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Advanced and complex systems require technologies and methodologies to develop

mechatronic systems in an efficient and effective way. In addition to the design of these systems,

testing and validation activities are a key challenge in product development. These activities ensure

the functionality and reliability of the system.

The papers in this Special Issue are intended to support the analysis and design of advanced

mechatronic systems and are aimed at scientists and engineers in the fields of product development,

reliability engineering, dynamics and control engineering.

The guest editors would like to express their sincere appreciation to all the authors who

contributed to this Special Issue.

Thomas Gwosch and Sven Matthiesen
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1. Reliability of Complex Mechatronic Systems

The design of reliable systems is a key challenge in product engineering [1]. Functional
reliability means the ability of a system to fulfill its required functionality under specified
conditions for a specified period of time [2], ensuring the performance and robustness
in operation of a system. In case of complex systems, system reliability is particularly
challenging due to strong interactions between the subsystems of a single technical system
and its environment. It is therefore important to be aware of future applications of the
system in order to take them into account during product development. This can be enabled
by application data using integrated sensors and validation, verification and testing (VVT)
strategies.

At the system level, investigation of functionality and system modeling as well as
simulation techniques are needed. Strategies for the design and operation of mechatronic
systems also require optimization methods and control approaches.

On the topic of machine elements, research is needed in sensor technologies and
signal processing for machine diagnostics and prognosis. For mechatronic systems, there
are approaches for integrating sensors into common machine elements for intelligent
mechatronic systems [3,4].

In addition, for the system design and the development of intelligent machine ele-
ments, research on VVT methods for complex mechatronic systems is needed. The role of
testing and validation is a key activity in industry, but is often underestimated in research.
VVT is the knowledge base for successful engineering, both for the next generation of
products and for proving the functionality and reliability of the current product design.
Therefore, research in the field of VVT is essential to manage the complexity of mechatronic
systems in the future. This Special Issue (SI), entitled “Reliability of Mechatronic Systems
and Machine Elements: Testing and Validation”, makes a valuable contribution to research
in this field.

The Special Issue presents original research on reliability strategies and design for
reliability, machine elements for intelligent mechatronic systems, and the role of testing
and validation during the product development of these systems.

2. Reliability Strategies and Design for Reliability

From the perspective of the design of complex mechatronic systems, there is a need
for operating strategies and design methods that force system reliability and robust design.
This concerns the topic areas of maintenance strategies, design optimization and control
strategies.

With a focus on reliable and robust mechatronic systems, methodical approaches and
system modeling for machines and dynamic systems are needed to solve key challenges in
product engineering.

This SI includes contributions on preventive maintenance strategies and system re-
liability, robust and optimized systems, and system control for powertrains and power
systems. Uncertainty in manufacturing is considered in some of the contributing articles.

Machines 2023, 11, 317. https://doi.org/10.3390/machines11030317 https://www.mdpi.com/journal/machines1
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In [5], the selection of a preventive maintenance strategy for industrial machines is
proposed based on a multi-criteria decision method. As a result, a multidimensional matrix
is shown to determine the best preventive maintenance strategy for the components of a
multistage machine.

In [6], a method for the optimization of an additive manufacturing process is shown.
The developed method, which is based on a physically informed machine learning ap-
proach, helps to reduce the uncertainty of mechanical properties and enhance the quality
of printed parts, increasing system reliability.

In [7], an optimization method for brushless direct current (BLDC) motors that takes
manufacturing uncertainty into account is presented. The authors demonstrated a reduction
in the motor failure rate and performance variation by the proposed method.

In [8], a new control strategy for heating portable fuel cell systems is presented. This
study investigates reliable operation under subfreezing conditions and evaluates system
efficiency. The results were verified by simulation and experiments on a test bench.

In [9], a new position control of an electrohydraulic actuator (EHA) for use in early
product development stages is presented. Based on a multicriteria optimization of the
control in simulations, system performance was investigated in simulation and verified
on a test bench. The study shows a good prediction of system behavior for the optimized
control.

3. Machine Elements for Intelligent Mechatronic Systems

Machine diagnostics and prognosis are key factors for successful and innovative
mechatronic products in future. Product innovation requires knowledge about the state
of the system. This requires sensor technologies as well as prognostic methods for state
estimation.

In order to manufacture intelligent mechatronic systems, sensor integration into
system components is especially important. Therefore, research on the prognosis and
health prediction of machine elements is necessary. This SI includes contributions to the
diagnosis of gears, the investigation of bearing damage, research on the estimation of
external excitations and loads, and a scaling approach for drive components.

In [10], the dynamic characteristics of high-contact-ratio spur gear bearing systems
are investigated. The vibrational behavior of the system is evaluated based on a proposed
dynamic model with tooth spalling defects. The dynamic model is verified by experimental
results.

In [11], a scaling model for drive components is investigated. A functional investiga-
tion of the drive system was conducted on a X-in-the-Loop test bench based on the coupling
of a geometrically scaled drive component and powertrain. This study demonstrates a new
method for scaled component tests.

In [12], a model of a two-tooth difference swing-rod movable teeth transmission
system is proposed. The influence of external excitation and system load on the system
dynamics is investigated. The simulation results were verified by experiments on a test
bench.

In [13], a study of electrical bearing damage is presented. The authors propose a metric
to evaluate damage progression using surface property data. The experimental data show
a suitable approach for quantifying electrical bearing damage.

In [14], the degradation effects of thin-film sensors are investigated. The investigation
includes reliability measurements after high loads, which can occur after the application of a
critical component load. Based on the results, a sensor data fusion method is proposed. The
presented results can be used for system design using these sensors in machine elements.

In [15], sensor integration in an industrial gear is shown. Based on a simulation, a gear
modification was proposed and the effect on the load carrying capacity was investigated.
The approach shows the trade-off between gear performance and sensor integration used
in intelligent systems.
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4. The Role of Verification, Validation and Testing of Mechatronic Systems

The papers in this SI present new approaches and related research to address the
reliability challenges of mechatronic systems and machine elements. From a product
engineering perspective, the role of VVT is a key aspect of reliable and robust systems.

The increasing complexity of mechatronic systems encourages research of new tech-
nologies and methods, especially in the field of VVT. In this context, current challenges
are related to research on new reliability approaches, but also on machine elements to
be used in intelligent mechatronic systems [3,4]. Especially in human–machine systems,
interactions with humans and the environment are highly sophisticated [16,17].

Methods and system models are needed to study and simulate the strong interactions
between the subsystems of these complex systems. It is important to appreciate the value
of VVT activities in research and their relevance for successful product engineering in the
future.

Acknowledgments: We thank all our colleagues who are interested in these research topics and
submitted their research for our SI. A special thanks is due to all reviewers for their excellent work
and efforts to maintain the high quality of all contributions.

Conflicts of Interest: The authors declare no conflict of interest.
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Analysis of the Influence of Component Type and Operating
Condition on the Selection of Preventive Maintenance Strategy
in Multistage Industrial Machines: A Case Study
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Abstract: The study of industrial multistage component’s reliability, availability and efficiency poses
a constant challenge for the manufacturing industry. Components that suffer wear and tear must be
replaced according to the times recommended by the manufacturers and users of the machines. This
paper studies the influence of the individual maintenance values of Main Time To Repair (MTTR),
Time To Provisioning (TTPR) and Time Lost Production (TLP) of each component, including the type
of component and operation conditions as variables that can influence deciding on the best preventive
maintenance strategy for each component. The comparison between different preventive maintenance
strategies, Preventive Programming Maintenance (PPM) and Improve Preventive Programming
Maintenance (IPPM) provide very interesting efficiency and availability results in the components. A
case study is evaluated using PPM and IPPM strategies checking the improvement in availability and
efficiency of the components. However, the improvement of stock cost of components by adopting
IPPM strategy supposes the search of another more optimal solution. This paper concludes with the
creation of a multidimensional matrix, for that purpose, to select the best preventive maintenance
strategy (PPM, IPPM or interval between PPM and IPPM) for each component of the multistage
machine based on its operating conditions, type of component and individual maintenance times.
The authors consider this matrix can be used by other industrial manufacturing multistage machines
to decide on the best maintenance strategy for their components.

Keywords: maintenance strategies; preventive maintenance; operation condition; type of component;
global operation condition; multistage industrial machine; thermoforming

1. Introduction

The study of the reliability, availability and efficiency of industrial multistage compo-
nents poses a constant challenge for the manufacturing industry.

Manufacturing processes can be studied by adopting combinations of different ma-
chines that work in a coordinated way, either in series or parallel. The machines can be
single stage machines, i.e., machines in charge of one phase of production, or multistage
machines, which develop several phases of the production process.

Maintenance strategies must be different for each type of process and machine used.
With processes based on a series-parallel combination of single stage machines, an unex-
pected stoppage caused by the failure of a component does not necessarily stop production
altogether, but it may decrease the value of production capacity. With processes based on
multistage machines, except for redundancy of these multistage machines, a stop caused
by a component failure can cause the entire production process to stop.

Because of this condition in multistage machines, the components, their operating
condition and their reliability for the performance of the work they must carry out must

Machines 2022, 10, 385. https://doi.org/10.3390/machines10050385 https://www.mdpi.com/journal/machines5
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be carefully studied. The preventive maintenance strategy [1] is one of the most popular
strategies in the industry. According to Colledani [2], equipment availability, product
quality and system productivity are strongly related. Moreover, Colledani stated that
preventive maintenance policies significantly affect the completion time of a batch [3].

Cheng-Hung [4] proposed a Dynamic Dispatch and Preventive Maintenance model
(DDPM) that considers dispatching-dependent deterioration and machine health-dependent
production rates for C, a dynamic decision model. Colledoni [5,6] cited in his works that
opportunistic maintenance affected the performance in multistage manufacturing systems.
Similarly, Xiaojun [7] proposed opportunistic preventive maintenance for Serial-Parallel
Multistage Manufacturing Systems (SP-MMSs).

Recent works of Azimpoor [8] reveal that a machine’s lifetime is divided into two
stages in a failure process, showing defect arrival and then failure arrival. So, the main-
tenance schedule can be a combination of orders to repair and inspect machines. In this
way, Ruiz Hernández [9] believed that poor maintenance could not reinstate the machine
to an “as-new” status and this had to be considered when designing maintenance policies.
Additionally, Guanghan [10] cited four degradations stages of multistage machines: normal
stage, slow degradation, fast degradations and fail.

An effective maintenance policy typically seeks high-quality mechanical reliability, and
the minimum possible maintenance cost [11–15]. Xiaojun [16] studied the Condition-Based
Maintenance (CBM) policy in multistage manufacturing systems and the positive effects
on the quality of the machine work with the most appropriate preventive maintenance
decisions. Qipeng [17] proposed using Multistage Stochastic Mixed-Integer Program-
ming (MSMIP) to seek optimal operations regarding maintenance outage scheduling of
the machine.

Yingsai [18] studied preventive maintenance based on a policy to improve operation
efficiency by modelling an algorithm to obtain the optimal parameters to ascertain the
frequencies of inspections and maintenance. Similarly, Grossmann [19] concluded that
a Markov decision-making process model is an interesting framework for modelling the
stochastic dynamic decision-making process of condition-based maintenance.

Qing [20] proposed preventive maintenance based on quality rework loops for de-
tecting random machine failures. Qiuhua [21] proposed using a constraint to a two-stage
assembly flow shop against a fixed preventive maintenance time, using the Weibull probabil-
ity distribution to calculate the optimal maintenance interval. This ensures the production
flow is continuous and ensures the reliability of the machine.

1.1. Preventive Programming Maintenance

Preventive programming maintenance is used in most manufacturing industries. The
work of Jun-Hee [22] proportionated preventive maintenance scheduling to minimise the
risk of failure in a single-process machine. Other studies by Taghipour [23] and Duffuaa [24]
developed models based on integrating the maintenance schedule into the production to
improve the machine’s quality and performance.

The study of the availability to show the performance level of a multistage system
was developed by Arvanitoyannis [25]. Ahmadi [26] used Reliability-Centred Maintenance
(RCM) based on condition-based maintenance to decide which maintenance action must be
undertaken. Zhen [27] studied the health index to obtain and measure the reliability of a
complex production process to reflect the in-time operation state of the production process.

Jiři [28] studied the losses in production and analysed the priority in the corrective and
preventive maintenance as the fastest return to the normal activity of the machine. He also
used the main time between failure and main time to failure and other delayed times to
minimise the cost and improve the availability of the machine. Liberopoulos [29] analysed
all the times involved in main time to repair in a single-parallel multistage machine. He
also proposed the use of time lost for production as an indicator of the availability of
the process.

6
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1.2. Improved Preventive Programming Maintenance

The improved preventive programming is based on the PPM strategy. This strategy
minimises the TTPR of all the components by improving the safety of own stocks to
reduce the MTTR and improve efficiency and availability ratios. Ren [30] analysed the
product-service system (PSS) as an important challenge to providers to perform preventive
maintenance based on historical data combined with real-time operational data.

Gharbi [31,32] analysed the effects of joint production and preventive maintenance con-
trols for manufacturing systems, using a make-to-stock strategy and age-based on preventive
maintenance, minimising the inventory cost according to unreliable manufacturing periods.

Hongbing [33] studied the optimisation of preventive maintenance by a joinder of
maintenance and production considering the maintenance costs, processing costs and
completion rewards using the Markov model to form a decision process.

García and Salgado [34] studied the modelling of a multistage machine and preventive
maintenance strategies to improve the machine’s efficiency and availability.

Ferreira [35] introduced the reactive and proactive concepts to evaluate the compo-
nents obsolescence and then a new Key Performance Indicators (KPIS) for a matrix decision
for industrial maintenance evaluation.

This paper studies a real case based on a MultiStage Thermoforming Machine (MSTM).
The objective is focused on the selection of the most appropriate preventive mainte-

nance strategy for the components of the studied machine. For that purpose, the preventive
maintenance strategies PPM and IPPM are studied, and their results compared. Initially
the machine works with PPM strategy. Looking for the improvement of efficiency and
availability, IPPM strategy is proposed for use. Results show that a combination of different
maintenance strategies is more interesting from a cost point of view. In the aim to reach the
objective, the authors propose a methodology for selecting PPM or IPPM strategy for the
components depending on the location of the component and new indicators, defined in
Step 5 in Section 2. This research proposes a n dimensional matrix for that purpose.

2. Materials and Methods

The work carried out in this article is based on the analysis of one year working of the
MSTM. The results obtained with PPM and IPPM strategies are different, so a multicriteria
decision method is studied for selecting the appropriate preventive maintenance strategy
for different components in the same machine. The result of this multicriteria analysis is
the multidimensional matrix proposed and adopted for the machine.

The methodology used in this research and its ordered executed steps, is as follow:

• Step One: First, the MSTM is selected as case study. Then the thermoforming multi-
stage machine is characterised and subsequently all the components are identified and
classified by component type. See Section 3.1;

• Step Two: Definition of the concept Global Operation Condition (GOCi) as an interest-
ing parameter to propose a maintenance strategy. See Section 3.2;

• Step Three: Definition of maintenance times for each component an efficiency and
availability definition. See Section 3.3;

• Step Four: Study and collection the individual maintenance times for each component
in the MSTM. Evaluation of the results of applying the PPM and IPPM strategies
in the same machine in MTTR, TLP, efficiency and availability terms. Evaluation
for each component type. See Sections 3.4 and 3.4.1 for PMM strategy and 3.4.2 for
IPPM strategy. The results provided by the Section 3.4 are not part for the results of
this research, due to the fact that the objective of this research is the selection of the
appropriate preventive maintenance strategy for each component and the results of
this section are the efficiency and availability values for both strategies;

• Step Five: Definition of Key Performance Indicators (KPIs) as the result of pro-
posed expressions based on maintenance times defined and studied in step four.
See Section 3.5.1;
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• Step Six: Proposal of a multidimensional matrix for evaluating the maintenance
strategy suggested for each component in the same MSTM as a combination of a Global
Operation Condition (GOCi), key performance indicators and type of component. See
Section 3.5.2;

Results, discussion, conclusions, and futures research are shown in Sections 4–6.
This paper is organised following the outlined steps.

Other Considerations

If the analysed machine will present a lot of unexpected failures in different types of
components, the authors suggest using FMECA analysis to achieve a better design and
manufacture of the multistage machine.

The definition of the maintenance strategies is lined up to EN 13306:2001. Also, the
new KPIs proposed are not the same that technical groups in EN 15341:2007 but allow new
and interesting results.

3. Case Studied

3.1. Definition of A Multistage Thermoforming Machine and List of Studied Components

Thermoforming and tub-filling machines are one case among the many that exist. This
study covers this type of machine. Figure 1 shows the MSTM and the components’ placement.

Figure 1. A multistage thermoforming machine of 6 terrines per cycle and its type of components.

These machines comprise several steps, from managing the polymer film, the container
and the lid to the dosage and final cut.

The cycle time in this machine is 4 s, during which six terrines are manufactured.
Standard operation requires the constant coordination of all steps since a failure in one of
them means the global failure and loss of the ongoing production.

There is a master linear axis in the lower part of the machine from the thermal condi-
tioner of the polymer for the container thermoformer to the cutter for finished tubs, which
ensures the coordinated operation of the entire machine (see Figure 1).

A structural, fixed part is usually not subject to wear and tear but must be protected
against corrosion and meet health and food operation conditions. This multistage machine
has many component types. The classification of the components is as follows:
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• Electrical components;
• Electronic components;
• Mechanical components;
• Pneumatic components.

The assignment of the type of component has been made by applying the following criteria:

• Electrical components are all those that works in alternating voltage and current;
• Electronic components are all those that need analog signals of voltage or current

to work. Those components that use electronic control cards and power electronics
equipment in their operating principle, such as thyristors or insulated gate bipolar
transistors, are also included;

• Mechanical components are all those that move or are actuated abruptly. The peristaltic
pump is included in this group since its drive is carried out by a servomotor that
controls the proper dosage. Additionally, the thermocouple sensor is considered
as a mechanical component due to its location is inside of the mechanical base for
thermoforming creating tub (see step 3 in Figure 2) and inside of the mechanical
base for the thermal adhesion (see step 6 in Figure 2). Both mechanical bases are in
constant movement;

• Pneumatic components are all those that require pressurised air for their operation.

 

Figure 2. Subprocess in the studied MSTM.

3.1.1. Electrical Components

They are usually inside the control panel, but those that entail human-machine inter-
face (HMI) are on the outer face of the door control panel. Table 1 shows the list of electrical
components in this MSTM, with the failure source and event.

Table 1. Electrical components in the studied MSTM with failure source and event.

Component Failure Source Failure Event

Master power switch Ambient condition, Power supplier event Stop
Plug-in relay Ambient condition, Power supplier event, Unexpected hit Malfunction

Command and signalling Ambient condition, Power supplier event Stop
Safety limit switch Ambient condition, Power supplier event, Unexpected hit Stop

3.1.2. Electronic Components

Electrical components are usually inside the control panel, e.g., the programming logic
controller (PLC) and solid-state relays, but some components can be on the outer face of
the control panel, as with the electrical components that have human-machine interactions.
Sensors are typically distributed around the machine and are subject to degrading and
unexpected hits. Table 2 shows the list of electronic components in this MSTM, with the
failure source and event.
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Table 2. Electronic components in the studied MSTM with failure source and event.

Component Failure Source Failure Event

PLC Ambient condition, Power supplier event Stop
HMI Ambient condition, Power supplier event Stop

Chromatic sensor Ambient condition, Power supplier event Stop
Safety relay Ambient condition, Power supplier event Stop

Temperature controller Ambient condition, Power supplier event, Unexpected hit Stop
Solid-state relay Ambient condition, Power supplier event Stop

Frecuency inverter Ambient condition, Power supplier event Malfunction
Pressure sensor Pressure failure, Global fatigue Malfunction

Servo drive peristaltic pump Ambient condition, Power supplier event Stop
Absolute encoder Ambient condition, Power supplier event, Unexpected hit Malfunction

3.1.3. Mechanical Components

Some are subject to movement, degrading and unexpected hits. They are selected with
fatigue-resistant materials but may be damaged by wear, environmental conditions, and
unexpected hits. Table 3 shows the list of mechanical components in this MSTM, with the
failure source and event.

Table 3. Mechanical components in the studied MSTM with failure source and event.

Component Failure Source Failure Event

Safety button Ambient condition, Power supplier event Stop
Thermal resistance Ambient condition, Power supplier event Malfunction

Thermocouple sensor Global fatigue Malfunction
Motor belt Ambient condition, Power supplier event Stop
Bronze cap Global fatigue Malfunction
Linear axis Global fatigue Malfunction

Linear bearing Global fatigue Malfunction
Peristaltic pump Ambient condition, Power supplier event Stop

Terrine cutter Global fatigue Malfunction

3.1.4. Pneumatic Components

These components are distributed all over the machine and are subject to degrading
and unexpected hits. Table 4 shows the list of pneumatic components in this MSTM, with
the failure source and event.

Table 4. Pneumatic components in the studied MSTM with failure source and event.

Component Failure Source Failure Event

Pneumatic valve Ambient condition, Power supplier event,
Global fatigue, Pressure failure Malfunction

Pneumatic cylinder
Ambient condition, Power supplier event,

Global fatigue, Pressure failure, Failure
pneumatic valve

Malfunction

3.2. Operation Conditions

Operation conditions are different depending on the situation and type de component
selected. In this study, the operation conditions assessed are:

• Work temperature;
• Work Humidity, studied by Ingress Protection rating (IP) according to IEC 62262 [36];
• Impact Protection rating (IK) according to IEC 62262 [36].

Table 5 shows the classification of operation conditions and three operation stages
defined in this study.
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Table 5. Type of operation conditions for temperature, humidity and IK.

Type of Operation Condition Temperature Humidity IK Rating

A Outdoor and ventilated situation Indoor with appropriate IP Indoor and mechanically
protected

B Indoor and ventilated situation Outdoor with appropriate IP Outdoor and protected against
mechanical shock

C Indoor and non-ventilated
situation Outdoor with not appropriate IP Outdoor and not protected

against mechanical shock

The authors propose a definition of Global Operation Condition (GOCi) for each
component as a decisive variable to select the appropriate preventive maintenance strategy
for the “i” component. This GOCi is defined by a sequence of three letters (A, B or C)
that mention the three operation conditions studied in Step 3 in Section 2 (see Table 5). In
general, the structure of a GOCi is expressed at it follows:

• First letter: Temperature condition (A, B or C);
• Second letter: Humidity condition (A, B or C);
• Third letter: IK rating condition (A, B or C).

So, if we consider, for example, a component with a BAA value of GOCi, it means
the following:

• First letter B: Indoor and ventilated situation;
• Second letter A: Indoor with appropriate IP;
• Third letter A: Indoor and mechanically protected.

3.3. Expressions Proposed for the Preventive Maintenance Study

As stated in Section 1, a failure of most components should lead to a global failure in
this type of machine. So, if the critical scenario is studied, the MSTM will present a global
failure if a component fails.

The times studied for the failures [28,29] are:

• TTRP: Time to replace a component;
• TTC: Time to configure;
• TTMA: Time to mechanical adjustment;
• TTPR: Time to provisioning;
• MTTR: Mean time to repair;
• MTTF: Mean time to failure;
• MTBF: Mean time between failure;
• TTLR: Line restart time, defined by expert knowledge;
• TLP: Time lost production.

MTTR (1), TLP (2), MTBF (3), efficiency (4) and availability (5) can be calculated
with these equations. Efficiency and availability are used as indicators of success in
preventive maintenance.

