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Summary

Chain belt conveyors play an increasingly important role in various industries. Research
and development of conveyors has mainly focused on belts for bulk mass material trans-
port, often neglecting chain belt conveyors. A chain belt consists of a continuous series of
interconnected chain links. The chain belt conveyor system is driven by a gearmotor, which
in turn moves a sprocket that is mounted on a fixed frame to guide the chain belt. The ef-
ficiency and reliability of chain belt conveyors are critical factors for optimizing transport
and minimizing downtime for industrial processes. Therefore, methods and models for
predictive maintenance regarding chain belt conveyors are of high interest to the indus-
try. Currently, no models for predictive maintenance are available for chain belt conveyors,
resulting in poor maintenance strategies and little understanding of the efficiency of the
systems.

Research Question

The objective of this research is to create a versatile and robust model, suitable for imple-
mentation across various industrial chain belt conveyor systems. In this regard, the follow-
ing research question is addressed:

"How to Develop a Digital Twin for Condition Monitoring an Industrial Gearmotor Driven
Chain Belt Conveyor System?"

In order to answer this question, the goals, requirements and boundaries for the model
should be investigated first. Subsequently, potential models for developing a chain belt
conveyor digital twin, enabling condition monitoring, must be explored to identify suitable
approaches.

In order to achieve this, the following subquestions are considered:

1. What is the state-of-the-art of digital twins and condition monitoring in an industrial
setting?

2. Is the currently available hardware sufficient for a digital twin and condition moni-
toring?

3. How are digital twins and condition monitoring defined in literature?

4. How can the subsystems of the digital twin be modelled?

5. How can data be leveraged to identify unknown parameters in the system?
6. How can the model be used to identify anomalies in the system?
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Approach

The state-of-the-art of digital twins and condition monitoring related to chain belt convey-
ors were discussed. The research was conducted at SEW Eurodrive to address the questions
at hand. SEW Eurodrive is considered representative for the industrial environment as it is
a prominent player in the drive industry. Consequently, the research aimed to establish a
benchmark and gain insights into the current status of the drive industry by analyzing com-
pany documents and collaborating with engineers.

Several issues were identified during the research. First of all, the availability of usable
data is limited. Furthermore, the only sensor available for collecting data from the phys-
ical system is the gearmotor using the variable frequency drive (VFD). Additionally, more
understanding is required regarding the necessary data and its potential applications. The
model must be generalized, ensuring compatibility without necessitating modifications to
the existing operational systems. Engineers lack insights into the system’s parameters, of-
ten resorting to approximations of parameters during the design process. These approx-
imations can be high compared to the actual values, which leads to over-dimensioning.
Mapping these parameters could enable tracking of degradation over time. However, no
current methods exist for predicting or mapping degradation or breakdowns. The perfor-
mance and efficiency of the physical systems can not be compared as there is no method
used as the industrial standard. Hardware limitations also restrict advancements, as the
components are typically designed to "just" meet requirements in order to maintain a low
price. Given the competitive industrial setting, clients prioritize cost and reliability.

The industrial environment is described, along with its inherent limitations and chal-
lenges. To optimize the application of digital twins for condition monitoring, the model
should be widely applicable and the necessary parameters for the model should be readily
available and universally employed. Analysing the currently used parameters, it has been
indicated that a minimum of 7 parameters are required. All these parameters are collected
by the gearmotor using the VFD. The torque is the main parameter of interest. SEW Eu-
rodrive utilizes a proprietary motor model to compute the generated torque. The torque,
speed and position set point and actual value are measured, as they provide insights for the
comparison of the model and the physical system.

A literature review is conducted to provide a comprehensive understanding of predic-
tive maintenance, digital twins and condition monitoring. Predictive maintenance is an
approach to maintenance in which the condition of equipment or systems is continuously
monitored to predict and prevent potential issues before they occur. Digital twins are a
concept with various interpretations and in this research defined as followed; A digital twin
is a virtual representation of a physical object or system that provides real-time and histori-
cal data on its performance, behavior and condition. It is a digital model that replicates the
physical properties and processes of the system and can be used to simulate and analyze
different scenarios and outcomes. Condition monitoring is the process of monitoring the
health and performance of equipment and systems to detect potential issues or failures.
Digital twins and condition monitoring serve as a tool for implementing PdM. These con-
cepts are explained to show the potential of this research.

Furthermore, the literature review was performed to explore the possibilities for mod-
elling the general system. Belt conveyors for bulk mass material transport are a highly re-
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searched topic and are in line with chain belt conveyors. Distinctions are made for the two
different systems, this determines what literature for belt conveyors is applicable for chain
belt conveyors. The chain belt conveyor is a chain consisting of interconnected links, it is
closed form and does not rely on friction to drive the belt. A sprocket with teeth intercon-
necting the belt is used, resulting in no slip. The chain belt is always under tension, as the
natural drift time of the chain belt is less than the time it takes the electric motor to de-
celerate the chain belt. The methodologies and analysis of the belt conveyor are used as
a guideline throughout this research. A new model for chain belt conveyors based on first
principles was proposed. This model is based on the fundamental mechanical analysis of
chain belt conveyors. A Coulomb’s friction model of a sliding mass was proposed as this
represents the sliding of the chain belt over the guiding rails. Phenomenons for industrial
chain belt conveyors, such as stick-slip and the polygon effect were examined. Data collec-
tion limitations in an industrial setting led to the proposal of a transfer function to represent
the electric motor. Using a transfer function minimizes the measured parameters per data
set. The gear unit generates two main types of losses, mechanical losses (tooth friction)
and churning losses. A rigid body model was proposed as this allows for minimal required
specifications and is a widely applicable model. For future research a K-stiffness model was
proposed, this requires more specifications of the chain belt conveyor.

The parameter estimation method Recursive Least Squares was proposed for system
identification. Recursive least squares is a technique to estimate parameters of the physical
system using collected data sets. The data is leveraged to identify the best fit of the model
and the collected data from the physical system. This model-based approach is possible
as the physical system of interest is known and leveraged for system identification. The
parameters of the system can be compared, creating insights into the characteristics and
losses of the system.

Multiple methods are proposed for anomaly detection. For the estimated parameters
used for system identification, thresholds are used. If the estimated parameters are out
of bounds, this can be an indication for possible occurring anomalies. The collected data
sets are analysed using a Fast Fourier Transform (FFT). This allows to create insights into
the frequencies that are present in the collected signals. If specifications of the physical
system are known, ranges for frequencies of interest can be determined. The difference in
amplitude of the frequencies can be an indicator of anomalies in the system. Order analysis
is performed to show the produced frequencies at specific velocities. These methods are
used for frequency analysis and are of great use to detect over-time changes in the physical
system.

The residuals are the error between the predicted value of the model and the data col-
lected from the physical system. A statistical residual analysis is performed to acquire in-
formation on the statistical nature of the residuals. By comparison and changes of the sta-
tistical features, valuable insights into the physical system can be obtained.

To indicate the performance of the physical system the Transport Loss Factor was pro-
posed. This implies the factor of the mechanical work compared to the work to transport
the payload. This allows for comparison of chain belt conveyors and other methods of
transportation. This method for rating the performance of the chain belt conveyor is sug-
gested to be used as the industry standard.

The method of dynamic weighing was proposed. This implies the measuring of the
transported mass on the belt, only by using the torque from the data set collected from the
physical system. The possibility of knowing the weight without needing any adjustments
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to physical systems can be very insightful. For example, to determine the correlation of
degradation and the transported weight. An initialization method was proposed in the case
study. Currently, dynamic weighing is only performed with dedicated sensors. Dynamic
weighing can be applied to a wide range of chain belt conveyors without any adjustments
using this model.

The model was created in Matlab Simulink. The dynamics of the model are based on
the equation of motion used for belt conveyors. The position controller has been repli-
cated to precisely imitate behaviour of the physical system. The data sets collected from
the physical system are used as an input for the model. A transfer function for the gener-
ated torque is conducted via experiments using a flywheel model. The specifications of the
gear unit are known by SEW Eurodrive and are separated in mechanical and speed depen-
dent losses. The chain belt conveyor system is modelled as a rigid Coulomb’s friction mass
model. This is the first time this model is utilized for a chain belt conveyor.

The model was verified by performing multiple different input cases. These are ramps,
stairs and trapezoidal speed profiles in positive and negative direction. The behaviour of
the model is evaluated and subsequently demonstrating the model is valid. The validation
has been performed by comparing the model to data generated by a chain belt conveyor.
The behaviour of the position controller has been validated using collected data of oper-
ational chain belt conveyors. No data is available that is collected over a longer period of
time to show degradation in the system. Five unique data sets are created using the same
transported weight. Subsequently, these data sets are analysed using FFTs resulting in no
significant discrepancies in amplitude. The initial conditions for parameter estimation are
tested by showing the inputs and outputs based on different initial conditions.

A case study is performed at SEW Eurodrive, Rotterdam. Only straight chain belt con-
veyors are of interest. Furthermore, a white chain belt conveyor is selected for the case
study. Data sets are manually created using weights on trays, that are transported by the
chain belt conveyor. Empty trays and trays with 0 to a 100 kilograms in increments of 10
kilograms are examined during testing. This results in 11 different situations for the load
case. Experiments have been performed for the system identification of the white chain
belt conveyor. Thereafter, the dynamic weighing is tested. In the end, the model can accu-
rately estimate the weight on the belt to minimum of 95%, which is the industry standard.
An analysis of the frequencies of the physical system is performed to show the validation
of the model and the used assumptions. This is only possible by collaboration with the
chain belt manufacturer, as chain belt specifications are required. It is shown by using FFTs
that the frequencies do not change with the currently used data sets and therefore, future
research was proposed to examine over time changes of the chain belt conveyor. The sta-
tistical analysis of the residuals was performed, analysed and compared. The performance
and efficiency of the system is expressed using the Transport Loss Factor and compared
between different weights. The transport loss factor is in line with the expected factor for
continuous transport.

Conclusion

The novelty presented by this research is a first principle model for a chain belt conveyor
based on Coulomb’s friction with the capability of system identification, anomaly detec-
tion, dynamic weighing and the performance comparison of chain belt conveyors. This
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model includes the actual position controller of the physical system and the electric mo-
tor is modelled using a transfer function determined by experiments. Data collected from
chain belt conveyor systems can be leveraged using the model to gain insights into phys-
ical systems, instead of driving a black-box system. The data collected from the physical
systems is fed as the input for the model, ensuring an optimal replication of the system’s
behaviour. The model requires data over longer periods of time for anomaly detection. The
case study shows that the model is robust and accurate for the system identification and
has a minimum of 95% accuracy for dynamic weighing. The model is created only using
the data collected from the gearmotor using the VFD, which enables the development of
a model with extensive adaptability, suitable for numerous chain belt conveyor systems
within the industry, without the need for any adjustments to operational systems. This
results in a generalized and robust model with wide-ranging applicability throughout the
industry to gain insights into currently operational chain belt conveyors. Further research
is suggested using data over longer periods of time to track and predict degradation and the
build-up of anomalies in the system. Improvements to the modelling of the subsystems was
suggested, for example the proposed K-stiffness model for the chain belt conveyor.
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Chapter 1

Introduction

1.1. Research Context

In 2022, the global industrial electric motor market was estimated to be worth approxi-
mately 21 billion US dollars, with a predicted annual growth rate of 3.12% leading to a valu-
ation of 25.3 billion in 2028 [1]. This market is highly competitive, with numerous players in
the industrial electric motor industry. Electric motors are often used in combination with
gear units, coupled they are known as gearmotors. These gearmotors are crucial to a variety
of industries and systems, such as belt conveyors, production lines, elevators and cranes.

To create a competitive advantage and remain relevant in the industry, new technolo-
gies must be developed. Industry 4.0 and servitization are currently representing two of the
most prominent trends in the industry. Servitization involves transitioning from a product-
oriented to a service-oriented business model, which includes providing support, service
and expertise in addition to products. This approach generates increased revenue by pro-
viding additional services to customers. Industry 4.0 refers to the automation and utiliza-
tion of smart technology to modernize traditional production processes [?]. These two
trends are complementary, with servitization being focused on enhancing customer value
and Industry 4.0 adding value to the production process [3].

Within the context of Industry 4.0 and digital transformation, various terms such as
Predictive Maintenance (PdM), big data, Internet of Things (IoT), Fault Detection and Di-
agnosis (FDD), Condition Monitoring (CM), Digital Twins (DT) and Remaining Useful Life
(RUL) have become prevalent. However, adoption of these techniques in the industry has
been slow and challenging. In academic research, there has been significant emphasis on
PdM, a technique that involves predicting breakdowns or defects in systems that deteri-
orate over time by monitoring the system’s condition. PdM encompasses several precise
meanings, including prognostics, fault detection and diagnosis and condition monitoring.
To achieve accurate results of electric gearmotor health, newer techniques such as Artificial
Intelligence (AI) and Machine Learning (ML) are utilized to correlate multiple parameters
with complex models. Examples of these parameters include vibrations, temperature and
auditory analysis. The working of these Al models can be complex, require sufficient data
and are difficult to comprehend.

The primary objective of PdM is to optimize production facilities by minimizing down-
time and maintenance costs while maximizing production. Unplanned downtime is one of
the primary causes of lost productivity in the manufacturing sector, resulting in delays, dis-
satisfied customers and loss of income. It is estimated that unforeseen downtime costs in-
dustrial manufacturers approximately 50 billion US dollars annually [4]. Although electric
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gearmotors are not directly responsible for this downtime, they play a crucial role in manu-
facturing systems and therefore are of great interest. The US Department of Energy, Energy
Efficiency & Renewable Energy analysis indicates that PAM can reduce maintenance costs
by 25% to 30% [5, 6]. Given that maintenance accounts for 15% to 70% of overall production
costs, this can lead to significant savings [5, 6]. The figures are promising, yet the adoption
of PdM technology outside of academia is slow. A survey of 256 companies by PwC shows
that 63% of companies still use visual or basic instrument inspections [7]. Other surveys
conducted by Siemens indicate that 93% of the 230 interviewed companies consider their
maintenance systems to be inefficient [3]. While there is a growing willingness to adopt
PdM, a gap remains between academic knowledge and implementation by industries.

Numerous factors contribute to the limited adoption of PdM in industry. Wickern et
al. [9] highlights financial and organizational obstacles. Tiddens et al. [10] identifies the
unavailability of high-quality data, the inadequate understanding of PdM’s value and the
literature’s focus on technical aspects as contributing factors. Other components include
poor commitment from top management [! 1], organizational culture issues [1 2] and data
security concerns [13].

As a result, research has begun to address the issue of delayed PdM adoption and fur-
ther study into PdAM models. In addition, research methodologies that adhere to real-world
conditions instead of laboratory experiments are utilized, which are the basis for many
scientific articles. The crucial aspect is to recognize existing PAM approaches and com-
prehend how they can be effectively implemented in an industrial setting. To address this
scientific gap, this research proposes a solution on how predictive maintenance can be sus-
tainably implemented in the industrial manufacturing sector.

1.2. Research Field

This research is performed at SEW-EURODRIVE B.V. (from now on addressed as SEW Eu-
rodrive), being a division of SEW-EURODRIVE GmbH & Co KG. It is a business with sub-
sidiaries in 52 countries all around the world and the headquarter is located in Bruchsal
Germany. The headquarter in Bruchsal is the main production facility and houses the main
research and development (R&D) department. SEW Eurodrive produces many products
like gear units, electric motors, gearmotors, automated guided vehicles (AGVs), inverter
technology and more. An example of the product line can be seen below in figure 1.1. With
approximately 19.000 employees worldwide, of which 600 work in the R&D and more than
3.1 billion in sales revenue in 2021, SEW Eurodrive is considered one of the global market
leaders [14]. Being a market leader requires assertiveness and therefore, SEW Eurodrive is
constantly innovating to differentiate itself from its competitors and to exceed customer
demands.

SEW Eurodrive operates in a highly competitive sector where differentiation and in-
novation are critical to maintaining a competitive edge. To achieve this, SEW Eurodrive
offers clients quality, service and expertise. As a result, the company has built a loyal client
base that values a partner who provides complete engineering, maintenance and service
solutions in addition to products. Approximately 80% of SEW Eurodrive’s clientele com-
prises original equipment manufacturers (OEMs), who construct machinery incorporating
SEW components. For example, car assembly lines and airport baggage handling equip-
ment. SEW Eurodrive has an opportunity to assist these OEM clients in transitioning to
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Figure 1.1: Product Line SEW Eurodrive [15]

servitization. The company has been developing products and accumulating knowledge in
preparation for the Industry 4.0 trend. Collaboration with clients is required to adopt these
technologies into their facilities. Despite financial incentives driving its popularity, adop-
tion of Industry 4.0 technologies among end-users remains low [7, 8].

Chain belt conveyor systems are thoroughly used throughout the industry and the pre-
vention of breakdowns is of importance. Therefore, industrial PdM solutions are of high in-
terest. The general system studied in this research consists of the electric motor, gear unit,
position controller and the driven chain belt conveyor system, presented in Figure 1.2. The
only data collected from the physical system is obtained using the variable frequency drive
(VFD) that drives electric motor.

GEARMOTOR

Electric . . Chain Belt
Controller Motor >  Gearunit > Coupling Conveyor

Figure 1.2: General system of interest

To create an overview of the components in the general system an input-output dia-
gram is presented. In Figure 1.3, the red arrows represent the inputs and the green arrows
the outputs of the subsystems. As implicated, the simplification shows the output of the
previous subsystem is the input for the next subsystem. The three main causes for failure
are established with SEW Eurodrive engineering experts. The first failure is a bearing fail-
ure, which mostly can be detected as a build-up of noise. The second failure is a blockage in
the system, causing obstructed movement thus failing of the system. The third failure is a
gear failure in the gear unit. In an industrial setting SEW Eurodrive only provides the gear-
motors and has no responsibility over the installed physical system. The way the driven
systems are installed and setup are not controlled or supervised by SEW Eurodrive. How-
ever, by leveraging the collected data from the physical system in combination with models
based on the physical system, insights into the physical system can be gained.

The general description of a chain belt conveyor is as follows: A frame with a guiding
rails supports a chain belt conveyor. The chain belt conveyor consists of a series of con-
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Figure 1.3: Input-Output diagram of general system

nected chain-links. The cross section of the chain belt conveyor system is shown in Figure
1.4 and is closed form. The red belt moving the mass towards the driving sprocket, the blue
belt is the returning belt and the contact areas are shown in green, as shown in Figure 1.5.
The chain belt conveyor creates a linear movement, driven by a rotational movement of the
gearmotor.

MASS MASS

=
g U

Figure 1.4: The cross section of the system Figure 1.5: Side view of the system

SEW Eurodrive has developed software called DriveRadar, which is an umbrella term
for all services related to digitization, condition monitoring and predictive maintenance.
DriveRadar is developed to meet the needs of clients and is increasingly popular over the
last years. The implementation is not easy for SEW Eurodrive and ways to improve the
adoption are explored. The lack of development can be explained by a main factor, which
is investment costs for the client. To be competitive in the market the price of the hardware
has to be suppressed, allowing no room for additional sensors. Therefore, it is of interest
to find ways to utilize data that is currently collected by the clients operational systems.
Gearmotors are driven by a VFD, that can be used as the "sensor" of the physical system.
The requirement for extra sensors is undesired, as it results in additional investment costs.
These conditions results in a project that is scalable for many clients without any changes
to their operational systems. This results in the following question: How much information
from the physical system can be extracted with the currently available data collected from
SEW Eurodrive clients and what value can be provided?

1.3. Research Problem

The industry has expressed a desire for digital twin models to enable condition monitoring
of industrial chain belt conveyor systems. Currently, there is no industry standard digital
twin available for industrial chain belt conveyor systems. The methodologies and theories
that do exist are primarily applicable in non-industrial settings and used for different ap-
plications hindering adoption. The scientific and practical challenges associated with this
problem statement are addressed in the following sections.
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1.3.1. Scientific Problem Statement

The amount of scientific research focused on bridging the gap between academic and in-
dustrial digital twin models is limited, indicating the differences in the interest of academia
and the industry. Disparities exist between digital twin models in literature and those that
are applicable in industrial settings. This can be attributed to the differences in the avail-
ability of data and knowledge. The literature presents a variety of techniques to solve prob-
lems more efficiently, faster or more accurately. Often, minor improvements are proposed
to existing setups and the results and improvements are demonstrated through simulations
with a set of assumptions.

