUL
prognostics for bearings. The elaborations are comprised in the procedures presented in subsection 2.4.1
and 2.4.2.

ProgTostics
Physics-Based Data-Driven Hybrid Approach

+ Physical Models * Al Approaches
+ Statistical Approaches

Figure 2.6.: Prognostics Overview
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According to the overview given in figure 2.3 the most common realizations of prognostics algorithms are
the degradation, subsection 2.4.1, and similarity modeling, subsection 2.4.2. The following descriptions
are based on Goebel, 2017, and the RUL estimators from the MathWorks help center (The MathWorks,
Inc., 2022a, 2022b).

2.4.1. Degradation Estimation

The CI in the context of the degradation estimation can be regarded as a consumption variable which
indicates via the definition of a threshold value the maximum system reserve consumption. The projection
of the CI on the operational time enables the aggregation of a degradation progress extrapolation and
therefore the prognostic of the estimated system failure.
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Figure 2.7.: Degradation Estimation (The MathWorks, Inc., 2022a)

The from The MathWorks, Inc., 2022a adopted graph, figure 2.7, presents a "Health Indicator" which de-
scribes the mentioned CI variable. Furthermore, the graph indicates besides the blue behavior extrapolation
and the red threshold value a confidence interval which indicates the uncertainty of the extrapolation
computation. The applicability of this prognostics method depends on the possibility of the CI measurement
and the knowledge about the degradation behavior.

2.4.2. Similarity Estimation

This approach relies on data sets aggregated by the analysis of similar systems under similar operational
conditions. Therefore, the CI is measured and projected on the operational time or other process relevant
lifetime variables like revolutions or load cycles. The quality of the behavior estimation depends on the
amount of available data and the similarity degree of the analyzed process. In figure 2.8 an example graph
for the similarity estimation adopted from The MathWorks, Inc., 2022b is depicted.

The depicted red line presents the current CI, designated as "Amplitude", and the historical behavior of
similar systems in blue lines. The RUL estimation quality can be best expressed via a probability distribution.
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Figure 2.8.: Similarity Estimation (The MathWorks, Inc., 2022b)

2.5. Modularity

The aspired concept architecture objective of modularity is further detailed and motivated in Bi et al.,
2002 where it is described that the actual goal of the modular design approach is the achievement of
system adaptability. Bi et al. identify two different design approaches to attain adaptability: The first
one is characterized as a flexible system which allows the adjustment of system parameters and settings
within a defined threshold value. This approach is referred to as "configuration" in ISO 10007:2017, 2017
and is exemplarily realized for virtual twins in the context of product development in Abramovici et al.,
2018. The second approach intends the creation of modular systems via the design of interchangeable,
predefined modules. The understanding of modularity in terms of interchangeable modules is the most
common one, also represented in Brancovici and Miiller-Schloer, 2007; Mampel, 2010 and Francalanza
et al., 2018. As clearly depicted in Mampel, 2010 the interchangeability is based on compatible module
connections which are described by interfaces. A common approach to maintain interoperability is the
definition of interface modules. The description of interfaces in this thesis is based on the assignment to
the Open Systems Interconnection (OSI)-layers.

13



OSl-Layer Reference Model

The OSI-layer reference model is standardized in ISO/IEC 7498-1:1994, 1994 and initially created for
"[...]providing a common basis for the coordination of standards development for the purpose of systems
interconnection, while allowing existing standards to be placed within the overall [reference model][...]"
ISO/IEC 7498-1:1994, 1994. The related standards (protocols, wire interfaces) are technical realizations
which enable the communication among different systems. In table 2.2 the OSI-layers are listed and
described on the basis of Luntovskyy and Giitter, 2020 and Meroth and Sora, 2018. Additionally, exemplary
protocol and hardware realizations are given.

No. | Designation PDU Description Protocol Hardware

7 Application Layer | Data Highlevel application program- | HTTP Proxy-Server
ming interfaces

6 Presentation Layer | Data Translating (e.g. encryption, com- | MQTT Proxy-Server
pression) data between network-
ing service and application

5 Session Layer Data Managing communication ses- | HTTPS Proxy-Server
sions

4 Transport Layer Segments | Transmission of data segments be- | TCP Proxy-Server
tween network nodes

3 Network Layer Packets Addressing, routing and traffic | IP Router
controlling in node network

2 Data Link Frames Transmission of data frames be- | IEEE 802.3 | Bridge
tween two directly, physically
linked nodes

1 Physical Layer Bits Transmission and reception of un- | ARCNET Patch Cable

structured raw data bits over phys-
ical medium

Table 2.2.: OSl-Layer Reference Model (ISO/IEC 7498-1:1994, 1994)
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2.6. Systems Engineering

Due to the high complexity of the DT concept, resulting from the interdisciplinary development approach,
a well guided and defined procedure is mandatory. Following the interdisciplinary concept, a combination
of different proven development methods is expedient. While mechanical engineers are well acquainted
with the standard V-Model (Bréhl, 1995) and more recently with the V-Model for CPMS (VDI/VDE 2206,
2021), software developers complement the development approach by modeling the relationships to
break down the complexity of the development process. Aspects of both proficiencies are combined in
Systems Engineering (SYEN) which covers with MBSE a method inherent engineering discipline "[...]
[that] formalize[s] application of modeling to support system requirements, design analysis, verification
and validation activities beginning in the conceptual design phase and continuing throughout development
and later life cycle phases [...]" (INCOSE, 2007). The communication tool of MBSE is a modeling language
named Systems Modeling Language (SysML) which complements the software focused modeling language
Unified Modeling Language (UML) with aspects like requirements engineering and system context modeling.
Despite the concept verification on the basis of the first order requirements the concept development process
can be located on the left branch of the V-Model for CPMS, portrayed in figure 2.9, in the context of the
overall DT development. The concretely applied procedural basis is defined by the SYSMOD procedure
which is inspired by the work on structured analysis by Tom DeMarco (DeMarco, 1979, 2002). It offers
besides a well documented procedure explanation an extensive support via a constantly updated blog
(Weilkiens, 2022). In subsection 2.6.2 the original SYSMOD procedure is presented.
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Figure 2.9.: V-Model for CPMS (VDI/VDE 2206, 2021)
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2.6.1. SysML Modeling

This section presents the modeling features of SysML which are relevant for the comprehension of the
created SysML diagrams in this thesis. The descriptions are based on the elaborations of Holt, 2008, and
Rupp et al., 2012 for the relation to UML.

Requirements Diagram

In contrast to the collection of requirements in form of lists, the requirements diagram allows a lucid
and transparent communication of the relation between the requirements and other system elements.
Therefore, the requirements are modeled as diagram elements and related to each other and other system
elements, included as blocks (Holt, 2008). In figure 2.10 an exemplarily created requirements diagram is
portrayed.

req [package] Info [Requirements] /

«requirement» «reguirement»
Example Requirement 1 -~ Example Requirement 2
arefinen
N I
I |
1 1
usatisfy» «trace»

; A
«block» «requirement»
Example Block 1 Example Requirement 3

SP) )
I
wsatisfy»
1
«block» «block»
Example Block 1.1 Example Block 2

Figure 2.10.: Example Requirements Diagram

The "Example Requirement 1" is fullfilled by the "Example Block 1", which contains the "Example Block 1.1".
The "Example Requirement 2" is refined by the "Example Requirement 1" and can be traced to the "Example
Requirement 3", which is satisfied by the "Example Block 2". There are further relations definable according
to the SysML syntax which are not presented because they are not necessary for the comprehension of the
diagrams included in this thesis.
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Blockdefinition Diagram

For the representation of static system elements, blocks are used. These comprise certain properties and
refer to other system elements via associations. The blockdiagrams originate from the UML classdiagrams
in which the blocks are referred to as classes (Rupp et al., 2012). Additionally to the blocks, actors as the
representation for humans are included. In figure 2.11 an exemplary blockdefinition diagram is presented.

bdd [package] Info [Block] /

«block» «proxy» (\)
Example Block 1 Example Port 1 eblocks

S .l
[_:’<_ ______ l Example Block 4
s ] «itemFlow» A '<_ et
: Example Block 2 o \\

Example Actor 1

«block» ablock»
Example Block 2 Example Block 3

references
: Example Block 2

Figure 2.11.: Example Blockdefinition Diagram

The "Example Block 1" is associated to the "Example Block 2" with a "part" association expressed via a
filled hash. The part associtaion implies that the "Example Block 2" cannot exist without the "Example
Block 1". The "Example Block 3" is related to the "Example Block 2" via a "shared" association, presented
via a blank hash. The shared association indicates that the exemplary blocks 2 and 3 are using shared
resources but can exist independently from each other. The "Example Actor 1", represented by a stick man,
is associated to the "Example Block 1" via the "item flow" connection which allows the object transport
over the "Example Port 1". The "Example Block 4" is dependent on the exemplary actor 1, indicated by
the association represented by a dashed arrow. Other SysML syntax conform associations exist but are not
presented because they are not necessary for the understanding of the SysML diagrams comprised in this
thesis.

Internal Blockdiagram

As the diagram frame of figure 2.11 indicates, the diagram itself can be set in the context of the aimed
communication goal. While the blockdefinition diagram describes the static elements of the portrayed
system, the internal blockdiagram defines the role of the system elements (blocks or actors) in the
context of a superordinate system. The associations between the system elements are the same as for the
blockdefinition diagram. The superordinate system is defined in the diagram frame. Depending on the
modeling package structure the diagram designation can be the same as the superordinate element name
(data export strategy). The referred terms are portrayed in figure 2.12.