MTTR = TTRP + TTC + TTMA + TTPR (1)

TLP = MTTR + TTLR (2)

MTBF = MTTR + MTTF (3)

Efficiency = 1 − TLP
MTTR + MTTF

(4)

Availability =
MTBF

MTBF + MTTR
(5)
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3.4. Preventive Maintenance Strategies for Multistage Thermoforming Machines

The maintenance strategies studied for this MSTM are PPM and IPPM. The efficiency
and availability results improve by applying the IPPM strategy. However, applying the
IPPM strategy for all the components is not the best scenario for the end user because the
stock costs increase. The value of TTLR for both strategies is set at 14,400 s given by the
user experience of the machine.

3.4.1. Preventive Programming Maintenance

This strategy uses its own times per component (TTPR, TTC, TTMA, TTRP). All the
times are obtained for the usage of the machine. The results are shown in a different table
for each type of component.

Table 6 shows the electrical components times and the value of efficiency and avail-
ability calculated with Equations (4) and (5).

Table 6. Electrical components times in seconds. Efficiency and availability calculated in % with
PPM strategy.

Component MTTR TTPR MTTF TLP Efficiency Availability

Master power switch 14,400 10,800 9,999,999 28,800 99.71% 99.86%
Plug-in relay 14,400 10,800 4,999,999.5 28,800 99.43% 99.71%

Command and signalling 14,400 10,800 4,999,999.5 28,800 99.43% 99.71%
Safety limit switch 14,400 10,800 9,999,999 28,800 99.71% 99.86%

Table 7 shows the electronic components times and the value of efficiency and avail-
ability calculated with Equations (4) and (5).

Table 7. Electronic components times in seconds. Efficiency and availability calculated in % with
PPM strategy.

Component MTTR TTPR MTTF TLP Efficiency Availability

PLC 435,600 345,600 9,999,999 450,000 95.69% 95.99%
HMI 435,600 345,600 9,999,999 450,000 95.69% 95.99%

Chromatic sensor 176,520 172,800 4,999,999.5 190,920 96.31% 96.70%
Safety relay 14,400 10,800 9,999,999 28,800 99.71% 99.86%

Temperature controller 435,600 345,600 9,999,999 450,000 95.69% 95.99%
Solid-state relay 176,400 172,800 4,999,999.5 190,800 96.31% 96.70%

Frecuency inverter 435,600 345,600 9,999,999 450,000 95.69% 95.99%
Pressure sensor 176,700 172,800 4,999,999.5 191,100 96.31% 96.70%

Servo drive peristaltic pump 435,600 345,600 9,999,999 450,000 95.69% 95.99%
Absolute encoder 360,000 172,800 4,999,999.5 374,400 93.01% 93.71%

Table 8 shows the mechanical components times and the value of efficiency and
availability calculated with Equations (4) and (5).

Table 8. Mechanical components times in seconds. Efficiency and availability calculated in % with
PPM strategy.

Component MTTR TTPR MTTF TLP Efficiency Availability

Safety button 14,400 10,800 9,999,999 28,800 99.71% 99.86%
Thermal resistance 25,500 10,800 3,700,800 39,900 98.93% 99.32%

Thermocouple sensor 14,700 10,800 3,700,800 29,100 99.22% 99.61%
Motor belt 187,200 172,800 4,999,999.5 201,600 96.11% 96.52%
Bronze cap 288,000 172,800 7,750,000 302,400 96.24% 96.54%
Linear axis 288,000 172,800 7,625,000 302,400 96.18% 96.49%

Linear bearing 288,000 172,800 7,500,000 302,400 96.12% 96.43%
Peristaltic pump 547,200 518,400 4,999,999.5 561,600 89.88% 91.02%

Terrine cutter 288,000 172,800 9,999,999 302,400 97.06% 97.28%

Finally, Table 9 shows the pneumatic components times and the efficiency and avail-
ability value calculated with Equations (4) and (5).
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Table 9. Pneumatic components times in seconds. Efficiency and availability calculated in % with
PPM strategy.

Component MTTR TTPR MTTF TLP Efficiency Availability

Pneumatic valve 176,400 172,800 9,999,999 190,800 98.13% 98.30%
Pneumatic cylinder 176,400 172,800 9,999,999 190,800 98.13% 98.30%

Figure 3 shows a comparative average ratio for efficiency and availability in the PPM
strategy by component type.

 

Figure 3. Average efficiency and availability values in % by type of component with the PPM strategy.

Electrical components have the higher average values of efficiency and availability,
with a maximum value of 99.71% in efficiency and availability.

Figure 4 also shows the maximum and minimum values for each type of compo-
nent. Here, the minimum efficiency and availability values of electronic and mechanical
components suggest using another maintenance strategy. The machine efficiency and
availability levels depend on the efficiency and availability of all the components. So, the
objective of the maintenance strategy is to achieve higher efficiency and availability for all
the components and not for just many components.

 

Figure 4. Maximum and minimum efficiency and availability values in % by type of component with
the PPM strategy.

13



Machines 2022, 10, 385

3.4.2. Improve Preventive Programming Maintenance

The IPPM strategy is based on reducing the TTPR time for all the components by
increasing the security stocks for the components. The TTPR value in this strategy is a
residual value consisting in the transport and picking time to machine of the component
waiting for in the safety stock.

Table 10 shows the electrical components times and the efficiency and availability
values calculated with Equations (4) and (5).

Table 10. Electrical component times in seconds. Efficiency and availability calculated in % with the
IPPM strategy.

Component MTTR TTPR MTTF TLP Efficiency Availability

Master power switch 3900 300 9,999,999 18,300 99.82% 99.96%
Plug-in relay 3900 300 4,999,999.5 18,300 99.63% 99.92%

Command and signalling 3900 300 4,999,999.5 18,300 99.63% 99.92%
Safety limit switch 3900 300 9,999,999 18,300 99.82% 99.96%

Table 11 shows the electronic components times and the efficiency and availability
values calculated with Equations (4) and (5).

Table 11. Electronic component times in seconds. Efficiency and availability calculated in % with
IPPM strategy.

Component MTTR TTPR MTTF TLP Efficiency Availability

PLC 90,300 300 9,999,999 104,700 98.96% 99.11%
HMI 90,300 300 9,999,999 104,700 98.96% 99.11%
Chromatic sensor 4020 300 4,999,999.5 18,420 99.63% 99.92%
Safety relay 3900 300 9,999,999 18,300 99.82% 99.96%
Temperature controller 90,300 300 9,999,999 104,700 98.96% 99.11%
Solid-state relay 3900 300 4,999,999.5 18,300 99.63% 99.92%
Frecuency inverter 90,300 300 9,999,999 104,700 98.96% 99.11%
Pressure sensor 4200 300 4,999,999.5 18,600 99.63% 99.92%
Servo drive peristaltic pump 90,300 300 9,999,999 104,700 98.96% 99.11%
Absolute encoder 187,500 300 4,999,999.5 201,900 96.11% 96.51%

Table 12 shows the mechanical components times and the efficiency and availability
values calculated with Equations (4) and (5).

Table 12. Mechanical component times in seconds. Efficiency and availability calculated in % with
the IPPM strategy.

Component MTTR TTPR MTTF TLP Efficiency Availability

Safety button 3900 300 9,999,999 18,300 99.82% 99.96%
Thermal resistance 15,000 300 3,700,800 29,400 99.21% 99.60%
Thermocouple sensor 4200 300 3,700,800 18,600 99.50% 99.89%
Motor belt 14,700 300 4,999,999.5 29,100 99.42% 99.71%
Bronze cap 115,500 300 7,750,000 129,900 98.35% 98.55%
Linear axis 115,500 300 7,625,000 129,000 98.32% 98.53%
Linear bearing 115,500 300 7,500,000 129,900 98.29% 98.51%
Peristaltic pump 29,100 300 4,999,999.5 43,500 99.14% 99.42%
Terrine cutter 115,500 300 9,999,999 129,900 98.72% 98.87%

Finally, Table 13 shows the pneumatic components times and the efficiency and
availability values calculated with Equations (4) and (5).

Table 13. Pneumatic component times in seconds. Efficiency and availability calculated in % with the
IPPM strategy.

Component MTTR TTPR MTTF TLP Efficiency Availability

Pneumatic valve 3900 300 9,999,999 18,300 99.82% 99.96%
Pneumatic cylinder 3900 300 9,999,999 18,300 99.82% 99.96%

As with Figures 3 and 5 shows a comparative average ratio for efficiency and avail-
ability in the IPPM strategy by component type.
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Figure 5. Average efficiency and availability values in % by component type with the IPPM strategy.

When comparing Figures 3 and 5, the efficiency and availability increase their values
in all components, especially in pneumatic components. Electronic and mechanical compo-
nents also increase their values. Figure 6 show the minimum and maximum new efficiency
and availability values when applying the IPPM strategy.

 

Figure 6. Maximum and minimum efficiency and availability values in % by component type with
the IPPM strategy.

A simple comparison between Figures 4 and 6 show the increase obtained in pneu-
matic components by applying the IPPM strategy. Their efficiency and availability levels
improve to above 99.82% values. Electronic and mechanical components also improve
their minimum efficiency and availability values by 3.09% and 2.81% for electronic com-
ponents and 8.42% and 7.48% for mechanical components. Increasing the components’
minimum efficiency and availability values allows for improving MSTM efficiency and
availability globally.

3.5. Selection of Preventive Maintenance Strategies

The results obtained by applying the PPM and IPPM strategies show very interesting
efficiency and availability values, but in the same machine, as is well-known, all the
components do not have to use the same maintenance strategy. In this section, the authors
propose a singular study that allows for selecting the best strategy for each component.
This selection depends on parameters such as type of component, operation condition and
own time values of all the components.
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3.5.1. Parameter for the Selection under Study

An analysis of the results obtained when applying PPM and IPPM shows that compo-
nent type is an important parameter for deciding on preventive maintenance strategy. For
example, applying IPPM in electrical components does not show a remarkable increase, so
the conclusion could be not applying IPPM in electrical components.

The operation conditions in Table 5 denote the relevance of the adequate operation
conditions for all the components by selecting the appropriate tolerance to temperature
and an appropriate value of IP and IK ratings. A high-quality component working in
inadequate operation conditions, compared with their datasheet, could entail unexpected
failures and a decrease in efficiency and availability of the MSTM. Each component may
have an individual condition, shown by three letters A, B or C for this study.

Attending to the definition of each operation condition, it is easy to understand that
many combinations of operation conditions cannot exist simultaneously. For example,
a component cannot be located indoors and outdoors, so combinations such as AAA
are impossible.

Individual maintenance times of all the components allow for knowing the influence
of the MMTR and TLP times in the efficiency and availability of the MSTM, so for this
study, these KPIs are used:

KPI1 = (MTTR − TTPR)/MTTR (6)

KPI2 = TTPR /TLP (7)

Equation (6) states the influence of the TTPR in MTTR. For this KPI1 singular value is
used at 25% result.

Equation (7) also shows the influence of the TTPR in the TLP (see Equation (2)). A
Higher value of TTPR greater than TLR could entail a considerable stop time in the MSTM
and the assumption of undesirable opportunity costs. In this KPI2, the singular value used
is 70% result.

3.5.2. N-Dimensional Matrix for Preventive Maintenance Selection

Using the three parameters explained in the previous subsection, an n-dimensional
matrix is proposed to select the appropriate maintenance strategy for the component, where
n is set in five dimensions:

• Operation condition;
• Type of component;
• Value of Equation (6);
• Value of Equation (7);
• Combination of Equations (6) and (7) values.

To understand and use this 5-dimension matrix, the authors propose a plane conver-
sion in which the operation condition is the column, and the rest of the conditions are fixed
in mixed lines, as shown in Table 14.

Table 14. N-dimensional matrix for preventive maintenance selection in MSTM.

Type of Component KPI
Operation Condition

ABB ABC ACB ACC BAA CAA

Electrical

KPI1 > 25%
KPI2 < 70% II III II III II II

KPI1 < 25% I II II II I II
KPI2 > 70% III III III III III III

Electronic

KPI1 > 25%
KPI2 < 70% II III III III II III

KPI1 < 25% II III II III II III
KPI2 > 70% III III III III III III
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Table 14. Cont.

Type of Component KPI
Operation Condition

ABB ABC ACB ACC BAA CAA

Mechanical

KPI1 > 25%
KPI2 < 70% II III II III II III

KPI1 < 25% I III I III I III
KPI2 > 70% III III III III III III

Pneumatic

KPI1 > 25%
KPI2 < 70% II III III III III III

KPI1 < 25% II III II III III III
KPI2 > 70% III III III III III III

Selection I indicates PPM strategy; selection III indicates IPPM strategy, and; selection II shows an intermediate
situation between PPM and IPPM strategies, where there is a special consideration of the necessary constant for
analysing the TTPR of each component. Selection II is called “Interval PPM to IPPM strategy” in this paper.

4. Results

Applying the n-dimensional matrix for the preventive maintenance strategy in the
components of a multistage thermoforming machine allows for improving efficiency and
availability. Table 15 shows the application of the n-matrix in this study.

Table 15. Results and comparison of the application of n-dimensional matrix for maintenance
strategy decision.

PPM Strategy IPPM Strategy N-MATRIX PROPOSAL

Component Efficiency Availability Efficiency Availability Efficiency Availability Maintenance Strategy

Master power switch 99.71% 99.86% 99.82% 99.96% 99.71% 99.86% PPM
PLC 95.69% 95.99% 98.96% 99.11% 98.96% 99.11% IPPM
HMI 95.69% 95.99% 98.96% 99.11% 98.96% 99.11% IPPM
Chromatic sensor 96.31% 96.70% 99.63% 99.92% 99.63% 99.92% IPPM
Plug-in relay 99.43% 99.71% 99.63% 99.92% 99.43% 99.71% PPM
Command and signalling 99.43% 99.71% 99.63% 99.92% 99.43% 99.71% PPM
Safety limit switch 99.71% 99.86% 99.82% 99.96% 99.71% 99.86% PPM
Safety relay 99.71% 99.86% 99.82% 99.96% 99.71% 99.86% PPM
Safety button 99.71% 99.86% 99.82% 99.96% 99.71% 99.86% PPM
Temperature controller 95.69% 95.99% 98.96% 99.11% 98.96% 99.11% IPPM
Solid-state relay 96.31% 96.70% 99.63% 99.92% 99.63% 99.92% IPPM
Thermal resistance 98.93% 99.32% 99.21% 99.60% 98.93% 99.32% Interval PPM to IPPM
Thermocouple sensor 99.22% 99.61% 99.50% 99.89% 99.22% 99.61% Interval PPM to IPPM
Frequency inverter 95.69% 95.99% 98.96% 99.11% 98.96% 99.11% IPPM
Motor belt 96.11% 96.52% 99.42% 99.71% 99.42% 99.71% IPPM
Bronze cap 96.24% 96.54% 98.35% 98.55% 96.24% 96.54% PPM to IPPM Interval
Linear axis 96.18% 96.49% 98.32% 98.53% 96.18% 96.49% PPM to PPM Interval
Linear bearing 96.12% 96.43% 98.29% 98.51% 96.12% 96.43% PPM to PPM Interval
Pneumatic valve 98.13% 98.30% 99.82% 99.96% 99.82% 99.96% IPPM
Pneumatic cylinder 98.13% 98.30% 99.82% 99.96% 99.82% 99.96% IPPM
Pressure sensor 96.31% 96.70% 99.63% 99.92% 99.63% 99.92% IPPM
Servo drive peristaltic
pump 95.69% 95.99% 98.96% 99.11% 98.96% 99.11% IPPM

Peristaltic pump 89.88% 91.02% 99.14% 99.42% 99.14% 99.42% IPPM
Terrine cutter 97.06% 97.28% 98.72% 98.87% 97.06% 97.28% PPM to IPPM Interval
Absolute encoder 93.01% 93.71% 96.11% 96.51% 93.01% 93.71% PPM to IPPM Interval

The comparison of combined average values for all the components by efficiency and
availability is shown in Figure 7.

The average values show that a mixed preventive maintenance strategy for the com-
ponents in a machine is an efficient solution to reach reasonable values of efficiency and
availability. The IPPM strategy provides better results for all the components but can
increase the maintenance cost for the whole machine, due to PPM strategy does not need
stock of components and IPPM strategy that needs stock for all the components (see the
beginning of the Section 3.4.2.).
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Figure 7. Comparison of mixed average values in applying the PPM strategy, the IPPM strategy and
the n-dimensional matrix preventive maintenance proposal.

5. Results Discussion

The results obtained showed an optimisation procedure to select the appropriate
maintenance strategy for different components in a multistage machine. Table 16 shows
the efficiency and availability improvements comparing PPM and IPPM strategies for type
of component.

Table 16. Efficiency and availability improvements comparing PPM and IPPM strategies for type
of component.

Type of
Component

Efficiency
Maximum %

Efficiency
Minimum %

Availability
Maximum %

Availability
Minimum %

Efficiency
Average

Availability
Average

Electrical 0.10% 0.21% 0.10% 0.21% 0.16% 0.16%
Electronic 0.10% 3.09% 0.10% 2.81% 2.95% 2.82%

Mechanical 0.10% 8.42% 0.10% 7.48% 2.37% 2.22%
Pneumatic 1.69% 1.69% 1.66% 1.66% 1.69% 1.66%

For Electrical components, the possibility to not use IPPM strategy selected for a
component that only needs PPM strategy is an improve of the global maintenance strategy
for the machine. See maximum, minimum and average compared values of efficiency and
availability in electrical components.

In the case of Electronic and Mechanical components, the IPPM application improves
the efficiency and availability values; this is also demonstrated in Pneumatic components,
with minor improvement values in efficiency.

The application of n dimensional matrix can reduce maintenance costs. In this ma-
chine, the application of different strategies for each component supposes a change in
the number of components that require stock due to their strategy adopted. Table 15
shows the maintenance strategy proposed for n-matrix. Table 17 shows the number of
each component used in the MSTM and then compares the number of those that need
stock depending on their maintenance strategy adopted, PPM, IPPM and n-matrix. In the
outlined comparison data, the authors use two scenarios with n-matrix:

• Scenario one. The denominated “PPM to IPPM Interval“ used in Table 15 is declined
to PPM strategy, so the components do not need stock;

• Scenario two. The denominated “PPM to IPPM Interval“ used in Table 15 is declined
to IPPM strategy, so the components need stock.
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Table 17. Comparing the number of type of components that require stock due to the maintenance
strategy adopted.

Number of Type
Component Component

Number of Components Who Require Stock due to Their Maintenance Strategy Adopted

PPM Strategy IPPM Strategy N-Matrix (Scenario One) N-Matrix (Scenario Two)

1 Master power switch 0 1 0 0
1 PLC 0 1 1 1
1 HMI 0 1 1 1
1 Chromatic sensor 0 1 1 1
3 Plug-in relay 0 3 0 0
1 Command and

signalling 0 1 0 0
1 Safety limit switch 0 1 0 0
1 Safety relay 0 1 0 0
1 Safety button 0 1 0 0

4 Temperature
controller 0 4 4 4

4 Solid state relay 0 4 4 4
4 Thermal resistance 0 4 0 4
4 Thermocouple sensor 0 4 0 4
2 Frequency inverter 0 2 2 2
2 Motor Belt 0 2 2 2
8 Bronze cap 0 8 0 8
1 Linear axis 0 1 0 1
8 Linear bearing 0 8 0 8
4 Pneumatic valve 0 4 4 4
6 Pneumatic cylinder 0 6 6 6
2 Pressure sensor 0 2 2 2
1 Servo drive

peristaltic pump 0 1 1 1
3 Peristaltic pump 0 3 3 3
1 Terrine cutter 0 1 0 1
1 Absolute encoder 0 1 0 1

The application of n-matrix supposes a decrease in number of components that re-
quired stock due to the maintenance strategy adopted. According to Table 17, Figure 8
shows the global number of components that require stock due to their maintenance strategy.

Figure 8. Comparison of the global number of components that require stock due to the maintenance
strategy adopted.

Depending on the scenario adopted with n-matrix, the decrease in the number of
components that require stock is between 12.12% and 53.03%. It is easy to understand that
this decrease will mean decreases in maintenance costs.

Additionally, as Figure 7 shows, the efficiency and availability ratios are maintained
in higher values. For more understanding, the authors consider relevant the analysis of
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efficiency and availability values with the application of PPM, IPPM and n-dimensional
matrix strategies as follows:

• The comparison of PPM and n-dimensional matrix strategies, shown in Figure 7,
indicates an improve of 1.65% in efficiency and 1.6% in availability.

• The comparison of IPPM and n-dimensional matrix strategies indicates a decrease of
0.51% in efficiency and 0.48% in availability.

• The comparison of PPM and IPPM shows the higher average values, situated at 2.16%
in efficiency and 2.08% in availability.

So, the decrease in values of efficiency and availability caused by the application of
n-matrix compared with IPPM strategies allows for applying the n-dimensional matrix for
the optimal strategy for each component.

The authors consider that the results shown in Table 14 indicate that the KPI1 and
KPI2, defined in Section 3.5.1, suggest a precise cost study for the best decision making.
This study can offer the negative impact of a component failure due to its main time to
repair and line restart time, as a new dimension for the proposed matrix.

Table 15 shows a Maintenance Strategy called PPM to IPPM Interval. For real case,
a strategy PPM or IPPM must be selected for this component, so the authors consider
important the cost analysis for this decision.

6. Conclusions

The preventive maintenance strategy for all the components of a multistage machine
depends on the individual maintenance times and depends on the operation condition
of each type of component. In this way, the definition of the Global Operation Condition
(GOCi.) for each component allows for the study of the optimal preventive maintenance
strategy used, PPM or IPPM.

The authors consider the application of the methodology used in this research rele-
vant, step by step, for other industrial multistage or single machines, due to the fact that
multistage and single machines need an appropriate preventive maintenance strategy for
all their components.

Obtaining an n-dimensional matrix to select the best preventive maintenance strategy
by type of component allows for maintaining a higher values of efficiency and availability
for type of components. A minor decrease compared with IPPM strategy (see Table 16)
is offset by the decrease on stock cost. The end users of the industrial multistage or
single machines always need information and procedures to applying the appropriate
maintenance strategy, so this contribution allows them to fulfill that need.

The location of a component in the machine allows for knowing the Global Operation
Condition (GOCi) depending on the individual maintenance times and makes it possible
to find the same type of components with different preventive maintenance strategies
proposed by the n-dimensional matrix. In this way, the results shown and discussed in this
research can be interesting for the industrial machinery manufacturer, by the preliminary
study of the optimal operation condition for each component of the machine.

For the preventive maintenance strategy, it is necessary to study the individual main-
tenance times as it shown in Section 3.3. Additionally, the analysis of the individual values
of TTPR, TLP, MTTR for each component allows for calculating the KPI’s used by the
n-dimensional matrix. These KPIs are different, as shown in EN 15341:2007, but allow
new results.

For a more precise decision with the PPM to IPPM Interval maintenance strategy
proposed by the n-dimensional matrix (see Table 15), it will be interesting to study the cost
of all the components as a new dimension of the matrix.

The authors consider the following future research:
With the applied methodology of this research and given the recent increase in materi-

als costs, it is suggested to study the analysis of the impact and variation in the cost of the
components to decide the best preventive maintenance strategy, using a new dimension
n-dimensional matrix.
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Selective study of the suitability of components with high TTPR in multistage machines
significantly influences the efficiency and availability of the industrial multistage machine.
This study can determinate the maximum TTPR to maintain the adequate preventive
maintenance strategy and then suggest the possible change of the component for another
with minor TTPR.

Application of n-dimensional matrix in other multistage industrial machines. Results
and comparison of the same used methodology in this research.