In contrast, the industry typically has less available information and operates within
a financially competitive environment. Here, many parameters are unknown and must
be estimated based on expertise. Creating a digital twin to assess the performance of the
system, using system identification, creates insights into different aspects and allows for
the comparison of operational systems.

1.3.2. Practical Problem Statement

The implementation of PAM has been limited so far, despite the potential benefits of lower
maintenance costs and increased productivity. This is due to various factors such as financ-
ing, management, expertise, culture and quality of data. These factors play significant roles
in determining PdM adoption in the industry. This knowledge gap presents an opportu-
nity for SEW Eurodrive to assist clients in implementing a digital twin model for condition
monitoring. However, a model for a chain belt conveyor is currently not present. In the in-
dustry, data is primarily collected from gearmotors using the VFD and no other sensors are
present in the operational physical systems. Additional sensors would require additional
investment costs, making them undesired. As a result, the gearmotor currently operates as
driving a black-box system.

The fundamental question of interest is how to model the chain belt conveyor system
and how much information can be extracted from the system. Engineers can respond more
effectively if they have access to a wider range of information on the operational system.
This enables them to gain a more comprehensive understanding of the situation and allows
them to respond accordingly. Furthermore, the information gathered from the system can
be utilized to evaluate the performance of the system, and subsequently, provide insights
into aspects such as energy consumption. Energy usage has become a crucial aspect since
the consumption and cost of electricity has increased globally. A model to create insights
for chain belt conveyors is a big step towards predictive maintenance. This is in line with
the goal to optimize the production facilities, all while minimizing the energy consumption.

1.4. Research Objective

The objective of this research is "The Development of a Digital Twin for Condition Monitor-
ing of an Industrial Gearmotor Driven Chain Belt Conveyor System". In collaboration with
SEW Eurodrive a model is developed for chain belt conveyors in their production facility in
Rotterdam. The general concept of a digital twin for condition monitoring is shown in Fig-
ure 1.6. The main feature of the digital twin is a model that is personalised by the real-time
data updating the model to real-time conditions. By creating a digital twin the behaviour
of the system can be inferred.
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Figure 1.6: The general overview of the comparison of the model and the physical system

The physical system is known and this information can be exploited to model the phys-
ical system. The objective of the digital twin is to leverage the proposed model on the
acquired data of the operational system for system identification, anomaly detection, dy-
namic weighing and a performance indication of the physical system for predictive mainte-
nance. The model must function utilizing data from physical systems in their current state,
without the need for adjustments. This approach eliminates the need for physical system
modifications and results in a scalable model that can be broadly implemented throughout
the industry without any prerequisites. The research question has been defined based on
the gaps found in the literature research.

1.5. Research Questions
The following research question is presented:

"How to Develop a Digital Twin for Condition Monitoring of an Industrial Gearmotor Driven
Chain Belt Conveyor System?"

To answer the main question the following sub-questions are formulated:

1. What s the state-of-the-art of digital twins and condition monitoring in an industrial
setting?

2. Is the currently available hardware sufficient for a digital twin and condition moni-
toring?

3. How are digital twins and condition monitoring defined in literature?

4. How can the subsystems of the digital twin be modelled?

5. How can data be leveraged to identify unknown parameters in the system?

6. How can the model be used to identify anomalies in the system?
1.6. Research Scope
A broad understanding of digital twins and condition monitoring is required for the main
parts of the research. By analyzing the state-of-the-art of digital twins and condition mon-
itoring in the drive industry, a benchmark of the current industrial situation is established.

The possibilities with currently available equipment and data are explored. A global under-
standing of digital twins and condition monitoring is given to understand the concept. The
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modelling for the subsystems of the chain belt conveyor is elaborated for an industrial set-
ting. It is elaborated how the model and the data can be fit using parameter estimation for
system identification. Subsequently, how the model can detect anomalies in the physical
system. And finally, the method for the performance indication of the operational system
is proposed. The primary goal of the model is leveraging data to identify unknown param-
eters of the physical system (system identification), anomaly detection and a performance
indication. This is performed by only utilizing the data collected from the gearmotor using
the VFD. It is of interest to explore to what extent the parameters of the physical system
can be identified or add value. For the industry, it is of interest to establish the border of
the minimal required information of the physical system for the model to function and to
what extent the subsystems can be modelled. The model has to be generalized, resulting in
a scalable model which can be implemented in many currently operational systems.

From the previous sections can be concluded that, the information required to develop
a digital twin for condition monitoring in an industrial setting for a gearmotor driven chain
belt conveyor, will be the main goal of the research. The digital twin has to operate in an
industrial setting, which implies in manufacturing and production facilities. The model will
be using data solely collected from the gearmotor using the VED, there are no other sensors
to collect data or information from the physical system. The following assumptions are
made:

The drive equipment is always functioning properly

The chain belt is always under tension

A sprocket with teeth interconnecting the belt is used, resulting in no slip
The chain belt conveyor is driven according to the closed form principle

The friction of the chain belt is uniform for entire contact friction surface

I S o A

The stop time is larger than the drift time for the deceleration cycle
To summarize the scope of this research project the following main points are presented:

The model has to be designed for an industrial setting (scalable and robust)
The model uses data collected only from the gearmotor using the VFD
Explore to what detail the subsystems can be modelled

Explore what is the minimal required input for the model

How to detect anomaly in the physical system

How can the performance of the physical system be assessed

No g wDhd -

The model is developed by incorporating the presented underlying assumptions for
industrial chain belt conveyors

1.7. Research Qutline

The previously mentioned sub-questions will be the leading structure of the research project.
First, an overview of the current state of the industry is given to establish a baseline in Chap-
ter 2. The currently available hardware and collected data is presented. Furthermore, the
potential use and possibilities it provides are discussed. Thereafter, in Chapter 3 the follow-
ing aspects are presented. A description of digital twins and condition monitoring is given
to create a better understanding of the concept. Additionally, the modelling of the sub-
systems of the digital twin, the requirements and implications are explored. Furthermore,
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the methods to identify the unknown parameters and its requirements are shown. Sub-
sequently, the possibilities for anomaly detection are presented. Thereafter, a conceptual
model is shown in the Methodology 4. Following that, the models is verified and validated
in Chapter 5. Afterwards, a case study is performed to show the performance of the model
in Chapter 6. Finally, in Chapter 7 the conclusion, limitations and recommendations are
discussed.



Chapter 2

State-Of-The-Art of the Drive Industry

To get a broader understanding of the project it is critical to comprehend the current sit-
uation in the industrial setting. To establish the benchmark, the current status of SEW
Eurodrive and literature is analysed. Within this chapter, a comprehensive analysis and
summary of the industry’s state-of-the-art will be conducted, drawing upon insights from
domain experts and SEW Eurodrive’s expertise. The baseline is established for the gap con-
cerning the digital twin and condition monitoring in the industry. The following subques-
tion is answered in this section: "What is the state-of-the-art of digital twins and condition
monitoring in an industrial setting?". Thereafter, the subquestion answered is: "Is the cur-
rently available hardware sufficient for a digital twin and condition monitoring?"

2.1. State-Of-The-Art at SEW Eurodrive

The state-of-the-art is determined by collaborating with SEW Eurodrive engineers and by
examining reports from the company. A summary of the findings is provided below, along
with important issues that have been discovered. It is critical to note that, while SEW Eu-
rodrive will be utilized as a resource, the assumption is made that their current state repre-
sents the overall state of the industry and other companies addressing the same challenges.

SEW Eurodrive captures all Smart Factory components under the term "DriveRadar"
[16]. The notion of the term Smart Factory refers to the final objective of manufactur-
ing digitization, in which machines continually communicate data that can be utilized to
self-optimize equipment or to handle issues across systems [17]. The goal is minimizing
downtime and therefore improving productivity and efficiency which results in increased
revenue. DriveRadar uses the collected data and allows for visuals and predictions to be
created, which gives insights into the systems. In collaboration with engineers, which are
experts in the field of interest, further actions can be considered. Currently, this software
is the main project that is working towards Industry 4.0, therefore new projects such as a
digital twin for condition monitoring is of high interest.

Predictive maintenance (PdM) is the goal of DriveRadar, a short introduction is pro-
vided for more context. A more elaborate description of PdM is provided in Section 3.1.
Predictive maintenance is an approach to maintenance in which the condition of equip-
ment or systems is continuously monitored to predict and prevent potential issues before
they occur. Predictive Maintenance can be divided into 5 parts, starting with the collection
of data to the final prediction. To get a better understanding of the predictive maintenance
process, these sections are shown in Figure 2.1. The collection of data is performed with
the SmartDataCollector. This implies the action of collecting data and converting it into
readable files and belongs to the capturing phase. The pre-processing phase is of interest

13
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as it defines what data to collect and what are the optimal parameters to measure.

Collecting Pre- . Future
. Analysis Assessment s
data processing prediction
Figure 2.1: The flow of data for predictive maintenance
Besides DriveRadar, other software used by SEW Eurodrive is "Workbench" [18]. The

primary objective of the Workbench software is to assist in the selection of hardware and
equipment, it allows to plan and configure single or multiple systems in parallel. All SEW
products are collected in a database and by providing the specifications and requirements
of the physical system a mathematical model is used to calculate a result. This software
is based on mathematical models, therefore it is considered as a model based engineer-
ing program. For the unknown parameters, like frictions or efficiencies, look-up tables are
used with an estimated value. By using workbench the required components for a system
can be determined based on the mathematical models. Workbench is based on first prin-
ciples models where all the parameters are known. In practice this is not the case.

DriveRadar remains in its developmental stage, requiring substantial research and de-
velopment efforts. SEW Eurodrive encounters challenges in implementing models and al-
gorithms in industrial environments. Most clients and projects are unique, which results in
distinctive requirements for the model. For example, a client can only need a gearmotor,
while other clients need a full PdAM solution from SEW Eurodrive. Working conditions in the
industry are often dynamic and the use-case of a chain belt conveyor can vary significantly
from day to day. The dynamic nature of the working conditions in the industry creates a
challenging environment to develop a generalized model, that can be applied in a broad
spectrum of situations. Factors such as temperature, degradation, speed and type of prod-
uct can affect the optimal working conditions of the system and therefore require a flexible
approach. To accommodate these variables, the model should be dynamic, adaptable and
scalable. Furthermore, since parameters are not always known, companies like SEW Eu-
rodrive have expressed interest in exploring models for system identification. By mapping
the parameters over a longer period of time, predictions of the degradation can be per-
formed. By creating a digital representation of the physical system, valuable insights can be
acquired. Information such as overtime trends of degradation of the chain belt conveyor
can be established. These insights can be of great value to SEW Eurodrive’s customers, rep-
resenting a significant step towards implementing predictive maintenance.

DriveRadar is an overarching term that encompasses software applications designed
for intelligent and scalable services in Smart Factories, aimed at enhancing productivity.
DriveRadar is currently in active development, the goal is to minimize unexpected break-
downs and operational disruptions by PdM strategies. Currently, the main focus of DriveR-
adar is research and development for industrial gear units (IG). These gear units are preva-
lent across a diverse range of industries and capable of delivering up to 5200 kNm [15]. The
growing interest of clients in DriveRadar software indicates its potential value. The many
factors that influence the possibilities for PAM, such as working environments and available
equipment. Industrial clients consider a cost estimate for their maintenance strategies. If
the investment costs of PAM applications are more than the potential payback within a
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certain amount of time, these PAM solutions are not appealing. A model that can be widely
applied to currently operational physical system, without the need for adjustments, is pro-
posed.

2.1.1. Data Availability Industry

The industrial environment entails limitations associated with the equipment. The main
restriction is the availability of memory to collect data sets. The equipment to collect data
sets meets a standard and is not designed for future applications like a digital twin. When
collecting data sets, the parameters are selected manually. A data set of parameters over
a period of time is referred to as a "scope". A scope can accommodate a maximum of 10
channels, each comprising 2048 samples. The sample time refers to the interval between
each sample and is correlated to the total scope time. If a scope contains only 5 channels,
the total scope time is double compared to scoping 10 channels. Similarly, if the sample
time is halved, the total scope time is also reduced by half. As the sample time and scoped
channels significantly affect the model’s capabilities, these limitations in equipment must
be considered.

Section 4.2 provides a more detailed explanation of the collected data for the digital
twin. The parameters of interest primarily consist of a set point (target value) and the ac-
tual value (current value). These parameters can be expressed in either their actual units or
converted to the desired units. For example, the generated torque represented as a percent-
age of nominal torque. The industry commonly utilizes the following parameters which are
shown as an example:

Data name Unit Description

Speed 1/min | The actual and set point speed

Current A Maximum allowed current to electric motor
Torque Nm The actual and set point torque

Position m The actual and set point position

Power w Mechanical power

Additional triggers | / Additional reference signals and triggers

Table 2.1: The 6 main parameter groups

The data collection for PAM involves two key locations: the electric motor encoder and
the frequency inverter. The frequency inverter provides the required voltages (V) to gener-
ate the desire torque. The voltage and current (I) drawn by the electric motor are measured
and regulated. Utilizing an in-house motor model, the delivered torque can be calculated
from the measured voltages and currents of the electric motor. Alternative features are
available as well. By utilizing the encoder to measure the rotor position, it is possible to
determine the rotational acceleration. In Equation 2.1, the torque delivered by the electric
motor (Tpet0r) is calculated by the product of the total driven inertia (J;4s4;) and the an-
gular acceleration @ moror) of the electric motor. Through an iterative process that utilizes
the acceleration of the electric motor, the delivered torque from the motor model, the to-
tal driven inertia can be determined. This approach can be used to verify and assess the
correspondence of the driven inertia by the model and physical system. The assumption is
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made that the calculation for the generated electric motor torque is accurate and valid.

Tmotor = ]total : émotor 2.1)

The set point and actual values for the torque, speed and position are available. These
parameters are used as the minimum required parameters for comparison of the physical
system and the model. All parameters are used for comparison of the behaviour of the
physical system and the model.

2.2. Conclusions State-Of-The-Art

This chapter addressed the sub-questions: "What is the state-of-the-art of digital twins and
condition monitoring in an industrial setting?" and "Is the currently available hardware suf-
ficient for a digital twin and condition monitoring?". An overview is presented of the current
software and tools utilized by SEW Eurodrive, along with the challenges encountered. The
following section provides a summary of the crucial components required for the develop-
ment of a digital twin in the industry:

1. The availability and quality of data are limiting factors, the gearmotor is the only sen-
sor in the system

2. Collected data can be difficult to interpret and utilize effectively
3. Availability for models that can be applied in the industry is limited

4. Designed and operational systems contain unknown parameters, which are estimated
by engineers

5. No established method for rating the performance of similar belt conveyor systems

6. The model must be capable of working with the data currently available, without ad-
ditional requirements

7. Hardware limitations of an industrial setting must be taken into account
8. Currently available equipment can be used to create a digital twin

The current state of the industry and identified gaps serve as a benchmark for the sub-
sequent section, Chapter 3.



Chapter 3

Literature Review

This chapter provides a broader context of the project by examining predictive mainte-
nance, digital twins, condition monitoring and the modelling of the system. It begins with
a brief review of predictive maintenance, followed by a more comprehensive discussion of
digital twins and condition monitoring to provide a deeper understanding of the subjects
matter. The following chapter explores the role of data in digital twins and condition mon-
itoring. It examines the potential models identified for the subsystems in the literature and
their use in a digital twin.

3.1. Predictive Maintenance

Predictive maintenance is an approach to maintenance in which the condition of equip-
ment or systems is continuously monitored to predict and prevent potential issues before
they occur. This involves collecting data from various sources such as sensors and visual
inspections to assess the health of the equipment or system. The data is analyzed and used
to identify patterns and trends that can be indicative for future failures. Predictive main-
tenance aims to optimize maintenance operations and improve equipment reliability and
availability while minimizing maintenance costs and downtime. PdM can extend the useful
life of equipment or systems and improve overall productivity. The implementation of pre-
dictive maintenance requires advanced data analysis techniques to effectively detect and
predict anomalies and failures.

In the industrial setting, maintenance refers to the operations carried out to ensure that
machinery and other physical equipment stays available for production. The primary ob-
jective of industrial maintenance is to maintain high levels of productivity while minimiz-
ing breakdowns and associated costs. Maintenance activities and their implementation are
influenced by the production process and plant layout. Maintenance plays a crucial role
in achieving customer-oriented performance parameters such as quality, cost, and pro-
ductivity. Unexpected breakdowns can impact these three essential components of com-
petitiveness. In today’s industrial landscape, it is no longer optimal to wait for failures to
occur, organizations must implement various maintenance procedures that are appropri-
ate for their operations. Industry 4.0 has created new ways of improving technology in the
industrial setting by utilizing "Smart Factory" concepts. This creates a environment that
leverages the Internet-of-Things (IoT) to enable machines to collect and analyze data and
act accordingly. The term IoT generally refers to scenarios where network connectivity and
computing capabilities extend to objects and sensors. This allows devices to generate, ex-
change and consume data with minimal human intervention [19]. While the use of IoT has
been criticized due to the individual addressability and network connectivity requirements
of devices, its advanced sensors enable the detection of faults that are undetectable to the
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human eye. Predictive maintenance can provide early warnings in advance of failures, en-
abling machines or humans to take necessary action to minimize the frequency of failures

[20].

Predictive maintenance has developed certain worldwide norms and references. There
are four types of occurrence in maintenance:

1. Corrective - Performs maintenance when there are anomalies or a fault is detected
2. Preventive - Uses scheduled time frame interval maintenance

3. Predictive - Uses time frame information to signal predict a failure and preventing
downtime

4. Prescriptive - Used so specific events can be prevented from happening

Predictive Maintenance is based on historic data, models and domain knowledge. It can

predict trends, behaviour patterns and correlations by statistical, Al or machine learning

models. This is utilized for anticipating pending failures in advance, to improve the decision-
making process for the maintenance avoiding mainly downtime [21, 22]. A big part of

Industry 4.0 is a future perspective of how manufacturing will become within years. The

impact of maintenance costs can range from 15 % to 60% of the total operation of all man-

ufacturing [7, 23]. However, there is a lack of knowledge on the actual production costs by

companies which shows why PdM is so interesting for the industry.

The complexity, cost and accuracy of prognostics techniques is proportional to its ap-
plicability. Increasing prognostics algorithm accuracy with low cost and complexity is a big
challenge. A representation is shown in Figure 3.1 [24]. The more accurate the models are
developed, the more computational power and investments are required.
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Figure 3.1: Prognostics approaches [25]
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Numerous models can be created to facilitate predictive maintenance, with three dis-
tinct categories characterizing the methodological approaches employed in predictive main-
tenance forecasting [24, 26-28]:

1. Physical model-based: Features its primary characteristics on mathematical model-
ing with reflexes in a component’s condition, demanding accuracy in the condition
and measurement of failure, and statistical techniques to minimize these indices [28].

2. Knowledge-based: Approaches that reduce the complexity of a physical model, for
this reason, are often used as a hybrid strategy. For example, expert systems or fuzzy
logic [29, 30].

3. Data-driven: The models based on statistics, pattern recognition, artificial intelli-
gence (Al) and machine learning algorithms are the most prevalent in the present
development of PdM solutions.

Additionally there are other hybrid definitions such as Cloud-based, Deep-learning based,
IoT-based, Fleet-based and Time-based which are referred to in [24].