17
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Figure 2.12.: Example Diagram Frame

Sequence Diagram

For the modeling of interactions with a defined order, sequence diagrams, also known in the UML (Rupp
et al., 2012), are used in this thesis. The system elements are represented via the in figure 2.13 presented
rectangular or stick man elements which are connected to a dashed lifeline. The sequentially arranged
messages are expressed via connections between the lifelines. Self-calling messages are described as
"Recursion" and refer to the same lifeline they originate from.

sd [package] Info [Sequence Diagram] /

X

:Example Actor 1
|
|
|

:Example Block 1

Example Message 1()

Example Message 3()

:

Example Message Recursion()

!

Figure 2.13.: Example Sequence Diagram

The messages are bound to objects which are transferred between the system elements. These objects are
indicated by rectangular beams/ squares on the lifelines.
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Activity Diagram

If the sequence of the interactions is not defined or necessary to communicate, an activity diagram is
preferably used for the modeling of the interaction. It has a defined starting point and elements which
are described as "Actions". The interaction between the elements can either comprise objects which are
transfered via an "[temflow", or include control information which is described via a "Controlflow". The
object transfer requires the implementation of "Action Pins", connected to the actions. The control flow can
be splitted up or joined. Activity diagrams can be linked via calling operations expressed via a fork in the
action element, see "Example Action Call". The activity ends with a endpoint. In figure 2.14 an examplary
activity diagram, with the mentioned elements is portrayed.

act [package] Overview [Activity Diagram]
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Figure 2.14.: Example Activity Diagram

Port and Interface Modeling

In the generated SysML models, interfaces are indicated by ports, see subsection 3.5.3. According to
Weilkiens et al., 2015 there are two major ports used for modeling of SysML diagrams: Proxy ports and
full ports. Full ports represent ports which can be defined as independent parts of the system. They
have their own characteristics and establish the linkage between the system elements by their unique
technical properties. On the other hand, proxy ports describe the necessary presence of a system element’s
behavior for establishing a communication connection. The proxy port is not part of the item list of the
system. The conceptional description and modeling in this thesis relies on the proxy port definition, which
is complemented by the OSI categorization via comments.
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2.6.2. SYSMOD Procedure Overview

The SYSMOD procedure was developed by Tim Weilkiens and describes a systematic procedure for modeling
the requirements and the system architecture of complex systems. It is dedicated to development projects
located in the SYEN branch and therefore suitable for trans-technological designs. The integration of the
modeling language SysML enables a transparent documentation of the individual development steps. In
figure 2.15 an overview of the SYSMOD procedure control flow is depicted. The following subsections
go into detail with each step, whereby the paragraphs can be understood as short summaries of the
descriptions in Weilkiens et al., 2015 and Weilkiens, 2014.

act [package] Overview [SYSMOD Procedure] )

System Idea
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End

Figure 2.15.: Overview Control Flow SYSMOD Procedure

System Idea and Objectives Description

The procedure starts with the clarification of the system idea and the formulation of the system objectives
in order to bring every participant of the development project on the same state of knowledge. The
information is collected via brainstorming or workshops with the relevant project participants. In order to
support the communication process the ideas and objectives can be organized in a requirements diagram,
figure 2.10. This step is the basis for the following steps and in particular the input to the second step: The
determination of the basic architecture.
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Determination of the Basic Architecture

The basic architecture describes the predefined system architecture and possibly includes technical solutions,
degree of innovation and other, to the beginning of the development known, technical restrictions. Moreover
that, the basic architecture dictates the abstraction level of the identified requirements.

Identification of the Requirements

In order to compose an exhaustive as possible requirements list, the stakeholders of the system need to be
investigated. Therefore, the system idea and objectives togehter with the basic architecture is analyzed
and evaluated according to the aimed usage. The analysis of possible impairements through the usage of
the system, the failure of the system or the recycling of the system is part of the stakeholder identification
process. Subsequent to the stakeholder identification an interview, or alternatively a brainstorming, about
their requirements concern can take place. The collected requirements can be organized in a requirements
diagram or a requirements list.

System Context Modeling

For making sure that the system has no end in itself, the system context is modeled. Therefore, three steps
are necessary. First, the protagonists need to be identified. In contrast to the stakeholder, the protagonists
are directly interacting with the system. In the modeling process they represent a certain role in the context
of the system functionalities which does not necessarily apply to the stakeholder. Second, interaction points
between the protagonists and the system need to be defined. This can be seen as the first step towards
an interface description, which is detailed in a later development phase. The third step comprises the
description of the objects which are transmitted via the previously described interaction points.

Use Case Identification and Modeling

The use case description comprises, besides the use case identification, five steps. The first step is the
technology neutral description of the use cases by so called "essences". Use cases are described by three to
eight essences which do not comprise technical details or concrete realization suggestions and therefore
allow the technology neutral, functional description of the use cases. As a second step, complex use case
sequences are composed to system processes which allows an effective development procedure because
functionally close use cases can be developed as one system process. The third step condenses the use
case compilation by the elimination of redundant use cases. The fourth step deals with the modeling of
the essential use cases and can comprise the usage of SysML use case diagrams. The diagrams clearly
depict the use cases and therefore allow a transparent communication. The last step is a refinement of the
object description from the system context modeling. By the detailed description of transmitted objects the
foundation for an automized consistency check is laid.
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Clarification of Expertise

As the system takes shape and more details enter the model a clear terminology is mandatory to avoid
ambiguities about the current development progress. Therefore, important terms, described objects, and
other relevant expertise is clarified by either using a diagram or a list.

Modeling of Logical Architecture

The logical architecture describes the technical concepts and principles of the system. It is modeled by
executing four steps which are built on top of each other. The first step copes with the detailed analysis
and modeling of the interaction between system and protagonists. It focuses on the concrete interaction
points and therefore lays the foundation for the second step: The interface derivation. Interfaces need
to be sophistically described because they build the basis for the interactions of the system. Therefore,
so called "ports" are defined. Through the classification of ports the objectflow capability is described
and the compatibility of the declared interactions is sufficiently ensured. The third step comprises the
concretization of the already implicitly presumed system structure by defining system building blocks which
are related to each other by the connection of formerly defined ports. This step is strongly dependent
on the description capabilities of the SysML block diagrams. The structuring step is followed by the state
modeling which represents the last element of the logical architecture description. In this step the behavior
and the exchanged objects of the system building blocks are modeled via SysML state machines or sequence
diagrams. The modeling of the logical architecture represents the last relevant concept development step
of the SYSMOD procedure.
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3. Procedure

This chapter is dedicated to the presentation of the enacted development procedure. It covers the outcome of
the pursued development steps which are aligned to the in subsection 2.6.2 described SYSMOD procedure.

3.1. Procedure Overview

The concretely enacted development procedure is presented in the activity diagram portrayed in figure 3.1
and covers the SYSMOD elements as well as the aggregated objects, indicated by blue squares. The missing
start and endpoint of the activity diagram expresses the major difference to the SYSMOD procedure:
Iterations. Due to the conceptual character of the DT development not all of the information that is needed
for the aggregation of the logical architecture can be gathered linearly. Furthermore, the design approaches
of intermediate development steps are based on multiple restrictions of previous development steps that in
turn are influenced by subsequent development steps which potentially revoke earlier findings. Therefore,
no defined starting point of the procedure is indicated, which enables a goal oriented approach.
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3.2. Concept Objectives

This section provides, in addition to chapter 1, an overview of the general concept objectives. The in table
3.1 listed objectives are aggregated on the basis of the assignment, the current state of research and general
brainstorming on the DT concept. They build the starting point of the development procedure.

Objective | Description

1 Define a system concept architecture for the data processing of all acquired data related to
the DT idea

2 Accompany the derivation process with the formulation of design questions based on SME
concerns and record the decision-making process

3 Provide clear interaction definitions and interface elaborations for the system element
interplay in order to achieve a modular concept architecture

4 Present the system concept architecture via lucid SysML diagrams

5 Strive for a general DT approach in the context of industrial drive technology

Table 3.1.: Concept Objectives

3.3. Basic Architecture

The definition of a basic architecture in the context of this concept development is to be aggregated with
caution because any restrictions to the concept applicability could conflict with the generalization claim,
mentioned in table 3.1. For the aggregation, the predefined system objectives in table 3.1, as well as the
literature interpretation of DTs, presented in 2.1, and an interview with Fabian Wilking of the KTmfk
from the Friedrich-Alexander-University of Erlangen-Nuremberg (Zoom, 10/01/2021) were taken into
consideration. As a result, the in figure 3.2 visualized basic architecture was established. It builds the
starting point of the actual concept derivation and helps to categorize the detailed findings of the following
chapters in a broader context. Therefore, it can also be regarded as a top level view of the DT concept
structure.