Adding predictive maintenance strategy in n-dimensional matrix for undefined inter-
val PPM and IPPM maintenance strategies.
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Abstract: Fused filament fabrication (FFF), an additive manufacturing process, is an emerging
technology with issues in the uncertainty of mechanical properties and quality of printed parts. The
consideration of all main and interaction effects when changing print parameters is not efficiently
feasible, due to existing stochastic dependencies. To address this issue, a machine learning method is
developed to increase reliability by optimizing input parameters and predicting system responses. A
structure of artificial neural networks (ANN) is proposed that predicts a system response based on
input parameters and observations of the system and similar systems. In this way, significant input
parameters for a reliable system can be determined. The ANN structure is part of physics-informed
machine learning and is pretrained with domain knowledge (DK) to require fewer observations for
full training. This includes theoretical knowledge of idealized systems and measured data. New
predictions for a system response can be made without retraining but by using further observations
from the predicted system. Therefore, the predictions are available in real time, which is a precondition
for the use in industrial environments. Finally, the application of the developed method to print bed
adhesion in FFF and the increase in system reliability are discussed and evaluated.

Keywords: reliability optimization; physics-informed machine learning; recurrent neural network;
knowledge transfer; additive manufacturing; Latin hypercube sampling

1. Introduction

The production of plastic parts by means of fused filament fabrication (FFF) is on
its way to becoming established for mass production [1]. The major advantage of mass-
produced products from FFF over conventional manufacturing is the greater variability and
individuality of the products as well as lower cost for smaller production quantities [1,2].
Furthermore, FFF is an inexpensive and widely used additive manufacturing process [3].
In FFF, a polymer is heated until it reaches a semi-fluid state. Then it is squeezed out of a
nozzle, cools down, and becomes solid shortly after. In this way, products are created layer
by layer with a 3D printer. The process depends on print parameters that determine, among
other things, the number and properties of the layers, speeds, and temperatures. In order
to be able to use the FFF process economically in mass production, the machine costs and
personnel costs must be reduced [4] as well as the uncertainty in the product quality such
as aesthetics, dimensional accuracy, and mechanical properties [5]. Research is conducted
to control the uncertainty by using simulations of the whole printing process [6] and by
optimizing the printing parameters [7] among others [5]. Three-dimensional printing is
a complex process with a minimum of 75 printing parameters and more to be optimized
simultaneously. Physically informed machine learning (PIML) combines machine learning
using data and physical knowledge in the form of models or constraints to reduce errors
of machine learning and physical models [8,9]. PIML has shown promising results in
high-dimensional contexts [9]. Through integration of mathematical physics models into
machine learning fewer data are needed for the training of the neural network [10].
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The method developed in this paper differs from the literature mentioned above by
deriving empirical models from domain knowledge (DK), which can be in the form of
research results or other sources. These models are then combined with data collected from
3D printers. System reliability is ensured by individually optimizing the input parameters
for each 3D printer, paying attention to the disturbance variables.

The summarized contributions of this paper are as follows:

1. Development of a new method using physics-informed machine learning to optimize
system reliability in additive manufacturing.

2. Reliability optimization is implemented by using neural networks to predict the
system responses and an optimization algorithm with respect to system specific
boundary conditions.

3. System behavior of 3D printers is quantified by unsupervised machine learning and
is used for predictions of system responses for the knowledge transfer.

4. The new method is designed to be used for a number of 3D printers in an industrial
environment in continuous operation and to provide calculation proposals for input
parameters in real time.

2. Methods

This section gives an overview of the techniques used by the proposed method for
reliability optimization. These methods include Latin hypercube sampling, deep neural
networks, recurrent neural networks, which have been widely used and closely studied in
the scientific field [11], and PIML, which yields promising results.

2.1. Latin Hypercube Sampling (LHS)

The influence that a parameter has on a target value is called the total effect, which is
composed of interaction effects and the main effect. The main effect is the influence of the
parameter that depends only on the parameter itself. Interaction effects also depend on
other parameters. The order of an interaction indicates how many other parameters the
influence depends on. To conduct experiments, the research question must be clarified to
determine what type of effects should be identified. For the proposed method, detailed
knowledge of the effects is required, and therefore the goal of knowing main and interaction
effects is pursued. This is achieved using stochastic simulation. In Latin hypercube
sampling (LHS), each parameter is divided into equally sized intervals, with the number of
intervals corresponding to the number of experiments performed. Then, the experiments
are distributed uniformly among the intervals [12]. This method was extended to generate
approximately orthogonal, i.e., particularly balanced, experimental designs [13]. Currently,
the method is accepted and widely used, although the number of experiments cannot
be expanded without changing the overall number of samples. This method was chosen
because it does create a pseudo-random experimental design, but it is also approximately
orthogonal. These properties are important for quantifying the behavior of 3D printers, as
effects can be determined independently of neural networks.

2.2. Artificial Neural Networks (ANN)

Artificial neural networks (ANN) consist of artificial neurons which in turn are com-
posed of a weighted sum connected to an activation function. Therefore, each artificial
neuron has one or more inputs and one output. ANN can be constructed from artificial
neurons in layers, where a neuron has all the outputs of the neurons of the previous layer
as inputs. This setup is called multilayer perceptron (MLP). The value of the neurons in the
first layer of the MLP, which is called the input layer, are the inputs of the MLP. The last
layer is called the output layer, as the output from the artificial neurons in this layer are the
outputs of the total MLP. The layers in between are called hidden layers; see Figure 1 for a
graphical representation of an MLP. An MLP with multiple hidden layers is called a deep
neural network (DNN) [14].
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Figure 1. A multilayer perceptron (MLP) consists of neurons organized in layers. Each neuron is
composed of a weighted sum of all inputs and an activation function to define the output.

During the training, the weights of the artificial neurons are altered in a way such
that the input from the DNN matches the desired output. This is performed by means of
an optimization algorithm. Consider a DNN A1 that is trained by a set of input vectors
X = {X1, . . . , Xn}, Xi ∈ R

m and a set of output vectors Y = {Y1, . . . , Yn} , Yi ∈ R
k, where

each output is assigned to one input Yi → Xi . The inputs and outputs are combined in the
training data Dtrain(X, Y). If A1 is given an Xi as an input, A1 can be called to estimate Ŷi,
which can be written as A1(Xi) = Ŷi. To quantify how well the estimations are matching
with the desired outputs, a loss function L is used, e.g., the root mean square error (RMSE),
which is defined as

LRMSE
(
Y, Ŷ

)
=

√
∑

(
Yi − Ŷi

)2

n
(1)

For the initialization, random values are assigned to the weights from the weighted
sum in all neurons. Consider multiple DNNs Aj using the same architecture and a random,
and thus different, initialization. The training is performed using the same training data
Dtrain(X, Y), but the resulting Aj differ. While after a successful training the loss function
is minimized and Yi ≈ Ŷi can be assumed for all Aj, different Aj are explained by using a
gradient decent optimization algorithm for the training, which minimizes the loss function
and can only find local optima. Therefore, different optima are found [15,16]. ANNs show
substantial differences in weights in intermediate and higher-level networks with more
than six layers, despite similar performance [17].

A DNN with a special architecture can be used as an encoder–decoder for lossy
compression of data. The encoder–decoder (ED) has a small central layer and is trained to
reconstruct input data X as output X = ED(X), as shown in Figure 2. The values of the
small central layer are called compressed feature vector (CFV) Y. The CFV is significantly
smaller than the input and output. The size of the CFV is a main factor on how well the
output can be recreated from the CFV [18]. The encoder–decoder can be split into two
DNNs, the encoder E and the decoder D. E uses data X to generate CFV Y = E(X) and D
uses CFV to estimate data X̂ = D(Y) [19].
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Figure 2. The encoder–decoder (ED) consists of two neural networks trained in unity to output X̂
from X while information must pass the compressed feature vector (CFV).

The ED is chosen for the proposed method because it contains a way of unsupervised
learning using algorithms for supervised learning. This is intended to allow for ease of
connection with the other ANNs that use supervised learning.

2.3. Recurrent Neural Networks (RNN)

Recurrent neural networks (RNN) are ANNs that can use information from previous
calls. This makes it possible for RNNs to analyze data with respect to past inputs and
makes estimations dependent on previous calls. A simple implementation uses an artificial
neuron, where the output from the previous call is going to be an additional input for the
next estimation. With this implementation, the problem of vanishing gradients occurs. This
means that the output from the previous call has to be mostly defining the state of the
next call, if the neuron needs to keep its state over a larger number of calls [20]. A type of
cell which can solve this problem is the long short-term memory (LSTM) [21]. Here, the
cell is replaced by multiple cells with well-defined tasks. One of the cells is the memory
cell, where the output is an input for next call with a fixed weight of one. Therefore, the
problem of vanishing gradients cannot occur, as the state is transported over various time
steps without vanishing or growing exponentially [20]. This property predestines LSTM
for the proposed method, since patterns found in the observational data should not be lost
due to vanishing gradients.

2.4. Physics-Informed Machine Learning (PIML)

The amount of data needed to train a neural network can be reduced by including
physical knowledge in machine learning. This physical knowledge includes laws or obser-
vations typically found through extensive scientific work in the form of experimentation,
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modeling, and other measures. This knowledge is called domain knowledge (DK) [22].
The more DK that is used, the fewer the data that are needed to train a neural network [10].
Several possibilities to include DK into neural networks exist. Physical laws can be added
to the loss function as an extra term and can therefore penalize unphysical calls during
training, called physics-guided neural networks (PGNN) [23]. Kapusuzoglu et al. [10]
compared different approaches of PIML in the context of 3D printing. Based on this com-
parison, the approach shown in Figure 3 was selected for the developed method in this
paper. In this approach, neural networks are pretrained with estimates based on DK of
inputs and outputs. The network is pretrained to gain knowledge of how certain input
parameters must be combined to obtain the desired results. Physical laws are not enforced
in further training and are only an initialization for the neural network to learn fundamental
correlations [10]. This feature is important to adapt neural networks to a wide range of
3D printers.

Figure 3. Physical knowledge can be included in machine learning by pretraining a neural network
with input and output from a model, based on Figure 4c (Kapusuzoglu et al. [10]).

3. Developed Method

In this paper, the developed method aims at optimizing system reliability with chang-
ing requirements by predicting outcome and suggesting input variables. Reliability can be
ensured without further training by transferring and enriching DK on conducted observa-
tions, though neural networks can only generalize from data that were used to train the
neural networks. Predictions from neural networks can only be as informed as DK and
observations are.

3.1. Prediction Versus Suggestion

Consider a system Sa which uses a vector of input parameters X to generate a set of
target values Y = Sa(X). Essentially, for a reliable operation, it is important that target
values Y must be achieved within certain limits. Hence, for an explicit system Sa, an explicit
vector X that achieves this target value Y needs to be identified. This could be achieved
directly by a neural network suggesting X. As in most cases some parameters in X cannot
be set freely, the presented method is developed to solve this problem. To identify an
explicit vector X, an optimization algorithm is better suited as it can satisfy constraints in
the form of mathematical equations and optimize the target values, see Figure 4. Thus, the
aim of this work is to generate predictions Ŷ for the system Sa and freely chosen X that can

27



Machines 2022, 10, 525

be used in an optimization algorithm to identify an explicit X with a desired estimation for
Ŷ. By using this method, target values and, thus, system reliability can be optimized. Since
constraints depend on the application, further considerations can be found in Section 4,
where the application to additive manufacturing is discussed.

Figure 4. Suggestions are generated using an optimization algorithm with a neural network predict-
ing model output Ŷ.

3.2. Predictions of Target Values

For a system Sa, all observations of Sa should have a direct influence on the predictions
Ŷ. This is ensured using a recurrent neural network R that creates an estimation on the
general reactions of Sa based on all observations

(
Yobs → X

)
a
. In this paper, this is called

behavior and is quantified in the behavioral vector Ba, which is estimated by calling the
RNN R as follows:

B̂a = R
(

X, Yobs
)

. (2)

After that, a feed-forward DNN F is called to generate an estimation of the target values:

Ŷ = F
(
X, B̂a

)
. (3)

To calculate estimations for different X, only the network F is used, while B̂a stays
the same until new observations Yobs → X are made. The whole process of predictions is
shown in Figure 5.
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Figure 5. Predictions are made using observations Yobs and a vector X of inputs.

3.3. Behavioral Vector

To define the behavioral vectors B for various known systems, a DNN encoder–
decoder is used. The encoder–decoder ED is trained using predictions for the target value
ŶLHC

that is estimated using the DNN network F and vectors XLHC that are, respectively,
derived from Latin hypercube sampling:

ŶLHC = F
(

XLHC, B̂a

)
(4)

For the training of ED, the prediction for the target values ŶLHC
are used as an input

and output. ED encodes the input to a CFV and decodes it afterwards. The CFV is defined
as the behavioral vector B, because the CFV contains the necessary information to recover
the prediction ŶLHC

. After training the DNN ED is split in the encoder DNN E and the
decoder DNN D to calculate B.

B = E
(

ŶLHC
)

(5)

ŶLHC = D(B) (6)

The complete usage of the encoder–decoder ED is illustrated in Figure 6.
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Figure 6. Usage of the encoder–decoder ED. The behavioral vector B is defined from the output of
the encoder from Latin hypercube (LHC) sampled target values ŶLHC.

4. Method Transfer

The developed method is designed to ensure the system reliability in operating 3D
printers used for mass production. In this case, disturbance variables, materials, and
optimization targets are constantly changing, while in an industrial environment, high
demands on quality are placed [24]. In the context of this work, print defects in additive
manufacturing mean that the printing process must be canceled, mechanical properties
are not met, dimensional accuracy could not be kept, or optical defects are present in the
3D-printed product [1]. Due to these print defects, the printed parts must be reprinted.

The influence of a single parameter on an outcome is called the total effect. The total
effect consists of interaction effects and the main effect. The main effect is the influence
of the parameter, which depends only on the parameter itself. Interaction effects are also
dependent on other parameters. The order of an interaction effect indicates how many
other parameters are involved.

In practice, there are guidelines (manufacturer´s instructions) to avoid print defects by
changing printing parameters. One larger collection of print defects by Richter [25] names
more than 200 total effects of 18 input parameters on 40 print defects while mechanical
properties as print defects are not considered. All of these total effects are documented to be
monotonic, and the general direction of the changing outcomes of the effects is claimed to
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be applicable to all FFF 3D printers, regardless of the printing material and printer design.
According to Richter, some geometric features seem to have effects on print defects.

Scientific literature also names interaction effects [26] and non-monotonic effects [27]
for 3D printers. The summarized results of those studies show that the avoidance of print
defects could lead to opposing goals, such as surface roughness and dimensional accuracy,
i.e., [26]. In consequence, the reliable operation of 3D printers is a complex task, as in
the best case, all effects must be known in order to counteract print defects and to ensure
high-quality parts.

As there are presumably more than 200 total effects on more than 40 print defects,
an intelligent, automated process must be developed to adjust the print parameters just
in time. This should enable the printing system to perform more efficiently concerning
time and costs than is the case so far, and ultimately ensures the system reliability. The
effects may be non-monotonic, so a simple linear regression is insufficient. Interaction
effects make statistical investigation labor-intensive, as rapid screening methods are not
sufficient, as they can only be used to determine total effects. The method developed
and explained in the previous sections highly encourages knowledge transfer among
systems, which is convenient given that the effects are comparable among 3D printers. By
using an optimization algorithm, it is ensured that opposing goals could be weighted and
individually adjusted to the printed part. The results of the method transfer to 3D-printing
are shown in the following.

4.1. Application and Results

To apply the developed method on FFF 3D printers, the general system must be
defined. Three-dimensional printers are considered individual systems, and with a sub-
stantial change of the 3D printer, a new system is formed. This can be a modification such
as a changed print bed or print nozzle. Each system requires printing parameters, printer
parameters, and disturbance variables X to produce the outcomes Y. Print parameters
are controllable parameters for the print, which can be optimized. Disturbance variables
contain all parameters that can be measured or determined, such as ambient temperature
or print time since the last maintenance, e.g., printer parameters are specific for the printer,
such as, for example, the printer model or the nozzle diameter. Product parameters are,
for example, geometric features of the printed product, such as the maximum overhang
angle and the contact surface of the product on the print bed. The outcome contains all
print defects and some other metrics, such as production time and used material for the
final product. Overall, 75 printing parameters, 4 disturbance variables, 8 printer param-
eters, 9 product parameters, 40 print defects, and 4 print metrics are recorded for each
observation of a print process.

The possible occurrence of certain printing defects related to geometry can be derived
from the product parameters of the printed product. Combined with known customer
requirements, the required outcome of a successful print and the optimization criterion
can be created. This criterion is used for the optimization to find print parameters for a
successful print and thus a reliable operation of the printer.

4.2. Use of Domain Knowledge (DK)

This paper addresses a well-known and crucial problem, i.e., the print bed adhe-
sion [21], to show the method transfer exemplarily. If the print bed adhesion could be
controlled, the printed part can be easily detached from the print bed after the print. This is
crucial in order to enable an automation of the printing process and to make this technology
more available for mass production.

Following the general initialization process explained in Section 2.4, DK must be
defined based on scientific research on the subject. This is performed via various measure-
ments and datasets of the print bed adhesion taken from scientific literature. Two publications
suitable for this application are particularly noteworthy. The first publication is written by
Kujawa [28], who investigated the influence of the first layer print parameters on the print

31



Machines 2022, 10, 525

bed adhesion. The second publication is written by Spoerk et al. [27], who optimized the
print bed adhesion by varying print parameters. The problem with using literature data is
that not all print parameters and disturbance variables are known for these measurements,
so no complete observations (see Figure 7) can be created. In the next paragraphs it will be
explained how DK can still be taught to neural networks.

Figure 7. Extended Ishikawa diagram visualizing all relevant input and output parameters for the
proposed method from a 3D-printed product in FFF.

In the first publication, by Kujawa [28], only total effects were measured in a one-factor-
at-a-time design of experiments. Measurements were repeated, and usable data are given in
the publication. To use the data in the developed method, synthetic observations are created
from the data. This is achieved using linear interpolation between the measurements. See
Figure 8a for a graphical representation.

 
(a) (b) 

Figure 8. Simple synthetic data generation using measurements for the pretraining of the neural
networks are shown: (a) linear interpolation using data from Kujawa [28] and (b) superposition using
data from Spoerk et al. [27].

In the second publication, by Spoerk et al. [27], linear main effects and interaction
effects were calculated for three print parameters in a full-factorial design of experiment. In
a second step, the printer bed temperature was singularly investigated from 20 ◦C to 80 ◦C
in steps of 10 ◦Celsius. For the pretraining of the ANN used in the proposed method, these
two designs of experiments are combined using superposition, as can be see in Figure 8b.
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The authors of both publications have chosen parameters that are expected to have
the biggest effects on the printer bed adhesion. Not-investigated effects, which are to be
expected, should be equal to or smaller than the investigated effects. ANNs learn about
important effects with DK, resulting in fewer experimental data needed until ANNs are
successfully trained [29].

In order to train the first neuronal net Fphy using DK, the behavioral vector Bbin
i must

be set, which is a binary representation of the system number. In this case, it is a vector
of the length 1 with values 0 and 1. Synthetic data generation and initialization is carried
out as described. Afterwards, FFF 3D printers are used and the observations should be
documented in the format shown in Figure 5 in Section 4.1. The observations can then be
used to update Fphy based on DK to F. Suggestions for print parameters can be generated
using a simple gradient-based optimization algorithm with the predictions from F, as
described in Section 3.1 and Figure 4.

4.3. Critical Discussion

The aim of the proposed method is to ensure system reliability in operating 3D printers.
Thus, systematic errors are avoided by suggesting optimal parameters. A reliable operation
is strongly dependent on the suggested parameters and, as a result, strongly dependent on
the accuracy of the underlying prediction. With this in mind, the accuracy of the prediction
can be used as an indicator for system reliability.

There are also other approaches to ensure the reliable operation of 3D printers. These
approaches are the intuitive and the statistical approach that are discussed in the following.
In an intuitive or popular approach, which is widely used in the non-scientific literature, the
print parameters are only changed when print defects occur. Working print parameters are
stored for different materials, conditions, and 3D printers. In this approach, the total effects
are used only qualitatively, although most parameters have effects on multiple defects. The
result is a trial-and-error analysis that can lead to long setup times due to various print
defects, since different print defects can occur after each step [25].

With the newly developed method, setup times should be shortened, because if
working as intended, all print defects should be predicted and avoided simultaneously.
On the contrary, for the intuitive approach only the total effects are known qualitatively,
which gives only an indication of how to adjust print parameters to avoid individual print
defects. A reliable operation cannot be ensured, since the known global total effect could
be locally incorrect. With the developed method, on the contrary, the print parameters can
be adjusted before print defects occur.

In direct comparison of the proposed method with the widely used manual prevention
of print defects, the proposed method has the potential to save setup time, to automatically
avoid print defects, to ensure the reliability of the printing process, and thus improve the
time and cost efficiency of the printing process.

Currently, one disadvantage of the newly developed method is certainly the initial-
ization and updating process. However, since this initialization phase only needs to be
performed once, the overall result could be a more efficient and reliable process that ensures
the possibility of automating 3D printing in the future.

For example, a DNN can be combined with LHS to predict print defects using statistics.
The statistical study of a 3D printer is lengthy but possible, even with more than 90 input
parameters and more than 40 output parameters. In comparison, the proposed method
uses previously published observations and further DK to predict print defects of a single
3D printer with fewer observations. In a statistical approach, a study is conducted at a
particular time and under particular conditions. Any deviation from these conditions can
lead to inaccurate predictions and thus a decrease in reliability. This can only be avoided
by further investigation or by transferring knowledge from a single 3D printer to all other
3D printers and printing materials. Knowledge transfer could be an essential part of the
proposed method and is achieved by creating a behavioral vector from the observations of
one 3D printer. This vector is used to make predictions for all 3D printers using the same
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neural network. As conditions change, the behavior of the 3D printer changes and the
behavioral vector could be adjusted by the neural network. Thus, compared to a statistical
approach, the proposed method requires fewer observations and no manual statistical
analysis is required to transfer knowledge. Another advantage is that no retraining is
required to derive new predictions from new observations. As a result, the reliability of
3D printing is increased because real-time knowledge transfer allows real-time response to
changing conditions. As it is summarized in Table 1.

Table 1. Comparison among different approaches to specify parameters for the reliable operation of
3D printers.

Intuitive Approach Using
Qualitatively Known Total Effects

Statistical Approach Proposed Method

Functionality Total effects give multiple possibilities to
eliminate print defects.

Predictions are based on previous
observations to avoid print defects.

Predictions are based on observed
and quantified behavior to avoid

print defects.
Observations needed

for setup None, only DK is used. Most, because a full sensitivity analysis
is needed.

Less than the statistical approach,
because DK is used.

Observations needed
for reliable print

Eliminating print defects often leads to
other print defects. None. Enough to quantify behavior.

Transfer of
knowledge

Qualitatively known total effects are
mostly universal.

Deviations in print process could make
all observations obsolete.

Integrated through quantification
of behavior.

Other approaches of mitigating print defects exist as well, such as closed-loop con-
trol [5] or ANN-based optimizing of process parameters [8,10]. These approaches have in
common that they are supposed to eliminate certain or only a few defects at the same time.
While these approaches might be better used to eliminate individual defects, it is unclear
how these systems work together to eliminate all print defects. FFF 3D printers have a
large number of parameters that influence numerous defects. The presented method aims
to avoid all defects at the same time by only setting print parameters. Therefore, not all
problems could be solved by the proposed method, such as mechanical problems, but it
could be combined with other approaches as the 3D printers are not altered in any way.