3.2. Digital Twins and Condition Monitoring

Adigital twin is defined as a virtual model that functions and behaves exactly like its phys-
ical counterpart, computed simultaneously with the physical system and with an auto-
mated transfer of data or information between the physical system and the model [31, 32].
Therefore, the digital twin is a digital representation of a physical system using real-time
data to infer what is happening to the physical system. An illustration to visualize the idea
is given in Figure 3.2. In reality there are specific models for the physical systems that are
working real time with the collected data. This approaches a real time digital representation
of the current physical system using the collected personalized data. By using these mod-
els, it is possible to infer the state of the physical system. In Industry 4.0, with technologies
like the Internet of Things (IoT) combined with digital twins, it results in a powerful con-
cept. Technologies like this allows for more precise data collection from parts of interest,
collaboration between equipment and many more new things that could aid towards the
goal of Industry 4.0.

Condition monitoring is the process of monitoring the health and performance of equip-
ment and systems to detect potential issues or failures. A "significant change is indica-
tive of a developing failure” [34]. This is the foundation for condition monitoring systems
and comprise a combination of sensors and signal processing equipment [35]. These pro-
vide continuous indications of component condition based on techniques such as vibra-
tion analysis, acoustics, oil analysis and thermals. Monitoring can be real time/on-line
(providing instantaneous feedback of condition) or off-line (data is collected and used af-
terwards) [36, 37]. It involves collecting data from various sources, such as sensors, mea-
surements and visual inspections, which are then analysed to assess the condition of the
equipment or system. Condition monitoring can provide real-time insights into the per-
formance and behavior of equipment, allowing teams to identify potential issues before
they result in downtime or production loss. The goal of condition monitoring is to pre-
vent equipment failure and reduce maintenance costs by enabling proactive, and therefore
predictive maintenance. In an industrial setting, condition monitoring is often applied to
critical equipment, such as motors, pumps and turbines to ensure their reliable and effi-
cient operation. Condition monitoring can include various techniques, including vibration
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Figure 3.2: Illustration of a Digital Twin [33]

analysis, thermal imaging and oil analysis. These techniques can provide insights into the
condition of the equipment. Such as, wear and tear, misalignment, imbalances and iden-
tify potential issues before they cause a failure. The successful implementation of condition
monitoring requires the integration of various technologies, such as sensors, data analyt-
ics, visualization tools and a thorough understanding of the equipment and its operating
conditions.

Using proper data collection and signal processing, faults can be identified when com-
ponents are in operation and actions are planned preemptively to prevent damaged or fail-
ing components. Maintenance activities can be organized and timed more effectively, lead-
ing to enhanced reliability, availability, maintainability, and safety (RAMS) outcomes. In
addition, downtime, maintenance and operational costs are reduced [38]. Condition mon-
itoring techniques are therefore used throughout the industry [39, 40].

3.3. Modelling Approaches

The literature review is performed to find specific methods in scientific papers, which can
be utilized for the modelling of the chain belt conveyor. Literature is mainly focused on
belt conveyors for bulk material transport and very little on chain belt conveyors. The dif-
ferences and similarities of these types of belts are analysed to determine the methodolo-
gies for chain belt conveyor systems. Industrial belt conveyors and industrial chain belt
conveyors are two types of conveyor systems that are commonly used in industrial settings
to transport materials or products from one place to another. While both of these types of
conveyors serve similar functions, there are some differences in their design and construc-
tion that make them better suited for different applications. Determining the similarities
of these systems, the theory for analyzing the belt conveyor models can also be applied to
chain belt conveyors.

The general system is divided into subsystems. By analysing each subsystem, provid-
ing individual sanity checks and combining them afterwards, the complete model is con-
structed. To begin with, a literature review is performed to explore the possibilities of the
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subsystems. The general system consists of the electric motor, gear unit, coupling and the
chain belt conveyor. A visual representation is provided in Figure 3.3.
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Figure 3.3: Schematic diagram of mechanical conveyor belt drive system [41]

3.3.1. Chain Belt Conveyors

The main focus for modelling chain belt conveyors is to predict the power consumption.
There are different approaches to determine the consumption, depending on several fac-
tors. There is no first principle model available for the behaviour of the chain belt conveyor
model. The choice of model will depend on the desired achievable goal and the level of
accuracy and complexity desired. The behavior of a chain belt conveyor differs from other
types and transmission systems. Chain belt conveyors rely on a closed form power trans-
mission and hence do not need to be pre-tensioned like conventional belt conveyors.

Consequently, the chain slackens at the bottom section of the chain sprocket, where
chain tension is minimal. The force gradually increases during the chain’s reverse move-
ment, owing to its mass and the friction between the chain and guide rail. After surpassing
the reversal point, the conveying path initiates, and the tension substantially increases due
to the added weight of the transported load. The tension peaks just before re-entering the
chain sprocket. This general understanding of the chain belt conveyor can be helpful in
understanding the system as a whole, shown in Figure 3.4.

Figure 3.4: Simple tension force model of a chain conveyor [42]

To calculate chain belt conveyor systems forces, the driving force (F,) is determined
first. This force is necessary to move the chain and is primarily calculated from the fric-
tional force at different sections of the system. The circumferential force is essentially used
to calculate the required driving power. In the absence of a pre-tension force, the circumfer-
ential force is generally equal to the maximum chain tension force required to dimension
the chain size or to support the permissible load. The radius of the driving sprocket and
the circumferential force determine the required torque of the system. However, additional
factors such as the startup acceleration rate may also need to be considered in the calcula-



22 3. Literature Review

tion [43].

Figure 3.5: Straight section with slope[42]

The chain tension F, that is at the end of the straight section can be generalized by the
following Equation 3.1 [42]:

F,=g-L-[us-(gix+4qc)-cosal+(gx + qg) - sina + F;_4 3.1)

Where g is the gravitational constant [m/s?], L the belt length of the desired section [m],
us being the friction coefficient between chain and rail, g¢ the specific weight of the goods
[kg/m], g the specific weight of the chain [kg/m], the angle of the chain belt conveyor is
indicated with a and F,,_; is the previous section if present.

Phenomenons of Chain Belt
Polygon Effect

The polygon effect is a dynamic phenomenon that can occur in chain belt conveyors, which
is caused by the interaction between the chain and sprockets. This is also known as the
sprocket-induced vibration or sprocket-induced dynamic instability. The polygon effect is
characterized by the formation of a polygonal shape, as the chain passes over the sprockets,
leading to high-frequency vibrations and noise. Factors such as the number of teeth on the
sprocket, the pitch of the chain, the chain tension, the speed of the conveyor and the load
on the conveyor can all contribute to the polygon effect. To mitigate the polygon effect,
engineers can use several solutions such as increasing the number of teeth on the sprocket,
increasing the pitch of the chain, increasing the chain tension, reducing the speed of the
conveyor and reducing the load on the conveyor. This principle is visualized in Figure 3.7.

The model the polygon effect, the following approach can be used. The equation for a
n-sided rotating polygon can be represented by the following equation:

y(®) =R-sin(n-t+¢) (3.2)

Where y(¢) are the coordinates of the polygon at time ¢, R is the radius of the polygon, n
is the number of sides of the polygon, ¢ is the time and phi is the initial phase angle of
the polygon. This equation describes the movement of the polygon in a two-dimensional
Cartesian coordinate system. The sine function is used to describe the movement of the
polygon in the y-coordinates. This can be used to calculate the position of polygon at any
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Figure 3.6: The polygon action of chain [44] Figure 3.7: Linear speed at driven point [44]

given time, which can be used in the analysis of dynamic systems as chain belt conveyors.
The relevance of the polygon effect for industrial chain belt conveyors is not determined.
The change in the radius, combined with the point of engagement of the peripheral force
results in a dynamic required torque.

Stick Slip Effect

The stick-slip effect is a phenomenon that can occur in chain belt conveyors, this is where
the belt and chain experience periodic sticking and slipping movements [44]. This effect
can be caused by the dynamic interaction between the chain and belt, as well as between
the chain and the sprockets. It is typically characterized by high-frequency vibrations and
noise. It can lead to increased wear and tear on the conveyor components, decreased ef-
ficiency and reduced lifetime of the conveyor system. Factors such as the coefficient of
friction between the chain and belt, the chain tension, the speed of the conveyor, and the
load on the conveyor can all contribute to the stick-slip effect. When the coefficient of fric-
tion is high and the chain tension is low, the chain will tend to stick to the belt, which can
cause the belt to slow down and the chain to accelerate. When the coefficient of friction is
low and the chain tension is high, the chain will tend to slip on the belt, which can cause the
belt to speed up and the chain to decelerate. To mitigate the stick-slip effect, engineers can
use several solutions such as reducing the length of the belt, increasing the chain tension,
increasing the speed of the conveyor and reducing the load on the conveyor.

Interviews with chain belt suppliers are conducted to discuss the phenomena of stick-
slip and the polygon effect. The verification of the industrial problems by contacting a
global belt supplier Ammeraal Beltech is performed. This interview resulted in the con-
firmation of the industrial issue of the polygon effect for shorter belt conveyors and the
stick-slip phenomenon for very long industrial belt conveyors.

To model stick-slip, a multi-mass spring dampener can be used as first seen in [43]. This
modelling is very computationally intensive and allows for accurate calculations. When
looking at short length chain belt conveyors, the functionality is assessed by the engineer
that puts the system in operation. If the position of the belt is of importance, it is made
sure the stick-slip effect is not present. The natural frequency of the chain belt conveyor
significantly exceeds the natural frequency of the drive, resulting in no interaction between
the two systems. Therefore, a rigid dynamics model can be used for the modelling of the
chain belt conveyor. The calculations for the natural frequencies of a chain belt conveyor
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is shown in the case study in Section 6.2.3.
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Figure 3.8: Multimass spring—-damper model for conveyor system [44]

The static and dynamic friction of the belt are known requirements. The dynamic and
static friction play a major role in the stick-slip phenomenon. As a result from the inter-
view performed with Ammeraal Beltech, the conclusion is drawn that the exact static and
dynamic friction are not known. The difference between the static and dynamic friction is
different for the materials of contact. With the intention of a generalized model, the friction
is only modelled by a Coulomb’s friction model shown in Figure 3.9. The viscous friction is
very low due to the materials used for the belt and the guiding rails. The viscous friction is
captured in a different aspect of the model.

F F
v v
Figure 3.9: Coulomb friction model [44] Figure 3.10: Coulomb and viscous friction model [44]
3.3.2. Electric Motor

The asynchronous induction motor is the core component of the system. This compo-
nent is the start of the driving train and is where the torque to drive the physical system
is generated. There are multiple ways to model the electric motor, methods that are often
used are measuring the currents from the motor and a transfer function (TF). For modelling
the electric motor with measured currents, the exact electric motor-model must be known.
The control of the electric motor combined with the currents results in an accurate motor
model to predict the generated torque.

In an industrial setting there are limitations like available space, investment costs, soft-
ware, hardware and many more. Industrial manufacturers look for the lowest possible in-
vestment cost for the production equipment. Therefore, companies as SEW provide the
minimum required hardware, as costs need to be as low as possible to be competitive. As
previously mentioned in State-Of-The-Art (Chapter 2) , the available memory to measure
parameters is limited. This results in a limitation of the amount of parameters that can be
included in the scope. The more parameters included in a data set, the less time the data set
contains. Due to this hardware limitations and the complexity of the electric motor model,
a transfer function is considered as the optimal solution.
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Generated Torque Transfer Function

A transfer function is a mathematical representation of the relationship between the input
and output of a system. In the case of an asynchronous electric motor, the transfer function
describes how the motor responds to changes in the torque set point and actual torque. The
transfer function of an asynchronous electric motor is typically expressed in terms of the
Laplace variable, "s", which represents the complex frequency domain. The transfer func-
tion is defined as the ratio of the output (the generated torque) to the input (the torque set
point).

The transfer function of an asynchronous electric motor can be derived using the equa-
tions that describe the electric motor’s behavior. These equations typically include the mo-
tor’s electrical characteristics, such as resistance, inductance and capacitance, as well as its
mechanical characteristics, including inertia, friction and load torque. Once the transfer
function has been derived, it can be used to predict the motor’s response to changes in the
input voltage or current. This can be useful in designing motor control systems, as it al-
lows engineers to optimize the motor’s performance and efficiency. The transfer function
is derived by experiments, using the same control and parameters as the motor of modelled
physical system. A visual representation of the transfer function is provided below in Figure

Torque Setpoint Required t
Controller d i Motor Model j—eduieC CUTeNTS Electromotor} L Torque motor
Torque Setpoint
Controller d P Transfer Function Torque motor

Figure 3.11: Representation of the transfer function input and output

3.3.3. Gear Unit
For gear units used in the gearmotors there are 2 main types of losses [45]:

1. Tooth friction losses
2. Churning losses

Tooth friction losses are the mechanical losses of the gear unit. Tooth friction losses in a
gear unit refer to the energy dissipated due to the contact and relative motion between
meshing gear teeth. These losses occur as a result of the sliding and rolling interactions be-
tween tooth surfaces, leading to energy conversion into heat and wear. The extent of tooth
friction losses is influenced by factors such as the gear materials, surface roughness, lubri-
cation, and operating conditions. SEW Eurodrive has a lot of knowledge on the mechanical
efficiency of the gear units as these have to be determined individually. The efficiency of
gear units is particularly reliant on the gear ratio and motor speed, therefore it must be de-
termined case-by-case. This knowledge of mechanical losses is present at SEW Eurodrive
and therefore are desired to be included in the model. Experiments can determine if these
individual test of efficiencies are required.
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Churning Losses are created by the gear wheels displacement effect in the oil. They are not
required to be taken into account during the drive selection’s initial approximation. How-
ever, in some cases these losses can be significant. If atleast one of the following conditions
holds true, high churning losses can occur [46]:

1. High rotational speeds, over 2000 rpm

2. The oil level being to high as a result of an unsuitable mounting location (depends
per gear unit type)

3. High oil viscosity, which is temperature dependent
4. Low to very low temperature in working environment

As per [47], churning losses are the result of lubricant being struck, pumped, or oth-
erwise agitated by the movement of the gears inside a gearbox. Prior research has estab-
lished two key equations, each suited for either low-speed or high-speed gear applications.
Refinement of the high-speed gear equation is essential, as substantial losses can arise in
such systems. A refined equation, irrespective of the system’s geometry, has been formu-
lated that delivers optimal results under specific configurations.

The review in [48] examines a range of studies on churning losses, identifying rotational
speed, gear geometry, confinement degree, and fluid density as relevant factors. However,
the specific impacts and general solutions for power loss reduction remain uncertain due
to the reliance on experimental correlations from distinct experiments. A universally appli-
cable modelling methodology for examining fluid dynamics phenomena across gear types
and configurations is necessary to better assess churning losses and devise potential solu-
tions for minimizing power loss.

It is widely recognized that the losses can be divided into two parts. By segregating
these losses into mechanical and churning losses, it may be possible to gain insights into
which portion of the losses is attributable to churning losses. Currently, the loss ratio is
unknown, and the industry is keen on identifying where energy losses occur in their ma-
chinery. Although it is feasible to use computational fluid dynamics (CFD) simulations to
calculate losses [49], this is beyond the scope of this research project. It is difficult to em-
ploy a method that is scalable for industrial applications that provides in detail insights.
Combining speed dependent losses for the entire system is suggested.

In conclusion, churning losses are dependent on speed, temperature and geometry. As
the temperature and geometry of the gear unit are unknown, the churning losses will be
captured using parameter estimation in the speed dependent losses.

3.4. Parameter Estimation

RLS, known as Recursive Least Squares, is a technique for estimating the parameters of a
system using a recursive algorithm. In the context of a digital twin of a chain belt conveyor,
RLS can be used to estimate the parameters of the conveyor’s physical system. For exam-
ple, the estimation of the friction coefficient and the transported mass on the chain belt
conveyor. The basic idea behind RLS is to use a recursive algorithm to update the estimates
of the system’s parameters based on new measurements of the system’s output. The algo-
rithm starts with an initial estimate of the parameters, then uses the measurement data to
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update the estimates in a iterative fashion. The algorithm also uses a forgetting factor that
allows it to weight the importance of older measurements relative to newer measurements,
which is useful in cases where the system’s dynamics may change over time.

The RLS algorithm is a form of adaptive filtering, and it is computationally efficient,
which makes it well suited for real-time applications such as digital twins of chain belt
conveyors [50]. However, it may not be susceptible to noise and model mismatch. Good
initialization and fine-tuning of the parameters, as well as high-quality measurement data
and proper model assumptions, are crucial for good performance. Additionally, the accu-
racy of the estimated parameters depends on the quality of the measurement data, and the
assumptions made about the underlying model of the system. RLS is used in many papers
to estimate parameters in parametric models [51-55].

Multiple techniques can be utilized to detect local minima and maxima during param-
eter estimation using Recursive Least Squares (RLS) for a digital twin model of a chain belt
conveyor. Firstly, it is essential to define a suitable cost function that can provide meaning-
ful results. Second of all, different initialization values can be used to start the optimization
process, and the RLS algorithm can be run multiple times. This method helps to identify
if different initialization values lead to different results, which could indicate the presence
of local minima or maxima. The methods mentioned above can be used to refine the RLS
estimates, providing a more accurate representation of the system’s behavior.

The physical system used for data collection is known. Therefore, this physical system

can be modelled and used to leverage the data and use parameter estimation. The general
idea for parameter estimation for system identification is shown in Figure 3.12.
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DATA
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Figure 3.12: The general idea of leveraging the model and data for parameter estimation

3.5. Anomaly Detection

There are a number of methods that can be utilized to detect anomalies in the system.
Multiple strategies are proposed for anomaly detection of the chain belt conveyor digital
twin. Combining the insights created from these methods allows for a more broad and
accurate analysis of the system. The combination of the current condition of the physical
system and the over time trend provides great insights for predictive maintenance.

3.5.1. Fast Fourier Transform

Fast Fourier Transform (FFT) is a mathematical algorithm that is used to transform a time-
domain signal into a frequency-domain signal [56]. The FFT treats amplitude versus time
information globally as it transforms the data to an amplitude versus frequency descrip-
tion [57]. This is achieved by decomposing the signal into its individual sine and cosine
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components, each having a unique amplitude, phase and frequency. This technique en-
ables the identification of the frequency components that make up the signal, as well as
their respective amplitudes and phases. FFT is commonly used in signal processing and is
a popular tool for frequency analysis. Furthermore, it is widely used in vibration analysis for
rotary equipment [58]. When a chain belt conveyor is in operation, it generates vibrations
that can be measured using sensors [59]. This is due to the fact that some faults occur very
occasionally and also each type of machine has specific failure vibration patterns [60-63].
The vibrations are a measured in the time-domain signal that contains information about
the conveyor’s performance. It can be difficult to interpret this information from the raw
time-domain signal. Therefore, FFTs are used to transform the time-domain signal into a
frequency-domain signal, which is a representation of the signal in terms of its frequency
components. This makes it possible to identify the different frequencies present in the sig-
nal and to understand how they relate to the conveyor’s performance.

For example, by analyzing the frequency spectrum of the vibrations generated by the
chain belt, it is possible to identify the natural frequencies of the chain belt. This can be
used to predict its behavior and identify potential problems. Additionally, by analyzing the
frequency spectrum of the vibrations rotational parts, it is possible to identify misalignment
and other issues that can affect the conveyor’s performance. This implies that FFTs can be
used to analyze the sensor data and integrate the results into the digital twin. Increasing
amplitudes of known frequencies in the system can be used as a marker for degradation of
the system. Comparing FFT amplitudes of the same system in a different point in time can
show over time degradation of the physical system [64].

Order Analysis

Order analysis is a frequency domain technique used to analyze the vibration signals of
rotating machinery with a known rotational speed [65]. In order analysis, the vibration sig-
nals are transformed from the time domain to the frequency domain using the previously
explained Fast Fourier Transform (FFT) algorithm independent of rotational speed. Or-
der analysis can be used to identify gear mesh frequencies, bearing frequencies and other
relevant frequencies that can indicate potential issues regarding the physical system [66].
Order analysis is utilized to determine the frequencies of the physical system independent
of the rotor speed.

3.5.2. Residual Analysis
The prediction of the model is compared to the actual data from the physical system. The
difference between the outputs are called the residuals and are derived using Equation 3.3
[67]:

ei (1) =yi(0) - yi (1) (3.3)

Where y;(1) is the output of the physical system and j;(#) the output of the model.