Physical Datastream Datastream BiastaAnalieis
Entitiy Establishment Preprocessing Y
A

| J
b s v s s e e s s SACHON B catream

—._._._Information__ |

Figure 3.2.: Basic architecture/ Top Level View of the DT Concept Structure

The first block of the DT concept is named "Physical Entity" and represents the element which needs to
be monitored by the subsequent DT blocks. In the context of this thesis the physical entity is a drivetrain
component or drivetrain assembly. The second block is named "Datastream Establishment" and describes
the process of gathering data about the physical entity. It includes the procedure from vital component
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determination over sensor selection to signal calibration. Bevor the measured data can be analyzed in the
"Data Analysis" block it needs to be filtered and potentially smoothed. This happens in the "Datastream
Preprocessing" block. The last block, "Backstream", comprises the interface between the technical and
software applications itself, in order to directly intervene in the physical process, or inform relevant humans
who take up contact with the DT. Additionally, this block includes decision making models for deciding
which action needs to be taken based on the outcome of the "Data Analysis" block.

3.4. System Requirements

The most important step of the development procedure is the recording of the system requirements. For a
clear expression of the required system functionalities a quantitative formulation should be preferred over
a qualitative formulation (Kirchner, 2020). In the context of this thesis the requirements were formulated
as quantitative as possible but was due to the conceptional character not completely feasible. The standard
approach of collecting requirements in a list also proved to be beneficial in this thesis. The applied
changes during the revision of the requirements after a development step are tracked via versioning of the
requirements list. In order to trace back design decisions in later development phases the requirements are
also represented in SysML. The linkage of the requirements with the relevant element in a SysML diagram
enables a quick retrace of the origin of the design element. This facilitates the verification of the concept and
increases the informative character of each SysML diagram. In subsection 3.4.1 the identified stakeholder
are presented. The stakeholder are together with the basic architecture and the system objectives, aswell
as pertinent literature (Carvalho and da Silva, 2021; Duréo et al., 2018), the source for the requirements.
The section closes with an overview of the first order requirements in subsection 3.4.2, while the complete
list is available in the appendix A.

3.4.1. Stakeholder Identification

Stakeholder are the main source of the system requirements and can be a person or a system. The
identification process is enacted iteratively and is realized in conjunction with the system context and
the use case identification in section 3.5 and section 3.6. The declaration of a system or a person as a
stakeholder is depending on the point of view. Therefore, stakeholder can also be regarded as protagonists
as long as the description of the system interaction is portrayed and not the requirements determination,
see subsection 3.5.1. The identified stakeholder are presented in table 3.2.

Stakeholder Description

Product Owner | Realization of the DT solution and provision of the IT infrastructure with customer
support; Not necessarily the developer of the physical entity

User Utilisation of the DT service in their daily affairs, processes and businesses; Usually
characterized as the customer of the product owner by beeing the owner/user of the
physical entity

FVA Association for drive technology; Represents the interests of the drive technology
branch and in particular of related SMEs

Society Comprises the DT surrounding and covers interests of nontechnical character

Table 3.2.: Stakeholder
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3.4.2. Requirements Overview

As indicated in section 3.4 the identification of requirements is an iterative process. With each iteration
a refinement of the requirements, originating from the first order requirements, derived from the initial
stakeholder identification, takes place. In table 3.3 the first order requirements are portrayed with
reference to the related stakeholder. This overview is the starting point of the requirements aggregation
and refinement process which is characterized by qualitative formulations of the requirements. In the
appendix A the latest version of the requirements list is available. There the requirements are formulated
as quantitative as possible in the context of a conceptional development.

Number | Designation Description Stakeholder

1 Measurement Record the operational data of the gearbox com- | Product Owner/ User
ponents

2 Status Identify the status of the gearbox components User

3 Current Health Analyze the current health of the gearbox com- | User
ponents

4 Future Health Determine future health states and RUL predic- | User
tions for the gearbox components

5 End of Life Enable EoL usage projection for the gearbox re- | Society
cycling

6 Maintenance Provide actionable information regarding main- | User/ FVA
tenance

7 System Adaption | Establish a decision algorithm for direct gearbox | User/ FVA
operation intervention

8 Data Structure Provide a save data and IT infrastructure for the | All stakeholder
interaction with different systems/ users

9 Modularity Enable a modular system architecture for main- | All stakeholder

taining adaptability of the system

Table 3.3.: First Order Requirements
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3.5. System Context Identification

This section presents the system context of the DT. This delimitation is crucial for the understanding of the
interaction of the DT and its environment. The system context comprises the protagonists identification
in subsection 3.5.1, the object examination between the DT, its’ protagonists and other involved systems,
subsection 3.5.2, and the system interaction point identification, subsection 3.5.3.

3.5.1. Protagonists Identification

The isolated protagonists have to be understood as elements of the system context which require certain
system functionalities expressed by their interaction with the DT. Therefore, a protagonist is not necessarily
a human beeing. Also other technical systems can be defined as protagonists in the context of this
conceptionalization procedure. In table 3.4 the identified protagonists are listed.

Protagonist Description

Service Worker Human employee who is responsible for the maintenance of the physical entity.
Involved in all physical maintenance processes.

Process Manager Monitors and optimizes the value creating process in which the physical entity
is included.

Designer Part of the development process of the physical entity. Data provision of the DT
is mainly used for the verification of design adaption concepts.

System Engineer Focused on the merger of physical entity and DT. Engaged with communication

and IT infrastructure.

System Administrator | Counterpart of the process manager. Therefore, in the first line of troubleshoot-
ing during the operation of the DT. Monitors all functional administration
processes of the DT.

Retail User Special type of customer. Represents the role of individuals who interact with
the DT without a commercial background.

Sensor Prerequisite for the twinning process by providing data about the physical entity.
First element of the communication chain.

Researcher Interested in the DT as a place of data concentration. Interested in the DT
system and the physical entity. Data evaluation exceeds standard customer
requirements.

Table 3.4.: Protagonists
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3.5.2. Objectflow

For a clear elaboration of the interaction between the protagonists and the system, the exchanged objects
need to be examined. Therefore, the communication and the service request of each protagonist is analyzed
and the related object exchange is described. In table 3.5, the objects with their corresponding datatype
are listed. The "General Protagonist" comprises objects which are exchanged by all other protagonists
mentionend in subsection 3.5.1. The complete list of exchanged objects, complemented with aspects of
subsequent sections, is available in the appendix B.

Protagonist Object Datatype Description
Query String Active data request
Control Value Boolean Signal to enable data pre-
General Protagonist sentation
System Data Double Measured data (filtered)
from the component con-
dition sensors
Operational Data Double Measuring data (filtered)
from sensors or actuators
Time Double Data time stamping

Retail User

GUI sorted Data

Double/ String

Sorted data sets according
to GUI

Designer/ System Engi-
neer/ Researcher

Sorted System Data

Double

Sorted data for catego-
rized retrievement

Service Worker

Component State

Double/ String

Current component state
information

Comparison Parameters

Double/ String

Standard system/ compo-
nent parameters

Process Manager

Itemlist String Maintenance/  replace-
ment itemlist
Critical Component String Identified critical compo-

nent

Current System State

Double/ String

System state information

Component Lifespan

Double

RUL of a component

Critical State

Boolean/ String

Critical component/ sys-
tem state

Sensors

Table 3.5.: Objects

Measurands

Boolean

Sensor signal

Measurement Impulse

Double/ Boolean

Measurement initiation

signal
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3.5.3. System Interaction Points

The interaction points build the first element of the system architecture shaping. It is built on top of the
description of the exchanged objects in subsection 3.5.2. By grouping similar objects the basic system
communication elements can be identified and characterized as ports. The description of ports allows the
establishment of a first overview of the system elements interplay. By further describing the ports in section
4.1 the port description is culminated into the interface definition. The ports are expressed in the SysML
diagrams as squares on the diagram and block frame. In figure 4.10 an exemplary SysML blockdiagram,
comprising the addressed ports is portrayed. The presented block, "Data Acquisition", is established in
detail in the subsequent section 4.1. The focus in this subsection is set on the communication between the
system elements which is portrayed by the rudimentary description of ports between the connection lines
of the block elements comprised in the "Data Acquisition" block. It is displayed how the port definition
fascilitates the understanding of the objectflow and enables a visualization of the relevant input/ output
values.

3.6. Use Case Identification

The use cases are aggregated by the analysis of the interactions between the system and the protagonists,
which is supported by the system context elaboration presented in section 3.5. The justification of the
use case categorization is provided by the refinement of at least one requirement by each use case. In
order to gather further information on the interaction, each use case is described by up to 6 essential steps,
described in subsection 3.6.1. These essential steps enable the functionally overarching comparison of
the use cases and their required system properties. The composition of functionally similar use cases to
system processes enables an effective concretization and development process, presented in subsection
3.6.2. This procedure guarantees the conceptional orientation towards a service providing system. In table
3.6 the use cases with their related protagonists are listed. The refined requirements can be tracked via
the Requirement ID (REQ-ID) and the latest version of the requirements list, available in the appendix A.
In deviation from the in subsection 2.6.2 presented SYSMOD procedure, no further postprocessing steps
on the use cases were enacted.