4.4. Case Study

A case study is conducted to show the effectiveness of the proposed method. On
four identical and unmodified Prusa i3 MK3s, 3D printers in a temperature- and humidity-
controlled room without direct sunlight, 1273 print bed adhesion measurements are taken.
Prior to printing, the print beds are cleaned using an alcohol-based solvent and a fresh
paper towel every day, and each printer used one black PLA filament coil from Verbatim
for all prints. For the measurements, a basic geometry is printed because our focus lies
on print bed adhesion. The print bed is left to cool down to 35 ◦C after printing and the
printed test cubes with an edge length of 10 mm are slowly pulled horizontally from the
print bed using a pull arm with a worm gear driven by a stepper motor. The resulting force
is recorded at 48 KHz and the maximum value is noted.

These measurements are part of an LHS experimental design, which includes
400 experiments; each comprises a minimum of three measurements, resulting in a to-
tal of 1273 print bed adhesion measurements. Within the design of experiments, 75 print
parameters are varied and the print bed adhesion is recorded. Parameters which directly
influence support structures, overhangs, or bridges are not chosen because of the focus on
print bed adhesion. Temperature, relative humidity, prints since last print bed cleaning, and
prints since last calibration are recorded as disturbance variables. The test data comprise
80 experiments with 210 measurements. The evaluation in the comparison is derived based
on the prediction accuracy of the said test data with the loss-function LRMSE.

A comparison with the intuitive approach is not conducted, since it strongly depends
on the person choosing print parameters and the prognosis of the printing defects is not
calculated. Therefore, the proposed method is compared with a possible statistical approach
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from the last subsection. A similar approach is used in the statistical approach as in the
proposed method for better comparison. A DNN is trained with the same data and nearly
the same architecture as the DNN in the proposed method and with this comparison, the
influence of the PIML approach in the proposed method can be determined due to the
similarities of the two methods.

In the proposed method, the training of the encoder–decoder failed, arguably because
of the low number of 3D printers in the case study, which were also very similar. As a
result, the redefinition of the behavioral vector, as described in Section 3.3, was not carried
out. In Figure 9, a comparison of RMSE in prognosis of the print bed adhesion is illustrated.

Figure 9. Comparison of prognosis error of print bed adhesion between the proposed PIML approach
and a statistical approach using a similar DNN and identical training data and test data.

Around 3000 physical experiments as training data are created for pretraining for
the proposed PIML approach, which are used 50 times for training. In addition to the
pretraining with the physical experiments of the proposed PIML approach, both approaches
used the real measurements 50 times for training. For every set of values in the figure,
each approach was carried out and evaluated 10 times. Data and results can be found in
the supplementary materials [30] linked below. High variance occurs in the evaluation
of the statistical approach, when the number of measurements for training is low. The
variance of the evaluated RMSE is mostly 50 to 100 times bigger in the statistical approach
when compared to the proposed method. The variance as well as the prediction error is
similar, with around 350 or more measurements available for training. The spike around
10 measurements in the proposed method is caused by some consecutive unexpectedly
high measurements in the training data. In the case study, the proposed method has a
lower RMSE for predicting unknown experiments while knowing only a limited amount of
measurements. This indicates that transfer learning from domain knowledge is working,
but with an increasing number of measurements, the effect disappears.

5. Conclusions

In this paper, a method for optimizing the system reliability of FFF 3D printers is
presented. The developed method optimizes reliability by suggesting optimal print pa-
rameters using physics-informed machine learning. Print defects such as insufficient
mechanical properties, dimensional accuracy, and aesthetics are avoided simultaneously by
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optimizing predictions from ANNs. Based on real-world experiments, a behavioral vector
is determined for an individual 3D printer which is used to predict the system outcome
of a 3D printer. Literature and first experiments on FFF 3D printers suggest that the total
effects of the printing parameters on printing defects remain qualitatively the same for
different materials and printers. This suggests that for accurate predictions, only a few
observations are needed for each individual 3D printer when DK is used. In consequence,
accurate predictions ensure the reliable operation of 3D printers by avoiding multiple print
defects simultaneously.

For the initialization of the neural networks, DK is used. In the selected literature,
effects of print parameters on print defects are investigated. The investigations are used to
pretrain the neural network. This way, quantitative effects between print parameters and
print defects are learned by the neural network without using real-world observations.

Different approaches for a reliable operation of multiple 3D printer are compared and
discussed. The intuitive and popular approach is to use qualitative knowledge of effects to
avoid print defects. This can cause the appearance of different print defects in the setup.
Consequently, with slowly changing disturbance variables, print defects may occur. When
the proposed method is compared to a general statistical approach, the main advantages of
the new developed method are the integrated knowledge transfer among different printers
and materials as well as less-needed observations by the use of DK. This is shown with the
implementation of the proposed method in the form of a case study on the parameter print
bed adhesion. Initial results indicate that the transferability of domain knowledge with the
proposed method is given with a few experimental results, but with an increasing number
of experimental results, this effect decreases.

Three-dimensional printers can behave in unforeseen ways, and to quantify such
behavior, future research is investigating a synthetic data generation method using DK in
neural networks. The presented approach is extended to all print defects. All significant
parameters must be determined and investigated in terms of their influence on the final
result. DK must be researched and models for PIML have to be derived for all print defects.
It must be defined how those defects can be measured appropriately. Possible combinations
with other conventional methods could be researched, such as reverse modelling of the print
products and mitigating geometric inaccuracies in the product model. Further research
on the effects of the parameters of the proposed approach on the prediction accuracy is
needed and will be implemented. Investigations of the capabilities and limitations of the
transfer of knowledge will be carried out.
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Badań Naukowych 2017; Oficyna Wydawnicza Politechniki Wrocławskiej: Wrocław, Poland, 2017.

37



Machines 2022, 10, 525

29. Kapusuzoglu, B.; Mahadevan, S. Information fusion and machine learning for sensitivity analysis using physics knowledge and
experimental data. Reliab. Eng. Syst. Saf. 2021, 214, 107712. [CrossRef]

30. Wenzel, S.; Slomski-Vetter, E.; Melz, T. Optimizing system reliability in additive manufacturing using PIML. Int. J. Lightweight
Mater. Manuf. 2022, 3, 284–297. [CrossRef]

38



Citation: Jeon, K.; Yoo, D.; Park, J.;

Lee, K.-D.; Lee, J.-J.; Kim, C.-W.

Reliability-Based Robust Design

Optimization for Maximizing the

Output Torque of Brushless Direct

Current (BLDC) Motors Considering

Manufacturing Uncertainty. Machines

2022, 10, 797. https://doi.org/

10.3390/machines10090797

Academic Editors: Sven Matthiesen

and Thomas Gwosch

Received: 18 August 2022

Accepted: 9 September 2022

Published: 10 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Article

Reliability-Based Robust Design Optimization for Maximizing
the Output Torque of Brushless Direct Current (BLDC) Motors
Considering Manufacturing Uncertainty

Kyunghun Jeon 1, Donghyeon Yoo 1, Jongjin Park 1, Ki-Deok Lee 2, Jeong-Jong Lee 2 and Chang-Wan Kim 3,*

1 Graduate School of Mechanical Design & Production Engineering, Konkuk University, 120 Neungdong-ro,
Gwangjin-gu, Seoul 05029, Korea

2 Intelligent Mechatronics Research Center, Korea Electronics Technology Institute,
Seongnam-si 13509, Gyeonggi-do, Korea

3 School of Mechanical Engineering, Konkuk University, 120 Neungdong-ro, Gwangjin-gu, Seoul 05029, Korea
* Correspondence: goodant@konkuk.ac.kr

Abstract: In recent years, the deterministic design optimization method has been widely used to
improve the output performance of brushless direct current (BLDC) motors. However, it does not
contribute to reducing the failure rate and performance variation of products because it cannot
determine the manufacturing uncertainty. In this study, we proposed reliability-based robust design
optimization to improve the output torque of a BLDC motor while reducing the failure rate and
performance variation. We calculated the output torque and vibration response of the BLDC motor
using the electromagnetic–structural coupled analysis. We selected the tooth thickness, slot opening
width, slot radius, slot depth, tooth width, magnet thickness, and magnet length as the design
variables related to the shape of the stator and rotor that affect the output torque. We considered
the distribution of design variables with manufacturing tolerances. We performed a reliability
analysis of the BLDC motor considering the distribution of design variables with manufacturing
tolerances. Using the reliability analysis results, we performed reliability-based robust design
optimization (RBRDO) to maximize the output torque; consequently, the output torque increased by
8.8% compared to the initial BLDC motor, the standard deviation in output performance decreased
by 46.9% with improved robustness, and the failure rate decreased by 99.2% with enhanced reliability.
The proposed reliability-based robust design optimization is considered to be useful in the actual
product design field because it can evaluate both the reliability and robustness of the product and
improve its performance in the design stage.

Keywords: brushless direct current motor; manufacturing uncertainty; reliability-based robust design
optimization; output torque; torque ripple; vibration analysis

1. Introduction

Electric motors are power-generating devices used in various industries, such as the
automobile, home appliance, and plant industries. With the recent strengthening of environ-
mental regulations worldwide, the application field of electric motors has expanded, and
accordingly, designs with high energy density (through high output and miniaturization)
and weight reduction have been developed. However, an increase in energy density causes
an increase in torque ripple, which is one of the primary causes of electric motor vibration.
Therefore, it is necessary to study the design of electric motors with high energy density
while considering torque ripple.

Many studies have been conducted using the finite element analysis (FEA) method to
analyze the vibration characteristics of electric motors and to reduce vibrations. R. Islam et al.
analyzed the torque waveform and cogging torque according to the permanent mag-
net shape of a permanent-magnet synchronous motor (PMSM) using a two-dimensional
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(2-D) electromagnetic (EM) FEA. They applied a step-skew type motor to reduce cogging
torque [1]. C. Studer et al. explained the principle of cogging torque generation in electric
motors using 2-D EM FEA and presented a method for reducing cogging torque using
design variables, such as stator tooth and permanent magnet shape [2]. M. Dai et al. calcu-
lated the torque ripple of a permanent-magnet brushless direct current (BLDC) motor using
2-D EM FEA. They reduced the torque ripple by adjusting the skew angle [3]. J. Hong et al.
analyzed the EM force using three-dimensional (3-D) EM FEA and proposed a design to
reduce the vibration caused by EM force by changing the stator pole and yoke shape of a
switched reluctance motor (SRM) [4].

With the improvement of analysis technology and computing power, several studies
have been conducted to improve the performance of electric motors by applying various
optimization methods. Previously, studies using the deterministic design optimization
(DDO) method were conducted to reduce torque ripple. Choi et al. conducted a DDO
study to minimize torque ripple using the air gap shape of an SRM as a design variable [5].
Kim et al. conducted a DDO study for maximizing the output torque using the permanent
magnet volume of the spoke-type BLDC motor as a design variable [6]. Vasilija conducted
a DDO study using the genetic algorithm with the rotor shape as a design variable to
minimize the cogging torque of the PMSM [7]. Lee et al. conducted a multi-objective
optimization study for maximizing output torque and minimizing torque ripple of SRM
using the stator and rotor shapes as design variables [8,9]. Kuci et al. conducted a topology
optimization study to minimize the torque ripple of the PMSM using the rotor shape [10].
Choi et al. conducted a DDO study to effectively obtain a sinusoidal distribution of the
air gap flux density of IPM using the permanent magnet shape [11]. Consequently, it was
possible to improve the output and vibration performance of the motor. However, since the
DDO method is designed by setting the design variable to a single fixed value, it cannot
consider the characteristics of fluctuations in product performance due to the uncertainty
that occurs in the manufacturing process.

Mass production often results in performance variations due to uncertainties arising
during the manufacturing process. Uncertainties are generally caused by production and
assembly tolerances, material properties, and the environments of use [12]. Variations
in performance due to uncertainty cause product failures. Considering the uncertainties
that occur during mass production, the need for research on probabilistic design opti-
mization (PDO) has emerged to achieve product performance and quality standards [13].
Depending on the purpose, PDO can be classified into robust design optimization (RDO)
and reliability-based design optimization (RBDO) methods. RDO is a method used to
minimize fluctuations in product performance and quality [14], and RBDO is a method
used to increase product reliability at a given probability level [15]. In recent years, many
studies have been conducted to design a motor using the above two methods.

Kim et al. performed an RDO study to improve the robustness of the cogging torque
of BLDC motors and to improve the vibration performance [16]. Lee et al. conducted an
RDO study using the stator and rotor shapes and rotor eccentricity as design variables to
reduce the back electromotive force of the interior permanent-magnet synchronous motor
(IPMSM) [17]. Lee et al. performed the design experiments to determine the design factors
affecting the cogging torque of a surface-mounted permanent-magnet synchronous motor
(SPMSM). They conducted an RDO study to reduce the cogging torque in consideration
of the uncertainty that occurs during the assembly process of the stator [18]. Kim et al.
conducted an RDO study to reduce the cogging torque of SPMSM by setting the uncertainty
through FEA and experiments [19]. Consequently, it was possible to design a motor
that simultaneously improves motor performance and minimizes quality fluctuations.
Ziyan et al. performed RBDO to reduce the cogging torque considering the magnetic
flux density of the stator [20]. Mun et al. performed RBDO to reduce the cogging torque
by considering the performance variation due to manufacturing tolerance and operating
temperature [21].
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Reliability-based robust design optimization (RBRDO), which integrates RDO and
RBDO, is the only way to consider both product quality and reliability in the design stage.
Jang et al. performed RBRDO considering the manufacturing uncertainty of SPMSM. They
proposed a design that minimizes the back electromotive force and increases the reliability
of cogging torque [12]. Kim et al. conducted an RBRDO study of BLDC motors and
reduced the cogging torque and the failure rate of output torque [22]. Hao et al. calculated
the uncertainty using Monte Carlo simulation and performed RBRDO to minimize the
mass of solid rocket motors [23]. Jang et al. performed RBRDO of IPMSM considering
manufacturing and material uncertainty. They proposed a design to reduce torque ripple
and the failure rate of output torque, and they explained the superiority of RBRDO by
comparing the results of RBRDO, DDO, and RBDO [24]. The above studies tried to
reduce torque ripple or cogging torque through EM design changes to improve vibration
performance. However, the change in vibration response after design optimization was
not analyzed.

In this study, considering the uncertainty caused by the manufacturing tolerances of
BLDC motors, we proposed RBRDO as a multi-objective optimization that simultaneously
maximizes the output torque and minimizes its standard deviation. We performed the
EM–structural coupled analysis to calculate the output torque, torque ripple, and vibration
response of the BLDC motor. To perform RBRDO, we selected the tooth thickness, slot
opening (SO) width, slot radius, slot depth, tooth width, magnet thickness, and magnet
length as the design variables related to the shape of the stator and rotor that affect the
output torque of the motor. We performed the reliability analysis of the BLDC motor
considering the distribution of the design variables. We used the rate of change compared
to the initial value of the torque ripple and the area of the permanent magnet as constraints.
We verified the superiority of RBRDO by comparing the results of RBRDO with those
of DDO and RDO. Further, we performed a vibration analysis to analyze the change in
vibration response in RBRDO compared to the initial BLDC motor.

2. Electromagnetic–Structural Coupled Analysis

We used the EM–structural coupled analysis to calculate the vibration response of a
BLDC motor. We calculated the EM force acting on the stator tooth through the EM FEA.
By applying the calculated EM force as the load condition of the structural finite element
model, we calculated the acceleration response of the motor due to the EM force. In this
study, we neglected the tangential EM force. The tangential EM force is generally negligible
because its effect on the motor vibration is less than the radial EM force [25].

In this study, we used a BLDC motor with a rated output of 1.5 kW, 4 poles, and
24 slots, as shown in Figure 1. Table 1 summarizes the specifications of the BLDC motor.

 
Figure 1. BLDC motor.

41



Machines 2022, 10, 797

Table 1. Specifications of the BLDC motor.

Specifications Quantity

Type BLDC

Number of poles 4

Number of slots 24

Rated power 1.5 kW

Rated torque 7.17 N·m
Rated speed 2000 rpm

The EM forces generated in the air gap cause the EM vibration of an electric motor.
Using the principle of virtual work, we can calculate the EM force as follows:

∂

∂s

∫
Ω

∫ H

0
B·dHdΩ = Fs, (1)

where B is the magnetic flux density, H is the magnetic field, s is the x, y, and z axes in
the Cartesian coordinate system, and Ω is the domain where the nodal force Fs is applied.
Applying Equation (1) to the mesh element e gives the following equation:

∫
e

(
−BT ·J−1·∂J

∂s
·H +

∫ H

0
B·dH

∣∣∣J−1
∣∣∣∂|J|

∂s

)
dV = Fs, (2)

where J is the Jacobian matrix of e, and V is the total volume. The Jacobian matrix is
determined according to the element type. In the linear case, the integral of B can be
simplified as follows: ∫ H

0
B·dH =

∫ H

0
μH·dH =

μ

2
|H|2, (3)

where μ is the magnetic relative permeability. Using (1), (2), and (3), the local force Fi
s

applied to a given node i can be formulated as follows:

∑
∀e

∫
e

(
−BT ·J−1·∂J

∂s
·H +

μ

2
|H|2

∣∣∣J−1
∣∣∣∂|J|

∂s

)
dV = Fi

s . (4)

Equation (4) can be expressed in the matrix form as follows:

− [B]T[ J ]−1[H]∇J +
μ

2
[H]2[ J ]−1∇J = {Fs}. (5)

We performed an EM analysis using the 2-D cross-sectional model shown in Figure 2
to calculate the output torque, torque ripple, and EM force acting on the stator tooth of the
BLDC motor. A three-phase alternating current at 2000 rpm rated operation was applied as
the analysis condition.

As a result of the EM analysis, the output torque and torque ripple were calculated as
7.16 N·m and 3.46 N·m, respectively, as shown in Figure 3. Compared with the performance
specification of the BLDC motor (7.17 N·m), the relative error is 0.14%.

The radial EM force acting on the stator tooth was calculated as shown in Figure 4.
Vibration analysis was performed by inputting the calculated radial EM force into the
stator structure.
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Figure 2. 2-D cross-section of the BLDC motor.

 

Figure 3. Output torque of the BLDC motor.

 

Figure 4. Radial EM force acting on a single stator tooth.

The mechanical properties of BLDC motors can be described using the following
equation of motion:

[M]
{ ..

x
}
+ [C]

{ .
x
}
+ [K]{x} = {F(t)}, (6)

where [M], [C], and [K] represent a mass matrix, damping matrix, and stiffness matrix,
respectively. {x} is the displacement vector and {F(t)} is the applied load vector.

The harmonic components of the EM force calculated through the EM analysis were
applied to the stator tooth of the 3-D finite element model. Transient analysis using the EM–
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structural coupled analysis method was performed to calculate the acceleration response in
the finite element model of the BLDC motor shown in Figure 5. Fast Fourier transform was
performed to obtain the normalized frequency response curve shown in Figure 6.

 
Figure 5. Finite element model of the BLDC motor.

 
Figure 6. Normalized acceleration and peak frequencies of the finite element BLDC motor model.

The vibration measurement data in Figure 7 were used to verify the EM–structural
coupled analysis results [26]. Table 2 summarizes the relative errors of the peak frequen-
cies of the EM–structural coupled analysis and the vibration measurement results. The
maximum relative error of the analysis and experiment for the frequency at which the
peak acceleration value occurs in the range of 0 to 1000 Hz is less than 4%. We verified
the vibration prediction accuracy of the analysis model. The reason for the difference of
133.3 Hz in the magnitude of the analysis and measurement results is that a sinusoidal
current without harmonic components was applied to the input current. We performed a
reliability analysis and RBRDO of the BLDC motor using the verified analysis model.
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Figure 7. Normalized acceleration and peak frequencies of the measured point.

Table 2. Comparison of the peak frequencies of measured and simulated results.

Measured Peak
Frequency (Hz)

Simulated Peak
Frequency (Hz)

Relative Error (%)

133 133.3 0.23%
276 266.6 −3.48%
403 399.9 −0.77%
540 532.8 −1.33%
612 599.4 −2.06%
670 666 −0.60%
705 699.3 −0.81%
724 732.6 1.19%
780 765.9 −1.81%
820 799.2 −2.54%
943 932.4 −1.12%
986 965.7 −2.06%
1000 999 −0.10%

3. Probabilistic Design Optimization

The design optimization method is divided into DDO and PDO depending on whether
the uncertainty of the design variables is considered. DDO is a traditional design opti-
mization method in which the design variables are assumed to have a fixed value without
considering uncertainty.

The DDO problem can be formulated as follows:

min f (d),

subject to gi(d) < 0, i = 1, 2, · · · ,
(7)

where f is the objective function for the design variable d, and g is the constraint.
Because DDO does not consider the uncertainty of design variables, the product perfor-

mance may vary, thereby not satisfying the requirements of the designer or causing product
failures. Therefore, a PDO method that considers the uncertainty of design variables was
used. PDO can be divided into RBDO and RDO depending on whether the design purpose
is to satisfy the reliability or minimize the performance fluctuation.

RBDO is used to design a product that satisfies the reliability as per the requirement
of the designer by quantitatively defining uncertainty. Therefore, reliability analysis is
necessary to accurately predict the failure probability of a constraint condition. Reliability is
a design condition in product design that refers to satisfying the required performance. The
design variable is defined as a probability variable X to consider reliability quantitatively.
A performance function representing the required performance is defined as g to evaluate
the reliability of a product. As shown in Figure 8, the performance function is expressed as
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a probability density function, and at the performance function equals 0, it is divided into
a feasible and an infeasible region that satisfies the constraint condition. The probability
of product damage is obtained by calculating the area where g > 0 in the probability
density function curve shown in Figure 8. Reliability increases as the probability of damage
decreases [27].

Figure 8. Probability density function of a performance function.

The RBDO problem can be formulated as follows:

minh(d),

subject to PF(gi(X) > 0) ≥ Pt, i, i = 1, 2, · · · , (8)

where h is the objective function, gi is the i-th constraint function, PF is the failure rate
under infeasible conditions, and Pt, i is the i-th target value to guarantee the reliability of gi.

Robust design is a method that additionally considers robustness in the existing design
method and was first developed by Taguchi Genichi. The Taguchi method uses the S/N
ratio and orthogonal array as evaluation indices for robustness to minimize the performance
fluctuations due to noise factors [28,29]. The Taguchi method maximizes the S/N ratio to
reduce the variation of the quality loss function and further uses an adjustment parameter
such that the average of the quality loss function reaches the target value. Through this
process, we can discover a design that reduces the fluctuation of the quality loss function
and simultaneously satisfies the target performance.

However, since robust design uses an orthogonal arrangement table, it is difficult to
consider a wide design range, and the design variables can be defined only in a discrete
space. In addition, the general design requires many constraint conditions. The Taguchi
method is inefficient in dealing with these constraints. RDO, a mathematically well-
developed design optimization method, is used to solve the above problems [30].

RDO is used to find a design in which the product performance is insensitive to
uncertainties, such as the variations of design variables. In this method, the mean of the
quality loss function is optimized, and the variance is minimized while satisfying the design
constraints. The RDO problem can be formulated as follows:

min f
(
μh, σ2

h
)
, h(X; d),

subject to gi(d) ≤ 0, i = 1, 2, · · · ,
(9)

where f is the quality loss function consisting of mean μh and variance σ2
h for h. Since f is

expressed as the sum of the mean and variance multiplied by a specific weight, RDO is a
multi-objective optimization. d is a vector of design variables defined as d = μ(X), where

46



Machines 2022, 10, 797

μ represents the mean of the design probability variable X. The purpose of RDO is to find
the design that is most insensitive to changes in probability variables within the effective
design domain gi ≤ 0 [28].

RBRDO is a method that integrates the above two design optimization methods
to minimize the performance fluctuation characteristics and simultaneously satisfy the
reliability level required by the designer. In the problem formulation of RBRDO, the loss
function of the product quality is minimized according to the probabilistic constraint shown
in the following equation:

min f
(
μh, σ2

h
)
, h(X; d),

subject to PF(gi(X) > 0) ≥ Pt, i, i = 1, 2, · · · .
(10)

RDO and RBDO are integrated into one numerical model to solve Equation (10).
Although such an integrated optimization problem requires a high computational cost,
it has an increasing need because it enables a robust and reliable product design against
changes in design variables.