Residual analysis is an important aspect of a digital twin of a chain belt conveyor, as
it allows for the identification of discrepancies between the simulation and the physical
system. By analyzing the residuals, it is possible to identify any issues with the model’s
assumptions or input data, allowing for adjustments and improvements to be made to im-
prove the model’s accuracy and reliability. Residual analysis creates a better understanding
of the underlying causes of these discrepancies. Popular strategies for residual analysis are:
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Statistical analysis, time-series analysis and correlation analysis. It’s important to note that
the choice of residual analysis strategy will depend on the specific requirements, goal and
desired level of detail of the digital twin. The analysis of the residuals can be performed
to identify changes in the system, which can be an indication for anomalies. Therefore, the
following statistical strategy is proposed. This statistical strategy requires data over a longer
period of time, to establish the changes in residuals.

Statistical Residual Analysis

Statistical residual analysis is a statistical technique used to assess the residuals for the va-
lidity of a digital twin model [68]. The residuals can be analyzed using various statistical
features to assess the model’s accuracy and reliability [69]. Feature extraction techniques,
including maximum, minimum, root mean square (RMS), mean, standard deviation, vari-
ance, correlation, kurtosis, and crest factor, are detailed in Table 3.1, with values varying
based on failure. The statistical analysis can be performed in both time and frequency do-
main to detect anomalies in the system. For example, the maximum peak of a frequency
will increase over time by developing failurs.

Statistical feature Purpose

Mean The average of a signal

Standard deviation | Measure of data dispersion around mean value

Variance Average squared deviation from mean (dispersion measure)
Absolute maximum | Greatest value in a data set (extreme point)

Correlation Degree of linearly relation between two variables

Kurtosis Measure of data distribution’s tails, relative to normal.

Root Mean Square | Square root of arithmetic mean of squared values

Skewness Measure of data distribution’s asymmetry around mean

Table 3.1: Possible features for statistical residual analysis

3.5.3. Transport Loss Factor

The Transport Loss Factor (TLF) is a way to show the specific mechanic energy consump-
tion by using a method of transportation [70]. The TLF is utilized as an indication for the
efficiency of the method of transport. This is insightful to determine the performance of the
chain belt conveyor. As stated in the Introduction 1 there is currently no industrial standard
used by SEW Eurodrive to determine the performance of a chain belt conveyor. Transport
Loss Factor is a term used to describe the reduction in efficiency of a transport system due
to various factors, such as friction, resistance or inefficiencies in the system itself.

There are different ways to measure the transport factor loss depending on the system,
but the most generalized method is as follows. The transport loss factor is defined as the
ratio of the mechanical work W), (or energy E)s) required to drive the transport system and
the transport work Wr (or performance E7) for the displacement of a payload with weight
of Fpay over a certain distance L [/0-72]. In this equation for the TLF the assumption is
made that the speed is constant. This is not applicable for the current experiment and
therefore it is based on the kinetic energy [72].
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The following general form is utilized for the transport loss factor as Equation 3.4:

_ Wi _ > (FpilLil - Fpayi “Hi+ % ‘8 (Mpay,i + Mtransport,i)vlg)
Wr ZFpayilLil

fr (3.4)

In this particular system there are no changes in height, simplifying the calculation. The
total provided torque, the payload and the distance travelled is known. The weight could
be determined by dynamic weighing. The transport loss factor can be utilized to determine
the performance of the system.

It is of interest to compare similar chain belt conveyor systems or other transportation
systems used in the industry. The TLF can be utilized to indicate the energy consumption of
the system. This insight creates an indication on how efficient the system runs, and there-
fore the sustainability of the system can be addressed. The sustainability and efficiency of
a system must be considered by industries.

3.5.4. Dynamic Weighing

Dynamic weighing is a technique used to measure the weight of material being transported
on a gearmotor-driven chain belt conveyor using the collected data sets. By measuring the
tension in the belt and calculating the weight of the material, dynamic weighing provides
accurate weight measurements that can be used for process control and optimization, im-
proving the system’s performance and efficiency. The dynamic weighing process involves
measuring the required torque for a section of the chain belt conveyor, which is then used
to calculate the weight of the material being transported. For example, by measuring the
weight of material being transported, it is possible to correlate the degradation of the chain
belt conveyor to the transported mass.

Dynamic weighing is normally performed by a dedicated system that has to be cali-
brated. The idea proposed is to utilize the digital twin to approximate the weight being
transported on the belt. An initialization run can be performed with an empty belt to set
the initial parameters for the model. Here, the only unknown parameters in the system are
the system losses and friction, as the weight of the driven belt is known. It is of interest in
the future to link the weights on the belt to the degradation of the system.

3.6. Concluding Remarks

In the section above the sub-questions answered are: "How are digital twins and condition
monitoring defined in literature?" and "How can the subsystems of the digital twin be mod-
elled?". An explanation is provided for digital twins and condition monitoring, along with
an exploration of their importance and demand within the industry. The potential is shown
but in reality implementation appears to be hard and requires more research. The adapta-
tion in the industry will add great value to the PdM solutions, and therefore the efficiency
of the production process.

Creating a digital twin for a chain belt conveyor involves modelling the physical sys-
tem by combining multiple subsystems. Currently, no model for the chain belt model is
available. The phenomenons (the polygon and stick-slip effect) of the chain belt conveyor
are analysed. To make optimal use of the available memory to create data sets, a trans-
fer function for the generated torque is proposed. The gear unit is split in mechanical and
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churning losses. The parameter estimation method to fit the model and the collected data
is explained. Thereafter, the methods for anomaly detection are elaborated. These are FFTs,
order analysis, statistical residual analysis and the TLE The transport loss factor is used to
to indicate the performance of the system. A new method for dynamic weighing using the
collected data sets is proposed.

In the following Chapter Methodology 4 it is elaborated how the digital twin for condi-
tion monitoring of an industrial chain belt conveyor system is build.






Chapter 4

Methodology

The methodology outlines the development of a conceptual model, which is subdivided
into multiple subsystems for detailed elaboration and explanation. Following individual
subsystem testing through sanity checks, the properly functioning systems are verified and
validated in Chapter 5. Sanity checks comprise assessments for verifying the accuracy and
validity of model subsystems. These evaluations detect errors or inconsistencies, ensuring
reliable and precise model outputs. A comprehensive overview of all subsystems and the
general system’s Input-Output diagram is depicted in Figure 4.1. The system is composed
of multiple subsystems, these need to be combined to establish the final model.
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Figure 4.1: Input-Output diagram of the general system

The dynamics of the model are based on equations of motion (EoM). The general equa-
tion of motion used for the model is shown in Equation 4.1 [54]:

. T, — Tioad — B+ w
Hmotor — motor l]oad l motor 4.1)
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Here 0,00 represents the electric motor acceleration, the torque generated by the electric
motor is shown as Tyez0r, the load torque induced by the transported mass as Tj,,44, the
losses (constant and speed dependent factor) in the physical system are represented as B
and the total driven inertia as J;y;4-

The general system consists of a gear unit, which involves conversions when perform-
ing calculations. The decision is made to carry out the calculations for the entire system on
the electric motor side of the gear unit. Therefore, all calculations are related to the rotor of
the gearmotor [41].

4.1. Controller

The controller used in this model is a position controller for the position, speed and torque.
The controller of the modelled physical system is recreated, tested and validated by con-
ducted experiments. It is a cascade control as shown in Figure 4.2. The inputs for the

33
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controller are shown on the left-hand side in blue. These are the set points for accelera-
tion, speed and position. The set points used from the collected data sets will be discussed
in the upcoming section 4.2. The systems feedback, represented by position, speed and
torque, is displayed in green. For the physical system these measurements are obtained
from the encoder, which measures based on the rotor position. The feedback for the model
is based on the EoM. The controller operates in discrete time and has a control loop time
of 1 millisecond. This implies that every millisecond the controller adjusts to the present
error and the frequency inverter drives the electric motor accordingly. The position con-
troller outputs a torque set point for the electric motor. SEW Eurodrive uses an proprietary
motor model for the frequency inverter to control the torque accordingly. The transition
from torque set point to generated torque is discussed later in Chapter 4.3.
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Figure 4.2: Overview of the position controller

4.2. Data

In Chapter 2 an overview of the commonly used parameters for data sets in the industry is
given. Thereby, the explanation on how the generated torque of the electric motor is cal-
culated. The position controller in the model uses same input as the physical system. The
speed set points of the physical system are measured and used as an input for the model.
This ensures the exact same trajectory to be used for the model by utilizing the input set
points from the physical system. In total 7 parameters are obtained as information acquired
from the physical system. By scoping the set point and the actual value (for position, speed
and torque), the comparison can be made between the model and the physical system. The
torque is considered as the main parameter of interest to show the interaction between the
driven physical system (chain belt conveyor) and the gearmotor. The scoped parameters
for every collected data set are:

Name Unit | Description

Torque set point | Nm | The torque set point of the controller

Actual torque Nm | The actual torque produced by motor
Position set point | rad The position set point for the controller input
Actual position rad The actual position of the system

Speed set point rad/s | The speed set point for the controller input
Actual speed rad/s | The actual speed of the system

Digital input / Triggers in the system
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4.2.1. Model Input

The model is provided with input in the form of speed and position set points from the
physical system. This is a trapezoidal speed profile to generate the position and accelera-
tion profile. In an industrial setting, the acceleration, deceleration and a maximum speed
are provided for the system. The system accelerates to the maximum speed and will con-
tinue moving with this speed until a sensor is triggered for the deceleration. The prediction
of when the position sensor is hit is complex. Therefore, the set points from the physical
system are used as an input for the speed profile of the model. A visual representation of
the speed, position and acceleration profile is shown in Figure 4.3. The acceleration move-
ment is called a pulse-coast-pulse profile.
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Figure 4.3: The trapezoidal position-speed-acceleration profile

The model recreates the speed, position and acceleration set points of the physical sys-
tem. Since the speed set points are in discrete form, performing integration for the position
and differentiation for the acceleration is not possible. The discrete form induces numeri-
cal errors that result in deviations from the original input profile of the physical system.

4.2.2. Sample Time

The sample time of the data set refers to the fixed time interval between consecutive data
points in discrete-time. Furthermore, the cycle time is the total time of the cycle that is cap-
tured. For example, a 1 millisecond (1000 Hz) sample time implicates that every millisec-
ond, measurements are taken and in a 3 second cycle time are 3000 samples. The hardware
limitations of the system result in a limited amount of available memory. Shown in sub-
section 3.5.1, the sample time and the possible frequencies to capture are correlated. An
illustration is provided in the following Figure 4.4.

‘ 3 parameters

‘ 2 milliseconds

< > « >

A 27s - b 2%s >
<>
S > | S >

Figure 4.4: Comparison of different sample times and quantity of parameters

The sample time and cycle time correlation is established. The sample time also deter-
mining the frequencies that can be captured in the FFT. Specifically, the highest frequency
that can be captured is half the sample frequency.
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The frequencies of interest can be identified based on the known characteristics of the
physical system, which may include the following:

Rotor speed and bearings
Gear unit stages
Mechanical frequencies of the physical system

Driving pulley behaviour

AN S

Natural frequencies of the chain belt conveyor

The amount of measured parameters is established, therefore the sample time can deter-
mine how much of the cycle is captured. It can be difficult to determine the sample time,
therefore in experimental setups the following advice is given:

1. Use a high sample time. This allows to establish all the frequencies possible to cap-
ture, even though the entire cycle is not captured.

2. Use a sample time matched to the cycle of the physical system. By capturing the
entire cycle, the acceleration and deceleration phase are both captured, these are
insightful.

4.3. Electric Motor

In the Chapter 3 the methods for the modelling of the electric motor are discussed. By the
limitations of the industrial setting, the amount of memory to measure parameters is lim-
ited. Therefore, the solution to model the electric motor as a transfer function is proposed.
For the modelling of the electric motor, a transfer function is created by an experiment with
a flywheel attached to a electric motor, shown in Figure 4.5. For the electric motor specifi-
cations, the nameplate is provided in Figure 4.6.

By utilizing a flywheel as the driven load, the dynamics of the driven system are decou-
pled from the electric motor. The utilisation of a flywheel is valid as the rigid body dynamics
can be used since the natural frequencies of the chain belt and drive do not interfere. The
approach is employed to ensure that the generated torque is only based on the motor and
its dynamics. This experiment is performed to decouple the motor from the dynamics of
the system and show the actual torque response. The experiment utilizes an identical elec-
tric motor as used in the physical system. The transfer function can suppress behaviour of
the electric motor that can interfere with the system. The gearmotor system is the driving
force of the system and is assumed to be fully functional. The assumption is made this is not
present by performing frequency calculations and visual inspections presented in Chapter
5.

4.3.1. Transfer Function Experiment

The experiment to determine the transfer function (TF) is performed using a step function
response and a flywheel. This transfer function closes the gap from torque set point to gen-
erated torque. A digital input is used to provide a step input. This simulates the step input
as there is no build-up in signal, the torque set point is on or off. When a transfer function
is created, the assumption is made that the initial conditions are zero, being correct for this
case. The control loop operates with a cycle time of 1 millisecond, similar to the imitated
system. Multiple experiments are performed on the torque response and it shows that the
utilized way of electric motor control determines the torque response. SEW Eurodrive has
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Figure 4.6: Nameplate of motor for flywheel experi-
Figure 4.5: Flywheel experiment setup ment

multiple ways to drive the electric motor, in this case the electric motor control is called
"VFCplus".
To determine the transfer function the following experiment is deducted:

1. All the equipment is tested for proper functioning

2. The desired parameter scopes are set

3. Astep function input is given and the measurement is started
4. The electric motor reacts to the signal by providing torque

5. The flywheel starts moving

6. The measurements of the experiment are acquired

After performing the experiments, the following response of the system is given, as
shown in Figure 4.7. Given that the focus is on the initial response of the generated torque,
only the first 0.5 seconds are presented. The data set shown recorded for 2.3 seconds, but
no further variations in behavior were observed.

Torque siopresponse

Figure 4.7: Step input and actual electric motor torque response

An overshoot and torque response delay can be identified in Figure 4.7. The delay in
the torque response is caused by the sample time. It is not possible and realistic to create
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instant torque, which could neglect a time delay for a more realistic transfer function re-
sponse. Based on this knowledge, only a time constant for the transfer function is used.
In control systems engineering, the time constant is a well-known parameter that charac-
terizes the behavior of a system in response to a step input. Specifically, it can be defined
as the time required for the step response to rise up to 63% or 0.63 of its final value. This
means that the time constant reflects the speed at which a system can reach its steady-state
response after being subjected to a sudden change in input. The final derived transfer func-
tion, to represent the conversion from torque set point from the controller to actual torque
delivered by the electric motor, is given by:

1 1
TF =

= = (4.2)
l1+s-7 1+5-9.8e—4

The validity of the created transfer function is tested in two ways:
1. Torque step response

2. Speed cycle response

The step response is provided as an input and compared to the response of the system.
By comparing the derived transfer function with the actual response of the system, its per-
formance can be evaluated. The comparison between the system and transfer function is
shown in Figure 4.8.

Step Input Experiment - Initial reaction
T T T

Torque Step Input
i
Torque Response System

25—

| | | | | | | | |
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time [s]

Figure 4.8: Step input, motor torque and transfer function response response

The speed cycle response shows the difference between the actual delivered torque by the
system and the transfer function. This is tested by following the torque set point of a speed
trapezoidal profile. This profile is chosen as it represents a frequently used input in indus-
trial settings. The speed profile is shown along with the corresponding torque response in
figure 4.9.
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Figure 4.9: Torque set point, motor torque and transfer function response for a speed cycle input

The statistical analysis of the error between the transfer function and the electric motor
torque response is performed. Both follow the same torque set point and are compared to
analyse the fit. Looking at the statistics, the difference between the transfer function and
the real response can be compared. The following statistical features are provided to assess
the error, as shown in table 4.1.

Parameter Description

T_error_Act-Sp [Nm] | Torque error of the actual generated torque and torque set point

T_error_TF-Sp [Nm] | Torque error of the TF torque and the torque set point

T_error_TF-Act [Nm] | Torque error of the TF torque of the system and the actual torque

REP_T_Act-Sp REP of the actual torque and the torque set point
REP_T_Tf-Sp REP of the TF torque and the torque set point
REP_T_Tf-Act REP of the TF torque and the actual torque

Table 4.1: The parameters used for statistical analysis of the torque transfer function

The relative error percentage (REP) is used to show the relative error of the compared
torque measurements. The percentage error is used, since the amplitude is relative to the
signal. The mean, standard deviation, absolute maximum and the correlation are provided
for the statistical analysis. The results are provided in Table 4.2.

The transfer function demonstrates a level of reproducibility deemed acceptable for
this application. The following evaluation is concluded:

1. The mean of the transfer function and the actual torque are both close to zero. There-
fore considered acceptable.

2. The standard deviation are both within 8% reach of each other, considered accept-
able.

3. The absolute maximum is just over 1% in difference, considered acceptable

4. The correlationis under 0.1% difference, considered acceptable
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Parameter Mean Std AbsMax | Corr
T_error_Act-Sp [Nm] | 0.00040405 | 0.073037 | 0.361 0.9941
T_error_TF-Sp [Nm] 1.4989e-17 0.067626 | 0.36476 | 0.99493
T_error_TF-Act [Nm] | -0.00040405 | 0.036381 | 0.21714 | 0.99854

REP_Act-Sp [%] 0.17334 6.9711 101.11 \
REP_Tf-Sp [%] 0.075891 7.1643 100 0.86412
REP_Tf-Act [%] -0.091166 4.3684 100 \

Table 4.2: Statistical analysis of the system response and transfer function

The usage of the transfer function could result in suppressing behaviour of the electric
motor. The natural frequencies of a gearmotor can be determined by a Campbell diagram,
which is not available at SEW Eurodrive. This indicates that Campbell diagrams are not
widely available in the industry. If available, the frequencies of the system and the motor
can be checked to look for frequencies of resonance. The assumption is made that the
transfer function does not suppress resonance of the electric motor and physical system.
The requirement of visual inspection is proposed. As this model is simulating operational
real-life systems working properly, this assumption is assumed valid for this scenario.

4.4, Gear Unit

The gear unit of the model is a three-stage gear unit, as shown in Figure 4.10. The pin-
ions are indicated as P and the gears as G. A gear unit has mechanical and churning losses,
which are discussed in Section 3.3.3. The three stages enable the identification of gener-
ated vibrations generated by gear meshing. The frequencies of interest are determined by
utilizing the rotational speed of the rotor and the gear ratios. The product of the individual
stage gear ratios is the total gear ratio i, in this case i=30.99.

Diﬁﬂ FE

L=

L
EoE [d [

Figure 4.10: Schematic overview of the three-stage gear unit

ROTOR P1

The mechanical losses of the gear unit are acquired from SEW Eurodrive. Ranging from
low speed and high torque load, to high speed and low torque load, the efficiency is 93%
and approximated as a constant. The churninglosses are speed, temperature and geometry
dependent. Only the speed is known and for churninglosses is little information is available
at SEW. This parameter will be estimated and captured in the speed dependent losses of the
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model. The speed dependent losses are captured in the Equation 4.3:

Tioss = Btotal " Wmotor (4.3)

The assumption is made that the driving shafts of the electric motor and gear unit are
infinitely rigid and therefore will not be modelled as a compliant shaft. This can be assumed
because the stiffness of the shaft is negligible compared to the belt. Note that the losses of
the gear unit counteract the movement of acceleration of the physical system, but aids in
the deceleration phase. An overview of the gear unit conversion calculations is given in
Table 4.3.