3.6.1. Essential Use Case Description

The essential use case description gives a functional overview of the provided DT services and is characterized
by a nontechnical formulation. Therefore, each identified use case, presented in table 3.6, is described via
up to 6 essential steps. In order to facilitate the understanding of the procedure,, an excerpt of the essential
steps identified for the protagonist "Service Worker" is presented in table 3.7. The full list is available in
the appendix C.
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Protagonist Use Case REQ-ID
. Query Maintenance Work REQO064
Service Worker Provide Execution Advice REQ032
Query Component Status REQO55

Query Maintenance Schedule REQO066

Process Manager Warn Against Critical Status REQ062
Choose System Adaption Suggestion REQ067

Designer Vf:rlfy Design Approaches REQO019
Virtual Product Development REQO041

Verify Design Approaches REQO55

System Engineer Analyze System Architecture REQO19
System Adaption Compatibility Check REQO11

System Administrator

User Rights Management

REQO11/ REQ027

Troubleshooting REQO036

. System Experience Extension REQO16
Retail User System Menu Request REQO034
Sensor Data provision REQ043
Researcher Advanced System Data Access REQO032
System Behavior Analysis REQO019

Table 3.6.: Use Cases with Refined Requirements

Essential Step

Use Case

Query Maintenance Work

Provide Execution Advice

1 Component Status Determina- | Load Component List
tion
2 Maintenance Schedule Compari- | Single Component Query
son
3 Check Maintenance Necessity Load Maintenance Manual
4 Create Maintenance Plan Arrange Maintenance Work
5 Display Maintenance Work Create Assembly/ Maintenance
Explanation
6 Display Maintenance/ Assembly

Table 3.7.: Essential Steps - Use Cases Service Worker

Explanation
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3.6.2. System Process Description

The description of essential steps enables the functional comparison of the identified use cases. On this
basis, complex, use case overarching sequences can be comprised within one system process. By the analysis
of pre- and postconditions of the aggregated sequences an effective development of the system processes
as elements of the concept can be conducted. In figure 3.3 the system process aggregation is exemplarily
portrayed for the system element "Technical Display".

Protagonist Use Case Essential Step 4 Essential Step 5 Essential Step 6

Create Display

) Query Maintenance Work ~ Maintenance Plan Maintenance Work
Service

Disp
e Create Assembly/ Maintenance/
Arrange Maintenance Assembly
Provide Execution Advice  Maintenance Work Explanation __Explanation—
oispay @
Component Status
Query Component Status  Information .
Aggreagte Compose |
Query Maintenance Maintenance Necessary Display Updated"‘
PIaCess Schedule Forecast Maintenance work Maintenance qulrk
Manager J
Deviation Severity/ ,w"
Relevance Aggregate critical .
Warn Against Critical Status Evaluation Component List Warn Use/r/
Create Adaption L
Choose System Adaption  Implementation Display Adaptio —
Suggestion Plan Suggestion b

Figure 3.3.: System Process - Technical Display

The connection of the bullets referenced to the essential steps of the listed use cases indicates their similarity
with regards to the presentation of relevant information. Therefore, the aggregation of the use cases to
a single system process, the displaying of information, can be retraced. This system process is further
developed to the system element "Technical Display", realized via the interface description in section 4.1
and detailed via the system-protagonist interaction in subsection 4.1.1.

3.7. Expertise Clarification

The previous sections described the process of shaping a system concept architecture. Therefore, components
and terms were used to express the development progress. At some points, e.g. subsection 3.6.2, system
elements were anticipated and the explanation was referred to subsequent sections. In order to keep track
of the terminology and for the sake of clarity which especially avoids redundancy the used system elements
are related to each other in this section. The graphically supported overview presentation, and the relation,
aswell as the association between the system elements is modeled in a SysML blockdiagram, presented in
figure 3.4.
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3.7.1. System Structure Overview

The blockdiagram in figure 3.4 provides an overview of the system structure. The comprised system elements
were identified during the development process. The structure is justified via muliple development iterations,
which makes use of the knowledge aggregated in subsequent development steps, e.g. section 4.1.
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Figure 3.4.: System Structure Overview

The communication between the DT and the protagonists, represented by a stick figure titled "Human", is
solely possible via the system element "Technical Display". Therefore, the association between the DT and
the "Technical Display" is characterized as a "part" association. The information presented by the technical
display is primarily retrieved from the "Data Buffer". The data buffer is feeded from the DT respectively
the "Simulationmodel" which comprises in any case a "Diagnostics”" element. The potentially included
"Prognostics" element depends on diagnostics data. Depending on the DT type, the simulationmodel might
be mandatory, resulting in a "shared" association. The same association is expressed between the DT and
the "Decision Model", respectively the "Sensors" element. The mandatory "Physical Entity" is included in
every DT and therefore associated as a part. In section 4.2 the system elements are described in detail.
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4. Results

This chapter presents the concept development outcome and depicts the generally valid DT findings in
the context of the test gearbox. The structuring of the subsequent sections follows, slightly adopted, the
conducted SYSMOD procedure. The system structure presentation is supported by SysML models that are
especially used for clarification and communication reasons. Therefore, model elements that might be
required by the SysML syntax are deliberately omitted. The full SysML model is part of the data submission.
Besides the logical architecture in section 4.1, the system elements are presented in detail in section 4.2.
The chapter closes with the verification of the concept in section 4.3.

4.1. Logical Architecture

Chapter 3 prepared for the design of a logical architecture, which is presented in the subsequent subsections.
As the SYSMOD procedure indicates, the logical architecture is the goal of the concept development. It
comprises the detailed modeling of the system-protagonist interaction, subsection 4.1.1, and the derivation
of interfaces, subsection 4.1.2. The related sequence diagrams are depicted for clarity reasons without
their diagram frame, described in subsection 2.6.1.

4.1.1. System-Protagonist Interaction

Based on the use cases presented in section 3.6 and the objectflow identification in subsection 3.5.2 the
interactions between the DT and its’ protagonists are detailed. Therefore, the interactions are modeled in
SysML sequence diagrams which provide besides the exchanged object denotation a chronologically sorted
message exchange. In figure 4.1 an overview sequence diagram for the interaction of the protagonists,
titled as "Human", and the DT, expressed by the system elements "Technical Display" and "Data Buffer",
is portrayed. The exchanged messages are indicated by the connection of the lifelines, referenced to the
interacting system element or protagonist. Processes which call for action within the same lifeline are
expressed via self referencing messages. The interaction description between the "Human", the "Technical
Display" and the "Data Buffer" is valid for every protagonist.
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Figure 4.1.: Interaction Overview
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System Data Request()
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As described in subsection 4.1.1, the interaction between the protagonist and the DT is enabled by the
"Technical Display". Therefore, the maintenance request is entered here which initiates the calling of
information from other system elements. The "Advisory Generation" element executes the maintenance
checkup by again calling the system element "State Detection". The output of the initial query to the
"Service Worker" is enacted by the "Technical Display". Requests which do not require special information
processing can be directly answered by the "Technical Display" via accessing the "Data Buffer". In order to
maintain the clarity of the diagram the message exchange between the system elements and the "Data
Buffer" is not modeled. Therefore, the analysis of the maintenance work appears as a self referencing

message in the lifeline of the "Technical Display", see figure 4.2.
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Figure 4.2.: Service Worker Interaction
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Process Manager

The requests of the "Process Manager" are similarily to the "Service Worker" processed, via calling of the
relevant system elements, in this case: "State Detection" and "Advisory Generation". The message exchange
sequences for the "Process Manager"s requests are depicted in figure 4.3. In contrast to the standard
request and response interaction the warning/ alert and adaption suggestion are displayed without request
of the protagonist. These messages can be characterized as push notifications.
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Figure 4.3.: Process Manager Interaction

Sophisticated and Standard Protagonists

Among the in section 3.6 aggregated use cases, related to the in subsection 3.5.1 identified protagonists,
some require sophisticated system access which is not reasonably presentable in the full extent via sequence
diagrams. Therefore, the description of the relevant system elements in section 4.2 can be used for retracing
the interaction possibilities. The affected use cases are related to the protagonists system administrator,
system engineer and sensor. Additionally, the system access of the protagonists designer and retail user are
reduced to the in subsection 4.1.1 presented standard procedure via requesting the "Technical Display”"
and the "Data Buffer". Therefore, these interactions are not presented again, but are available in the data
submission.
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4.1.2. Interfaces Derivation

In order to be able to integrate the system in its environment and to understand the behavior between the
system elements, interfaces as the linking element are described. The basis for the interface derivation
is the description of the system interaction points, subsection 3.5.3, and the object analysis, subsection
3.5.2. On top of that the interaction modeling between the protagonists and the system via the sequence
diagrams in subsection 4.1.1 enables a derivation of services inquired over the interfaces. In order to
guarantee a coherent description of the interfaces an established standard for technical communication is
used as a guideline. Therefore, the interfaces are described in accordance with the OSI-layers for different
levels of communication, assigned to the ports as comments in section 4.2. In addition to the OSI-layer
classification of the interfaces which enables a technical description, each OSI-layer is further detailed via
the description of its characteristics and properties, known from development methods (Kirchner, 2020).
This approach enables a functional clarification of the interfaces and facilitates the comprehension of the
concept for non-technicians. Furthermore, the interfaces are essential for the modularity of the system
architecture because they enable the interchangeability of the system elements.

OSlI-Layer Characteristics and Properties

The categorization of interface features according to their characteristics and properties is expedient to
describe interfaces on their functional level. As pointed out in Kirchner, 2020, properties cannot be changed
directly, however they represent the features perceptible to the protagonists. The adaption of properties
can only be initiated by the change of its characteristics. In table 4.1 characteristics and properties are
assigned to each OSI-layer.