4. Reliability-Based Robust Design Optimization of the BLDC Motor

4.1. Reliability Analysis of the BLDC Motor

The stator and rotor of the BLDC motor are generally manufactured through the
stamping process. There are uncertainties in the manufacturing process due to various
factors, such as manufacturing tolerances and assembly environment. These uncertainties
can eventually lead to variations in motor performance. The performance variation of the
motor may not satisfy the requirements of the designer and may increase the failure rate.
Therefore, we require a design considering the uncertainty caused by the manufacturing
tolerance of the BLDC motor.

The design variables that affect the motor’s output performance are defined as shown
in Figure 9. Table 3 summarizes the distribution of design variables caused by the uncer-
tainty of manufacturing tolerances during the stamping process. In this study, we referred
to the stamping uncertainty of the metal plate proposed in [31]. Baron et al. recommended
a standard deviation of 0.06 mm for the stamping process. We performed a reliability
analysis to calculate the performance variation of the BLDC motor. Table 4 summarizes
the reliability analysis results. Figure 10 shows the probability distributions for the output
torque and torque ripple of BLDC motors.

Figure 9. Design variables of the BLDC motor.
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Table 3. Probabilistic distribution of the design variables of the BLDC motor.

Parameters Unit Mean Standard Deviation Distribution

Tooth thickness x1 mm 0.5 0.06 Normal

SO width x2 mm 2.18 0.06 Normal

Slot radius x3 mm 4.05 0.06 Normal

Slot depth x4 mm 15.86 0.06 Normal

Tooth width x5 mm 4.19 0.06 Normal

Magnet thickness x6 mm 6 0.06 Normal

Magnet length x7 mm 37.53 0.06 Normal

Table 4. Reliability analysis of the BLDC motor.

Output torque
Mean (N·m) 7.16

Standard deviation 0.49

Torque ripple
Mean (N·m) 3.46

Probability of failure (%) 36.81

 
(a) (b) 

Figure 10. Probability distributions of (a) output torque and (b) torque ripple of the BLDC motor.

4.2. Design Optimization for Maximizing the Output Torque of the BLDC Motor

We applied various optimization methods to improve the output torque of the BLDC
motor. We performed a DDO that does not consider the distribution of design variables due
to the manufacturing uncertainty of BLDC motors. However, DDO has a limit in reducing
the performance variation when considering the distribution of each variable. An RDO,
which can minimize performance variation, was performed to overcome the limitations
of DDO. Finally, we performed RBRDO to reduce performance variation and failure rate
simultaneously. Table 5 summarizes the design variables and spaces of BLDC motors.

The purpose of the DDO of the BLDC motor is to maximize the output torque. The
constraint conditions of DDO are torque ripple and magnet area, and the change is limited to
+5% of the initial value. Equation (11) shows the formulation of the DDO of the BLDC motor.

Find xi(i = 1, · · · , 7),

Maximize Tout(xi),

Subject to g1(xi) ≤ 1.05 Tripp,initial ,

g2(xi) ≤ 1.05 Ainitial .

(11)
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xi represents the seven design variables that determine the shape of the motor, Tout
is a function of output torque, and g1 and g2 represent the functions of torque ripple and
magnet area, respectively.

Table 5. Design variables and their bounds.

Design Variables Unit Design Spaces

Tooth thickness x1 mm 0.2 < x1 < 0.98

SO width x2 mm 1.96 < x2 < 2.39

Slot radius x3 mm 3.65 < x3 < 4.45

Slot depth x4 mm 11.19 < x4 < 20.56

Tooth width x5 mm 3.69 < x5 < 4.68

Magnet thickness x6 mm 3.45 < x6 < 8.35

Magnet length x7 mm 35.53 < x7 < 39.53

RDO of the BLDC motor is a multi-objective optimization that can minimize perfor-
mance variation while maximizing performance by considering the distribution of design
variables due to manufacturing uncertainty. The first and second objective functions are
the maximization and minimization of the mean value of the output torque, respectively.
The constraint conditions are the same as the formulation of the DDO. Equation (12) shows
the RDO problem formulation.

Find xi(i = 1, · · · , 7),

Maximize F =
(

w1
μ f
μ f 0

+ w2
σf 0
σf

)
,

Subject to g1(xi) ≤ 1.05 Tripp,initial ,

g2(xi) ≤ 1.05 Ainitial .

(12)

F, μ f , and σf represent the mean and standard deviation, mean value, and standard
deviation of the output torque, respectively. μ f 0 and σf 0 are initial values of the mean and
standard deviation of the output torque, respectively. w1 and w2 are weight factors of 0.5
and 1, respectively.

Equation (13) is the formula for the problem of RBRDO, which increases the robust-
ness of the performance and reduces the failure rate by considering the manufacturing
uncertainty of the BLDC motor. Figure 11 shows the RBRDO flowchart. The objective
function is the same as the formulation of the RDO. The constraint condition is the failure
rate; 99% reliability is achieved within the +5% change rate compared to the initial torque
ripple. In this study, we used the system reliability optimization method for the RBRDO of
the BLDC motor. This method is suitable when there are various constraints [32].

Find xi(i = 1, · · · , 7),

Maximize F =
(

w1
μ f
μ f 0

+ w2
σf 0
σf

)
,

Subject to Pr
(

g1(xi) ≤ 1.05 Tripp,initial

)
≥ 0.99,

g2(xi) ≤ 1.05 Ainitial .

(13)
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Figure 11. Flowchart of the RBRDO method.

5. Results and Discussion

5.1. RBRDO Results

Table 6 shows the changes in design variables and performance before and after
RBRDO. Figure 12 shows the superiority of RBRDO by comparing the probability dis-
tribution results of the output torque and torque ripple of the initial BLDC motor and
RBRDO. Consequently, the mean value of the output torque increased by 9% compared
to the initial design to 7.79 N·m. The standard deviation of the output torque decreased
by 45.8% compared to the initial design to 0.26, resulting in a robust design. The mean
value of torque ripple decreased by 51.7% compared to the initial design to 1.67 N·m. The
failure rate decreased by 99.2% compared to the initial design to 0.28%. The magnet area
was 151.1 mm2, which satisfied the constraint condition.

Table 6. Comparison of the design variables and performances in the initial design and RBRDO.

Design Variables and Performance Initial Design RBRDO Rate of Change (%)

Tooth thickness (mm) 0.5 0.46 −8.0
SO width (mm) 2.18 2.37 +8.7

Slot radius (mm) 4.05 3.78 −6.7
Slot depth (mm) 15.86 11.2 −29.5

Tooth width (mm) 4.19 3.70 −11.9
Magnet thickness (mm) 6 5 −16.7

Magnet length (mm) 37.53 39.52 +5.3

Output torque Mean (N·m) 7.16 7.79 +8.8
Standard deviation 0.49 0.26 −46.9

Torque ripple Mean (N·m) 3.46 1.67 −51.7
Probability of failure (%) 36.8 0.28 −99.2

Magnet area (mm2) 152.5 151.1 −0.92

50



Machines 2022, 10, 797

 
(a) (b) 

Figure 12. Comparison of probability distribution results of (a) output torque and (b) torque ripple
in the initial design and RBRDO.

5.2. Comparison of Results of RBRDO with Those of DDO and RDO

In this study, we performed RBRDO to maximize the output torque and reduce the
performance variation and failure rate simultaneously, considering the manufacturing
uncertainty of the BLDC motor. We compared the design optimization results of RBRDO
with those of the DDO and RDO methods to confirm that RBRDO provides better reliability
and robustness than DDO or RDO. Compared to DDO, RBRDO considers uncertainty. Thus,
it minimizes the standard deviation of performance to improve robustness. In addition,
RBRDO can reduce the failure rate by improving reliability.

Table 7 summarizes each optimization result’s output torque, torque ripple, and failure
rate. Figure 13 shows the probability distributions of output torque and torque ripple as
the result of reliability analysis for each optimization method. In the case of DDO, the
average output torque was 8.49 N·m, and the optimal solution with the highest value was
derived. However, considering the distribution of design variables, the standard deviation
of the output torque was 0.54, which cannot reduce the performance variation that occurs
during mass production. The torque ripple failure rate was 33.0%. In the case of RDO, the
mean value of the output torque was 8.29 N·m, and the standard deviation was reduced by
50% compared to DDO, resulting in a robust design for output performance. However, the
failure rate of 10.1% occurred because the constraint condition for the failure rate was not
considered. In the case of RBRDO, the mean value of output torque was 7.79 N·m, and the
standard deviation was 0.26. Compared to the initial design, it was possible to increase
the output torque and reduce the variation of output performance. In addition, the torque
ripple was 1.67 N·m, and the failure rate was the lowest at 0.28%.

Table 7. Comparison of DDO, RDO, and RBRDO results.

Optimization Method

DDO RDO RBRDO

Output torque (N·m)
Mean 8.49 8.28 7.79

Standard deviation 0.54 0.24 0.26

Torque ripple (N·m)
Mean 3.35 2.63 1.67

Probability of failure (%) 33.0 10.1 0.28

Magnet area (mm2) 160.0 153.2 151.1
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(a) (b) 

Figure 13. Comparison of DDO, RDO, and RBRDO results for (a) output torque and (b) torque ripple.

To compare the vibration responses of the initial BLDC motor and RBRDO model,
EM–structural coupled analysis was performed. Figure 14 shows the frequency response
graph of the vibration analysis results. It is a response to the EM force. The fundamental
frequency of 133.3 Hz increased by 9% from 2.18 m/s2 to 2.38 m/s2 due to the energy
density increase. However, the response at 400 Hz and the frequency component of torque
ripple decreased (by 18.2%) from 0.11 m/s2 to 0.09 m/s2. We used the root mean square
(RMS) method to compare the magnitude of the vibration response from 0 to 1000 Hz. The
RMS value of the vibration response of the initial BLDC motor was 0.748. The RMS value
of the vibration response of the RBRDO model increased by 2% to 0.763. However, since
the output torque increased by 9% with RBRDO, we could confirm that a higher increase is
possible in the output torque than the magnitude of the vibration response.

 

Figure 14. Comparison of vibration analysis results of initial BLDC motor and RBRDO.

6. Conclusions

In this paper, we proposed RBRDO to improve the output torque of the BLDC motor
and simultaneously reduce the failure rate and output torque standard deviation caused by
uncertainty due to manufacturing tolerance. Using the EM–structural coupled analysis,
we calculated the output torque and torque ripple, when the BLDC motor rotated at the
rated speed, and analyzed the vibration characteristics. We selected the tooth thickness,
SO width, slot radius, slot depth, tooth width, magnet thickness, and magnet length as the
design variables related to the shape of the stator and rotor, which affected the motor’s
output performance, to perform RBRDO. We performed a reliability analysis of the BLDC
motor using the output torque and torque ripple calculated through EM analysis. We
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defined RBRDO as a multi-objective function to maximize the output torque and minimize
the standard deviation of the output torque. We set the constraint condition to have a
reliability of 99% within a rate of change of +5% compared to the initial torque ripple.

As a result of RBRDO, the optimal design of the mean value of output torque was
7.79 N·m, which increased by 8.8% compared to the initial BLDC motor, and the standard
deviation decreased (by 46.9%) to 0.26. The mean value of torque ripple was reduced
by 51.7% compared to the initial design to 1.67 N·m, and the failure rate decreased by
99.2%. We performed DDO and RDO to confirm that RBRDO showed better robustness
and reliability, and all results were compared through reliability analysis considering the
distribution of design variables. Comparing the results of RBRDO and DDO, we confirmed
that the standard deviation of the output torque, which indicates the performance variation
of the motor, was reduced by 51.9% through the improvement of robustness. Using RBRDO,
the failure rate decreased by 97.2% through improved reliability. Therefore, the RBRDO of
the BLDC motor maximizes the output torque while reducing failure rate and performance
variation caused by manufacturing uncertainty. In addition, comparing the vibration
response of the initial BLDC motor and the RBRDO model revealed that when the output
torque increased by 9%, the vibration response increased by 2%; this confirmed that RBRDO
could increase the energy density without affecting the vibration response.

The proposed procedure proved to be an effective design method for improving
the output performance of a motor while considering both reliability and robustness.
However, additional research should be conducted on the multi-objective reliability-based
robust design optimization to reduce vibration while improving the output performance
of the motor. The multi-objective reliability-based robust design optimization increases
the computational cost exponentially. As a future work, the authors intend to develop a
new solution for a multi-purpose, reliability-based robust design for improving the output
performance of the motor and reducing vibration while considering the computational cost.
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Abstract: Using hydrogen fuel cells for power systems, temperature conditions are important for
efficient and reliable operations, especially in low-temperature environments. A heating system
with an electrical energy buffer is therefore required for reliable operation. There is a research gap
in finding an appropriate control strategy regarding energy efficiency and reliable operations for
different environmental conditions. This paper investigates heating strategies for the subfreezing
start of a fuel cell for portable applications at an early development stage to enable frontloading in
product engineering. The strategies were investigated by simulation and experiment. A prototype
for such a system was built and tested for subfreezing start-ups and non-subfreezing start-ups. This
was done by heating the fuel cell system with different control strategies to test their efficiency. It was
found that operating strategies to heat up the fuel cell system can ensure a more reliable and energy-
efficient operation. The heating strategy needs to be adjusted according to the ambient conditions,
as this influences the required heating energy, efficiency, and reliable operation of the system. A
differentiation in the control strategy between subfreezing and non-subfreezing temperatures is
recommended due to reliability reasons.

Keywords: control strategies; environmental conditions; fuel cell; heating strategies; hydrogen;
portable device; power system reliability; testing

1. Introduction

Hydrogen is a high-potential alternative fuel source, which can help reduce the emis-
sion of greenhouse gases into the atmosphere. Using renewable energies, this element can
be obtained through the electrolysis of water. Hydrogen fuel cells (FC) can rely on different
principles and are found in various sizes; however, all of them generate electrical energy
via an electrochemical reaction [1]. Proton exchange membrane fuel cells (PEMFCs) have
been developed for a wide span of power outputs, ranging from micro PEMFCs with 100
mW to applications requiring several kW [2–5].

Unlike in the automotive field, smaller portable applications currently on focus on the
market-leading lithium-ion batteries and do not take fuel cell systems into account [6]. Con-
sidering the energy density of batteries nowadays (usually between 50 and 200 kWh/kg),
the added weight from the additional battery units poses a problem for most portable ap-
plications [7]. A comparison of the energy and power density for different types of energy
storage systems was shown by Julien et al. [7]. Therefore, the search for lighter energy
carriers could significantly impact the technology behind battery-powered machines. A
weight reduction in the energy carriers could be realized by replacing traditional batteries
with PEMFCs.

A proton exchange membrane fuel cell (PEMFC) requires a constant supply of fuel
(i.e., hydrogen). A suitable option for this purpose is a metal hydride tank, which stores
hydrogen at a low-pressure level compared to pressure tanks, in a dissolved state into
metal particles. These may release or absorb the hydrogen gas depending on the pressure
inside the tank. With respect to its discharge behavior, the tank presents a constant pressure
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for a wide range of hydrogen supply. Hence, a metal hydride tank shows an optimal
behavior for the supply of hydrogen to smaller and portable PEMFCs, such as the tanks
lower pressure level due to safety reasons.

Currently, there are mechanisms that demonstrate better energy and power density
values when compared to lithium-ion batteries, which are the industry standard for most
applications. This indicates that lithium-ion batteries could be substituted by alternative
technologies, such as fuel cell systems. Especially for tasks with increased energy demands
due to longer utilization periods, PEMFCs would be advantageous [8]. The key charac-
teristics highlighting PEMFCs’ superior functionality for portable applications are their
lack of reliance on the power grid, their reliability, and their increased energy density when
compared to batteries. PEMFC systems as energy carriers can have an energy density of
about 850 Wh/kg. The benefits of PEMFC systems, when compared to classical battery
systems, increase with an increasing operation time [7–9].

A portable fuel cells performance is challenged when operating at low (<0 ◦C) and
increased ambient temperatures (>40 ◦C). Current and power drop with lower temperatures,
which leads to a decrease in efficiency [10–13]. With every succeeding subfreezing start-up,
the current density can drop further due to permanent damage in the membrane caused
by ice formations [1,12]. By electrically heating up a PEMFC stack, it will achieve higher
temperatures significantly faster when compared to passive heating caused by its own heat
losses [14]. Therefore, the subfreezing start-up of PEMFCs sets a barrier towards its further
commercialization [15]. This characteristic trait is found to negatively affect many portable
devices. Potential portable applications can be power generators, drone applications, or
power tools. Unfortunately, in everyday environments, subfreezing temperatures are fairly
common and at times unavoidable. As a result, it is vital to look for appropriate solutions
allowing devices powered by a PEMFC to function under subfreezing temperatures.

Due to the weight and size constraints of portable machinery, the available space to
construct a solution is quite limited. Different strategies have been proposed to enable the
subfreezing start-up of a PEMFC [16–18]. There are two common methods used for the
subfreezing start-up of a PEMFC. The first method includes purging the device prior to
shutting it down and humidifying it before start-up. This extracts the water inside the
membrane, which results from the operation of the PEMFC. The second method heats
up the device before start-up in order to reach temperatures above the freezing point of
water [12–15,19,20]. However, the first method, which purges and humidifies the device,
would require an additional subsystem. As this would require an adequate amount of
space and add weight to the system, it would undermine the portable characteristics of
the device. In addition, at subfreezing temperatures, this alone cannot reliably prevent the
formation of ice, as there is no way to determine whether all water has been removed from
the cell.

Many other patents and invention disclosures have solved the subfreezing start-up
problem by circulating a previously heated liquid around the FC. This, however, is not
suitable for portable applications, as this contradicts the weight and size restrictions [21–25].
By reversing the polarity of the cell, a reverse current flow through the PEMFC generates
heat. This may cause degradation within the cell after several uses [15,26,27]. Therefore,
this solution is not ideal for the subfreezing start-up of a PEMFC despite its simplicity as
well as its low weight and volume.

Inserting a higher amount of hydrogen into the anode causes an exothermic reaction
that heats the cathode [28]. Another possibility is to keep the stack temperature in a speci-
fied range by using electrical heaters, in turn preventing ice formations [29,30]. Keeping
the stack temperature in a specified range over a long period of time would require a great
deal of energy, which is not suitable for portable applications. More simplistic solutions
have been suggested where the stack has electrical heaters that raise the temperature only
prior to the actual start-up [31,32]. Given that this system’s functionality adds minimal
weight and volume to the device, it may be a suitable solution to heat the small PEMFCs
during a subfreezing start-up. In addition, the hydrogen supply is highly dependent on the
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temperature and is critical for the PEMFCs operation. Therefore, the thermal management
strategy for the hydrogen tank has to be considered in portable applications [9].

Due to weight and size constraints of portable machinery, only a limited amount of
energy can be used for the heating. The used heating strategy needs to provide enough
heating power to achieve this heating process for the PEMFC. As a result, the energy
storage has to provide enough energy for the strategy. The control strategy has to take into
account the strict weight and size constraints that a portable device imposes. Therefore, the
influence of ambient temperature on the heating strategy is especially relevant in portable
applications. The ambient conditions influence the required energy, reliability, as well
as efficiency of the PEMFC system; however, its effects under portable constraints are
currently unknown.

A tradeoff between the heating strategies and portable constraints has to be considered
to ensure a reliable operation. The goal of this study is therefore to investigate and validate
heating strategies for environments in which portable FC are subjected to subfreezing
temperatures.

2. Materials and Methods

In the following chapter, the experimental procedure is presented. This includes the
control strategies and modeling, the simulations, the individual experiments, as well as the
procedures used to collect the experimental data.

The prototype used for this study is a modified portable cordless screwdriver that is
based on a Festool PDC 18/4. It was modified to function using a 20 W PEMFC stack and
a small energy buffer. The energy buffer has a maximum power output of 900 W and a
capacity of 43.3 kJ. This setup is used for all experiments conducted in this study as well as
for the necessary parametrizations needed for the simulation models [33]. This prototype
is presented in detail in a preliminary study [33].

2.1. Control Strategy and Study Design

Prior to start-up, when warming up the PEMFC at subfreezing ambient temperatures,
potential ice formations in the cathode melts before the internal reaction begins. As a result,
damage to the membrane can be avoided. This may also influence the power output and
efficiency of the cell. Through the use of different sensors, temperatures and ice formations
could be directly measured and/or detected within the cell. Unfortunately, due to the lack
of space within the PEMFC membrane, these sensors cannot be included in the design.
This leads to uncertainties, which cannot be solved by simulation or component tests. In
order to investigate these uncertainties, testing the overall system is necessary.

Therefore, the ambient temperature (Ta) as the test case (TC) and the temperature at
which the heater is turned off (THO) as the control strategy (CS) are investigated in this
study. The ambient temperature Ta is varied in two test cases. Test case one (TC1) is a
non-subfreezing start-up with Ta = 5 ◦C. Test case two (TC2) is a subfreezing start-up with
Ta = −3 ◦C.

The heating is performed until a certain measured temperature in the PEMFC is
reached. When the temperature is reached the first time, the heater is turned off. By varying
the temperature at which the heater is turned off (THO), the effect of the control strategies on
the power output, efficiency, and reliability can be investigated. The PEMFC in this study
has a nominal temperature is 50 ◦C, and this temperature was used for control strategy
one (CS1) as THO. Control strategy two (CS2) has a temperature THO just over the freezing
point of water, with THO = 5 ◦C. This demonstrates whether the heating strategy is enough
for a safe subfreezing start-up as well as how much energy is required for the different
strategies to function properly. The four possible combinations of TC and CS are given in
Table 1. The four combinations are tested in this study by experiment and simulation.
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Table 1. Control strategy study design with the four tests as combination of CS and TC.

Ambient Temperature Ta

TC1: Ta = 5 ◦C TC2: Ta = −3 ◦C

Turn-off temperature THO in
the control strategy

CS1: THO = 5 ◦C Test 1/1 Test 1/2

CS2: THO = 50 ◦C Test 2/1 Test 2/2

The heaters controller, specifically for the hydrogen tank, may deliver the same output
for all experiments carried out at temperatures 15 ◦C and 25 ◦C. This is justified by the
steady hydrogen flow maintained throughout these tests. This temperature range was
obtained from the study conducted by Kyoung et al. It allows the pressure output of the
hydrogen tank to lie within a range that allows for normal operation of the PEMFC [9].

The control strategy is made up of three parallel paths. It starts when the device is
turned on. On the left side of Figure 1, the state flow diagram for the hydrogen supply
control strategy to the PEMFC membrane is shown. Here, the valve is only opened when
the temperature of the FC is above 5 ◦C. When the temperature in the tests decreases and
drops below 5 ◦C, the valve is closed to prevent permanent damage to the membrane.
In the middle path, the control strategy for the FC heater is shown. The heating starts
when the FC temperature is below THO. Once THO is reached for the first time, the start-up
heating is completed, and the heater is turned off.

Figure 1. PEMFC’s systems control strategy in this study.

The right path in Figure 1 shows the hysteresis controller for the metal hydride tank
heater. The hysteresis controller keeps the tank temperature in a range between 15 ◦C
and 25 ◦C. The tank heater, as well as the FC heater, are stopped by the left part if the
FCs temperature drops below 5 ◦C, as the tests are completed there. The complete control
strategy is shown in Figure 1.