Parameter Symbol Equation

Motor output power Potor Protor = Tmotor * Wmotor
Motor angular velocity Wmotor O = Wgearunit "1

Gear unit output power Pgeurunit Pgeurunit =1 Pmotor
Gear unit output torque Tgearunit | Tgearunit = Tmotor M- 1
Gear unit angular velocity | Wgearunit | Wgearunit = @

Table 4.3: Description of gear unit conversion calculations

4.4.1. Inertia Calculations

In chain belt conveyor systems the use of a gearbox is a common practice to increase torque,
decrease speed and reduce the reflected inertia of the load on the electric motor. To deter-
mine the total reflected inertia, it is necessary to consider the inertia of the transported
mass. This includes the applied load, belt, pulleys and coupling. Inertia’s before and after
the gear unit have to be calculated accordingly. The resulting total reflected inertia can be
utilized for the appropriate sizing and selection of the motor. The inertia of the system is
calculated from the electric motor side of the gear unit. It is common practice for the iner-
tia of the belt to be simplified to a point mass rotating around the drive pulley, as shown in
Equation 4.4.

2
Jioad = Mpelr*Typ1ey (4.4)

Where J;,qq is the inertia of the belt and applied load [kg - m?], mp,;; is the mass of the belt
and applied load [kg] and ry, is the radius of the driven pulley [m]. To determine the total
weight of the belt the total length has to be calculated as shown in Equation 4.5 and Figure
4.11.

Lpetr =2-L+2-7-1 4.5)

A
Y.

Figure 4.11: Calculation for the length of belt
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The pulleys can be considered as thin-walled cylinders that are rotating around their
axis. Their inertia is calculated as show in Equation 4.6:

1
2
]pulley = E *Meylinder * (rcylinder (4.6)

Here Jpuizey is the inertia of the pulley as a cylinder [kg - m?), Mcylinder i the mass of the
pulley [kg] and rcyjinger is the radius of the cylinder [m].

To determine the total load deflected on the motor Equation 4.7 is used:

Jioad + 2 Tputley + Jeoupli
pulley coupling
Jtotal = %) + ]gearbox + Jmotor 4.7)

lgeurbox

With J;¢q1 being the total inertia reflected to the motor, if present Jcoupiing for the inertia of
the coupling, Jgearpox being the inertia of the gearbox and Jyoror the inertia of the electric
motors rotor [kg - m?]. The gearbox reduction is indicated as i. The magnitude of J pulley
can be considered negligible as it very small relative to the total inertia.

4.5. Chain Belt Conveyor

The general explanation for a chain belt conveyor is provided in Chapter 1. The basic anal-
ysis of the physical system is a chain belt conveyor is sliding over a guiding rails. This ac-
tion can be simplified to a mass with a Coulomb’s friction force with the sliding surface, as
shown in Figure 4.12 [73]. The dynamics of a rigid body can be mimicked in practice with
a setup of a gearmotor, driving a flywheel [74]. As flywheel loads exhibit no dynamics, this
serve as suitable setups.

The model can be extended adding a spring stiffness K showed in Figure 4.13, instead of
rigid body dynamics as shown in Figure 4.12. This stiffness K is unique to the driven chain
belt and the specifications of the chain belt have to be determined in collaboration with the
manufacturer. The collaboration required with the chain belt manufacturer to develop the
K-stiffness model results in a limitation for the applicability. In the industrial setting the
belt specifications are rarely known. This model would be less suitable for a generalized
model for a chain belt conveyor.

(DY

Figure 4.12: The rigid body simplification of the sys- Figure 4.13: The spring mass model simplification of
tem the system

The K-stiffness model is elaborated more to show the suggested model based on the
"trailer-truck" principle. The mass of the gear unit and the belt interact and therefore this
model is suggested. The equations of motion for Figure 4.13 for the electric motor part are:

]m+gb'é(t)=_B'é(t)"‘Tm+Fspring'rpulley (4.8)

Fspring= k(x(t)—1-0(1) 4.9)
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The equations of motion for the part of the chain belt are suggested as:
Mpeli+load * X(t) = = s Mpeir+ioad + k(r-0(2) — x(1)) (4.10)

The combination of the wide and easy applicability, little requirements for chain belt
specifications and computational power, the rigid dynamics model is chosen. The K-stiffness
model is suggested for future research with the preliminary work suggested. To determine
the Tjpqq Equation 4.11 is used:

Tioad = Fariving * Tpulley (4.11)

Where Fgriying is defined as Equation 4.12 [42]:
Fariving =8 L- s (gx +qc) - cosa + (gk + qc) - sinal + Fp—; (4.12)

Here g is the gravitational constant [m/5%], gx is the weight per meter of the belt [kg/ml],
g is the weight per meter of the transported mass [kg/m], as shown in Figure 3.5.

Natural Frequencies Chain Belt Conveyor

To determine the natural frequencies of the belt the following calculations are performed.
The frequencies of interest are induced by the belt characteristics. These characteristics
are often not known by field engineers and is suggested for a more in-depth analysis of the
system. The prediction of natural frequencies are not relevant for the field engineers that
only have interest in the proper functioning of the chain belt conveyor. The spring stiffness
of the chain belt conveyor is defined as shown in Equation 4.13:
E-A
K=—— (4.13)
L

With K being the belt stiffness [N/m], E is the Young’s modulus [Pa], A is the cross-section
area [m?] and L the length of the element [m].

The lateral speed stress waves in the chain belt are determined by equation [43]:

E
A (4.14)
0

Where E is the Young’s modulus [Pa] and p the material density of the chain belt [kg/m?].

To determine the lateral natural frequencies of the chain belt, as Equation 4.15 follows
L n-m vp

wp=——-c(1-—) (4.15)
L c%

Considering the dependency on length L the following stiffness profile can be assumed,
as shown in Figure 4.14. This combined with Equation 4.15, shows the frequencies of the
belt in Figure 4.15. The closer the transported mass is located to the driving pulley, the
higher the stiffness and the generated frequencies of the chain belt conveyor, as shown in
Equation 4.13. When the chain belt conveyor is in operation, the produced natural frequen-
cies of the chain belt are changing over time. Note that the chain belt conveyor does not
create one distinct frequency in the FFT analysis.
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Figure 4.14: Stiffness of chain belt dependent on the Figure 4.15: Natural frequencies of chain belt depen-
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4.5.1. Coulomb’s Friction
The friction implemented in the model is the Coulomb’s friction model. The friction is

always in opposite direction of the motion, this is shown as a free body diagram (FBD) in
Figure 4.16. The model is based on rigid dynamics,

Fy M

—P
Ff X

Figure 4.16: Free body diagram for the Coulomb’s friction

The Simulink implementation is shown in Figure 4.17. Before the mass can move, the
motor must first overcome static friction as seen in the main equation of motion 4.1. The
absolute-block in combination with the sign-block is used to correct for negative and posi-
tive directions. This ensures that the rigid connection of the chain belt can move in positive

or negative direction.

&
Tm ul
if(u1<u3 & u2==0) ) 4

[f(u1<u3 & u2==0

1 Tm 1 >

else If Action Ff
ubsystem3 Merge

else {}

Productl If Action
Subsystem2

Figure 4.17: Matlab Simulink Implementation of the Coulomb’s friction

4.6. Parameter Estimation

To identify unknown parameters of the system a parameter estimation method recursive
least squares is used [75]. Recursive Least Squares (RLS) is a widely used method for pa-
rameter estimation. RLS is known for its fast convergence and adaptability to changes in
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the system. The convergence of RLS depends on various factors, such as the choice of ini-
tial parameter estimates, the accuracy of the data and the presence of noise in the data. The
cost function used is the sum of the squared error.

In some cases, RLS may converge to a local optimum instead of the global optimum.
This can happen if the initial parameter estimates are too far away from the true values, or
if the data is noisy and contains outliers. In such cases, the algorithm may get trapped in a
local minimum and fail to converge to the global optimum. To improve the chances of RLS
converging to the global optimum, it is important to choose appropriate initial parameter
estimates. Pre-processing the data to remove noise and outliers can improve the parame-
ter estimation, but is not performed. The in-depth analysis of the convergence (global and
local minima and maxima) of the estimated parameters is outside of the scope of this re-
search project.

To determine the coefficients, an initial guess is provided. For example, the coefficient
of friction is known to be approximately 0.25. Therefore, this is provided as the initial con-
dition with desired boundaries (Lower boundary, initial guess, upper boundary). The pa-
rameter estimation can be showed as followed in Table 4.4:

Parameter | Description Threshold Unit

Us Coefficient of friction of chain belt and rails | [0.1;0.25;0.5] | /

massjoaq | Transported mass of the load on the belt [0;10;100] kg

BmA Constant loss factor [0;0.13; 1] Nm

BmB Speed dependent loss factor [0;0.29; 1] Nm/(radls)
BmC Quadratic speed dependent loss factor [0;2.8e-20; 1] Nm/(rad/s)?

Table 4.4: Estimated parameters with the initial guess and boundaries

When the coefficients of interest are determined, the model is updated to the best fitting
model. This implies the model will have the best fit according to the provided data set. By
initializing the model in a healthy state, the estimated parameters can be identified and
compared to estimated parameters in later stages. A healthy state is considered as f, and
is used to initialize the healthy state estimation of the parameters, as shown in Figure 4.18.
A desired threshold can be used to determine anomalies in the system. These boundaries
have to be established based on experience of the field engineer and over time data sets.
The threshold in predicted values can be compared to outliers in a fuzzy logic approach, as
shown in Figure 4.19 [76]. If the estimated parameter is out of the expected thresholds in
multiple data sets, this can be an indication for anomalies in the physical system.
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Figure 4.18: The initialization and anomaly detec- Figure 4.19: Example of outlier in predicted value
tion phase of the model and measured data [76]
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4.7. Frequency Domain

Fast Fourier Transform

The fast Fourier transform (FFT) is used to create insights on the frequencies present in the
analysed signal. Using a logarithmic amplitude scale allows for clear distinguished ampli-
tudes of frequencies in the FFT. By comparing amplitudes of FFTs the frequencies of in-
terest can be determined. The frequencies of interest can also be predetermined based on
known parameters such as the rotor speed, number of stages in the gear unit and number
of teeth on the sprocket. The frequency analysis and amplitude comparison is performed
in Matlab.

Order Analysis

The order analysis is used to create insights in specific frequencies associated with the ro-
tational speed of the motor. By comparing the vibration signals obtained at different times,
it is possible to identify changes in the system. The order analysis can provide insights, as
frequency analysis on rotary machinery is heavily correlated to rotational speed. The order
analysis is performed in Matlab.

The main difference is the FFT is used to analyse the frequency content and amplitude
of the signal, while the order analysis identifies specific frequencies associated with the
rotational speed. Both methods are used as they provide a broader spectrum of frequency
analysis of the data sets. Changes in amplitudes for specific frequencies are an indication
for anomalies.

Mechanical Frequency Prediction

The mechanical chain belt conveyor system generates natural frequencies, which are of in-
terest for possible resonance. By predicting the frequencies of interest, more insights in
the frequency domain is created. The natural frequencies depend on characteristics of the
mechanical system. By acquiring these specifications, frequencies of interest can be de-
termined. The predicted frequencies are not always distinct frequencies in the FFTs. The
difference in present generated frequencies depends on the mechanical component.

4.8. Residual Analysis

The residual analysis is the analysis of the error between the actual data collected from the
system (y) and the predicted data from the model (), as shown in Equation 3.3. First, the
parameter estimation is performed to approach the optimal fit of the model and the col-
lected data set from the physical system. This minimizes the error based on the cost func-
tion of the parameter estimation. The residuals are analysed to understand the statistical
features of the residuals. The following statistical approach is proposed. Due to the lack of
data over longer periods of time, this is seen as exploratory and a method of comparison
data.

4.8.1. Statistical Residual Analysis
The statistical analysis of the residuals is a proposed method to analyse the statistical char-
acteristics of the residuals. By comparing statistical features, residuals of different data sets
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can be compared and insights can be gained. To determine the thresholds for the statistical
features, the analysis with failure data over longer periods of time need to be performed.
By mapping the changes of a feature, the threshold for failure can be established. Failure
data plays a role for statistical analysis to be valuable. Since failure data is not present, the
statistical analysis is used to create insights in the analysis and comparison of the residuals.
The used statistical analysis features are shown in Table 4.5.

Statistical feature | Anomaly Detection

Mean When more/less torque is required, it increases/decreases.
Median When more/less torque is required, it increases/decreases.
Max Peak Anomaly results in higher peaks

RMS With failure, increase/decrease

Kurtosis Anomalies cause more peaks.

Correlation Decreases when the level of noise rises

Table 4.5: Features for statistical residual analysis

4.9. Transport Loss Factor

The Transport Loss Factor is defined as the ratio of the mechanical work W), (or energy Ep;)
required to drive the transport system and the transport work Wy (or performance E7) for
the displacement of a payload with weight of F,,, over a certain distance L [/0-72]. The
efficiency of the electric motor is not included, since only the driven physical system is of
interest. Similar chain belt conveyor systems can be compared for performance, providing
an indication of performance, efficiency and anomalies. The efficiency of the system can
be assessed to promote the importance of efficiency and sustainability.

The chain belt conveyor systems of interest do not have any elevation differences. The
transport loss function, without accounting for differences in heights, is shown in Equation
4.16:

Wy Y (FpilLy)
Wr 2 F payi [L;]

fr= (4.16)

4.10. Concluding Remarks

The dynamics of the model are based on the main equation of motion. The position con-
troller is replicated from the actual chain belt conveyor of interest. The data sets acquired
from the physical system provides the inputs for the model and serves as comparison. The
electric motor is modelled using a transfer function derived by experiments using a fly-
wheel model. The gear unit is modelled by the mechanical efficiency and the speed depen-
dent losses. For the belt two models are proposed. Due to simplicity, the easy applicability
and the little requirements of the model, the rigid body dynamics is selected. The parame-
ter estimation of RLS is proposed to estimate parameters of the physical system for system
identification and to estimate the weight transported on the chain belt. The frequencies of
the data are analysed using FFTs and order analysis. The statistical residual analysis is pro-
posed to analyse the statistical nature of the residuals. This creates insights of the residuals
and allows for comparison. The transport loss factor is used to determine the performance
of a chain belt conveyor. If differences occur in the results, an implication for anomalies
can be suggested. To ensure anomalies, it is suggested to have an "X" amount of anomalies
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in a "Y" amount of data sets as a threshold. For example, in 3 out of 10 data sets, an error
must occur to confirm the anomaly. This to prevent flagging every single anomaly, as the
industrial setting is prone to creating faulty data sets.



Chapter 5

Model Verification and Validation

The implementation of the model is presented in the Methodology (Chapter 4). To demon-
strate the proper functioning of the model, verification and validation is performed. Cre-
ating a digital twin model of a chain belt conveyor requires a thorough verification and
validation process to ensure that it closely mimics the physical system it is based on.

5.1. Verification

The verification of the model implies ensuring that the model and its implementations are
"correct". The verification is ensuring that the model is performing as intended, based on
the reasonable presented theory. The model is verified in three ways: code inspection, vi-
sual checks and the results of test case scenarios.

First of all, the model has been thoroughly inspected to ensure the right equations and
principles are used. By individually checking components, the working of each component
is ensured. Secondly, in collaboration with SEW engineers the model is checked for the
mathematical model and implementation. Finally, the results of the model are tested and
inspected. It should be noted that the use of this specific controller with feedback loops
is expected to result in a lagging behavior. The use of a feedback loop will always result in
lagging behaviour. The exact position controller used replicated from the physical system,
therefore the assessment of the performance of the controller is not the goal. There is no
tuning of gains or other parameters. The exact same parameter settings are used in the
model as for the physical system. The objective of verification is to verify the behaviour of
the model. To test the model, different inputs are provided and results are analysed. These
inputs are not always representative for industrial applications. These different cases for
inputs show the model is made correct.

The initial speed profile consists of a positive and negative ramp profile, shown in Fig-
ure 5.1a and A.2. This profile is not used in the industry, but the model follows the input
nicely for a positive and negative ramp. This case is assumed valid.

The second speed profile includes a positive and negative stairs profile, shown in Fig-
ure 5.1b and A.4. The stairs profile is not used for the speed profile, as the sudden steps
result in a lot of strains on the system. These steps result in fast accelerations of the system,
potentially damaging the system. The model follows the inputs as expected. This case is
assumed valid.

The third speed profile consists of a trapezoidal speed profile with both positive and
negative slopes, shown in Figure 5.1c and A.6. This profile is widely used in the industry
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and very representative for a verification. Both the negative and positive slopes are fol-
lowed properly. This case is assumed valid.

The fourth speed profile consists of a positive and negative trapezoidal profile with 2
different accelerations, shown in Figure 5.1d and A.8. The two accelerations are chosen as
this is of interest to see the reaction of the model. The model follows the speed profile with
two accelerations properly. This final case is assumed valid.
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5.2. Validation

To show the validation of the model the following method is used. The modelled chain belt
is compared to the actual data acquired from the operating physical chain belt conveyor
systems. By comparing the model in two ways, the validation is performed. The trans-
ported weight is known, so the only unknown parameters are the parameters for physical
system. This can be considered as the system identification part of the parameter estima-
tion.

Simulation Analysis and Comparison

The used belt is from now on referred to as "The white chain belt". The derived transfer
function is based on the same electric motor used for the white chain belt conveyor. This
gearmotor is commonly used in chain belt conveyor systems. The data set used is for the
transportation of 10 kilogram weights on a tray that weighs 10 kilogram (20 kilograms total).
The data set is collected with a sample time of 6 milliseconds. This is done to ensure the
entire movement cycle of the tray is captured. The white chain belt conveyor torque profile
is shown in Figure 5.2 and speed profile in Figure 5.3.
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Figure 5.2: White Chain Belt: The torque profile of the Figure 5.3: White Chain Belt: The speed profile of the
model and physical system compared model and physical system compared

The model follows the movement of the white chain belt conveyor properly. The REP is
used to indicate the error of the model and physical system. The start-up phase shows the
largest discrepancy. The acceleration phase of the system covers all phenomenons and ini-
tial misalignment’s of the system. The largest REP is as expected in the acceleration phase.
When looking at the speed

Parameter Estimation Analysis

The analysis of the estimated parameters is performed for the validity of the model. The
estimated parameters are system identification of the physical system. The estimated pa-
rameters, when transporting 20 kilograms, are shown in Table 5.1. The friction coefficient
is in range with the expected value for p of 0.20-0.25. This results from an interview with
the manufacturer of the chain belt conveyor Ammeraal Beltech. The quadratic speed de-
pendent losses BmC are very small compared to BmA and BmB. These can potentially
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be neglected in the future case study. The speed dependent losses Bm B are the dominant
factor and BmC are very small relative to the other factors and can therefore be neglected.

Parameter Us BmA [Nm] | BmB [Nm/(rad/s)] | BmC [Nm/(rad/s)?]
White Chain Belt | 0.23 | 1.1e-4 2.1e-3 4.1e-21

Table 5.1: The estimated parameters of the two belts with 10kg load

Residual Analysis

The residuals of the white chain belt are statistically analysed. This allows the analysis of
the statistical nature of the residuals. The analysis is performed to provide insights, but re-
quires more research for decisive conclusions. The statistical residual analysis is performed
and presented in Table 5.2. The closer the mean of the residuals are to zero the smaller the
overall error. Looking at the standard deviation this is in range. The correlation of the trans-
fer function and the actual torque is within the industrial 5% benchmark. The high kurtosis
indicates a signal with a lot of peaks. This is confirmed by visual inspections.

Parameter Mean [Nm] | Std [Nm] | AbsMax [Nm] | Corr | Kur RMS [Nm]

Residuals White Belt | -0.016 0.099 0.526 0.962 | 214.560 | 0.072

Table 5.2: The statistical residual analysis of the white chain belt conveyor

FFT and Order Analysis

To analyse the detection of anomalies in an FFT and the Order Analysis the following ex-
periment is conducted. In an experimental setup 5 data sets are acquired, using the same
weight for the belt. This means that the same weight has been transported 5 times by the
same chain belt conveyor. No data over longer periods of time is available, so changes in
FFTs can not be shown. What can be shown is no changes show in the FFTs when compar-
ing 5 different collected data sets transporting the same weight. The 5 original data sets are
analysed for frequencies with FFTs on the torque parameter. As this parameter contains the
most frequencies in relation to the system, this parameter is selected. First the four FFTs
of the data sets are shown in Figure 5.4. As the y-scale is logarithmic, the amplitudes can
be assumed similar. The small amplitude differences are very small in comparison. The
conclusion can be drawn that 5 unique data sets transporting the exact same weight do not
have different amplitudes in the FFT.