Due to the fact that the layers are built on top of each other, the property of the (N-1)-layer defines
the characteristic of the (N)-layer whose properties in turn define the characteristics of the (N+1)-layer.
Therefore, the description of characteristics and properties might not be compatible with every technical
realization.
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No. | Designation Property Characteristic

7 Application Layer | Interaction between end user and ap- | Communicating component software
plication provided by software application; Distinction between

software-entity and software

6 Presentation Layer | Provide mechanisms for the infor- | Transformation of presentation pro-
mation exchange between different | tocol data units into session protocol
nodes with different information | data units; Translation between ap-
representation (semantics/ syntax); | plication and network formats
Compression and encryption

5 Session Layer Synchronisation of communication | Safety Points; Arrangement of activi-
from transport layer and control of | ties; Processing directions (simplex,
dialogues half duplex, duplex)

4 Transport Layer End-to-End layer; virtual transmis- | Fragmentation of packets which are
sion connections via the network | too big for direct transmission: Seg-
layer; Flow Control of segments ments; five classes of connection-

mode transport protocols

3 Network Layer Organise transmission between non- | Packets are transferred in networks
contiguous nodes; connection be- | via nodes (intermediate nodes) and
tween heterogenous subnetworks oriented via addresses

2 Data Link Guarantee the secure transmission | Frames as universal identification of
of messages via a channel from the | messages; MAC address and LLC pro-
physical layer. Subdivision of the | tocol
layer in technology dependent and
technologyindependent

1 Physical Layer Transmission/ reception of unstruc- | Layer  Specification: Wires,
tured raw data between a device | Transceiver, Transmission Safety,

and a physical transmission medium:
Conversion of digital bits into signals

Table 4.1.: OSl-Layer Characteristics and Properties

Networktopologies, Synchronization
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4.1.3. Adaption Nodes

In addition to the interface definition, explained in subsection 4.1.2, the modularity approach for the
concept is achieved via arranging the system elements among system adaption nodes. This enables a
compact external appearance of the system’s interfaces and subelement requirements and guarantees
interoperability by maintaining the established element connections and providing clear adaption guidance
if system elements need to be modified, added or removed. As depicted in figure 4.4 the system elements
are connected via adaption nodes which comprise besides the interface definition other relevant system
element requirements (e.g. min. power supply; max. data rate; max. load), represented by black bullets.
The linkage between "Element M-1" and "Element M" is guaranteed via the OSI-layer compatibility and
the system element requirements fulfillment. The same applies for the connection of "Element M+ 1" and
"Element M". Due to the compatibility of the adjacent elements, the connection across multiple elements
(e.g. "Element M-1" to "Element M+1") is enabled.

[ @ ®
Element M+1 Element M Element M-1

Figure 4.4.: System Element Connection

If the overall system architecture has to be complemented with other system elements or system elements
have to be removed, the same compatibility approach remains valid. As depicted in figure 4.5 the "Element
M" is removed and "Element M-2" is added. Furthermore, the "Element N" is integrated between the "Element
M+1" and "Element M-1". The ensured adjacent compatibility guarantees the connection between all
system elements and secures the overall system interoperability.

Element N

Element M+1 Element M-1  Element M-2

Figure 4.5.: System Architecture Adaption

4.2. System Elements

This section comprises the final description of the system elements, based on the system structure overview
in figure 3.4. Beginning with the physical entity in subsection 4.2.1 the selected sensors are presented
in subsection 4.2.2. The description includes SysML internal blockdiagrams and the concrete physical
realization approaches currently realized at the gearbox testrig. Furthermore, the simulation model with
its’ subelements diagnostics and prognostics is detailed in subsection 4.2.3. The in figure 3.4 depicted
"Technical Display" and the "Decision Model" is not further detailed, because the OSI-layer assignment
of the interfaces is sufficient enough for the technical realization of the user communication and the AG
assessment block includes the decision making process.
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4.2.1. Physical Entity

The context of this thesis allocates the physical entity to the drivetrain domain. Following that, the concrete
realization at the test rig is based on a two-stage industrial SEW gearbox type X2FS100e-HU-B, which is
portrayed in figure 4.6. The technical specifications are available in the related SEW data sheets.

Figure 4.6.: SEW Gearbox (Rendering from SEW data sheet)

4.2.2. Sensors

The sensor selection is based on a previously enacted, internal work of the pmd institute (Schmidt et al.,
2021). The allocation to the gearbox components is portrayed in figure 4.7. The depicted element "T"
represents a temperature sensor, the "IN" element an inductive sensor and the "PIE" a piezo sensor. These
sensors are intended to be included in the gearbox, but not relevant for this thesis. The depicted "MR"
and "HCP" elements are briefly explained in this subsection, while the selection reasoning is available in
Schmidt et al., 2021.

Figure 4.7.: SEW Gearbox Sensor Allocation (Schmidt et al., 2021)
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HCP-Sense Bearings

As depicted in figure 4.7 the bearings of the input shaft are replaced by HCP-Sense bearings, which enable
the insitu measurement of the effective bearing forces. The measurement is based on the analysis of the
electrical impedance between the rolling elements and the roller bearing ring surfaces. Depending on the
operational load and speed the contact form and lubrication condition adjusts which is quantifiable by the
impedance measurement, which is presented in Martin, 2021. Furthermore, the usage of the HCP-Sense
bearings is the precondition for the LBSD presented in section 2.3.

Magnetoresistive Sensors

In order to measure the speed of the intermediate shaft and the output shaft both shafts are equipped with
two MR sensors, type SENSITEC TA 903. The sensors are positioned at the gear wheels and at one end of
each shaft. The measurement is based on the magnetoresisitve effect which enables the extrapolation of
speed from the change in the sensed magnetic field. For the speed measurement at the gear wheel a passive
solid measure, the toothing, is used. The magnetic field is provided by a permanent magnet integrated
in the sensor itself. At the end of the shafts, permanent magnets are mounted in order to provide the
magnetic field. The solid measure is therefore an active solid measure (Hering, 2018). The high resolution
of the MR sensors is the basis for the aspired measurement of the IAS which is used as an indicator for
gearbox failures, detailed in subsection 4.2.4.

4.2.3. Simulationmodel

As the system structure overview in figure 3.4 indicates, the computational knowledge of the DT is provided
by the simulationmodel. In figure 4.8 the relation between the subelements, diagnostics and prognostics,
is depicted via a SysML blockdiagram. Furthermore, the in 2.2 introduced assessment blocks, which are
described in subsection 4.2.4 respectively subsection 4.2.5, are related to the simulationmodel.

«block» «block» «block»
Simulationmodel Prognostics O— Advisory Generation
references parts
: Prognostics : Prognostics Generation
e «block»
references i y
e : Advisory Generation @ Prognostics Generation
«block» =~
Diagnostics par
: Health Assessment
parts «block»
: State Detection Data Manipulation ,
parts
: Data Acquisition shlotkn
Health Assessment

«block» ,

State Detection

«block»

parts Data Acquisition

: Data Manipulation P e RS R J

Figure 4.8.: Simulationmodel Overview
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The planned software implementations of the DT and the relation between them is depicted in figure 4.9.
The computational methods for the simulationmodel are implemented in MatLab and the simulation of
the multi-input calculations is realized in Simulink, while the basic data input is managed in Excel. The
invocation of the program execution is organized by the SysML modeling tool Enterprise Architect.

Enterprise Architect
+ Interactions

+ Structures/ Hierarchies
+ Overall System Model
+ Execution Sequences

Calculation Invocation

'y

MatLab

[+ Calculation Program

+ Main Data Interfaces

+ Mainprogram

+ Subprograms/ Subfunctions

Excel
+ Component Data Basic Data
« Systemparameters

* Calaculation Parameters

F Y

Data Input
Simulation Quput

Simulink
+  Multi-Input Simulation | |
+ Behavior Calculation
+ Measurand Loop

Figure 4.9.: Software Relation

4.2.4. Diagnostics

As depicted in figure 4.8, the simulationmodel subelement "Diagnostics" consists of the assessment blocks
DA, DM and SD. The modeled dependencies are partly adopted from ISO 13374-1:2003, 2003 and ISO
13374-2:2007, 2007. The following internal block diagrams present the assessment blocks in detail and
include the definition of the ports, referred to in subsection 3.5.3, with the OSI-layer assignment described
in subsection 4.1.2.

Data Acquisition

The DA assessment block is portrayed in figure 4.10. As subelements of DA the "Data Transduction", the
"Stamping" and the "Quality Identification" are isolated. The input to the assessment is generated by the
data input from the sensors. The analog sensor signal is transmitted via an interface, assigned to OSI-layer
1 to the data transduction which provides the necessary transducer technology for transforming the analog
signal to a digital signal. After the digital signal data is stamped with necessary machine data aswell as a
timestamp, the quality of the measured and transduced sensor signal is analyzed. The quality identification
indicator is complemented to the digital data sets and part of the data output to the buffer, assigned to
OSlI-layer 2, aswell as part of the direct data transmission to the DM assessment block, identified as "Verified
Data", assigned to OSI-layer 2, and in case of direct user request to OSI-layer 7.
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Figure 4.10.: Data Acquisition

Data Manipulation

As in figure 4.11 portrayed, the DM assessment block comprises three subelements: "Signal Processing",
"Algorithmic Computation" and "Feature Extraction". The signal processing is the first element that
manipulates the verified data, transmitted from the DA block. Via the OSI-layer 2 interface, the raw data is
loaded, filterd and transformed. The filtered data sets are further analyzed via computational knowledge,
provided in the "Algorithmic Computation". The preanalyzed and algorithmic evaluated data sets are
aggregated to features in the "Feature Extraction" which outputs the feature information with the data sets
to the buffer, via an OSI-layer 2 interface, and the subsequent assessment block, "State Detection", directly
also via an OSlI-layer 2 interface or via an user interface, OSI-layer 7, in case the user requests the data

directly.