2.2. Mathematical Simulation Model

The model design is based on the physical components of the cordless screwdriver.
Figure 2 shows the structure of the proposed system, as well as the interaction between
individual components. This design focuses on the system’s thermal behavior as well as
the necessary components needed to apply the heating control strategy. The grey-colored
blocks were not considered in the model. Although they belong to the power supply
subsystem, they were out of the scope of this study.
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Figure 2. Functional structure of the fuel-cell powered screwdriver system.

The ambient temperature Ta is considered the environmental parameter in this model.
It is assumed that similar parameters have little to no influence on the system’s behavior.
The thermal model used in this study takes two subsystems into account: the PEMFC
and the hydrogen tank. Figure 3 shows the thermal circuit for these subsystems. Here,
the thermal masses are represented by ellipses, while heat transfers are represented by
rectangles. The heaters are represented as triangles. The PEMFC and the hydrogen tank are
thermally isolated from each other. The environment is assumed to be an ideal temperature
source with constant temperature Ta.

Figure 3. Thermal model of the PEMFC system.

Both the PEMFC and hydrogen storage are modeled as thermal masses with the
starting temperature Ta. The thermal mass of the metal hydride tank is measured at 275
J/K. The thermal mass of the PEMFC is modelled with 81 J/K. Heat conduction, convection,
and radiation are considered as well as heat exchange with fluids. The effect of the air
between the hydrogen tank and the case is negligible. The PEMFCs heater has a heating
power of 70 W, while the metal hydride tanks heater has a heating power of 30 W.

.
QA→B = λA→B ∗ (TB(t)− TA(t)) = ∑

.
Qcond + ∑

.
Qconv + ∑

.
Qrad (1)
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In our model, the heat exchanged between two points is described as the product
of the heat conductivity λA→B and the difference in temperature T between them. As
shown in Equation (1), both variables were in this case time-dependent. Alternatively,
this can also be expressed as the summation of all heat exchange mechanisms applied to
the different points of the heat transfer chain. All three heat exchange mechanisms were
considered for the five heat transfer paths, represented as rectangles in Figure 3. For the
different heat transfer mechanisms, temperature-dependent coefficients were calculated.
These were assumed to be constant throughout the simulation. The single coefficients
were not validated by experiment, as this would require a complex experiment for each
coefficient [34]. The balance of absorbed/released energy by the reaction inside the PEMFC
was calculated using the gravimetric flows

.
m for both the incoming reactants and the

outgoing products. The corresponding specific enthalpy values were calculated hx, using
the gas’s temperatures.

An electrical model of the PEMFC was implemented since its electrical output has the
most significant influence on the power supply subsystem. It was modeled as a Thevenin’s
equivalent circuit with a diode, as proposed by Njoya et al. [35]. The PEMFC’s losses as
well as the heating power of the heaters were calculated from its electrical model and
the heaters, respectively. Equation (2) displays the mathematical definition of its output
voltage V. This depends on the open circuit voltage VOC, the number of cells in the stack N,
the Tafel slope A of the voltage-current curve, the exchange current iO, and its current iFC
respectively, as well as the response time Td. Its open-circuit voltage VOC was calculated, as
shown in Equations (3), as the product of the voltage constant at nominal operation KC and
the Nernst voltage En. The exchange current iO, shown in Equation (4), is a function of the
Boltzmann’s constant k, the partial pressures of hydrogen pH2 and oxygen pO2, the ideal gas
constant R, the Planck’s constant h, the activation energy barrier ΔG, and the temperature
of operation T. Finally, Equation (5) shows that the Tafel slope A is a function of the ideal
gas constant R, the temperature T, and the charge transfer coefficient α.

V = VOC − N ∗ A ∗ ln
( i f c

i0

)
∗ 1

s ∗ Td/3 + 1
(2)

VOC = KC ∗ En (3)

i0 =

2 ∗ 96485
[

A ∗ s
mol

]
∗ k ∗ (

pH2 + pO2

)
R ∗ h

∗ e−
ΔG
R∗T (4)

A =
R ∗ T

2 ∗ α ∗ 96485
[

A ∗ s
mol

] (5)

The used 20 W PEMFC stack at nominal operation delivers 7.8 V and 2.6 A. The
nominal operating temperature range lies at 55 ◦C and the nominal ambient temperature
range between 5 ◦C and 30 ◦C. This of course reinforces the argument for using heat-
ing strategies for a subfreezing start-up. The nominal hydrogen pressure lies between
0.45 and 0.55 bar depending on the storage temperature. This shows that the temperature
of the hydrogen storage needs to be managed as well since it has an important impact on
its pressure. It is worth noting that this PEMFC’s nominal efficiency is 40%.

The PEMFC had a power output depending on its temperature and electrical load.
This demonstrates the importance of implementing heating strategies in order to generate
the highest power output from the cell [36]. The implemented model for the metal hydride
hydrogen storage for the adsorption pressure of the metal hydride is based on Kyoung
et al. [9]. Equation (6) shows the outgoing flow from the tank Qout in relation to the opening
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cross-section Aout, the difference of pressure between the tank and the environment Δp, and
the density of the gas ρ.

Qout = Aout ∗
√

2 ∗ Δp
ρ

(6)

The flow between devices was transported through plastic tubes and was assumed
to be adiabatic. The amount of heat absorbed by the incoming gases from the PEMFC’s
membrane was negligible for determining its temperature.

Table 2 shows the list of variables that were considered in the above-mentioned
simulation. These variables were considered in the experiments as well.

Table 2. Observed variables in this study.

Controlled Variables Measured Dependent Variables

Initial temperature of the PEMFC, i.e., ambient temperature Average mass flow of hydrogen

Start and shutdown temperature of the PEMFC’s heater PEMFC’s temperature

Start and shutdown temperature of the hydrogen
storage’s heater Hydrogen storage’s temperature

On/off states of heaters for the PEMFC and the
hydrogen storage PEMFC’s voltage and current

On/off state of hydrogen valve Voltage source’s current

The simulation model considered all relevant subsystems for the investigated thermal
behavior. It also included some simplifications along the entire system that left out variables
that had a negligible impact on the studied behavior. The model was implemented into
Matlab Simulink. The goal of these simulations was to virtually test the required heating
energy for the heaters of the PEMFC and hydrogen tank. The PEMFC’s temperature was
evaluated in these simulations. These could then be related back to heating strategies aiding
the subfreezing start-up of a PEMFC-powered portable device. This is achieved by using
the XiL-approach (X-in-the-Lopp, Software-in-the-Loop SiL, Hardware-in-the-Loop HiL).
This method is carried out by taking a component of a sub-system (HiL) or the algorithm
of [37] the heating strategy (SiL) and repeatedly testing its influence on the entire system,
while slight changes are made with every iteration.

The simulation was carried out with the four tests listed in Table 1. After that, ex-
periments were carried out to take the PEMFC’s efficiency and therefore the reliability
of the system into account. The experimental setup is further explained in the following
sub-section.

2.3. Test Bench for Experimental Investigation

Figure 4a shows the experimental setup. The prototype was held in place inside an
enclosure where the ambient temperature Ta was set to the desired value. The refrigeration
unit Huber Unistat 425 was used to cool the air inside [38]. The enclosure was made
of 3 mm Plexiglas. The heat exchanger and ventilator were placed on top of the experi-
ments enclosure. A near constant temperature within the enclosure replicated the ambient
conditions typically found in real environmental conditions. The necessary sensors and
controllers for the tests were attached to the prototype, as shown in Figure 4b.

Figure 5 shows the scheme of the experimental design. The sensors given in Table 3,
heaters, and valve were attached to the prototype and connected to their respective control
modules. This had a parallel bus interface that enabled the connection to the processor
module. The processor module was connected via an Ethernet cable to the computer.
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(a) (b) 

Figure 4. (a) Experimental setup with cooling system; (b) prototype used with PEMFC heaters.

 

Figure 5. Scheme of the experimental design.

Table 3. Sensors used and variables measured in the experiments.

Sensor/Measuring Device Variable

Scale Average Hydrogen consumption

Thermocouple type J PEMFC’s temperature

Thermocouple type J Hydrogen storage’s temperature

Voltage Transducer type LV 25-P PEMFC’s voltage

Current Transducer type CASR PEMFC’s current

Voltage Transducer type LV 25-P Battery’s voltage

Current Transducer type CASR Battery’s current

A ADwin-Pro II was used as a processor for control and data acquisition [39]. The
control algorithm was coded, compiled, and monitored using Matlab Simulink. In order to
heat up the PEMFC and the hydrogen storage, heating foils were attached to them. Due to
the limited space on the PEMFC and the hydrogen tank, multiple 10 W polyimide heating
films were used for this study. The required heating energy for the control strategies is
unknown. Therefore the heating foils were powered by a supply module EA PS9040-20T. It
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was set to provide a constant direct current voltage of 18 V, which represented the nominal
voltage of the battery that was originally used in this prototype. The PEMFC’s output
was connected to a resistor with a resistance of 3 Ω, which simulated the ideal load for its
nominal working point (i.e., 7.8 V@2.6 A). PEMFC’s voltage and current are measured to
rate the system’s power output. The mean efficiency is calculated by dividing the total
power output of the PEMFC by the chemical energy of the hydrogen used.

The required start-up time and heating energy is evaluated for simulation and ex-
periment in the four tests. The start-up is completed when the fuel cell heater and the
metal hydride tank heater are both shut off. At this point, the desired temperature THO is
reached, and the hydride tank is in the temperature window between 15 ◦C and 25 ◦C. The
tank temperature can drop below 15 ◦C afterward as hydrogen is released to the PEMFC.
Therefore, further heating energy is used to keep the metal hydride tank in the desired
temperature window between 15 ◦C and 25 ◦C. Since the start-up is already completed,
this energy is therefore not included in the evaluation of the start-up energy. By comparing
the required heating time and energy between experiment and simulation, the validity of
the simulation is evaluated. For this, the relative error between simulation and experiment
is calculated for the start-up time and heating energy.

3. Results

The following sections presents the results obtained for the conducted simulations
and experimental investigations. Simulations were conducted to investigate the effect the
control strategy and test cases have on the thermal behavior and required heating energy.
Taking the reliable operation and efficiency into account, the experimental investigations
were carried out to validate the simulations.

3.1. Simulation Results

The simulations of the PEMFC power supply system were performed, using the
proposed heating strategies, for the four different test cases. The ambient temperature
(i.e., the initial temperature) Ta of the system and the temperature at which the heating
strategies shut down the heaters THO were varied in these simulations. Figure 6 displays
the necessary heating energy over time for the different simulations that were conducted.

 

Figure 6. Heating energy required for the heaters of the PEMFC and hydrogen tank.
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The tests showed a steep slope when both heaters (of the PEMFC and the hydrogen
tank) were turned on. A smaller slope was observed when only the heater for the hydrogen
tank was heating and no slope when both heaters were turned off.

The simulations with a lower ambient temperature Ta required more heating energy
compared to those with a higher ambient temperature. This can be seen in Figure 6, when
looking at the steeper slope for test 1/2, test 2/2, and test 2/1 at the beginning of the
simulation compared to test 1/1. The steeper slope in the three tests is due to the fact that
the fuel cell heater was switched on. In the other tests, only the tank heater was turned on
at the start.

After some time, the slope decreased when the fuel cell heater was turned off, showing
the hysteresis of the hydrogen tank’s heater for the selected temperature range. More
heating energy was required when the heating strategy shut down the heater of the PEMFC
at higher temperatures THO. In the simulation, THO had a larger effect on the required
heating energy than Ta.

3.2. Experimental Results

With the selected heating strategies and the different tests carried out (see Table 1), the
conducted experiments demonstrated how control strategies in a portable system behave
with respect to its components. Figure 7a shows the development of the PEMFC’s average
temperature over time. Test 1/1, starting at Ta = 5 ◦C, showed only a slow temperature
rise during its operation, as THO was also set to 5 ◦C, and therefore, no energy was used
to heat the PEMFC. However, energy was used to heat the metal hydride tank to ensure a
steady hydrogen flow. The lower the starting temperature, the longer it took to reach higher
temperatures. Changing the ambient temperature Ta to −3 ◦C in test 1/2 and shutting
off the heater at THO = 5 ◦C showed a drop in the PEMFC’s temperature. A temperature
above 5 ◦C at a subfreezing ambient temperature could not be maintained without external
heating, as the temperature dropped after turning off the heater. Test 2/1 and test 2/2 had a
tendency to reach a stable operating temperature after shutting down the PEMFC’s heaters.
The longest time that the heating strategies took to reach their shutdown temperature
was 270 s, which occurred in test 2/2. After the temperature THO is reached, the PEMFC
heater shuts off. If the temperature drops, afterward, the heating is not restarted by the
control strategy; instead, as in the study, the start-up behavior is investigated. However, the
control strategy prevents a PEMFC operation below 5◦C to prevent permanent damage to
the membrane.

  
(a) (b) 

Figure 7. (a) PEMFC’s average temperature development over time for different heating strategies;
(b) heating energy of the PEMFC and hydrogen tank required in the four tests.
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Figure 7b displays the heating energy required for the different tests. The control
strategies that had higher shut-off temperatures THO for the heater, required more energy
compared to those where the shut-off temperature was lower. The same applied for the
experiments where the ambient temperature Ta was lower in comparison with those where
it was higher. After reaching the temperature THO, when the PEMFC’s heater shuts off,
the energy curve’s slope decreased, as only the hydrogen tank was heated to stay in a
temperature range from 15 ◦C to 25 ◦C. In total, the maximum energy required throughout
the tests was in test 2/2, with approximately 25 kJ. It is worth noting that test 2/2 had the
lowest ambient temperature and highest shut-off temperature.

Table 4 compares the required start-up time and energy for the four tests in simula-
tion and experiment. Test 1/1 had the smallest relative model error between simulation
and experiment for the start-up time (8.0%) The smallest relative model error between
simulation and experiment for the start-up heating energy (14.6%) was derived from test
1/2. The largest relative model error for the start-up time was shown in test 2/1 (−87.7%).
The largest relative model error for the start-up energy was shown in test 2/2 (−38.6%).
The negative relative model error indicates a larger value in the experiment compared to
the simulation.

Table 4. Required start-up heating time and energy in simulation and experiment.

Test Simulation Start-Up Time and Energy Experiment Start-Up Time and Energy Relative Model Error

1/1 86.8 s/3.0 kJ 80.3 s/2.6 kJ 8.0%/16.5%

1/2 118.6 s/6.2 kJ 94.2 s/5.4 kJ −54.4%/14.6%

2/1 94.7 s/11.4 kJ 207.9 s/17.4 kJ −87.7%/−34.4%

2/2 119.7 s/14.8 kJ 296.7 s/24.1 kJ −59.6%/−38.6%

Figure 8a shows the required heating power. Since the heater of the hydrogen tank
consumed approx. 30 W, and the heater of the PEMFC consumed approx. 70 W, the
required power for heating the PEMFC and the power for heating the hydrogen tank can
be separated. For all tests, energy is used to heat the hydrogen tank after the PEMFC is
fully heated up. In test 1/1, the energy is only used to heat the hydrogen tank.

  
(a) (b) 

Figure 8. (a) Power consumption over time of the four for different tests; (b) PEMFC’s efficiency over
time for the four different tests.

Figure 8b shows the efficiency of the PEMFC system. Tests in which the system was
heated up to THO = 50 ◦C reached a higher mean efficiency (test 2/1 = 6.55%, test 2/2 = 6.69%)
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compared to the tests with heating up to THO = 5 ◦C (test 1/1 = 4.04%, test 1/2 = 3.39%). In
test 1/1, the PEMFC’s heaters were not turned on. Therefore, the curve corresponding to
this test shows a lower efficiency for the system, with no significant rise of efficiency for
the duration of the experiment. Test 1/2 reached a zero power output around 240 s. When
compared to Figure 7a, it is seen that at this point, the PEMFC’s temperature dropped
below 5 ◦C. At this point, the PEMFC is switched off by the control strategy.

After conducting these four tests, further testing revealed a considerable drop in power
output of the PEMFC for the same testing parameters.

4. Discussion

The following section discusses the proposed heating control strategies in order to
reliably operate a portable FC system in subfreezing temperatures. First, the effect to the
required energy is discussed. Then, the influence of the control strategies on efficiency and
reliability is analyzed.

4.1. Required Energy and Thermal Behaviour

The variables measured in the experiments show the behavior that was expected from
the simulative investigation. In addition, the experimental investigation allowed for the
efficiency and reliability to be taken into account. The amount of power required by the
heaters in all four tests was around 100 W (divided into approx. 30 W for the hydrogen
tank’s heater and 70 W for the PEMFC heater). This can be delivered by commercially
available energy buffers, which are required in such a system as buffer storage between the
PEMFC and the motor electronics. The ambient temperature Ta does influence the amount
of time the heater is turned on. However, the temperature Ta does have an impact on the
required energy for the heaters. More heating energy is saved if the system is set at higher
temperatures, and the heating strategies shut down the heaters at lower temperatures.
This behavior was also shown by Oszcipok et al. Here, the amount of energy required for
heating the PEMFC is highly dependent on the ambient temperature Ta due to the heat
transfer between the prototype and its surroundings [14].

When looking at the required heating energy for the tests, there are deviations be-
tween the simulations and the experiments. However, the qualitative progression between
simulation and experiment matches all four tests. Both investigations showed that the
energy consumption is higher when both heaters are turned on. This behavior can be
seen in Figures 6 and 7b, where the three different slopes for the curve can be observed.
The steepest slope corresponds to the case where both heaters were turned on. Next, the
second steepest slope corresponds to the case where only the hydrogen tank’s heater was
on. Finally, the flattest the three curves (ca. 0%) corresponds to the test where both heaters
were turned off.

Test 1/1 showed the smallest deviation between simulation and experiment, calculated
with the relative model error, for the start-up time. This test had the smallest start-up time
with a positive relative model error. The relative model error of the required start-up
heating energy is smallest in test 1/2. The relative model error for the start-up time is
negative in test 1/1 and larger in its absolute value compared to test 1/1. Test 2/2 had
the longest start-up time and showed the largest absolute relative model error for the
required heating energy. Both model errors were negative in this test. Therefore, in the four
tests, the absolute relative model error for the heating energy increased with an increasing
start-up time. The relative model error turned with increasing starting time from positive to
negative. This indicates that the heating losses were underestimated in the simulation. The
heat coefficients and heat flows were assumed too low. The error adds up in the transmitted
energy with increasing time. This leads to an underestimation of the required heating
energy in the simulation. With an increasing start-up time, this leads to an increasing
negative relative model error. The underestimated heating losses does not have a large
effect in test 1/1 due to the small temperature difference between Ta and THO, therefore
resulting in a small start-up time. With the larger temperature difference in the three other
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tests, the effect of this error increases and leads to a negative relative model error. As the
relative model error for the heating energy in test 1/1 is quite small at 16.5%, it can be
assumed that the thermal masses were modelled in the right range. The experimental
determination of heat transfer coefficients would reduce the error in the simulations and
make the results more valid.

With the simulations, an energy buffer can be selected to carry out the heating strate-
gies at an early development stage to enable frontloading. Furthermore, with the exper-
iments, it can be determined if this energy buffer is sufficient for the device to function
accordingly. The results shown in Figure 7a indicate that for the worst-case scenario (i.e.,
test 2/2: subfreezing start-up and heating strategy up to the PEMFC’s nominal operating
temperature), the amount of energy required from the energy buffer is ca. 24 kJ. This
amount of energy can be provided by the energy buffer storage used in the prototype,
which has a capacity of 43.3 kJ.

The ambient temperature Ta has an impact on the required heating energy in the
control strategy. The temperature at which the heaters are turned off, THO, which is directly
implemented in the control strategy, had a higher impact on the required energy, as seen
in Figure 7b, than the ambient temperature Ta. This shows that portable fuel cell power
systems are in principle capable of starting in subfreezing conditions. This also shows that
the control strategy can have a higher impact on the energy requirements, and therefore on
the design of the electrical system, compared to that of the ambient temperature.

The simulations carried out applied a handful of simplifications to the model. Notably,
simplifications in the heat coefficient caused deviations in the results and are the main
limitation for the simulations. Nevertheless, the tendencies presented by the simulation
and tests are qualitative similar. As a result, this simulation model can be considered to
assess how the system would behave in practice. With these simulations, it was possible to
approximate how the PEMFC system would behave under different ambient temperatures
and under different parameters for the heating strategies.

4.2. Influence of the Control Strategies on Efficiency and Reliability

As Datta et al. showed, the voltage and power output is lower for lower temperatures
of the PEMFC. They also showed that the PEMFC’s voltage is at 50% of its rated voltage
when it is operated at 10 ◦C [19]. This phenomenon can be seen when looking at the
efficiency of the fuel cell, which is highly dependent on its power output. The tests confirm
this, as the results show that using a larger amount of heating energy during a cold start-up
leads to the higher efficiency of the fuel cell system. However, since more energy is needed
for heating, this reduces the overall efficiency in addition. For an optimal control strategy,
the heating energy and the efficiency must be taken into account, which are in conflict with
each other.

This is seen in Figure 8b, as test 2/1 and test 2/2 reached a higher efficiency but also
required a higher amount of energy. This is indicated in Figure 7a. Another aspect is the
tendency of the fuel cell’s temperature to stabilize itself after the heater has been turned
off. This shows that after reaching a sufficiently high temperature, the fuel cell’s operation
can produce enough heat to keep the device running even under a subfreezing ambient
temperature Ta. This phenomenon was also shown by Oszcipok et al. [14]. This shows
that using less heating energy for the fuel cell system could be sufficient for a reliable cold
start-up. However, this is only the case if the ambient temperature Ta is not too low, as this
does not necessarily lead to better results. When comparing the temperature development
over time between test 1/1 and test 1/2, it is seen that for ambient temperatures Ta above
0 ◦C, the device is capable of heating itself. With this, it avoids damaging its membrane,
and as a result, the heating strategies are not required to assure the reliability of the system
under these conditions.

If the ambient temperature Ta is too low or lies below 0 ◦C, it cannot heat itself up fast
enough to avoid damage to the membrane. This is due to the fact its temperature would
drop below the freezing point of water. If it is too cold, and the fuel cell is not sufficiently
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heated, the heat exchange with the environment can cause the heating strategy to shut
down the fuel cell to prevent permanent damages in the membrane. This happens due to
the temperature dropping to values too close to or below the freezing point of water (see
Figure 7a). Therefore, the goal of reducing the required heating energy is in conflict with
optimizing the PEMFC’s output.

The phenomenon shown by Cho et al. and by Datta et al. demonstrated how the
fuel cell suffers an irreversible performance decay during a subfreezing start-up. On the
other hand, Chiang et al. showed that the power output of a fuel cell is reduced for lower
temperatures. Both of these phenomena could be reduced and/or totally avoided [12,13,19].
The results of this study could also help patents such as those proposed by Thompson et al. or
Jang et al. by allowing these to be applied to a wider range of portable applications [40,41].

If the temperature of the fuel cell drops far enough, this would cause the water inside
the cathode to begin to freeze. In turn, this would lead to an irreversible performance
decay of the cell. Therefore, the heating strategies are vital for the reliable operation of
the fuel cell under ambient temperatures Ta below 0 ◦C. For subfreezing temperatures,
a more reliable control strategy is required, as supplying too little heating energy may
cause permanent damage to the fuel cell. For ambient temperatures Ta above 0 ◦C, a
more experimental control strategy to save heating energy can be implemented. For these
reasons, the appropriate selection of a heating strategy for the cold start-up of a fuel cell
system can significantly influence its efficiency and reliability. Due to reliability reasons, a
differentiation in the control strategy between subfreezing and non-subfreezing through
the heater shut off temperature is recommended.

5. Conclusions

The influence of the heating strategies during a cold start-up on a portable PEMFC
system were investigated experimentally and through simulations. The necessary energy
supply required to establish the efficiency and reliability of the fuel cell system were
investigated.