Parameter Estimation Convergence

To test the behaviour of the model regarding to parameter estimation for local maxima and
minima, the following test is conducted. In the Literature Review 3, the importance of the
initial conditions of the parameter estimation are discussed. To test for convergence, the
parameter estimation is performed with multiple initial conditions. By changing the initial
conditions of the parameter estimation, the importance of the chosen initial conditions are
emphasized.
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Single-Sided A i Spectrum of chain belt conveyor system
T

Figure 5.4: All five FFTs plotted

The initial conditions of the estimated parameters are determined by an initialization
run. Thereafter, the mass is estimated with different initial conditions of the parameters.
Test one: Estimating the mass transported by the chain belt conveyor. The model is initial-
ized with a 10 kilogram mass on a 10 kilogram tray. The parameters associated with this
initialization are chosen as initial parameter constants.

Parameter Value
Mass 20 kg
us 0.22
BmA l.1e-4
BmB 2.6e-3
BmC 4.1e-21
Parameter tolerance | 1le-05
Function tolerance le-05

By changing the initial condition, the convergence of the parameter estimation can be
studied. The guessed initial condition is including the tray. So an initial guess of 30 kilo-
gram indicates the 10 kilogram tray and a 20 kilogram mass. The change in convergence is
presented in Table 5.3. The influence of the initial conditions is presented when estimating
weight.

Initial Condition Guess | 10 20 30 40 50
Estimated Mass 19.05 | / 20.07 | 20.15 | 20.16
Initial Condition Guess | 60 70 80 90 100
Estimated Mass 20.64 | 20.37 | 20.35 | 20.40 | 20.49

Table 5.3: Table of difference in mass estimation with different initial conditions

The following test is performed to see how well the model can estimate parameters
without any predefined knowledge. The following initial conditions and boundaries are
provided, shown in Table 5.4. It is shown that initializing the model decreases the levels of
freedom of the system and allows for a more accurate identification of the systems param-
eters.

The conclusion can be drawn that the initial conditions and initialization of the model
are of great importance for the parameter estimation for system identification. Minimizing
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Parameter Initial condition | Predicted value | Estimation with mass known
Mass 10 9.37 20 (Set)

s 0.3 0.23 0.21
BmA 0 5.7e-07 l.1e-4
BmB 0 2.8e-3 2.6e-3
BmC 0 1.5e-34 4.1e-21
Parameter tolerance | le-05 / /
Function tolerance le-05 / /

Table 5.4: Table of comparison in parameter estimation with different initial conditions

the amount of estimated parameters results an increase in accuracy. This is expected and
has to be taken into account. The effect of the initial conditions of estimated parameters
is suggested to be studied in a future continuation of this project. The behaviour of the
convergence is out of the scope of the project. The importance of the initial conditions is
emphasized and has to be taken into account when performing parameter estimation for
system identification using the model.

5.3. Concluding Remarks

The verification and validation of this model has been shown in this chapter. By providing
multiple different inputs for the model, analysing the output of the model with the pre-
dicted behaviour, the verification of the model has been shown. The validation has been
shown in multiple ways. The chain belt conveyor model is compared to data from an phys-
ical chain belt conveyor. The parameter estimation coefficients, used for system identifica-
tion, are explained and analysed. The statistical analysis is performed to show the statistical
nature of the residuals. Since no data over longer periods of time is available, the ability to
show differences in amplitudes of FFTs can not be validated. It is shown that the FFTs from
multiple different data sets of the exact same transported weight do not change. Finally,
the convergence of the parameter estimation is shown. Using an initialization using a 10kg
weight on a tray, the method to determine initial conditions has been established. The
importance of the initial conditions and initialization is demonstrated by changing initial
conditions and comparing the outcomes.



Chapter 6

Case Study - SEW

6.1. Model Case Study: SEW Eurodrive

A case study was conducted at the SEW Eurodrive facility in Rotterdam, The Netherlands.
This site houses a manufacturing plant where numerous SEW Eurodrive products are as-
sembled. In order to optimize production and reduce the workload for production work-
ers, various chain belt conveyor systems are utilized. The case study focuses on these chain
belt conveyors to utilise the developed chain belt conveyor model. The primary objec-
tives include estimating unknown system parameters for system identification, investigat-
ing anomaly detection, testing dynamic weighing techniques and evaluating system per-
formance.

Figure 6.1: White chain belt conveyor SEW Eurodrive Figure 6.2: Blue chain belt conveyor SEW Eurodrive

Facility Overview

A total of three sequentially placed chain belt conveyors were analyzed. The first and last
chain belt conveyors consist of straight sections, the middle chain belt conveyor features a
turn. From now on, the first belt will be addressed as the "Blue belt" and the last belt as the
"White belt". These two straight section belts are the belts of interest. When assembling
the SEW Eurodrive gearmotors, they are placed on a solid plastic tray that weighs approxi-
mately 10 kilograms. The chain belt conveyor is designed to pause at specific locations to
facilitate final tests and inspections on the gearmotor. After the tests and inspections are
completed, a SEW worker manually activates a switch, resulting the tray to proceed to the
next defined position.
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The entire motion, consisting of acceleration, constant speed and deceleration, is re-
ferred to as a "cycle". Each tray carrying a gearmotor undergoes five cycles to reach the end
of the chain belt conveyor sequence. Consequently, a total of five data sets are collected
for analysis. To simplify the system, a schematic overview was developed, illustrating each
individual cycle. For this case study, the systems of interest are the blue and the white of
the belt conveyors, as illustrated in Figure 6.3.

340m
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©

Figure 6.3: Schematic lay-out of the chain belt conveyors at SEW Eurodrive facility

Collected Data

The following procedure is performed to collect the data sets from the chain belt convey-
ors. First, the parameters of interest have to be selected. For this case study there are 7
parameters of interest, as explained in Chapter 4.2. The correct 7 parameters have to be
selected as there are many different possibilities of the specific units of the parameter. The
torque parameter is considered the main parameter of interest as it allows for the analysis
of the interaction between the gearmotor and driven system. Using these parameters, the
measurement is created and needs to be activated for the system to collect data sets.

The creation of all the data sets for this case study is as follows. Weights are placed on
the plastic trays and transported by all three chain belt conveyors. The trays are the ex-
act same as the trays used by SEW Eurodrive employees in the production process. The
weights used are weighed individually and labeled, as shown in Figure 6.5. The data sets
created consist of the belt being empty (no tray), an empty tray and weights on the trays.
The weight is varied from 0 to 100 kilograms, in steps of 10 kilograms. This results in 11
different kinds of data sets by weight. Every data set is created by manually changing the
amount of weights on the tray. Every combination of weight on the tray is measured at least
2 times. This ensures that the data sets match and faulty data sets are not assumed to be
correct. In an industrial setting, like the production facility of SEW Eurodrive, the collection
of data sets can be prone to faults. This results in data sets not capturing the full cycle of
the chain belt conveyor. In total there are 335 data sets created for this case study.

The data sets collected from the physical system always follow a speed trapezoidal input
per cycle. This speed trapezoidal input is collected as the speed and position set points and
are used for the inputs of the model. By using this as the input for the model it is ensured
the model uses the exact same input as the physical system. The acceleration, maximum
speed and deceleration is the same for every cycle, this is shown in Figure 6.6. The gap indi-
cates the amount of time the belt moves with a constant velocity, which is varying per cycle
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Figure 6.4: A transported gearmotor Figure 6.5: The labelled transported weights

depending on the length of the belt.
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Figure 6.6: Speed trapezoidal per cycle

The data sets collected from the system contain 7 parameters, shown in Table 6.1. These
parameters are selected as the fundamental requirements to model the physical system.
Previously, it has been discussed that the industrial setting is a limiting factor for the dura-
tion of the measurement. Therefore, the choice has been made to use 3 different sample
times. To capture the most detailed behavior of the system, a sample time of 1 millisecond
(the highest possible sample time) is used. Using a 1 millisecond sample time only partially
captures the cycle of the belt, which is limiting the model. To capture the full cycle of mo-
tion, a minimum sample time of 6 milliseconds for the final white belt must be used. To
capture the entire cycle of the first blue chain belt, a sample time of 12 milliseconds is used.
This difference in sample time results in a different window of captured frequencies by the
FFT.

Number | Parameter Unit
1 Speed setpoint rad/s
2 Actual speed rad/s
3 Position setpoint | rad

4 Actual position rad

5 Torque setpoint | Nm
6 Actual torque Nm
7 Digital inputs /

Table 6.1: All parameters measured in a single data set
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6.1.1. Specification of Systems of Interest

The chain belts of interest are the first (blue) and the third belt (red). In collaboration with
Ammeraal Beltech and online research, the specifications of the last white belt is acquired.
The specifications of the blue belt are unknown except the length, width and estimation
of weight. The white chain belt conveyor type is a plastic modular belt, the "Uni Flex
ONE K1200" from Ammeraal Beltech. The maximum amount of known parameters for the
model are collected. The following set of parameters for the belts are known, shown below
in Table 6.2:

Parameter Blue: Value | White: Value | Unit
Material density \ 1410 kgim®
Young’s modulus \ 2.7 GPa
Length belt 34 4.3 m
Weight belt per meter | \ 4.1 kgim
s / 0.2-0.25 /
Diameter pulley 0.08 0.121 m

Table 6.2: Table of predefined parameters of the physical system

6.2. Experiments

In order to utilize the obtained data, multiple experiments are conducted. The results are
compared and analysed to demonstrate the practical application of the model. By creating
distinct cases, the results and highlights of the functionality are presented. Besides this, any
relevant analysis or observations are elaborated and explained.

Figure 6.7 presents a graphical illustration of various data sets corresponding to driving
weights in the system. For a better visual distinction between the data sets, a cut-off filter
is used. A clear distinction among the weights can be observed. The model is expected to
exhibit discrepancies primarily in the acceleration and deceleration phases, as these stages
encompass numerous phenomena and intricate behaviors.

Torque profile of chain belt conve yor ing all weights
T T T

0.2

I I I I I I
2 4 6 8 10 12
Time [s]

Figure 6.7: Overview of the generated torque plot for all weights
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6.2.1. Experiment One

In the first experiment, addressed as "Experiment One", the purpose is to identify unknown
parameters of the physical system for system identification. The data sets with known
weights ensures minimizing the free variables for parameter estimation. The less variables
for parameter estimation, the more accurate the parameter estimation for system identifi-
cation. This approach can be used as a benchmark to show the most accurate estimation of
the physical systems parameters. This case uses the maximum possible known parameters
and therefore chosen as the first conducted experiment. Initial conditions play an impor-
tant role for parameter estimation, all initial values for the parameter estimation are based
on the empty tray (0 kg) estimation.

The estimated coefficients are the losses BmA (friction constant in Nm), BmB (viscous
dampening Nm/(rad/s)) and the coefficient friction y of the chain belt conveyor. The
coefficient BmC, for the quadratic speed dependent losses in Nm/(rad/ $)?, is neglected
to its minimal contribution. The initial incentive of the quadratic speed dependent loss
coefficient was to capture losses from the fan attached to the rotor (for cooling purposes).
All parameters are constrained within a range of 0 to 1. The initial conditions are the same
for every performed parameter estimation, the importance was shown in the validation.
The results are presented in the following Table 6.3:

Parameter | 0 kg 10 kg 20 kg 30 kg 40 kg

s 0.23 0.23 0.22 0.23 0.22

BmA 1.1e-4 | 1.1e-04 | 1.1e-04 | 1.1e-04 | 4.6e-5

BmB 2.3e-3 | 2.1e-3 | 2.5e-3 | 2.3e-3 | 2.6e-3
Parameter | 50kg | 60 kg 70 kg 80 kg 90kg | 100kg
Us 0.24 0.22 0.20 0.22 0.22 0.20
BmA 8.9e-4 | 1.0e-4 l.1e-4 1.1e-4 l.1e-4 | 1.4e-4
BmB 2.2e-3 | 1.6e-3 | 2.5e-3 | 2.5e-3 | 4.8e-3 | 3.4e-3

Table 6.3: The parameter estimation for system identification of the white belt

The results are analysed and the following conclusions are drawn. The amount of weight
transported does not change the coefficient of friction of the belt. The coefficient of friction
for 100 kilograms decreases by 10-15% compared to the empty tray. The following analy-
sis is made. The more weight is transported by the system, the more efficient it runs. This
can not be shown since there is no data with higher mass. The other possibility is that, as
seen in Figure 6.7 the amount of torque required for the constant speed is not constant.
Comparing the empty tray versus the 100 kilogram tray, the constant speed section results
in an arch. This is an increasing trend with increased weight. The industrial setting can
generate inconsistent data sets, more data sets allows for testing the accuracy for outliers.
The physical system can be tuned to a different weight or bending due to the amount of
weight. This results in an increase of torque over the constant speed section of the cycle.
The model does not account a change in coefficient of friction. Real life observations of the
system showed that the belt would move more smooth and constant when the amount of
transported weight is increased. The increased weight on the belt ensures more tension in
the belt. This pretension ensures less influence of phenomenons like stick slip. This con-
clusion is also drawn from the interview with Ammeraal Beltech. The proportion of speed
dependent losses BmB related to the total generated torque ranges from a minimum of
30% to a maximum 80%. The chain belt is operational by SEW Eurodrive in the 10 to 40



60 6. Case Study - SEW

kilogram range for transported weight. This implies that all the higher weights are part of
the case study and do not occur in the factory.

The parameter estimation is used to identify coefficients in the system and the over-
all results are consistent, indicating a robust model. For the coefficient of friction this is
as expected, as the amount of transported weight should not change this parameter. The
cost function, characterized by the sum of squared errors, is impacted by the cyclical na-
ture of the system, with variations in transported distance during acceleration, constant
speed and deceleration phases potentially affecting the accuracy of the parameter estima-
tion. The speed dependent losses, BmB, are dominant compared the constant loss factor
BmA. More research is required to pinpoint the churning losses and to decouple them
from the system. It is of great importance for the data set to contain the complete cycle of
the movement.

Statistical Residual Analysis Case One

The statistical analysis is performed on all residuals of all data sets for different weights. The
model is fit using parameter estimation, the coefficients used can be seen in Table 6.3 and
the residuals are statistically analysed. Comparing the statistical analysis of the residuals
gives insights in the behaviour of the weight increase on the model and physical system.
This is presented in Table 6.4.

Parameter | Mean [Nm] | Std [Nm] | AbsMax [Nm] | Corr | Kur RMS [Nm]
0kg -0.003 0.117 2.473 0.927 | 238.690 | 0.117
10 kg -0.016 0.099 2.138 0.915 | 216.660 | 0.101
20 kg -0.002 0.059 0.312 0.942 | 4.097 0.059
30 kg -0.010 0.072 0.388 0.933 | 3.267 0.073
40 kg 0.025 0.068 0.400 0.948 | 3.897 0.072
50 kg 0.014 0.122 1.070 0.905 | 9.048 0.123
60 kg 0.006 0.072 0.488 0.909 | 5.725 0.072
70 kg -0.001 0.075 0.430 0.945 | 5.154 0.075
80 kg 0.004 0.084 0.537 0.949 | 5.249 0.084
90 kg -0.036 0.153 0.939 0.933 | 8.048 0.157
100 kg -0.003 0.152 1.770 0.954 | 11.223 | 0.152

Table 6.4: Statistical analysis of the residuals

The mean shows that the residuals are close to zero. Taking the standard deviation into
account this shows no odd behaviour. The standard deviation is in the same ballpark for
all estimations. This is a good indications for disparsity of the data compared to the mean.
The increase of the standard deviation for 90 and 100 kilograms is of interest, as expecta-
tion of the increase in weight was a lower standard deviation. The absolute maximum is a
difficult parameter to interpret as the industrial setting can result in peaks because of the
systems behaviour. This will show as the maximum torque value in the data set but is not
always representative. The maximum torque changes for many data sets of similar weight.
When the same weight is transported a different maximum torque can be generated due
to the belt being stuck or other reasons. The correlation is based on the actual generated
torque by the physical system and simulated torque. The results show the correlation is all
in the same ballpark around the 93%. The correlation is used to check that the generated
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torques are matching. The kurtosis relates to the tailedness of the residuals. As expected
the lower weights perform worse, as an increase in weight results in a more stable cycle.
This is confirmed from visual inspection and by an interview with Ammeraal Beltech. The
RMS decreases as the weight increases. This indicates that the magnitude of discrepancies
between the model and system are decreasing. Similar to the standard deviation, the 90
and 100 kilogram data sets are higher than expected. The RMS and standard deviation are
used together for the analysis of the discrepancies.

6.2.2. Experiment Two

In the second experiment, addressed as "Experiment Two", the belt, the friction coeffi-
cient u; and losses (BmA, BmB) are initialized. Initialization is carried out using the known
weight of the belt and tray. This is done to minimize the parameters for the initialization of
the belt. By using these initialized values for parameter estimation, the following load esti-
mations are obtained and presented in the table 6.5 The results are collected for the results

Parameter Okg | 10kg | 20kg | 30kg | 40kg | 50 kg
mass (mu=0.23) | / 9.6 19.3 | 29.6 | 40.4 50.8
Parameter 60kg | 70kg | 80kg | 90 kg | 100kg

mass (mu=0.23) | 60.3 | 71.5 | 76.6 | 92.7 | 104.9

Table 6.5: The estimated load when initializing the coefficients with an empty tray

of dynamic weighing when initialising the model with an empty tray. The worst perform-
ers are the estimation of 80 kg and 100 kg. Both are within approximately 5% of the actual
weight transported by the physical system. The 95% accuracy is achieved, meeting indus-
try standards. The chain belt operates in the 10 to 40 kilogram transported weight range.
Future research in the operational field of transported weight can improve the model for a
specific situation.

Frequency Domain Analysis

The analysis of the frequency domain is performed to show present frequencies in the sig-
nals. Calculations are performed to predict frequencies of the mechanical system. There-
after, the FFT and Order Analysis is performed on the data sets of interest. This shows the
use case of the predicted frequencies and the generated frequencies based on the trans-
ported amount of weight.

6.2.3. Frequencies of the System

The mechanical system has natural frequencies and these are calculated to determine the
presence of possible resonance. For the case study the properties of the belt are known,
which allows for the frequency analysis. As chain belt conveyors have different operating
situations, multiple conditions apply to them (for example different speed and weight). The
operating conditions are dynamic and can be unique, which creates different frequencies
in the system as a result.

The following calculations require extensive knowledge of the chain belt conveyor sys-
tem and are not possible for every system. This frequency analysis is seen as an in depth
analysis, as for the blue belt the specifications are unknown. Currently, chain belt conveyor
specifications are hard to find and generally it takes too much time for engineers to find
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out. In this case study, only the specifications for the white belt are know. There has been a
collaboration with the manufacturer, Ammeraal Beltech, which provided great insights on
the belt. The Uni Flex ONE belt (white belt) has the property that consists of single links that
are connected. The chain belt conveyor system has the following frequencies of interest:

1. Frequency for the lateral wave of the belt
2. Frequency of the stiffness of the belt
3. Frequency of the driving sprocket

The natural frequency for the lateral wave of the belt is as follows. For the lateral wave
speed of the chain belt the following equation is used [

27Gpa
=1400m/s (6.1)
1410kg/m

If the belt is modelled as a string, the following equation is used for the lateral natural fre-
quencies of the chain belt [43]:
2
n-m vy
w,=——-0|1-—]=1020Hz (6.2)
L cs
The calculated w, shows the valid assumption for the decoupling of the chain belt and elec-
tric motor. The calculated lateral natural frequencies are almost two times higher than the
maximum possible captured frequency. The maximum frequency that can be captured in
this research project is limited by the equipment available in the industrial setting.