Figure 4.11.: Data Manipulation
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State Detection

The assessment block "State Detection" portrayed in figure 4.12 builds the final element of the simula-
tionmodel subelement "Diagnostics". It comprises the subelement "Condition Indicator Determination"
which is calculating the aspired CI according to the applied state detection method, based on the descriptor
data from the DM block. The "CI evaluation" rates the CI calculation output and analyzes the CI according
to relevant threshold values and assesses the state change severity. In case necessary, the state alert is
issued via an interface assigned to OSI-layer 5-7. The other data sets are either transmitted to the buffer,
OSlI-layer 2, or directly to the subsequent assessment block, "Health Assessment".

ibd [block] State Detection [State Detectioﬂy «proxy» State Indicatory
Output
prpxy» Descriptor Data | T ) -L:|
Input . 0S5l Layer: 2 (Intemal Coomunication), 7
I: wblock» (User Interface)
. Condition Indicator Determination . Datatype: Double/ string
=
X
8 + (Change Rate Determination(): void uproxy» Buffer emtbd‘r

3 + C.onq_i;m'n Indicator Determination(): void

\\ «proxy» Cl ] OS5l Layer: 2
«proxy» Change Rate Alert . Datatype: Double
. OSl Layer: 2 S

. Datatype: Condition Indicator Evaluation
Double

. 0OSl Layer: 5-7
. Datatype: Boolean/
String

+ Severity Assessment(): void
+ Threshold Comparison(): vaoid
[Tl

«proxy» Threshold Boundary Alert I_I'J & -i‘]

«proxy» State Alert

Figure 4.12.: State Detection

4.2.5. Prognostics

As depicted in figure 4.8, the simulationmodel subelement "Prognostics" comprises the assessment blocks
"Health Assessment", "Prognostics Generation" and "Advisory Generation". The isolated dependencies are
partly adopted from ISO 13374-1:2003, 2003 and ISO 13374-2:2007, 2007.

Health Assessment

The HA assessment block comprises three subelements. The "Fault/ Failure Diagnosis", the "Health Esti-
mation" and the "Recommendation" element. The general task can be described as a more sophisticated
SD which uses the SD data as an input for the fault/ failure diagnosis enhanced with human expertise
and additional diagnostics algorithms. In parallel, the buffered historical data sets are used for further
enhancing the diagnosis of the faults and failures. Similarily, the "Health Estimation" is relying on the
current SD data aswell as the historical buffer data sets to further aggregate information about the gearbox
components and the complete system interplay. The subelement output is either directly emitted or further
processed in the "Recommendation" which outputs system adaption recommendations limited to possible
standard operational setting adaptions. The input and output values are transferred via interfaces assigned
to the OSlI-layer 2, and in case a direct user interaction is initiated, OSI-layer 7.
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Figure 4.13.: Health Assessment

Prognostics Generation

This assessment block builds the major element of the simulation model subelement prognostics. It comprises
the subelement "Prognostics" and "Recommendation”. The theoretical background for the prognostics
calculation is described in section 2.5. The Input to the prognostics element is similarily designed to the HA
block. The current HA data aswell as the historical buffer data is used for the calculation of future states,
RUL and future failures. The calculation is used for the recommendation creation which is limited to the
creation of system explanations and minor adaption recommendations to the operational settings, and the
data input for the subsequent assessment block AG. The concretely applied algorithms for the prognostics
calculation can be generally assigned to data driven approaches. Depending on the gearbox component,
two different approaches are applied. For the bearings, the similarity estimation, and for the gears the
degradation estimation; both theoretically detailed and applied for this thesis in section 2.5. The Output of
the PG assessment block is realized via OSI-layer 2 and 7 interfaces, while the input is transferred via an
OSl-layer 2 interface.
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Bearing Similarity Estimation

The in section 2.5.2 explained similarity estimation is applied for the prognostics of the bearings. According
to the explanations, the data sets from the previous assessment blocks (DA, DM, SD), bundled in HA
are used for aggregating and computing Condition Indicator (CI). The computed CI, in this thesis the
accumulated damage, are compared to the similarity data sets which are supplemented with the experience
of the user, and complemented with the data iterations of the current operational data. The merger of the
data to a characteristic line allows the extrapolation from current state to a future state and represents the
actual prognostics generation of the RUL, where the failure possibility is portrayed according to the CI and
the operational cycles. In figure 4.15 a qualitative example of the similarity estimation outcome, which is
based on the MathWorks Help Desk (The MathWorks, Inc., 2022a) is depicted.
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Figure 4.15.: Similarity Estimation Bearing (The MathWorks, Inc., 2022a)

Toothing Degradation Estimation

In accordance with the current research on toothing RUL estimation, partly presented in subsection
2.5.1, the algorithm for the prognostics generation is based on the degradation estimation. To generate a
sophisticated estimation the system data from the HA block is used as an input for the CI calculation in
the PG block. In this context the amplitude aswell as the signal frequency of the recorded, filtered and
preprocessed IAS signal is used as a CI, depending on the monitored failure type (pittings or toothroot
failure). The threshold value for the CI is defined by the knowledge, based on historical data, user
experience and the operational data iterations. By merging the available data sets, a characteristic line can
be aggregated which delivers the estimated RUL from the estimation point by intersecting with the defined
threshold value. In figure 4.16 these elements are presented in form of a graphic that is adopted from The
MathWorks, Inc., 2022b.
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Figure 4.16.: Degradation Model Toothing (The MathWorks, Inc., 2022b)

Advisory Generation

While the previously presented assessment blocks of the prognostics subelement include a recommendation
block, the AG is solely dedicated to the generation of "Recommendations". Based on the "Capability Forecast"
block which uses the input data from the RUL prognostics of the PG block and the historical data sets
from the data buffer to evaluate the current system status and the RUL prognostics for aggregating a
maintenance forecast, the recommendations are defined. Typical recommendations refer to the operational
settings and the maintenance/ repair advice generation. Additionally, to the data from the capability
forecast, external constraints like the sourrounding of the technical application is taken into consideration.
According to the implementation type of the DT, the output of the AG is either directly transmitted to a
technical system element (OSI-layer 2 interface) or displayed to the user (OSI-layer 7 interface). The input
values are transmitted via an OSI-layer 2 interface with a possible additional interface usage of OSI-layer 1
for the external constraints. In figure 4.17 the detailed process is depicted.
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Figure 4.17.: Advisory Generation
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4.3. Concept Verification

To conclude the development process the verification of the concept with the comparison to the first order
requirements, presented in subsection 3.4.2, is carried out. Therefore, in figure 4.18 the requirements are
depicted with the major system elements.
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Figure 4.18.: SysML Requirements Diagram

The relation between the requirements and the system elements, represented as blocks, indicate the degree
of fullfillment of the requirements. The collection of the operational data is made by the in subsection 4.2.2
presented sensors. The data transformation and data preprocessing is realized by the diagnostics block
which is in this concept context dependend on the sensor, because no other instance for the operational
data aggregation is realized. To make clear that the raw sensor data needs preprocessing before further
information can be aggregated the data manipulation block is connected to the diagnostics block via
an containment relation. The diagnostics block with the state detection subelement further statisfies
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the requirement for the gearbox component status identification which additionally can be traced to the
record of operational data. Furthermore, the status identification indicates the maintenance provision,
which is noted via the trace connection. The requirements decision algorithm for system adaption, future
health and RUL determination of gearbox components and the maintenance information provision can be
satisfied via the system element prognostics and its’ assessment block parts AG and PG. The requirement
for the EoL usage projection can be related to the future health and RUL determination but is not explicitly
realized in the concept. The claim for a modular system architecture is satisfied via the establishment of
interfaces, described by the OSI-layers and the definition of adaption nodes. The required save system/
and IT infrastructure for the user/ system communication is not explicitly evaluated but can be regarded as
a refinement of the modular system architecture requirement.
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5. Summary

The general concept elaboration is oriented to the SYSMOD procedure. The first step was the definition
of five concept objectives. Together with the state of research aggregation, these were composed to the
basic architecture which provided a first idea of the concept structure. On the basis of a stakeholder
identification the system requirements were identified. The full list is aggregated as quantitative as
possible, whereas six, qulitative, first order requirements were isolated. The subsequent step comprised
the identification of system protagonists and their objectflow. The description of the system interaction
points resulted in a port definition and completed the system context analysis which categorized the
concept in the overall DT context. To further detail the system elements, potential use cases were identified
and postprocessed with the aggregation of essential steps for the detailed analysis. With the aggregation
of a general system structure overview which comprised the system elements: "Digital Twin", "Physical
Entity", "Simulationmodel" with "Diagnostics" and "Prognostics", "Sensors" and "Decision Model", as well
as "Technical Display" and "Data Buffer" the procedure explanation was finalized. By the further detailed
description of the system protagonist interaction and the interface description via the OSI-layer model,
adaption nodes were introduced for the modular system architecture. The aggregated concept structure
describes the connection between the system elements which were identified to the SEW gearbox ("Physical
Entity") , the HCP and MR sensors ("Sensors"), the "Simulationmodel” with the LBSD for the bearings and
the VBSD for the toothing of the gear wheels ("Diagnostics") and the similarity estimation for the bearing
and the degradation estimation for the toothing prognostics ("Prognostics"). On the basis of the predefined
first order requirements, the concept was verified.
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6. Conclusion and Outlook

The elaborated DT concept provides a system architecture for the DT design referred to the industrial drive
train domain. The followed generalization efforts resulted in a high abstraction level which makes the
concept applicable for different concrete technical realizations. Furthermore, the developed modularity
approach provides the necessary guidance and compatibility assurance for future adaption demands. The
modeled SysML diagrams of the system elements enable a lucid communication of the architecture decisions
and facilitate the concept comprehension. The slightly adapted execution of the SYSMOD procedure proved
to be senseful to ensure all potential aspects of the concept requirements are considered. Nevertheless,
the pursuit of established design methods according to Lutters, 2018 should be enacted, in order to
methodologically back the further development. The following paragraphs detail potential further fields of
development aswell as possible concept improvements and outline their suggested extend.