To start, for a fuel cell system at an ambient temperature Ta of −3 ◦C, an energy
buffer would have to deliver 25 kJ of energy to the heaters. Notably, this value can be
obtained from traditional batteries. This energy buffer is strongly dependent on the control
strategy, which is specified by the temperature at which the heater is turned off. It should
be noted that the energy buffer impacts the efficiency of the fuel cell system. The ambient
temperature, however, has a smaller impact on the required energy than the temperature at
which the heater is turned off. The ambient temperature Ta impacts how fast the fuel cell
will cool down after the heaters are shut off. The results also revealed that heating the fuel
cell above 5 ◦C leads to a higher power output and efficiency of the fuel cell system.

When a higher efficiency of the fuel cell system is required, a greater energy supply is
needed for the heating strategies. Using less heating energy (i.e., heating the PEMFC to a
lower temperature) can save energy, but it may impact the reliable operation of the PEMFC
system. It is proposed to adjust the control strategy regarding the ambient temperature
whether it is subfreezing or non-subfreezing. For subfreezing ambient temperatures, a
more reliable control strategy is required. This is to ensure its reliability, as subfreezing
temperatures can cause permanent damage to the fuel cell membrane.

These findings help in dimensioning the energy buffer. The heat transfer coefficients
are an uncertainty in the simulative design of such a system at an early development stage
and should be validated with extra experiments. A miscalculation of the heat transfer
coefficients can harm the reliability although a subfreezing start-up would be possible.
Sufficient energy must be considered for the portable device to perform its function. The
fuel cell loads the energy buffer in operation. Enough charge must be left in the energy
buffer to heat up the fuel cell system the next time it is used. Therefore, the fuel cell can
only switch off when this critical amount of energy is available in the energy buffer.

The findings with respect to the heating strategies help to improve reliability and
efficiency during operation of a portable fuel cell system. Subfreezing temperatures were
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identified as a critical factor of the control strategy. Therefore, the distinction between
subfreezing and non-subfreezing ambient temperatures has to be considered in the control
strategy to ensure its reliability.
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Abstract: For the control of dynamic systems such as an Electro-Hydraulic Actuator (EHA), there is a
need to optimize the control based on simulations, since a prototype or a physical system is usually not
available during system design. In consequence, no system identification can be performed. Therefore,
it is unclear how well a simulation model of an EHA can be used for multicriteria optimization
of the position control due to the uncertain model quality. To evaluate the suitability for control
optimization, the EHA is modeled and parameterized as a grey-box model using existing parameters
independent of test bench experiments. A method for multi-objective optimization of a controller is
used to optimize the position control of the EHA. Finally, the step responses are compared with the
test bench. The evaluation of the step responses for different loads and control parameters shows
similar behavior between the simulation model and the physical system on the test bench, although
the essential phenomena could not be reproduced. This means that the model quality achieved by
modeling is suitable as an indication for the optimization of the control by simulation without a
physical system.

Keywords: mechatronic system modeling; electro-hydraulic actuator; control system; control
optimization; mechanical system; test bench; position control

1. Introduction

For fast linear movements under high loads, highly integrated Electro-Hydraulic
Actuators (EHA) are often used in aerospace and industrial applications as an alternative
to conventional hydraulic actuators. An EHA is a self-contained actuator that operates by
electrical power. EHAs consist of at least a hydraulic cylinder, a hydraulic line system, a
hydraulic pump, a motor, and power electronics.

Implementing a closed-loop position control for an EHA is difficult due to nonlineari-
ties [1] and uncertainties such as friction or the dynamics of the piston pump [2]. Therefore,
a primary research focus is the development and validation of different control approaches.
For this purpose, classical Proportional–Integral–Derivative (PID) control, control includ-
ing fuzzy logic [3–5], observer-based controls [6–11], adaptive trajectory controls [12,13],
sliding mode control [14–16], or hybrids of the named approaches [17] are used to solve
this problem. For application, the parameterization method is also of great importance in
addition to the investigation of control schemes.

There are different methods for adjusting controls: metaheuristics, analytical methods,
and multi-objective optimization, some of which rely on machine learning. For metaheuris-
tics and other manual experience-based “trial-and-error” approaches, as often performed in
industry, a high effort is required, especially if multiple operating points, such as different
loads, need to be tested. Therefore, these methods are primarily used when a physical
EHA, but not a suitable model of an EHA, is available for testing.

The mathematical modeling in terms of poles and zeros for the use of analytical
methods is difficult for the EHA, since nonlinearities, such as friction and uncertainties in
the parameterization, can lead to significant deviations in the overall result. A solution
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to overcome this problem is the system identification of a physical EHA on a test bench.
Izzuddin et al. [18] obtained a linear transfer function in discrete form from multi-sine, as
well as continuous step input via Auto-Regressive Exogenous (ARX) system identification,
and compared control algorithms on the obtained simulation and tests on the test bench.
Similar approaches were used to obtain an ARX model from experimental data and to
validate the same controller in simulation and on the test bench, which was used to gather
the input for system identification [19–21]. Since a physical system must be available to
perform the system identification, this approach is unsuitable for early design optimization
in product development, where mature prototypes are unavailable.

In addition to the previously mentioned approaches, a frequently used approach is a
model-based optimization of the control system. For example, Wonohadidjojo et al. [22] de-
veloped an analytical model of the electrohydraulic servo system for PID optimization with
Particle Swarm Optimization (PSO), modeling friction and internal leakage. Shern et al. [23]
used a PID optimization with improved PSO, which chose between optimization of set-
tling time or overshoot for the analytical model. The PSO was improved by combining
two fitness functions for overshoot and settling time with linear weight summation [24].
Other optimization algorithms used for PID optimization for an EHA were, for example
Genetic Algorithms [25–27], the Nelder–Mead approach [28], a hybrid algorithm of PSO,
and gravitational search algorithms [29] or beetle antennae search algorithms [30].

Performance validation is either based on simulations or simulations and bench testing
separately, similar to the development of other control methods. Comparison of simulation
results with test bench results is not conducted, except in cases where the simulation model
is parameterized with test bench results, by system identification, usually with the ARX
model. In early product development, there is usually no physical EHA that can be tested
on a test bench. Thus, no data are available for system identification. The data available in
the early stages of product development are generally limited to individual components,
but not to the system behavior of the EHA.

For an early optimization of the controller in the early stages of product development,
it is necessary to optimize the control with a simulation model that is independent of the
measurement data from a physical EHA which was tested on a test bench beforehand. The
problem is that the validity of simulation models of an EHA parameterized only by data of
individual components is unclear, and thus control optimization cannot be performed.

Therefore, this paper investigates how to model an EHA with a grey-box model.
This grey-box model is used to optimize the controller parameters with a PSO. Finally, the
optimized controller parameters are set on an EHA on a test bench, allowing the comparison
of the dynamic behavior of the EHA on the test bench with the dynamic behavior of the
simulation model. The main contributions of this article are summarized as follows:

1. Modeling of an EHA with a comprehensive grey-box model independent of data from
bench tests, with the publication of all relevant parameters.

2. Application of a method for multi-objective optimization of PID control for optimal
control parameters of the EHA using a simulation model and two load cases.

3. Comparison of the system behavior between the simulation model and the test bench
with the help of step responses using the optimized control parameters for both
load cases.

2. Materials and Methods

2.1. Electro-Hydraulic Actuator and Simulation Model

In this study, an EHA (BAS.50/32.U04.201.200 MI.BA100.G2.P42, AHP Merkle GmbH,
Gottenheim, Germany) was investigated. The EHA consists of a double-acting hydraulic
cylinder, a supply line system, an internal gear pump, and a permanent magnet-excited
synchronous machine. The change in volume flow is continuous and unaffected by valve
influences. Therefore, this EHA is a pump-controlled hydraulic system. Compared to valve-
controlled systems, they are more efficient because there is no pressure drop (Manring
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and Fales 2019). An external inverter is used as power electronics to control the EHA
(MOVIAXIS MXA81A-016-503-00/XFE24A, SEW-Eurodrive GmbH, Bruchsal, Germany).

In general, the method for multi-objective optimization of the PID position control
is independent of the modeling software and could have been performed with modeling
software for multi-domain systems such as MATLAB Simscape or Simcenter Amesim.
The simulation model in this paper was created with MATLAB 2020a using the extension
Simulink (version 10.1). The fifth-order Dormand–Prince equation was used as a fixed step
solver. At first, subsystems were created based on their function. Those can be described
with the process elements of transformer, converter, source, and sink. Figure 1 shows all
subsystems of the simulation model on the top level of the description. Power quantities
are exchanged between these subsystems. Examples of power quantities are the current and
the voltage U for the electrical power or the torque M and the speed n for the mechanical
rotary power. The central element is the control unit (CU), which adjusts the motor’s
rotational velocity based on the desired position.

Figure 1. The system structure of the EHA is based on [31]. The central element is the control unit
(CU), which is optimized within the scope of this paper.

In the following, the subsystems control unit (CU), power electronics (PE), electric
motor (EM), hydraulic pump (HP), hydraulic system (HS), and hydraulic cylinder (HC)
are briefly described. It is specified which physical effects are taken into account or are
neglected. All relevant parameters are listed in Appendix A. The subsystem load (L) is
described in Section 2.3. Test bench for validation of the simulation model.

2.1.1. Control Unit (CU)

The control unit contains the parts concerning the position control of the hydraulic
cylinder. In this study, the type of control is a PID feedback control. The controller is
implemented as a discrete parallel PID controller using the PID blockset of MATLAB
Simulink library. The controller uses a sampling frequency of 2 kHz. The position signal is
influenced by external effects, which are indicated by noise. This noise can be characterized
by a system identification of the used position sensor in the EHA. Three relevant frequencies
of white noise with different amplitudes can be identified, which are described in Table 1.
These white noises are added to the position signal and filtered with a kHz low-pass filter.
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Table 1. The white noise of the position sensor.

Frequency Amplitude

15 Hz 0.01 mm
200 Hz 0.005 mm
400 Hz 0.003 mm

2.1.2. Power Electronics (PE)

The power electronics consist of a torque-based, field-oriented controller for the
internal permanent magnet synchronous motor (PMSM) and an outer-loop speed controller.
Therefore, the “Interior PM Controller” model from the powertrain blockset of the MATLAB
Simulink library was used [32–36]. The overall inverter efficiency is constant. The current
controller uses a sampling frequency of 16 kHz. The “Interior PM Controller” model is able
to calculate the optimum current regulator gains based on the parameters of the electric
motor. The chosen parameters are listed in Table A1 in the Appendix A.

An outer-loop speed controller was implemented, which is a PI feedback control based
on the control unit of the inverter of SEW [37]. The acceleration pre-control gain is set to
zero. The parameters are taken from the configuration on the test bench.

2.1.3. Electric Motor (EM)

The electric motor is modeled as a three-phase Interior Permanent Magnet Syn-
chronous Motor (PMSM) with sinusoidal back electromotive force. For this purpose,
the “Interior PMSM” model from the Powertrain blockset of the MATLAB Simulink library
is used [38,39]. Torque is used as the mechanical input. Physical inertia, viscous damping,
and static friction are considered in the model.

2.1.4. Hydraulic Pump (HP)

The hydraulic pump is an internal gear pump modeled as a gray box. The assignment
between mechanical and hydraulic energy is performed with a black box model via a data
sheet provided by the manufacturer. The speed and the pressure difference are used to
determine the torque to be applied by the electric motor. The correlations between the
parameters are integrated with a lookup table using the Akima spline as an interpolation
and extrapolation method.

Due to the experimental determination of the data, this includes leakage and friction,
but only for stationary conditions. Thus, the losses considered are independent of accelera-
tion and pressure changes. The influence of rotational inertia is considered in the electric
motor subsystem.

The volumetric flow rate is calculated using the volumetric displacement per rotation
unit and the rotational speed. Compressibility is neglected so that incoming and outgoing
volumetric flows are equal in magnitude. Since we only consider step responses in our
study, we have also neglected the thermal aspect of the fluid system, which is otherwise
very relevant. An example of the consideration of temperature and power dissipation
is shown in [40]. Therefore, all fluid parameters are time-invariant and independent of
pressure or temperature.

2.1.5. Hydraulic System (HS)

The hydraulic system describes all hydraulic parts except the hydraulic pump and
cylinder. Therefore, the supply pipes between the hydraulic pump, cylinder, and reservoir
are modeled. The hydraulic diagram of the hydraulic system is depicted in Figure 2.
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Figure 2. Hydraulic diagram of the EHA.

The behavior of the supply pipes is characterized by the pressure loss Δp due to local
hydraulic resistances in the pipelines and their elbows. The pressure loss Δp is calculated
with the Darcy–Weisbach equation (Equation (1)) and is dependent on the pressure loss
coefficient ζ, which is determined differently for pipe friction and the pipe elbow (Equation
(2)). All other parameters such as the density ρoil , viscosity μoil , etc. are considered to
be time-invariant. The compressibility of the fluid is neglected. The pressure losses are
therefore dependent on the volume flow

.
V.

Δp =
ζ ∗ ρoil

2
∗
( .

V
A

)2

(1)

ζ = ζpipe + ζelbow (2)

In the case of pipe friction, the pressure loss coefficient ζpipe (Equation (3)) is de-
termined via the Darcy friction factor λ (Equation (4)), which depends on the Reynolds
number Re (Equation (5)). For transient flow, the Hagen–Poiseuille equation is used. For
turbulent flow in smooth conduits, the Blasius correlation is utilized. A Reynolds number
greater than 100,000 is not expected.

ζpipe = λ ∗ L
R

(3)

λ =

⎧⎪⎨⎪⎩
64
Re

, Re < 2320 (transient)

0.3164
Re0.25 , 100, 000 > Re ≥ 2320 (turbulent)

(4)

Re =
2 ∗ r ∗

∣∣∣ .
V
∣∣∣

A ∗ μoil
(5)

The pressure loss in the elbow ζelbow is characterized by the tabulated pressure loss
coefficient provided in the Crane Technical Paper [41]. The hydraulic resistances can thus
be transferred into characteristic diagrams and calculated separately for both supply pipes.
The pipes are considered stiff and the compressibility of the hydraulic fluid is neglected.
Therefore, the capacity and inductivity of the pipes are not considered. There is no leakage.
The inertia of the hydraulic fluid is considered.

The reservoir must maintain the system pressure. Therefore, it contains a valve that
opens when the pressure falls below the expected system pressure. Hydraulic fluid is
flowing into the system and is therefore increasing the applied pressure.
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2.1.6. Hydraulic Cylinder (HC)

The hydraulic cylinder is a double-rod linear actuator. The modeling is based on the
description of Glöckler [42] and uses a force equilibrium. In this subsystem, due to the
high pressures and large volumes, the compressibility of the hydraulic fluid is taken into
account. The stiffness of the oil column in the cylinder depends on the bulk modulus of the
hydraulic oil. The elasticity of the cylinder barrel is neglected.

The volumetric flow of the hydraulic fluid into the actuator is controlled by the output
flow of the hydraulic system. The internal leakage is not considered, because it is equal
to zero for new systems. The friction force FFr is modeled as Coulomb friction FC for
static states and viscous friction for dynamic states. The Coulomb friction is constant
and the viscous friction is linear dependent on the velocity of the hydraulic cylinder, see
Equation (6). All fluid parameters are time-invariant. They are therefore assumed as
temperature-independent.

FFr = sgn(x) ∗ (FC + fviscous ∗ |x|) (6)

All relevant parameters are listed in Appendix A.

2.2. Method for Multi-Objective Optimization of PID Control

A method for the optimization of a PID control proposed in [43] is used to optimize the
PID parameters of the presented EHA using the simulation model. The method is based on
a multi-step incremental optimization of the multi-dimensional problem. First, the method
is briefly presented. Second, the parameters selected in this study are presented.

For this method, the following five criteria are used: Integrated Time Weighted Square
Error (ITSE) criterion QITSE, the Qtr , the settling time Qts , the overshoot QhO and the noise
QNoise. The mathematical equation of the target functions is shown in Equations (7)–(11).
For the EHA, the variables error e, actual position y, step height of the input variable Us,
and time of overshoot thO, settled final position y f inal and the speed of the motor as the
output of the controller n are used.

QITSE =
∫ ∞

0
t ∗ e2(t) dt (7)

Qtr = t1(y = 0.9 ∗ Us)− t0(y = 0.1 ∗ Us) (8)

Qts = t∗
(∣∣∣∣y(t)− Us

Us

∣∣∣∣ < 0.1
)
− thO (9)

QhO =
max

(
y(t)− y f inal

)
y f inal

(10)

QNoise = ∑|Δn(t)| (11)

The PID values are optimized using the five criteria presented with a cost function.
The main criterion f1 shift a percentage of the exponent with a certain weight g. The weight
g is selected by the user. Furthermore, the exponential function of the main criterion forms
a valley around the desired absolute value. The partial costs of the secondary criteria f2,
on the other hand, have continuously decreasing costs towards lower values. This forces
the optimization algorithm to search for a solution on the multidimensional Pareto front,
which lies around the desired value of the shifted main criterion.

f1

(
x, xre f , α, g

)
= e

α∗| x−g∗xre f
xre f

|
(12)

f2

(
x, xre f , α

)
= e

α∗ x−xre f
xre f (13)
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Furthermore, criterion f3 is introduced that represents stability criteria and nonlinear
boundary conditions. This results in the overall cost function, which is represented by the
following equation.

F(x1, . . . , xn) =
n
∏
i=1

f1

(
xi, xi,re f , αi

)
∗ f2

(
xk, xk,re f , α, g

)
∗ f3(s),

i ∈ A, k ∈ B
A = {1, . . . , n}, B = {1, . . . , n}, A ∩ B

(14)

The method uses an iterative and relative approach for optimization. Based on the
created model, the first step is to determine the possible search space for the PID parameters.
In this study, the method of Ziegler and Nichols is used to determine a first—mostly non-
matching—parameter set of PID values. Subsequently, an initial optimization is performed
with the PSO algorithm. The purpose of this step is to obtain a rough estimate which
reflects the system-dependent behavior. The optimization uses only the ITSE criterion
QITSE. With the obtained PID values the first set of criteria can be determined. These initial
values are used to calculate the above mentioned normalization. Based on the nature of a
Pareto-optimal problem, the secondary criteria will be degraded during this optimization.
If the optimization result does not correspond to the desired goal, another cycle can be
started. Here, the main criterion and an associated improvement with the weight g are
defined. The result of the previous optimization is used as a reference.

For this study, the objective of controlling the EHA is defined as follows: Reaching the
set point as quickly as possible without considerable overshoot and with a smooth controller
output. Therefore, three optimization loops are performed including the first optimization
with the ITSE criterion. To achieve the control objective, the second optimization aims to
minimize the control output by 20% (g = 0.8), and the third aims to reduce the overshoot by
20% (g = 0.8). The limits for PSO in the optimization loops refer to the previous parameters
of Ziegler and Nichols, and the previous loop, respectively. The limits are 10% and 1000%
for the proportional gain as well as 0.1% and 100,000% for the integral part and derivative
part. Table 2 shows all setting values for the optimization in this study.

Table 2. Selected parameters for the application of the method for multi-objective optimization of
PID control in this study.

Population size of PSO in all loops 125
Generations of PSO in all loops 10

Objective in system characterization ITSE (g = 1)
Objective in first optimization loop Rise time (g = 0.8)

Objective in second optimization loop Overshoot (g = 0.8)
Range of first system characterization loop [0.1 ∗ KZN 10 ∗ KZN ]

Range of second optimization loop [0.001 ∗ KLoop1 1000 ∗ KLoop1 ]
Range of third optimization loop [0.001 ∗ KLoop2 1000 ∗ KLoop2 ]

2.3. Test Bench for Validation of the Simulation Model

The focus of this study is on the position control of the EHA. To validate the simulation
model, a test bench was used to measure and evaluate step responses. A step height of
5 mm is selected for this purpose, as 5% of the maximum stroke is a suitable test case [44].

The test bench is controlled by the measurement and control system Adwin-Pro2
(Jäger Computergesteuerte Meßtechnik GmbH, Lorsch, Germany). The EHA is controlled
by an external inverter (MOVIAXIS MXA81A-016-503-00/XFE24A, SEW-Eurodrive GmbH,
Bruchsal, Germany), which is coupled to the measurement and control system via an Ether-
CAT real-time network with a sampling frequency of 2 kHz. As described in the modeling,
the control system of the EHA is a cascaded control system. The outer control loop of the
EHA is closed with the help of a magnetostrictive linear position sensor (BTL0LP3, Baluff
GmbH, Neuhausen auf den Fildern, Germany) via Adwin-Pro2. The position control is
performed with a sampling frequency of 2 kHz. The other internal control loops (speed and
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current control) are implemented directly on the inverter. The speed control is performed
with a sampling frequency of 4 kHz and the current control runs with a sampling frequency
of 16 kHz. The control system, the systems involved, and the measurement equipment
used are shown in Figure 3.

 

Figure 3. Representation of the control system, the systems involved, and the sensors used.

Two modules are used as loads. In the first load case, an inertial load realized with
weights is applied to the EHA. A mass of 11.83 kg was chosen as the weight. The mass is
shown in Figure 4a. In aerospace applications, the load increases due to the wind when
the actuator extends the wing flap. Therefore, the actuator is moved against a compression
spring for the second load case. A spring stiffness of 241.381 N/mm was selected for
validation. The compression spring is shown in Figure 4b.

  
(a) (b) 

Figure 4. Modules for applying different loads to the EHA: (a) Inertia of 11.83 kg Modell and
(b) Compression spring with stiffness of 241.381 N/mm.
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3. Results

In this section, the optimization results of the PID control based on the simulation
model are presented. The simulation model is validated by comparing the various step
responses of the simulation model with the step responses obtained on the test bench.

3.1. Results of the Method for Multi-Objective Optimization of PID Control for the
Simulation Model

The results in this section were obtained using the simulation model of the EHA.
According to the optimization method, initial parameters were first extracted for Ziegler
and Nichols. As shown in Table 2, the search space for the PSO is determined based on
these initial parameters. For the inertial load, the results of Ziegler and Nichols, the system
characterization based on the ITSE criteria, and the optimization loops based on overshoot
and rise time are shown in Table 3. The corresponding step responses are shown in Figure 5.

Table 3. PID parameters for Ziegler and Nichols, the system characterization, and the two optimiza-
tion loops for the inertia of 11.8 kg.

Inertia Load of 11.8 kg KP KI KD

Ziegler and Nichols 13,800 345 0.0007246
System characterization (ITSE) 7827.556886 806.115288 0.724638

First optimization loop (Rise time) 9441.263070 0.806115 25.386430
Second optimization loop (Overshoot) 6167.990306 495.702891 0.025386

Figure 5. Step responses for the EHA simulation model for the PID parameters presented in Table 3
for the inertia of 11.8 kg.

For the spring load, the results of Ziegler and Nichols and the three optimization loops
are shown in Table 4. The corresponding step responses are shown in Figure 6.
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Table 4. PID parameters for Ziegler and Nichols, and the three optimization loops for the spring load
of a spring stiffness of 241.381 N/mm.

Spring Stiffness 241.381 N/mm KP KI KD

Ziegler and Nichols 13,800 345 0.0007246
System characterization (ITSE) 7663.036665 19,810.42218 0.677059

First optimization loop (Rise time) 8844.394595 19.810422 24.370225
Second optimization loop (Noise) 6441.340341 16809.27533 0.015312

Figure 6. Step responses for the EHA simulation model for the PID parameters presented in Table 4
and the spring load of a spring stiffness of 241.381 N/mm.

3.2. Validation of the Simulation Model for the Electro-Hydraulic Actuator

To validate the simulation model, a comparison is made between the simulated step
responses and those measured on the test bench. The step responses for the inertial load
using the PID parameter set of Table 3 are shown in Figure 7. The step responses for the
spring load for the PID parameters of Table 4 are shown in Figure 8.