The stiffness of the belt K[N/m] is determined from experiments by Ammeraal Beltech
and not widely known. The stress-strain curve is shown in Appendix B and only operates in
the initial linear section. Thereby, a manual test is performed for validation and is shown
in Appendix B. The frequency for the stiffness of the belt is calculated with the following

equation:
F  6250N

" AL 0.00625m
The natural frequencies of the chain belt modelled as a spring (with L=1 m and mass =
20kg) are calculated as follows:

K 1.000.000
=\/—=\/——— =224Hz (6.4)
m 20

The calculations of the natural frequencies of the belt show that they are not in range
of the FFT. As mentioned in the Methodology 4.7, the length of the belt between the trans-
ported mass and the driving pulley becomes shorter while in transport. Therefore, no peaks
are expected but can be an explanation of the "base-noise" in the signal. As the natural fre-
quency of the chain belt conveyor is changing during the operational cycle.

=~ 1.000.000N/m (6.3)

For the frequency calculation of the sprocket the following calculations are performed.
The operational nominal speed is 1415 rpm, with a 30.99 gear reduction, indicates a 0.76
Hz frequency of the outgoing shaft. The sprocket has 10 teeth, so a frequency around 7-8
Hz is of interest for the driving sprocket.
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The frequencies related to the transfer functions and the electric motor are assumed
to have no interference or natural frequencies, explained in Section 4.3. This can now be
shown by the Equation 6.2.

6.2.4. FFT

The FFT shows the frequencies in the signal that is collected. An Order Analysis shows the
frequencies related the a specific speed. The changes in frequencies can be of great inter-
est and is widely used in the industry to show anomalies in system. There are no data sets
available over long periods of time. This implies that the over time change of the system
is not captured. To prove that the frequencies are inherent to the current condition of the
system, multiple FFTs are compared of the same transported weight and different weight.
If there is hardly any change in the amplitudes, the conclusion can be drawn that the me-
chanical system is consistently producing frequencies based on the transported weight.

First, 5 FFTs are compared with data sets collected with a 20 kg mass on the white chain
belt conveyor, shown in Figure 6.8. The frequencies are also plotted logarithmic, which
will clearly show significant changes in amplitudes, as shown in Figure 6.9. The conclu-
sion can be drawn, that within 5 data sets, the differences in amplitude are minimal. It can
be concluded that there are no significant changes in the frequencies of the same trans-
ported weight. The conclusion is drawn there are no changes in the collected data sets. The
suggested order analysis is not provided as it will not result in new insights of the system.
The suggestion is made that for future research the frequencies depending on the rotatory
speed can be analysed, as they can provide great insights.

Figure 6.8: FFT comparison of 5 data sets for 20 kilo- Figure 6.9: Logarithmic FFT comparison of 5 data sets
gram for 20 kilogram

Thereafter, the FFTs of three different data sets with weights of 10, 60, 100 kilograms are
compared. This analysis is performed to see the differences in the FFTs by changes in trans-
ported weight. This can be used to identify frequencies of interest and test for frequencies
that are consistent with different transported weights. The 10, 60 and 100 kilograms FFT
comparison is shown in Figure 6.10. After analysing the following conclusions are drawn.
The method to use FFTs for anomaly detection is possible when data over longer periods
of time are available. In the situation of this case study the analysis is difficult. The clear
trend of the difference in weight can be seen, as the frequencies show in sequence. The
peaks aligned peaks are all similar for the three data sets. Besides the change in weight
and frequency, more research is required to create distinct conclusions. Over time data is
suggested for the analysis of FFTs, as there are many frequencies that are difficult to trace.
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FFT results for different weights
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Figure 6.10: FFT comparison of 20, 60 and 100 kilograms

Transport Loss Factor

The system’s performance is evaluated using the transport loss factor (TLF). In "Case One"
the TLF is calculated using the known weights, which involves estimating only the losses
and the coefficient of friction. In "Case Two" the TLF is determined by initializing the belt
weight and subsequently estimating the weight, which involves estimating additional pa-
rameters. The estimated weight result in an error based on the weight estimation. This
indicates the importance of the dynamic weighing accuracy when using this to determine
the TLE For the working environment of SEW Eurodrive the 95% accuracy is achieved. Only
for 100 kilograms the industrial standard for accuracy is not achieved.

Parameter 10kg | 20kg | 30kg | 40kg | 50 kg
TLF Case One | 0.022 | 0.018 | 0.014 | 0.013 | 0.011
TLF Case Two | 0.023 | 0.018 | 0.014 | 0.012 | 0.011
Parameter 60kg | 70kg | 80kg | 90kg | 100 kg
TLF Case One | 0.009 | 0.011 | 0.009 | 0.009 | 0.010
TLF Case Two | 0.008 | 0.010 | 0.009 | 0.009 | 0.008

The comparison can be made with other transporting systems using the transport loss
factor. The TLF of the physical system is compared to the continuous transport TLF of 0.023
[70]. The corresponding decrease in TLF is as expected when transporting more weight.
The trend of the transport loss factor is as expected, since the increase in generated torque
and transported load are not linear. The following figure allows for a global overview of the
chain belt conveyor system, shown in Figure 6.11.
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Figure 6.11: Transport loss factor overview [72]
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6.2.5. Experiment Three

For the third experiment the blue belt is used. This is the first belt of the three belt sequence,
as shown in Figure 6.3. This chain belt conveyor interacts differently to the transported
trays. A situation is created where the tray is placed on the chain belt conveyor, while the
chain belt conveyor is already in operation. The weight on the belt changes while the cycle
is performed.

The unique operational setting is the weighted tray being placed on the blue chain belt
while already being in operation. This can be seen by the torque and speed profile shown
in Figure 6.12. The change in transported weight while the system is in operation is not
accounted by the model. The disparity can be clearly shown in Figure 6.13. The separation
lines in the figures show where the tray is completely on the belt, or starting to leave the
belt. Therefore, the suggestion for future research is given for the expansion of this model
so these changes can be accounted for.

Final_PE_BlueB/Manual Switch:1

Amplitude

Timo s : Time (seconds)

Figure 6.12: Torque and speed of the operational blue Figure 6.13: Torque of the physical system and predic-
belt tion of the model

6.3. Concluding Remarks

The case study has been performed on the facility of SEW Eurodrive in Rotterdam, The
Netherlands. The data sets are created by placing weights on a tray, which is transported
along chain belt conveyors. In total 335 unique data sets are created. The data sets con-
tain 7 parameters of interest. The main parameter of interest is the generated torque, as
it represents the interaction of the gearmotor and the physical system. For the case study,
straight section belts are used.

For the case study the following experiments have been conducted. First, using the
known weights the amount of estimated parameters is minimised. Parameter estimation is
performed for system identification, compared and analysed. Thereafter, a statistical resid-
ual analysis is performed to show the statistical nature of the residuals.

Second, the model is used for dynamic weighing. The model is initialized using the pa-
rameters of a tray with no weights. These parameters are used to estimate the weight on
the belt. The accuracy is a minimum of 95% if the used data sets contain the complete cy-
cle of the belt. The importance of the acceleration and deceleration phase is emphasized.
The industrial setting is prone to faulty data sets and should be taken into account when
performing experiments.
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The natural frequencies of the system are analysed. The natural frequencies of the sys-
tem are calculated to predict possible resonance frequencies for the systems. The transfer
function can suppress behaviour induced by the electric motor and therefore this analysis
was performed. A frequency analysis was performed to show that without the presence of
data over longer periods of time, the amplitudes of the frequencies are similar. This exper-
iment was proposed for future research when proper data is available.

The performance of the system was indicated using the transport loss factor. The im-
portance of the knowledge for the transported weight is shown by the error induced for
the TLF when using the estimated weight. An indication of the performance of the system
was provided using the transport loss function. This method was suggested as the industry
standard for the performance indication of the system.

Finally, in "Experiment Three" the importance of no changes in weight while opera-
tional was emphasized. It was clearly shown that the model does not account for these
changes and can not be used for this situation. The expansion for this situation is suggested
as future research.



Chapter 7

Conclusion & Recommendations

This chapter presents the research conclusions by providing a comprehensive response to
the main research question by combining the findings from the six sub-questions. Con-
sequently followed by recommendations and a discussion. The discussion highlights the
research limitations and contributions to both scientific and practical domains.

7.1. Conclusion
Chapter 1 provided an introduction to the main research question and sub-questions, with
the main research question being as follows:

"How to Develop a Digital Twin for Condition Monitoring of an Industrial Gearmotor Driven
Belt Conveyor System?"

This research studied digital twin models for the condition monitoring of industrial
gearmotor driven chain belt conveyor. Chain belt conveyors can be found throughout
many industries and therefore, methods of PdM are of high interest. Industrial settings
are competitive and dynamic. The desire is expressed for a robust model that is applica-
ble without required changes to operational systems. Currently, the degradation or perfor-
mance of a chain belt conveyor is unknown and collected data is hard to interpret. Chain
belt conveyors do not have an indication for the operational performance or efficiency.
Most models for digital twins and condition monitoring are created in a test environment,
which is not representative for the industrial setting. The knowledge gap between the lit-
erature and the industry is defined and established. The industry has expressed a demand
for a digital twin for condition monitoring that is generalized, robust and easy applicable.

To address the identified knowledge gap, a two-stage study was conducted. First, a re-
view of the state-of-the-art was conducted, focusing on SEW Eurodrive as a prominent fig-
ure in the drive industry. Secondly, a literature review was carried out to explore various
aspects of the research problem.

The first subquestion was answered in Chapter 2: "What is the state-of-the-art of dig-
ital twins and condition monitoring in an industrial setting?". Research was conducted
at SEW Eurodrive to address the questions at hand. SEW Eurodrive was considered as a
key player and therefore representative for the drive industry. The research was performed
in collaboration with the engineers and studying company documents. By establishing the
benchmark of the industry, the current situation is defined and the following problems were
identified. The availability of usable data is limited. The only sensor available for collect-
ing data from the physical system is using the gearmotor and the VFD. Additionally, more

67
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understanding is required regarding the necessary data and the potential applications. The
model must be generalized, as this requires no changes or adaptations in the currently op-
erational systems. Engineers lack insight into the system’s parameters, often resorting to
approximations during the design process. These approximations can be high compared
to the actual values, which leads to over-dimensioning. Mapping these parameters could
enable tracking of degradation over longer periods of time. However, currently no methods
are available for predicting or mapping degradation or breakdowns. The performance and
efficiency of the physical systems can not be compared as there is no method used as the
industrial standard. Hardware limitations also restrict advancements, as the components
are typically designed to "just" meet requirements in order to maintain a low price to be
competitive. Given the harsh industrial setting, clients prioritize cost and reliability.

The second subquestion answered in Chapter 2: "Is the currently available hardware
sufficient for a digital twin and condition monitoring?". To optimize the application of dig-
ital twins for condition monitoring, the model should be widely applicable and the nec-
essary parameters for the model should be readily available and universally employed.
Analysing the currently used parameters, the indication is made that a minimum of 7 pa-
rameters are required. All these parameters are collected by the gearmotor and the VFD.
The torque is the main parameter of interest. SEW Eurodrive utilizes an proprietary motor
model to compute the generated torque. The torque, speed and position set point and ac-
tual value are measured, as they provide insights for the comparison of the model and the
physical system.

In Chapter 3 the following subquestion was discussed: "How are digital twins and con-
dition monitoring defined in literature?". Predictive maintenance is an approach to main-
tenance in which the condition of equipment or systems is continuously monitored to pre-
dict and prevent potential issues before they occur. Digital twins are a concept with various
interpretations and in this research defined as followed; A digital twin is a virtual represen-
tation of a physical object or system that provides real-time and historical data on its perfor-
mance, behavior and condition. It is a digital model that replicates the physical properties
and processes of the object or system. Furthermore, it can be used to simulate and analyze
different scenarios and outcomes. Condition monitoring is the process of monitoring the
health and performance of equipment and systems to detect potential issues or failures.
Digital twins and condition monitoring serve as a tool for implementing PdM. These con-
cepts are explained to show the potential of this research.

Subsequently, the subquestion answered is: "How can the subsystems of the digital twin
be modelled?". Literature research has been performed to explore the possibilities to model
the general system. Belt conveyors for bulk mass material transport are a highly researched
topic and are in line with chain belt conveyors. Distinctions are made for the two different
systems, this determines what literature for belt conveyors is applicable for chain belt con-
veyors. The chain belt conveyor uses a chain consisting of interconnected links, is closed
form and does not rely on friction to drive the belt. A sprocket with teeth interconnecting
the belt is used, resulting in no slip. The belt is always under tension, as the belt slows down
faster than the deceleration profile. The methodologies and analysis of the belt conveyor
are used as a guideline throughout this research.
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A new model for chain belt conveyors based on first principles is proposed. This model
is based on the fundamental mechanical analysis of the system. A Coulomb’s friction model
of a sliding mass is proposed as this represents the sliding of the chain belt over the guiding
rails. Phenomenons for industrial chain belt conveyors, such as stick-slip and the polygon
effect were examined. Data collection limitations in an industrial setting led to the proposal
of a transfer function to represent the electric motor. Using a transfer function minimizes
the measured parameters per data set. The gear unit generates two main type of losses,
being mechanical losses (tooth friction) and churning losses. A rigid body model is pro-
posed as this allows for minimal required specifications and is a widely applicable model.
A K-stiffness model is proposed for future research, this requires more specifications of the
chain belt conveyor.

To continue, the following subquestions are answered: "How can data be leveraged to
identify unknown parameters in the system?" and "How can the model be used to identify
anomalies in the system?". The parameter estimation method Recursive Least Squares is
proposed for system identification. Recursive least squares is a technique to estimate pa-
rameters of the physical system using collected data sets. The data is leveraged to identify
the best fit of the model and the collected data from the physical system. This model-based
approach is possible as the physical system of interest is known and leveraged for system
identification. The parameters of the system can be compared, creating insights into the
characteristics and losses of the system.

Multiple methods are proposed for anomaly detection. For the estimated parameters
used for system identification, thresholds are used. If the estimated parameters are out of
bounds, this can be an indication for possible occurring anomalies. The collected data sets
are analysed using a Fast Fourier Transform (FFT). This allows to create insights into the
frequencies that are present in the collected signals. If specifications of the chain belt con-
veyors are known, ranges for frequencies of interest can be determined. The difference in
amplitude of the frequencies can be an indicator of anomalies in the system. Order Anal-
ysis is performed to show the produced frequencies at specific velocities. These methods
are used for the frequency analysis and are of great use to detect over time changes in the
physical system.

The residuals are the error between the predicted value of the model and the data col-
lected from the physical system. A statistical residual analysis is performed to acquire in-
formation on the statistical nature of the residuals. By comparison and changes of the sta-
tistical features, valuable insights into the physical system can be obtained.

To indicate the performance of the physical system the Transport Loss Factor is pro-
posed. This implies the factor of the mechanical work compared to the work to transport
the payload. This allows for comparison of chain belt conveyors and other methods of
transportation. This method for rating the performance of the chain belt conveyor is sug-
gested to be used as the industry standard.

The method of dynamic weighing is proposed. This implies the measuring of the trans-
ported mass on the belt, only by using the torque from the data set collected from the phys-
ical system. The possibility of knowing the weight without needing any adjustments to
physical systems can be very insightful. For example, to determine the correlation of degra-
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dation and the transported weight. An initialization method is proposed in the case study.
Dynamic weighing is currently only performed with dedicated sensors. Dynamic weighing
can be applied to a wide range of chain belt conveyors without any adjustments using this
model.

In the Chapter 4, the model is created in Matlab Simulink. The dynamics of the model
are based on the equation of motion used for belt conveyors. The position controller has
been replicated to precisely imitate behaviour of the physical system. The data sets col-
lected from the physical system are used as an input for the model. A transfer function for
the generated torque is conducted via experiments using a flywheel model. The specifica-
tions of the gear unit are known by SEW Eurodrive and are separated in mechanical and
speed dependent losses. The chain belt conveyor system is modelled as a rigid Coulomb’s
friction mass model. This is the first time this model is utilized for a chain belt conveyor.

In Chapter 5, the model is verified and validated. First, the model is verified by perform-
ing multiple different input cases. These are ramps, stairs and trapezoidal speed profiles in
positive and negative direction. The behaviour of the model is evaluated and subsequently
demonstrates the model is valid. The validation has been performed by comparing the
model to data generated by a chain belt conveyor. There is no data available that is col-
lected over a longer period of time to show degradation in the system. Five unique data sets
are created using the same transported weight. Subsequently, these data sets are analysed
using FFTs resulting in no significant discrepancies in amplitude. The initial conditions for
parameter estimation are tested by showing the inputs and outputs based on different ini-
tial conditions.

In Chapter 6, a case study is performed at SEW Eurodrive, Rotterdam. Only straight
chain belt conveyors are of interest. Furtermore, a white chain belt conveyor is selected for
the case study. Data sets are manually created using weights on trays, that are transported
by the chain belt conveyor. Empty trays and trays with 0 to a 100 kilograms in increments of
10 kilograms are examined during testing. This results in 11 different situations for the load
case. Experiments have been performed for the system identification of the white chain
belt conveyor. Thereafter, the dynamic weighing is tested. In the end, dynamic weighing
can be performed with a minimum of 95% accuracy, meeting industry standards. An anal-
ysis of the frequencies of the physical system is performed to show the validation of the
model and the used assumptions. This is only possible by collaboration with the chain belt
manufacturer, as belt specifications are required. It is shown by using FFTs that the fre-
quencies do not change with the currently used data sets and therefore, future research is
proposed to examine over time changes of the chain belt conveyor. The statistical analysis
of the residuals is performed, analysed and compared. The performance and efficiency of
the system is expressed using the Transport Loss Factor and compared between different
weights. The transport loss factor is in line with the expected factor for continuous trans-
port. The limitations of the model are shown by a case that has changing transported mass.

In conclusion, a digital twin for condition monitoring of an industrial gearmotor driven
chain belt conveyor is developed. The novelty presented by this research is a first principle
model for a chain belt conveyor based on Coulomb’s friction with the capability of system
identification, anomaly detection, dynamic weighing and the performance comparison of
chain belt conveyors. The model is created only using the data collected from the gearmo-
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tor using the VFD, which enables the development of a model with extensive adaptability,
suitable for numerous chain belt conveyor systems within the industry, without the need
for any adjustments to operational systems. This results in a generalized and robust model
with wide-ranging applicability throughout the industry to gain insights into currently op-
erational chain belt conveyors. The ability to compare chain belt conveyors and use system
identification for insights into the system allows for more efficient operational systems in
future.

7.2. Recommendations

The following recommendations are proposed for the future of a research project. Firstly,
the collection of data sets over an extended period is necessary. The availability of data sets
is related to the many possibilities and limitations for PdAM models. Data sets over longer
periods of time can facilitate the mapping of parameters through time and enable the use of
prediction methods such as ARIMA to forecast trajectories. The determination of anomaly
thresholds in the system requires failure data, these thresholds can also serve as a basis for
performing statistical residual analysis on the model. The correlation of the transported
weight and the degradation of the system could also be examined using data over longer
periods of time. When collecting data sets over extended periods of time, it’s important
to minimise the possibility of generating faulty data sets caused by the industrial environ-
ment.

In the second place, the subsystems of the model can be developed in greater detail.
The installation of new sensors to measure parameters such as temperature and vibrations
could facilitate further research on the mechanical and churning losses of the gear unit.
The chain belt can be modelled using the proposed K-spring stiffness. By enhancing the
modelling for the subsystems, it could potentially provide even more comprehensive in-
sights into the system, which could lead to improved predictions and analysis.

The final recommendation pertains to utilize this model for the evaluation of the chain
belt conveyor’s efficiency and energy consumption. The industry can evaluate the perfor-
mance of operational systems to assess the sustainability of the production facility. By max-
imising the efficiency the energy consumption is minimised. The goal of achieving a sus-
tainable future is attainable, utilizing this digital twin model is one example of a promising
approach to reach this goal.