SysML Modeling

The applied SysML modeling resulted in the aggregation of a set of diagrams which are dedicated to
the communication of the concept development. The necessary knowledge for the understanding of
the diagrams is provided in the thesis and can be regarded as an acceptable effort for the sake of lucid
communication. Nevertheless, it is questionable whether the communication benefits justify the diagram
creation effort. Therefore, further potential of the SysML modeling in order to reduce the coding effort
for the concrete application of the concept should be exploited. The used software, Enterprise Architect,
provides the possibility of including parameter diagrams for the inclusion of MatLab, respectively Simulink
applications within the SysML environment. Together with a consistent SysML common element designation
an automated logic audit could be realized. Furthermore, the strategic organisation of the diagram elements
would enable a senseful export of the underlying code. Additionally, the further proceeded development
should integrate a clear strategy for the avoidance of redundancy. Especially the transmission of information
from one development tool to another, e.g. the transmission of the requirements list (Excel) to the
requiremtens diagram (Enterprise Architect), holds the risk of inconsistent data sets.

Uncertainty

A"[...]measurement is only complete when accompanied by a quantitative value of its uncertainty." Rios
et al., 2019. Therefore, the described measurements of the gearbox components should be further detailed
with their uncertainty estimation in form of a confidence interval. Furthermore, the uncertainty of the
data transmission between the system elements should be portrayed (Rios et al., 2019). As a basis for
the uncertainty analysis the work of Pelz et al., 2021 could be used. For the sensitivity analysis Marino
et al., 2008 and Pianosi et al., 2015 present concrete analysis applications which could be used for the
overall system behavior analysis, integrated in the MatLab implementation of the simulationmodel. The
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outcome of the uncertainty estimation should provide detailed information about the relation between the
measurement accuracy and the final confidence of the statistical statement of the gearbox’s (component)
RUL.

Gearbox Diagnostics and Prognostics

The presented procedure for the diagnostics and prognostics of the gearbox only represents an extract of the
possible PHM realizations. Therefore, also other diagnostics and prognostics methods should be reviewed.
Especially the sophisticated analysis of the drivetrain by a multi-body simulation with multiple degrees of
freedom seems to be promising (Moghadam et al., 2021; Moghadam and Nejad, 2022). Furthermore, other
sensor concepts (inductive, temperature, piezoelectric) should be analyzed with regard to their diagnostics
potential (Schmidt et al., 2021). Additionally, the description of the aspired estimation approaches should
be accompanied by a statistical definition of the used calculation factors. For example could the RUL
estimation be further detailed with the statistical clarification of RUL which is corresponding to the
statistical expression Mean Time Till Failure (MTTF) (Bertsche, 2011). For the realization of the suggested
simulationmodel current approaches of Jablonski, 2021 in MatLab and Laghmouchi, 2017 could be useful.
The potentially aggregated large datasets could be handled by the Principle Component Analysis (PCA),
described in Jolliffe and Cadima, 2016 and further used for the implementation of neural networks and Al
algorithms, presented in Dhamande and Chaudhari, 2016 and Masrour et al., 2021, where the Al approach
for industrial applications is outlined. According to the general alignment with the FVA standards the
programming of applications should be approached in accordance with the FVA programming guideline
(FVA Richtlinie - Programmierrichtlinie, 2012) and current releases of the FVA workbench application (FVA
Forschungsvereinigung Antriebstechnik e.V., 2022). Further concrete application advices could be drawn
from ISO 17359:2018, 2018.

IT and Data Infrastructure

The aggregated system structure is defined via the definition of interfaces based on the OSI-layer assignment.
This approach allows the lucid communication of the relevant IT technologies but complicates the reflection
of the current state of the art IT infrastructure. This is caused by the technical comprehension of multiple
OSl-layers in current IT infrastructure technologies which are influenced by the current development
approaches in the field of cloud and edge computing as well as Internet of Things (IoT). Therefore, the
system concept should be complemented by these aspects. In Obdenbusch, 2017 a DT cloudbased reference
architecture is portrayed and could be used as a concrete starting point for the cloud realization. For the
selection of an IoT-platform the in Nguyen, 2019 portrayed selection and development method in addition
to Lempert, 2021 could be applied. The complementation with the IoT-platform valuation method of
Kugler et al., 2019 further details the development procedure suggestion which should be aligned with the
common IoT vocabulary, provided by Guizani, 2019. In Borghesi et al., 2021 an IoT-platform for the DT
management is described and could be used as a concrete realization guideline. For the technical detailing
of the DT realization the knowledge of embedded systems could be helpful which is provided by Marwedel,
2021. The data type organization is closely connected to the applied communication protocol. In Czwick
et al., 2019 a communication protocol for the sensor connectivity is presented and could be further detailed
for the application in DTs. The concrete communication realization of Zieringer et al., 2020 with the OPC
UA standard, provides a promising way of establishing the human-DT communication. Together with the
OPC UA design principles of Tantik, 2020 and the continuously updated (companion) specifications from
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the OPC UA foundation, a data infrastructure, on the basis of OPC UA, could be realized for the in this
thesis presented DT concept. In addition to that, the OPC UA standard enables the realization of real-time
(hard, firm, soft) applications which could be necessary for some realizations. In Ferrari et al., 2018 a
delay analysis of IoT systems with OPC UA is portrayed and could further support the concrete real-time
concept implementation. For the modeling of Real Time and Embedded Systems (RTES) a defined UML
profile named Modeling and Analysis of Real Time Embedded Systems (MARTE) (The Object Management
Group, 2022) could be deployed in Enterprise Architect.

Further General Development Suggestions

The current allocation of the DT to MoL and partly EoL applications is adviseable due to the related gearbox
test rig application, but does not make use of the full potential of the DT along the complete PLC which
results from the aggregation of all data referred to the physical entity in one place. As already pointed out
in Grieves, 2005 the Product Lifecycle Management (PLCM), defined in Herrmann, 2018 and detailed in
J. Stark, 2015, is an important element of the future value creation. Therefore, the DT approach should
be expanded to Begin of Life (BoL) applications like digital prototypes or experimental DTs, presented
in Schluse and Rossmann, 2016. Furthermore, the elaborated EoL procedure could be more detailed by
concrete recycling and sustainability endeavours, where the difference between service life and lifetime
could be established. The review of Carvalho and da Silva, 2021 could be used as a starting point for
the sophisticated requirements aggregation. Additionally, the development procedure should be adapted
for an optimized handling and derivation of different DT versions. The further detailing by the essential
description of the use cases could be expedient. As a concrete software version management solution
GitHub could be used (GitHub, Inc., 2022). The accumulation of data sets by different connected DTs could
be further interesting for reproducing the PLCM of a complete product range. In Reiche et al., 2021 this
interconnection of DTs is portrayed and could be referred to the described PLCM context. In contrast to the
mentionend, mostly mechanical engineering related, approaches, Jones et al., 2020 refer to the Building
Information Modeling (BIM) which can be characterized as a DT of a building. During the development
different trades work in the same construction drawing organized by a layering system with version control
which enables the tracing of changes. The Mol and EoL of the building is also included in BIM by further
versioning of changes, sensors in the building and complementing protocols. Due to the high amount
of different trades, accompanying the construction process, an analysis of the BIM with special regards
to the version control and layering could be senseful. Also the compatibility approach of BIM for high
performance software, with large data sets, could be interesting for the DT concept in the industrial drive
train context.
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D. Appendix D

Extrapolation of Bearing Forces

Preassumptions

All geometry values are assumed to be known. The related diameters d1, d2, d3, d4 are the pitch cycle
diameters. Due to supporting effects resulting from an additional axial load (axial toothing force) between
the tapered roller bearings in x-arrangement one bearing caries additional axial load resulting from the
counter bearing. Therefore, a case discrimination depicted in D.1 (Wittel et al., 2019) according to the
operational loads has to take place. The related Y-factor is mentionend in the shaft (I-III) sections.