7.2.1. Academic Contribution

The scientific contribution of this research is the new model for chain belt conveyors. The
model is based on first principles and has shown feasibility. The main interest of available
literature and research is focused on belt conveyors for bulk material transport. The litera-
ture has been analysed and the applicable theory for chain belt conveyors is selected. The
novelty presented by this research is a first principle model for a chain belt conveyor with
the capability of system identification, anomaly detection and dynamic weighing. The po-
sition controller for the electric motor of the modelled physical system is implemented in
the model. A transfer function is derived by experiments, to bridge the gap between the
torque set point and generated torque.

The model is created only using the data collected from the gearmotor using the VFD,
which enables the development of a model with extensive adaptability, suitable for numer-



72 7. Conclusion & Recommendations

ous chain belt conveyor systems within the industry, without the need for any adjustments
to operational systems. The performance of the chain belt conveyor can be compared to
other systems using the transport loss factor. The model is validated using a case study. The
case study consists of 335 data sets, with varying transported weights and sample times.
The simplicity of the model leads to a reduced demand for computational power, making
it more resource-efficient. The boundaries imposed by the industrial setting have been
established and the gap between the industry and the academics has been bridged. This
digital twin for condition monitoring creates insights into the performance of chain belt
conveyors, aiding in the perspective of a more sustainable future.

7.2.2. Industrial Contribution

This proposed model presents a new model for the chain belt conveyor that can be used
in the industrial setting. The data acquired from the systems is leveraged to gain insights
and information into currently operational chain belt conveyors. The system identifica-
tion can be used to compare similar operational systems. These insights can be studied to
analyse different stages of degradation or health indication of chain belt conveyors. The po-
sition controller is included in the model to ensure robustness and an optimal simulation.
The controller can easily be adjusted to other settings of different systems. The creation
of the transfer function to bridge the gap between the torque set point from the controller
to actual set point has been acquired by experiments. The transfer function minimizes the
amount of measured parameters, creating more flexibility for the model.

This research showed SEW Eurodrive the boundaries of the current operational indus-
trial environment. The need for data sets and the utilization of data was emphasized. The
limitations of the hardware were established, allowing deliberate choices for future prod-
ucts. The possibility of system identification allows for the analysis of operating systems.
The model allows for more insights and comparison when selecting equipment for new
systems. This results in more optimal specifications, resulting in a more sustainable oper-
ation.



Bibliography

“Industrial Motors Market: 2023 - 28: Growth, Trends, Covid-19 Impact and Fore-
casts”. In: Industrial Motors Market | 2023 - 28 | Growth, Trends, Covid-19 Impact and
Forecasts - Mordor Intelligence (). URL:

Heiner Lasi et al. “Industry 4.0”. In: Business & information systems engineering 6
(2014), pp. 239-242.

Alejandro G Frank et al. “Servitization and Industry 4.0 convergence in the digital
transformation of product firms: A business model innovation perspective”. In: Tech-
nological Forecasting and Social Change 141 (2019), pp. 341-351.

Chris Coleman, S Damofaran, and Ed Deuel. “Predictive maintenance and the smart
factory”. In: Deloitte Consulting LLP (2017).

Ming-Yi You et al. “Statistically planned and individually improved predictive main-
tenance management for continuously monitored degrading systems”. In: IEEE Trans-
actions on Reliability 59.4 (2010), pp. 744-753.

Greg Sullivan et al. “Operations & maintenance best practices-a guide to achieving
operational efficiency (release 3)”. In: (2010).

Mark Haarman, Michel Mulders, and Costas Vassiliadis. “Predictive maintenance 4.0:
predict the unpredictable”. In: PwC and Mainnovation 4 (2017).

Milos Milojevic and Franck Nassah. “Digital Industrial Revolution with Predictive
Maintenance”. In: Are European Businesses Ready to Streamline Their Operations and
Reach Higher Levels of Efficiency (2018).

VFM zu Wickern. “Challenges and reliability of predictive maintenance”. In: Rhein-
Waal Univ. Appl. Sci., Fac. Commun. Environ. (2019), pp. 1-24.

Wieger Willem Tiddens. “Setting sail towards predictive maintenance: developing
tools to conquer difficulties in the implementation of maintenance analytics”. In:
(2018).

Koppiahraj Karuppiah, Bathrinath Sankaranarayanan, and Syed Mithun Ali. “On sus-
tainable predictive maintenance: Exploration of key barriers using an integrated ap-
proach”. In: Sustainable Production and Consumption 27 (2021), pp. 1537-1553.

Owen Freeman Gebler et al. “Towards the implementation of a predictive mainte-
nance strategy: Lessons learned from a case study within a waste processing plant”.
In: PHM Society European Conference. Vol. 3. 1. 2016.

Jon Bokrantz et al. “Maintenance in digitalised manufacturing: Delphi-based scenar-
ios for 2030”. In: International Journal of Production Economics 191 (2017), pp. 154—
169.

SEW-Eurodrive. “Company profile”. In: SEW (2021). URL:

73


https://www.mordorintelligence.com/industry-reports/industrial-motors-market
https://www.mordorintelligence.com/industry-reports/industrial-motors-market
https://www.sew-eurodrive.de/company/our_drive/company_profile/company_profile.html
https://www.sew-eurodrive.de/company/our_drive/company_profile/company_profile.html

74 Bibliography

[15] “Industrial Gear Units - SEW-EURODRIVE”. In: www.sew-eurodrive.com (2014). URL:

[16] “DriveRadar - Condition Monitoring and predictive maintenance”. In: www.sew-eurodrive.com
(2019). URL:

[17] Irene Roda, Marco Macchi, and Luca Fumagalli. “The future of maintenance within
industry 4.0: an empirical research in manufacturing”. In: (2018), pp. 39-46.

(18] SEW-Eurodrive. “Workbench planning and Configuration Tool”. In: SEW (2018). URL:

[19] Karen Rose, Scott Eldridge, and Lyman Chapin. “The internet of things: An overview”.
In: The internet society (ISOC) 80 (2015), pp. 1-50.

[20] Andrea BeneSova and Jif1 Tupa. “Requirements for education and qualification of
people in Industry 4.0”. In: Procedia manufacturing 11 (2017), pp. 2195-2202.

[21] Jay Lee et al. “Intelligent prognostics tools and e-maintenance”. In: Computers in in-
dustry 57.6 (2006), pp. 476-489.

[22] Erim Sezer et al. “An industry 4.0-enabled low cost predictive maintenance approach
for smes”. In: 2018 IEEE International Conference on Engineering, Technology and
Innovation (ICE/ITMC). IEEE. 2018, pp. 1-8.

[23] R Keith Mobley. An introduction to predictive maintenance. Elsevier, 2002.

[24] Tiago Zonta et al. “Predictive maintenance in the Industry 4.0: A systematic literature
review”. In: Computers & Industrial Engineering (2020).

[25] Carl S Byington, Michael ] Roemer, and Thomas Galie. “Prognostic enhancements to
diagnostic systems for improved condition-based maintenance [military aircraft]”.
In: Proceedings, ieee aerospace conference. Vol. 6. IEEE. 2002, pp. 6-6.

[26] Jianwu Wang et al. “Sensor data based system-level anomaly prediction for smart
manufacturing”. In: (2018), pp. 158-165.

[27] Jason Deutsch and David He. “Using deep learning-based approach to predict re-
maining useful life of rotating components”. In: IEEE Transactions on Systems, Man,
and Cybernetics: Systems 48.1 (2017), pp. 11-20.

[28] Dazhong Wu et al. “Cloud-based parallel machine learning for tool wear prediction”.
In: Journal of Manufacturing Science and Engineering 140.4 (2018).

[29] Soheyb Ayad, Labib Sadek Terrissa, and Noureddine Zerhouni. “An IoT approach for
a smart maintenance”. In: 2018 International Conference on Advanced Systems and
Electric Technologies (IC_ASET). IEEE. 2018, pp. 210-214.

[30] DazhongWu et al. “Cloud-based machine learning for predictive analytics: Tool wear
prediction in milling”. In: 2016 IEEE International Conference on Big Data (Big Data).
IEEE. 2016, pp. 2062—2069.

[31] Tamas Ruppert and Janos Abonyi. “Integration of real-time locating systems into dig-
ital twins”. In: Journal of industrial information integration 20 (2020), p. 100174.

[32] Eric VanDerHorn and Sankaran Mahadevan. “Digital Twin: Generalization, charac-

terization and implementation”. In: Decision support systems 145 (2021), p. 113524.


https://download.sew-eurodrive.com/download/pdf/20203349.pdf
https://download.sew-eurodrive.com/download/pdf/25963473.pdf
https://download.sew-eurodrive.com/download/pdf/25963473.pdf
https://www.sew-eurodrive.de/products/software/project_planning/workbench_planning_and_configuration_tool/workbench_planning_and_configuration_tool.html
https://www.sew-eurodrive.de/products/software/project_planning/workbench_planning_and_configuration_tool/workbench_planning_and_configuration_tool.html
https://www.sew-eurodrive.de/products/software/project_planning/workbench_planning_and_configuration_tool/workbench_planning_and_configuration_tool.html

Bibliography 75

[33]

[34]

Mark Van Rijmenam. Step into the metaverse: How the immersive Internet will unlock
a trillion-dollar social economy. John Wiley & Sons, 2022.

Edwin Wiggelinkhuizen et al. “CONMOW: Condition monitoring for offshore wind
farms”. In: Proceedings of the 2007 EWEA European wind energy conference (EWEC2007),
Milan, Italy. Citeseer. 2007, pp. 7-10.

Jezdimir Knezevic. Reliability, maintainability, and supportability: a probabilistic ap-
proach. McGraw-Hill Companies, 1993.

PA Scarf. “A framework for condition monitoring and condition based maintenance”.
In: Quality Technology & Quantitative Management 4.2 (2007), pp. 301-312.

Fausto Pedro Garcia Marquez et al. “Condition monitoring of wind turbines: Tech-
niques and methods”. In: Renewable energy 46 (2012), pp. 169-178.

Wenxian Yang et al. “Cost-effective condition monitoring for wind turbines”. In: IEEE
Transactions on industrial electronics 57.1 (2009), pp. 263-271.

NJ Cozens and SJ Watson. “State of the art condition monitoring techniques suit-
able for wind turbines and wind farm applications”. In: Report for CONMOW project
(2003).

SJ Watson, DG Infield, and ] Xiang. “Condition Monitoring of Wind Turbines—Measurements
and Methods, submitted to”. In: IEEE Transactions on Energy Conversion (2006).

Stanislav Gramblicka, Rébert Kohdr, and Maridn Stopka. “Dynamic analysis of me-
chanical conveyor drive system”. In: Procedia Engineering 192 (2017), pp. 259-264.

Jens Sumpfetal. “Novel calculation method for chain conveyor systems”. In: Logistics
Journal: referierte Verdffentlichungen 2014.11 (2014).

G Lodewijks. Dynamics of belt systems. Delft University of Technology, 1996. 1SBN:
90-370-0145-9.

Jeongae Bak et al. “Methods to eliminate surging motion in a conveyor system con-
sidering industrial case studies”. In: International Journal of Precision Engineering
and Manufacturing 20 (2019), pp. 583-592.

Marco Nicola Mastrone et al. “Oil distribution and churning losses of gearboxes: Ex-
perimental and numerical analysis”. In: Tribology International 151 (2020), p. 106496.

V Stavytskyy et al. “Power losses of gear systems”. In: 4 (2017), pp. 107-116.

Patrick Albers. “A study to oil churning losses in a gearbox”. In: DCT rapporten 2004
(2004).

Istvan Kecskés, Ervin Burkus, and Péter Odry. Gear efficiency modeling in a simula-
tion model of a DC gearmotor; Gear efficiency modeling in a simulation model of a DC
gearmotor. 2018. ISBN: 9781728111179.

Carlo Gorla et al. “CFD simulations of splash losses of a gearbox”. In: Advances in
Tribology 2012 (2012).

DMW Abeywardena and SR Munasinghe. “Recursive least square based estimation
of MEMS inertial sensor stochastic models”. In: 2010 Fifth International Conference
on Information and Automation for Sustainability. IEEE. 2010, pp. 424-428.

Shirong Zhang and Xiaohua Xia. “Modeling and energy efficiency optimization of
belt conveyors”. In: Applied energy 88.9 (2011), pp. 3061-3071.



Bibliography

Yassine Koubaa. “Recursive identification of induction motor parameters”. In: Simu-
lation Modelling Practice and Theory 12.5 (2004), pp. 363-381.

Chunyu Yang et al. “Energy modeling and parameter identification of dual-motor-
driven belt conveyors without speed sensors”. In: Energies 11.12 (2018), p. 3313.

Chunyu Yang, Lingchao Bu, and Bin Chen. “Energy modeling and online parameter
identification for permanent magnet synchronous motor driven belt conveyors”. In:
Measurement 178 (2021), p. 109342.

Tebello Mathaba and Xiaohua Xia. “A parametric energy model for energy manage-
ment of long belt conveyors”. In: Energies 8.12 (2015), pp. 13590-13608.

Priyanka S Pariyal et al. “Comparison based analysis of different FFT architectures”.
In: International Journal of Image, Graphics and Signal Processing 8.6 (2016), p. 41.

Denis Donnelly. “The fast Fourier and Hilbert-Huang transforms: a comparison”. In:
The Proceedings of the Multiconference on" Computational Engineering in Systems
Applications”. Vol. 1. IEEE. 2006, pp. 84-88.

Tahar Fakhfakh et al. “Condition monitoring of machinery in non-stationary opera-
tions”. In: Proceedings of the Second International Conference Condition Monitoring
of Machinery in Non-Stationary Operations CMMNQO’2012. Springer. 2012.

Andrew KS Jardine, Daming Lin, and Dragan Banjevic. “A review on machinery diag-
nostics and prognostics implementing condition-based maintenance”. In: Mechani-
cal systems and signal processing 20.7 (2006), pp. 1483-1510.

Afrooz Purarjomandlangrudi, Amir Hossein Ghapanchi, and Mohammad Esmalifalak.
“A data mining approach for fault diagnosis: An application of anomaly detection al-
gorithm”. In: Measurement 55 (2014), pp. 343-352.

Sun Fang and Wei Zijie. “Rolling bearing fault diagnosis based on wavelet packet and
RBF neural network”. In: 2007 Chinese Control Conference. IEEE. 2007, pp. 451-455.

Li Meng, Wang Miao, and Wang Chunguang. “Research on SVM classification perfor-
mance in rolling bearing diagnosis”. In: 2010 International conference on intelligent
computation technology and automation. Vol. 3. IEEE. 2010, pp. 132-135.

Khalid F Al-Raheem and Waleed Abdul-Karem. “Rolling bearing fault diagnostics us-
ing artificial neural networks based on Laplace wavelet analysis”. In: International
Journal of Engineering, Science and Technology 2.6 (2010).

SS Goundar et al. “Real time condition monitoring system for industrial motors”. In:
(2015), pp. 1-9.

B Hamza and K Refassi. “Novel tacholess order tracking method for gear fault diagno-
sis under speed-up and speed-down conditions”. In: Insight-Non-Destructive Testing
and Condition Monitoring 65.3 (2023), pp. 161-164.

Xiang Yang Jin and Shi Sheng Zhong. “The Order Tracking Study of Variant Speed
Process of Aeroengine Vibration Signal”. In: Key Engineering Materials. Vol. 419. Trans
Tech Publ. 2010, pp. 805-808.

Imran Khan et al. “Building energy management through fault detection analysis
using pattern recognition techniques applied on residual neural networks”. In: Ad-
vances in Artificial Life and Evolutionary Computation: 9th Italian Workshop, WIVACE
2014, Vietri sul Mare, Italy, May 14-15, Revised Selected Papers 9. Springer. 2014, pp. 1-
12.



Bibliography 77

[68]

Rebekka Topp and Guadalupe Gémez. “Residual analysis in linear regression models
with an interval-censored covariate”. In: Statistics in medicine 23.21 (2004), pp. 3377-
3391.

Palak Jain et al. “A digital twin approach for fault diagnosis in distributed photovoltaic
systems”. In: IEEE Transactions on Power Electronics 35.1 (2019), pp. 940-956.

CO Jonkers. “Loss factor of transport. A comparative analysis on the energy con-
sumption in transport”. In: Foerdern Heben;(Germany, Federal Republic of) 31.2 (1981).

G Lodewijks. “The transport loss factor revisted”. Undefined/Unknown. In: CHOPS-
05, 2006. Ed. by G. Bonifazi and S. Serranti. null ; Conference date: 27-08-2006 Through
31-08-2006. Ortra, 2006, pp. —

Gabriel Lodewijks and Jan H Welink. “The environmental impact of transport sys-
tems”. In: 6th International Conference for Conveying and Handling of Particulate
Solids: 3-7 August 2009, Brisbane Convention & Exhibition Centre, Queensland, Aus-
tralia. Engineers Australia Barton, ACT. 2009, pp. 12-18.

Farid Al-Bender and Jan Swevers. “Characterization of friction force dynamics”. In:
IEEE Control Systems Magazine 28.6 (2008), pp. 64-81.

Abdul Ghani Olabi et al. “Critical review of flywheel energy storage system”. In: Ener-
gies 14.8 (2021), p. 2159.

Yanjun Shen and Xiaohua Xia. “Adaptive parameter estimation for an energy model
of belt conveyor with DC motor”. In: Asian Journal of Control 16.4 (2014), pp. 1122—
1132.

Dariusz Mazurkiewicz. “Maintenance of belt conveyors using an expert system based
on fuzzy logic”. In: Archives of Civil and Mechanical Engineering 15.2 (2015), pp. 412—
418.






Appendix A

A.1. Verification Controller

Appendix A

For the verification of the position controller, all tests are performed in the positive and

negative direction.

The following results are acquired for the positive and negative ramp, stairs, speed
trapezoidal and extended speed trapezoidal inputs:
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Figure A.1: Speed profile and REP for a positive
ramp speed profile input
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Stairs speed profile input
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Figure A.2: Speed profile and REP for a negative
ramp speed profile input
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Appendix B

B.1. Information Mechanical System - Chain Belt Conveyor
For the stiffness of the chain belt an experiment was performed and the manufacturer has
been contacted. The experiment was performed as a validation of the S-N curves provided.

The chain belt conveyor has been stretched using a known mass, measuring the ex-
tension on three different locations. The measurements in the experiment have been per-
formed multiple times to ensure an accurate result. The experiment is shown in Figure 22.

Figure B.1: Stress-Strain curve experiment for the UNI Flex One chain belt

In collaboration with the manufacturer of the chain belt conveyor, Ammeraal Beltech,
the S-N correlation is acquired for the chain belt. Note that the only the initial linear part is
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used and not the entire curve to determine the stiffness of the chain belt. The conditions of
the experiment have been calculated and checked to match the provided documentation.
The S-N curve for an Uni Flex One chain belt is shown in Figure B.2.
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Figure B.2: Stress-Strain curve of an UNI Flex One chain belt
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C.1. Transfer Function Experiment

To determine the transfer function for the electric motor and experiment is performed.
Multiple setups have been tested to ensure the validity of the transfer function. This Ap-
pendix C is intended to show the broad analysis for the transfer function.

Multiple tests have been performed to determine the transfer function:
1. Step input torque - Free rotor
2. Step input torque - Locked rotor
3. Speed cycle input

The step inputs of both free and locked rotor are tested and analysed. No differences
occur in the generated torque. For the free rotor the speed limiters are initiated after ap-
proximately 0.5 seconds.

The speed cycle and the generated torque is as presented in Figure C.2. This situation
is a representation of the industrial setting and of importance to test the actual generated
torque to the transfer function.
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Figure C.1: Speed cycle and generated torque of flywheel experiment

The FFT of the torque signal is performed to gain insights into the torque signal. This
data set is analysed at it uses a 1 millisecond sample time. This is allows for the highest
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possible frequencies captured. To capture higher frequencies, different equipment must
be used. A clear distinction can be made of base noise and mechanical frequencies (sub
50 Hz). The 300 Hz peak is cause by the full bridge rectifier. Other peaks are hard to elab-
orate on and are assumed to be generated by the electronics. This FFT provides the most
information possible on the present frequencies possible using the equipment from the
conducted case study at SEW Eurodrive, Rotterdam.
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Figure C.2: FFT of generated torque signal by flywheel experiment
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