%:ﬁﬁ

—o - -4
al Iﬁ TFE_
Kriifieverhilinisse bei Herechnungen einensetzende Axialkriifte Fy und Fgp
Lager [ Lager IT
Fg  Fn Fr'l] - Fr'l]
L—3s—:; F,z0 Fa=Fa+ 0,5 — Fo=035-——
¥ ¥ a al ] Ty all Ta
Fa_ Fa {F,' Fa F, . F,
220 Fe05|2-_T Fy=F,+05-%2 Fip=05-2
T ¥y g N T
Fq Fa {Fﬂ F;n] . Fa Fa
I —=—; F=05—— Fa=05— Fn=05—-F,
i T Y, Ty d 2 ARy, o

*in der Regel vemachlissighar klcin

F~Werte 5. TH 14-2 und TB 14-3

Figure D.1.: Tapered Roller Bearings - Case Discrimination (Wittel et al., 2019)

Free Body Diagram SEW Gearbox

The in D.2 depicted toothing forces are categorized in: Fz=radial toothing force; Fy=tangential toothing
force; Fx=axial toothing force. The following dependencies, with the flank to normal angle « and the helix
anlge f3, apply:

F, = F, * tan(B) (D.1)
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Figure D.2.: Free Body Diagram Two-Stage Gearbox

F, = F, x (tan(a) /cos())

Balance of Forces Shaft |
Z .-, —II,+F, ;=0

Y. I,+I1I,+F,;=0
X:I,—F,;+1I,=0
T1: Fﬂ:FyI*tcm(Bl)

T1: F.; = Fyr * (tan(ai)/cos(Br))

Balance of Moments Shaft |, Bearing |
Z:arx Fyr 4+ (a1 +b1)« 1, =0

Y:—a1*«Foy+di/2% Fpp+ (a1 +b1) 11, =0

(D.2)

(D.3)

(D.4)

(D.5)

(D.6)

(D.7)

(D.8)

(D.9)
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X:Tjn+(d1/2)*Fy]:0

Balance of Forces Shaft Il

Z =1V, —IIl;+ F,ii1— F.ir =0

Y: IVy+IIIy—Fy[[+Fy1H =0

X Il + Ferr — Ferr 1V, =0

T2 : Fyrr = Fyrr x tan(B2)

T2:F,q = Fyll * (tan(OQ)/COS(BQ))

Balance of Moments Shaft Il, Bearing llI

7 —ag*Fy[[+(a2+bQ) *IVy+(a2+62)*Fy]][ =0

Y : GQ*FZ]]— (a2+02) *FZ[[[+(G2+b2) *IV;—F <d2/2)*Fx[[—i-(dg/z)*F.%'III:O

X 1 (d2/2) * Fyrr + (d3/2) * Fyrrr =0

Balance of Forces Shaft lll

Z:=V,=VI,—F,;v=0

Y :Vy— Fyy + VI, =0

X: Vo+F,yv+VI,=0

T3 : Fyery = Fyrv + tan(Bs)

T3: F.ry = Fypy * (tan(as)/cos(Bs))

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

(D.15)

(D.16)

(D.17)

(D.18)

(D.19)

(D.20)

(D.21)

(D.22)

(D.23)
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Balance of Moments Shaft lll, Bearing V

Z:—ag*ijv+(a3+b3>*VIy=0

Y :asx F.ry + (d4/2) x Fory + (ag +b3) « VI, =0

X: (d4/2) *Fy]V +T0u =0

Variable Dependencies
Interlocking Forces

Fyrv = Fyrr

Fyrir = Fyr
FzI = FzII
Forr = Fyr

Forv = Farnn
F.rir = Fav
Equation Reforming Bearing Forces Extrapolation
Known Values
Geometry Values: al, a2, a3; b1, b2, b3; c2; d1, d2, d3; a1, as, asz; 51, B2, 53

Bearing Forces Shaft I: Ix, Iy, Iz; Ily, Iz, IIx
Torque: TIn; TOut

Shaft |

lezlz+llz:lel

Fy=—-1,—11,=Fys

FxI:Im_IIm: xll

(D.24)

(D.25)

(D.26)

(D.27)
(D.28)
(D.29)
(D.30)
(D.31)
(D.32)

(D.33)

(D.34)

(D.35)
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Shaft Il
With:
Fyrv = (=Tout *2)/ds = Fyr11 (D.36)
Results:
T3: F;vIII = Fy[[[ * tcm(ﬁg) (D37)
T3 : F.rrp = Fyrrr * (tan(as)/cos(B3)) (D.38)
With:
IVy = (—(CLQ—I—CQ) *FyIII+a2*Fy[[)/(a2+b2) (D.39)
111, = Fy — Fypp — 1V, (D.40)
IV, = (—(d2/2) * Fprr — (d3/2) * Folll + (CLQ + CQ) * Forrr — ag * FZ[[)/(CLQ + b2) (D.41)
Results:
D7: 1117+ =1V, — Frrr + Fopr (D.42)
Fyrir = ((d2/2) * Fyrr)/(ds/2) (D.43)
With:
111, = —Fyr+ Forr+1V, =0 (D.44)

The necessity for the case discrimination is pointed out. According to Hauptverwaltung der SKF Gruppe,
2022c the Y-factor for the equivalent bearing force calculation is: Y;; = Y;;;=1.7. With this factor and the
absolute operational loads the concrete axial bearing forces can be calculated according to D.1.

XXXI



Shaft lll
With:
Fyrv = Fyrr (D.45)
Results:
VIy = asz * ijv/(ag + bg) (D.46)
Vy = —i—Fy]V — VIy (D.47)
With:
T3: Fprv = Fyrv = tan(f33) (D.48)
T3: F.rv = Fyrv * (tan(as)/cos(53)) (D.49)
Results:
VI, = (—a3 * Fory — (d4/2) * ijv)/(ag + b3) (D.50)
Vz = —V]Z — Fz]V (D.51)
With:
Vo=—Fpv + VI, (D.52)

The necessity for the case discrimination is pointed out. According to Hauptverwaltung der SKF Gruppe,
2022a, 2022b the Y-factor for the equivalent bearing force calculation is: Yy, =1.5 and Yy ;=1.4. With these
factors and the absolute operational loads the concrete axial bearing forces can be calculated according to
D.1.

SEW Gearbox Dimensions

In D.3 the dimensions of the SEW gearbox are depicted (Measurement by Tom Gundlach). With these and
the in appendix G provided geometrical gearbox data the concrete bearing forces can be calculated.
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Figure D.3.: Gearbox Dimensions Typ SEW X2FS100e-H-B (Constructed by Tom Gundlach)
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E. Appendix E

Damage Accumulation Toothflank Pittings

With the nominal Stress of the toothflank o y:

F; 1
OHO =ZH * Zp * Ze ¥ Zg * t *u—|— (E.1)
bxd Uu
The effective stress of the toothflank oy can be calculated:
JH:\/KA*Kv*KHa*KHﬁ*ZB7D*UH0 (EZ)
With the permitted stress of the toothflank o p:
; VA
UHp:ZL*ZV*ZR*ZW*ZX*M (E.3)

SHmin

And the adaption of the lifetime factor Zy:

NHlim
ZNT = k’i/ —_— E.
NT Np (E.4)

Where the inclination paramter kj, of the S-N curve, the number of current cycles Ny and the number of
cycles of the kink point from fatigue strength to endurance strength (double logarithmic plot) Ny, can
be extracted from the S-N curve for hertzian contact pressure according to the used toothing material,
exemplarily depicted in E.1. Note that if no special S-N curve for the gear is available Ny, = Na.

Results the accumulated damage according to:

=t n(t) (O'HP)kH
D(t) = — —_ d E.5
Q /Tzo Na ' \on ’ (E.5)

The load based approach is based on measurement of the speed n(t¢) and the tangential tooth force F}
which can be measured via a torque measurement at the shaft. The used toothing factors Z, and K, have
to be determined according to the used toothing. Note that the accumulated damage integral has to be
calculated for each time period depending on the constant phase of the effective stress of the toothflank
(load spectra aggregation). The calculations and equations are based on the elaborations in the lecture
Innovative Machine Elements 1 and partly adopted from Schlecht, 2010 respecitvely ISO 6336-2:2019,
2019.
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Figure E.1.: Examplary S-N Curve Hertzian Contact Pressure/ Bending Stress (based on Kirchner, 2007)
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F. Appendix F

Damage Accumulation Toothroot Failure

Estimation for tooth root crack at tensile side; Cracking at pressure side is not decisive (=bending load).

With the nominal Stress of the tooth root opq:

 bxmy,

(o a1} * YS * YF * Y/g (F.l)

The effective stress of the tooth root o can be calculated:
UF:KA*Kv*Kpg*KFa*UFO (FZ)
With the permitted stress of the tooth root oz p:

OFlim * YsT * YNT
OFp = * Ysrar * Yrrear * Yx (F.3)

SFmin

And the adaption of the lifetime factor Yy:

NFtim
Yy = F.
NT i/ N, (F.4)

Where the inclination paramter kp of the S-N curve, the number of current cycles N, and the number of
cycles of the kink point from fatigue strength to endurance strength (double logarithmic plot) Ngy;,, can
be extracted from the S-N curve for bending stress according to the used toothing material, exemplarily
depicted in E.1. Note that if no special S-N curve for the gear is available Nz, = Nj.

Results the accumulated damage according to:

D(t) = /;Zt nt) <”FP> (F.5)

=0 Ny OH

The load based approach is based on measurement of the speed n(t) and the tangential tooth force F;
which can be measured via a torque measurement at the shaft. The used toothing factors Y, and K, have
to be determined according to the used toothing. Note that the accumulated damage integral has to be
calculated for each time period depending on the constant phase of the effective stress of the toothflank
(load spectra aggregation). The calculations and equations are based on the elaborations in the lecture
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Innovative Machine Elements 1 and partly adopted from Schlecht, 2010 respectively ISO 6336-3:2019,
2019.
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