The validation results from Figure 7 are described in the following. For Ziegler
and Nichols, the step response shows approximately similar behavior with a significant
deviation in overshoot and a deviation in rise time. For the system characterization, there
are also deviations: While the slope is similar at the start, a sudden change of the gradient
can be observed on the test bench at the amplitude of 4 mm. Furthermore, the overshoot is
significantly lower for the test bench. For the first optimization loop, a similar behavior
except for a smaller overshoot is obtained. For the second optimization loop, a similar
behavior with only a tiny change of the gradient at 4 mm is observed.

The validation results from Figure 8 are described in the following. The validation
results for the spring load also show significant differences for all four parameter sets.
Partially, the results are similar to those for the inertial load in Figure 7. Therefore, the
differences in the inertial load are also described.

For Ziegler and Nichols, the step response shows approximately similar behavior
to the inertial load. For system characterization, the step response shows approximately
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similar behavior to the inertial load, except that the settling time of the test bench results is
much slower. For the first optimization loop, the results differ significantly: the overshoot
is much more significant in the simulation. For the first optimization loop, as shown in
Section 3.1, the simulation results show a permanent deviation due to the small integral
part. The permanent deviation is not observed on the results of the test bench. For the
second optimization loop, in contrast to the inertial load, different behavior is shown.
Although the overshoot is the same, it occurs later, and the settling time is significantly
slower for the test bench results.

 
(a) (b) 

 
(c) (d) 

Figure 7. Comparison of the simulated and on the test bench measured step response of the EHA
with the following PID parameters obtained with the method for multi-objective optimization
of PID control for the inertial load: (a) Ziegler Nichols characterization [KP = 13,800; KI = 345;
KI = 0.0007246], (b) system characterization [KP = 7827.556886; KI = 806.115288; KI = 0.724638],
(c) first optimization loop [KP = 9441.263070; KI = 0.806115; KI = 25.386430], and (d) second optimiza-
tion loop [KP = 6167.990306; KI = 495.702891; KI = 0.025386].
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(a) (b) 

 
(c) (d) 

Figure 8. Comparison of the simulated and on the test bench measured step response of the EHA
with the following PID parameters obtained with the method for multi-objective optimization
of PID control for the spring load: (a) Ziegler Nichols characterization [KP = 13,800; KI = 345;
KD = 0.0007246], (b) system characterization [KP = 7663.036665; KI = 19,810.42218; KD = 0.677059],
(c) first optimization loop [KP = 8844.394595; KI = 19.810422; KD = 24.370225], and (d) second
optimization loop [KP = 6441.340341; KI = 16,809.27533; KD = 0.015312].

4. Discussion

In this section, the results of the method for multi-objective optimization of PID control
on the simulation model are discussed. Then, the validation of the simulation model using a
test bench is discussed as the main result. Finally, limitations and further research directions
are elaborated.

4.1. Discussion of the Results of the Method for Multi-Objective Optimization of PID Control

The results show the expected results for the inertial load in Figure 7 for the four
parameter sets. While there is a strong overshoot in Ziegler and Nichols, as expected, the
three optimizations show a local Pareto-optimum concerning the primary optimization
criterion. From the PID values in Table 3, it can be seen that the proportional gain differs
significantly. For the optimization of rise time, a high derivative part and a low integral
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part are found. For the optimization of ITSE and overshoot, a high integral part and a low
derivative part are found.

The results for spring loading in Figure 8 also show the expected results in all cases.
The results are similar to those for the inertia. For Ziegler and Nichols, almost similar
behavior was obtained with the same PID values, but a permanent deviation occurs due to
the constant force of the compressed spring. The PID values of Tables 3 and 4 differ mainly
in the significantly higher integral part. As expected, the derivative part is most significant
for the rise time with the smallest integral part.

The results show that the optimization method, which was designed and validated on
rotating systems, also works for translational systems such as the EHA. For the validation
of the simulation, the method must reach different local optima so that the validation can
be performed with different PID values. Thus, the method has served its purpose and the
local optima are suitable for validating the simulation. The use of both loads has proven to
be suitable since, in this way, different integral parts and also different operating points can
be validated.

The selection of the best PID values depends on the requirements of the overall system,
for example, how fast the system should respond and how significant the overshoot
should be. The method is thus a suitable way to optimize the PID control based on simple
predefined objectives. However, a valid simulation model is a prerequisite. Therefore, the
simulation model was validated in Section 3.2 by comparing these step responses with the
step responses obtained on the test bench.

4.2. Validation of the Simulation Model with the Test Bench

The validation results for the four parameter sets of the inertial load show partially
significant differences between the step responses obtained with the simulation model and
on the test bench.

The deviation of the rise time is due to different behavior between the results of the
simulation and test bench. While the increase in the position of the paths is similar at the
beginning, a sudden change in the slope is observed on the test rig at an amplitude of 4 mm
in most cases. Examples are the system characterization, first and second optimization loop
for inertial load, where the change of the gradient is present in different magnitudes. For
the second optimization loop, a similar behavior with only a tiny change of the gradient
at 4 mm is observed. This can be explained by an oscillation between the outer loop
of the position controller and the inner loop of the speed controller, which is shown in
Figure 3. This oscillation is not adequately represented in the simulation model for the
shown operating points shown. A second explanation is the influence of a limitation in the
inverter, which was not represented in the simulation.

The deviation in overshoot is due to the damping of the system, which is difficult
to simulate in absolute values. It seems that the hardware system has a higher damping
coefficient than in the simulation. A second cause is probably the previously discussed
change in the gradient.

Another phenomenon is the different response to a high integral part of the controller
in the spring load. While the simulation quickly reaches the setpoint at a high integral
part, a low integral part results in a permanent offset of the amplitude. The results of the
test bench reach the setpoint very slowly at a high integral part of the controller. With a
low integral part, the settling time is very slow. This could be explained by the control
implemented in the inverter. It must be noted that modeling the control implemented in
the inverter is a highly complex task, since not all information, such as the stored motor
model, are available. Furthermore, it is unclear how the internal filters of the inverter are
designed in detail.

Overall, by comparing the step responses of the simulation model with the test bench
results for the inertia or spring load, the key phenomenon is the change in slope at an
amplitude of 4 mm, which can be explained by the interaction of the cascaded control on
the test rig, across almost all results.
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The deviation between the results obtained with the simulation model and with the test
bench shows that the simulation model of an EHA parameterized only on data of individual
components is not completely valid for control optimization. Nevertheless, it indicates
the behavior of the control system that can already be used in product development
if no physical EHA is available. Thus, the modeling approach and the modeling itself
provide added value to the application. If a physical EHA is available, performing a
system identification, e.g., via Regressive Exogenous (ARX), as conducted by [19–21], can
be performed to obtain a better fit between the results of the simulation model and the
test bench.

4.3. Limitations and Further Research Directions

The results show a strong dependence of the internal control loop on the speed of the
inverter. Therefore, modeling and validation of the internal control loop should be a basic
prerequisite for the successful execution of a grey-box or white-box simulation. However,
if the internal control of the simulation model is not matched to the test bench at a high
level of detail, the probability of success is low. In this case, interactions in the cascaded
control, as in our study, can influence the overall result. One possibility would be to use
the method for optimizing the PID control to parameterize the speed control loop in the
simulation model.

The quality of the grey-box simulations depends mainly on the amount and quality of
the available data and information. In our case, we had many parameters available, as can be
seen from Appendix A. The problem was mainly the lack of information about the cascaded
control. Thus, the success of a similar approach depends on the available information.

In the grey-box simulation, many phenomena, such as sensor noise, were implemented.
However, there are other phenomena, such as the capacity and inductivity of the pipes, that
could have been improved with the appropriate information. To fully evaluate the system
reliability of the EHA with the optimized position control used here, the thermal domain
would also need to be considered, as temperature also has an impact on the dynamics of
the system.

In our study, we investigated an EHA with two loads at a defined step response. Only
some of the operating points that the EHA can perform were investigated. More operating
points, and also other EHA, should be considered for transferring the results. This does not
affect the core statement of this work, which is that the grey-box simulation is only suitable
as an indication for control optimization. This can be assumed because the difficulties are
present in all EHAs, especially due to the cascaded control. Instead, the amount and quality
of information, as mentioned above, take an overriding role.

Given the already achieved convergence of results when using a grey-box model, there
is still great potential and further research directions. Future work should investigate if
it is possible to obtain better results with more information. To draw insights from the
comparison, the representation of the parameters and the mapped phenomena or physical
effects, as in this study, are necessary.

Another research direction is to use the simulation model of the EHA as a digital
twin by connecting it directly to the EHA on the test bench. By continuously comparing
the digital and physical EHA, the deviations can be identified and used to improve the
simulation by parameterizing physical parameters, such as friction, that are difficult by
generic white-box models. A high model quality can be achieved without relying on a
black-box model, which can only be transferred to similar EHAs to a limited extent.

To fully evaluate the system reliability of the EHA with the position control optimized
here, the thermal domain should also be considered as well, as temperature also has an
impact on the dynamics of the system. For this purpose, thermal coupling systems must be
used so that all relevant domains are also taken into account in the sense of the digital twin,
to obtain a high degree of reliability concerning the findings obtained.
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Abbreviations

The following abbreviations are used in this manuscript:
EHA Electro-Hydraulic Actuators
PID Proportional–Integral–Derivative
ARX Auto-Regressive Exogenous
PSO Particle Swarm Optimization
CU Control Unit
PE Power Electronics
EM Electric Motor
PMSM Permanent Magnet Synchronous Motor
HC Hydraulic Pump
HP Hydraulic System
HC Hydraulic Cylinder
ITSE Integrated Time Weighted Square Error

Appendix A

Table A1. Relevant parameters of the simulation model.

Parameter Value

Power Electronics (PE)

Current controller proportional gain D-axis 12.6 V/A
Current controller proportional gain Q-axis 20.1 V/A
Current controller integral part 2320 V/A∗s
Current controller bandwidth 200 Hz
Speed controller frequency 2000 Hz
Speed controller proportional gain 1000 1/s
Speed controller integral part 100 1/s2

Setpoint speed filter 0.63 × 10−3 1/s
Actual speed filter 1.23 × 10−3 1/s
Acceleration precontrol filter 1.25 × 10−3 s

Electric Motor (EM)

Nominal speed 40 1/s
Nominal torque 24.8 Nm
Maximal torque 90 Nm
Nominal power motor 6200 W
Reduced rotational inertia 1566 kg/mm2

Number of rotor polepairs 5
DC link voltage 560 V
Nominal current 13.8 A
Current limit 55.2 A
D-inductance (field) 10 mH
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Table A1. Cont.

Parameter Value

Q-inductance (torque) 16 mH
Resistance (at 20◦C) 1.5 Ω
Flux linkage established by magnets 0.214 Vs
Factor of induced voltage 0.137 V(RMS)/rpm
Limit speed for static friction 0.001 rad/s
Static friction torque 0.5 Nm
Viscous damping 0.005 Nm*s/rad

Hydraulic System (HS)

Hydraulic fluid density 864 kg/m3

Hydraulic fluid bulk modulus 1.448 × 109 N/m2

System pressure 2 bar
Tube A length 160 mm
Tube B length 420 mm
Tube A inner radius 9.0 mm
Tube B inner radius 9.0 mm
Elbow A quantity 1
Elbow B quantity 3
Elbow bending radius 40 mm

Hydraulic Cylinder (HC)

Piston radius 25 mm
Rod radius 16 mm
Dead volume A-Side 2.90 × 10−5 m3

Dead volume B-Side 2.90 × 10−5 m3

Moving mass of piston and rod 4.19 kg
Coulomb friction force 150 N
Viscous friction coefficient 200 Ns/m
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Abstract: The dynamic characteristics and tooth spalling fault features are studied for the high-
contact-ratio spur gear bearing system. The bending torsional dynamic model is proposed in this
study for the gear bearing system with an ellipsoid spalling fault. This model also considers time-
varying meshing stiffness, tooth friction, fractal gear backlash, and comprehensive transmission error.
The meshing stiffness of the system is evaluated using the potential energy method. The bifurcation
diagram, time-domain waveform, Poincaré map, phase map, frequency spectrum, and related three-
dimensional map are used as tools to analyze the system’s dynamic response qualitatively. The
results reveal that the system’s motion with ellipsoid tooth spalling defect exhibits rich dynamic
behavior. The response of the proposed dynamic model is consistent with experimental results in
the frequency domain. Therefore, the developed dynamic model can predict the system’s vibration
behavior with localized spalling fault. Hence, it could also provide a theoretical foundation for future
spall defect diagnosis of the gear transmission system.

Keywords: high-contact-ratio gear; tooth spalling; meshing stiffness; nonlinear dynamic behavior

1. Introduction

The contact ratio is an important index to indicate the smoothness and the uniformity
of the gear system’s transmission load [1]. By increasing the addendum coefficient, en-
hancing the number of teeth, reducing the pressure angle, and adjusting the modification
coefficient, an involute spur gear with a contact ratio greater than two can be obtained,
called high-contact-ratio spur gear [2]. Compared with standard gears, high-contact-ratio
spur gear has more pairs of teeth meshing at the same time. As a result, high-contact-ratio
gear has the advantages of high load carrying capacity [3]. Thus, it is widely used in auto-
mobiles, power tools, and other fields. As a common failure form of gear, tooth spalling is
frequently encountered under excessive load, which initially occurs at the local position of
the tooth surface. Localized tooth spalling induces serious damage to the gear transmission
system gradually. Three main aspects are considered while characterizing tooth spalling
fault: meshing stiffness, dynamic characteristics, and experimental validation. The model
of damaged gear pairs is analyzed to estimate the mesh stiffness. The mesh stiffness is
imported into the gear dynamic model to evaluate the non-linear dynamic characteristics.
The dynamic response obtained from the simulation is compared with the experimental
results to verify the dynamic model.

Tooth spalling affects the tooth profile and results in a change of meshing stiffness.
Several researchers have developed many methods to estimate the meshing stiffness of
the gears. Wang [4] and Zhan [5] have developed the finite element methods. The finite
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element method can accurately simulate the contact state of the system, but it is time-
consuming. The analytical method is very efficient in terms of computation [6]. For
example, Sun [7] studied the mesh stiffness of spur gear pairs with tooth modifications
based on the thin slice assumption. For the gear with rectangular tooth spalling, Chaari
researched the mesh stiffness of spur-gear pair [8], Jiang [9] and Han [10] studied the
helical gear, while Luo studied the planetary gear [11]. In references [12,13], the meshing
stiffness of gears with rectangular spalls of various widths, lengths, and positions were
compared. Saxena et al. [14] estimated gear mesh stiffness for rectangular, circular, and
V-shaped spalling. It is assumed that the bottom of the tooth spalling is flat in the literature.
In practice, the shape of the tooth spall usually has a curvilinear bottom with a gradually
changing dent depth rather than a suddenly decreased tooth thickness. Compared to
rectangular solid, the ellipsoid is close to the actual geometry of the tooth spalling. This
geometric model makes the calculation of mesh stiffness more accurate. The mesh stiffness
of the gear with ellipsoid tooth spall is analyzed in detail in this work.

The estimation of mesh stiffness lays a foundation for gear dynamics. Dynamic
analysis is valuable for operating status monitoring and gear fault diagnosis [15,16]. Using
statistical methods to evaluate spall severity was suitable under low velocity and low
excitation [17]. Dadon et al. [18] researched the effect of different gear imperfections on
fault detection. Ma and Chen [19] studied the differences in vibration signals of tooth
crack and tooth spall. Modification coefficients were introduced to research the impact
of the spalls on gear dynamics [20]. Chen et al. [21] compared the mesh characteristics
of helical gears with spalling faults using analytical and finite-element methods. Based
on the theoretical and experimental study, Huangfu et al. [22] investigated the meshing
and dynamic characteristics of a spalled gear system. Luo et al. [23] demonstrated that
tooth spall and sliding friction have an evident effect on kinetic performance. Shi et al. [24]
discussed the dynamic characteristics of the gear with double-teeth spalling fault. In terms
of global dynamics, Ma [25] employed the singularity theory to evaluate the bifurcation
characteristics of the gear system with tooth spalling.

Two drawbacks in these previous models are found. Mesh stiffness of the high-contact-
ratio gear with ellipsoid spalling defects is not calculated. Secondly, motion state analysis
of the gear with localized spalling defects under excitation frequency and gear backlash is
not considered. The above deficiencies are the main contributions of this study. Highlights
of this paper are listed as follows.

(1) Modeling of the mesh stiffness of the high-contact-ratio gear system with localized
ellipsoid spalling.

(2) Bifurcation characteristic of the high-contact-ratio gear system with localized ellipsoid
tooth spalling fault is discussed.

(3) Experiments are carried out for vibration measurement to validate the proposed
dynamic model.

The rest of the article is arranged as follows. Section 2 describes the modeling of the
mesh stiffness through the precise tooth profile equation of the high-contact-ratio gear
and the ellipsoid equation. Section 3 illustrates the proposed dynamic model of the gear-
bearing system. Section 4 discusses the numerical results. Section 5 is about the vibration
experiments. The conclusions are presented in Section 6.

2. Mesh Stiffness Computation

The alternating meshing process of two and three gear pairs causes the variation of
mesh stiffness. It also plays the role of internal excitation of the gear system. It is of great
significance to develop an analytical model to calculate the mesh stiffness.

2.1. Accurate Tooth Profile Equation

The tooth profile of high contact ratio gear comprises tooth tip arc line, involute tooth
profile, and tooth root transition curve. The motion of a rack-type cutting tool is equivalent
to the meshing of the rack and pinion. In the process of machining, the cutter’s machining
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pitch line is always tangent to the gear’s machining pitch circle [26]. The profile of the rack-
type cutting tool is shown in Figure 1. As presented in Figure 2, during gear machining,
the involute part of the tooth profile is cut directly by the straight part of the cutter (BC),
and the fillet part of the cutter (AB) cuts the transition part. The transition part is the
isometric curve of the extended involute. This extended involute is depicted by the center
of the tool’s rounded corner. An x–y coordinate system with the center of the gear as the
origin is shown. The gear teeth are usually considered as a cantilever beam of a variable
cross-section. The coordinates of any contact point: i, on the involute part are expressed
as follows. {

xi = rb[(αi + θb) sin αi + cos αi]

yi = rb[(αi + θb) cos αi − sin αi]
(1)

rb denotes the radius of the gear base circle. αi is the working load angle acting on the
contact point: i. θb is half of the tooth base arc angle (θb = (π/2 + 2X·tanα0)/N + invα0).
x is the displacement coefficient. N is the number of teeth. inv(·) represents the involute
function of the pressure angle. Coordinates of point: j, on the transition curve are defined
as follows. {

xj = r cos ϕ − (a1/sin γ + rρ) sin(γ − ϕ)

yj = r sin ϕ − (a1/sin γ + rρ) cos(γ − ϕ)

(α0 ≤ γ ≤ π/2)

(2)

r and rρ are the radii of the gear pitch and the top corner of the tool, respectively. a is the
distance from the center of the top corner to the center line of the tool (a = (ha* + c*)m − rρ,
a1 = a − xm, ϕ = (a1/tanγ + b)/r, b = πm/4 + ha*·m·tanα0 + rρ·cosα0).

 
Figure 1. Rack-type cutting tool profile.

 
Figure 2. Tooth profile curve diagram.
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2.2. Analytical Model of Meshing Stiffness

Many tooth surface spalls have progressively varying depth and a curved base surface
in practice as shown in Figure 3. The ellipsoid tooth spall is formed by removing the
intersection of the gear and the ellipsoid. As shown in Figure 4, the ellipsoid tooth spall’s
maximum width, length, and center depth are ws, ls, and hs, respectively. The starting
and ending position is denoted by xstart and xend, respectively. θs is the angle between the
tangent of tooth spall and involute curve. In this work, the position (xstart, θs) and the
severity (ws, ls, hs) are fixed.

Figure 3. The ellipsoid tooth spall on the pinion.

 
(a) x–y direction (b) y–z direction 

Figure 4. A cross-sectional view of the ellipsoid tooth spall.

Table 1 displays the comparison of key geometry parameters of the ellipsoid tooth
spall for healthy and spall gear.

Table 1. The ellipsoid tooth spall data.

Case ws (mm) ls (mm) hs (mm) θs (◦) xstart (mm)

Healthy gear 0 0 0 0 0
Spall gear 4 16 2 18 66

An ellipsoid’s parametric function is defined as follows.

x2

a2 +
y2

b2 +
z2

c2 = 1 (3)

a, b, and c are the radii of the ellipsoid along x, y, and z axis. Equations (4) and (5) are
derived assuming a and b as equal.

a = b = rs_max =
(0.5ws)

2 + h2
s

2hs
(4)
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c =
1
2

√
r2

s_maxl2
s

2rs_maxhs − h2
s

(5)

In the x–y plane, the coordinates of the ellipsoid center are derived as follows.⎧⎨⎩ xos = xstart + rs_max cos
(

π
2 − θs − arcsin

(
0.5ws
rs_max

))
yos = − tan(θs)(xos − xstart) + y(xstart) +

rs_max−hs
cos θs

, (hs < rs_max)
(6)

Figure 4b shows the cross-section of the ellipsoid tooth spall at a distance x, The ellipse
equation is as follows.

ys
2

bx2 +
zs

2

cx2 = 1 (7)

bx =

√
b2(1 − (xos − xt)

2

a2 ) (8)

cx =

√
c2(1 − (xos − xt)

2

a2 ) (9)

The length lxs is calculated is expressed as follows.

lxs =

√
c2

x

(
1 − (yos − hx)

2/b2
x

)
(10)

As shown in Figure 4b, hx is the half-height of the gear tooth cross-section at a distance
x. The gear tooth contact length Le is given as follows.

Le = L − 2lxs (11)

L denotes the gear tooth width. The maximum depth of the ellipsoid tooth spall at a
distance x is determined as follows.

hxs = bx − (yos − hx) (12)

The corresponding area of the portion of the ellipse is deduced as follows.

Axs = 2
∫ −(yos−hx)

−bx

√(
1 − ys2

b2
x

)
c2

xdys (13)

The cross-section area Ax of the ellipsoid tooth spall at a distance x is given below.

Ax = 2hxL − Axs (14)

Ax causes a shift in the cross-neutral section’s axis. The corresponding displacement
δxs between these two central axes is calculated as follows.

δxs =
Axshoxs

Ax
(15)

The area moment of inertia of the ellipse segments is expressed as follows.

Izs =
∫ −(yos−hx)

−bx
2ys

2

√(
1 − y2

s
b2

x

)
c2

xdys − Axs(yos − hoxs)
2, (hx ≤ yos) (16)
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Under the tooth spall conditions, the area moment of inertia of the gear tooth cross-
section with respect to the new axis is modified as follows.

Iz =
2Lh3

x
3

+ 2Lhxδ2
xs −

(
Izs + Axs(hoxs + δxs)

2
)

(17)

Figure 5 shows the gear profile. Segments AB and BC represent the transition curve
and involute curve, respectively. P is the meshing point, and the corresponding pressure
angle is αp. F denotes the meshing force that is decomposed into Fx and Fy, respectively.
Based on the potential energy method [27], comprehensive mesh stiffness k(t) is deduced.

k(t) =
3

∑
i=1

1
1

khi
+ 1

kp
bi
+ 1

kp
si
+ 1

kP
ai
+ 1

kp
f i
+ 1

kg
bi
+ 1

kg
si
+ 1

kg
ai
+ 1

kg
f i

(18)

 

Figure 5. Gear profile.

Subscript i (i = 1, 2, 3) denotes the pair of the engaging gear tooth. Based on the tooth
profile equations, each of the stiffness is expressed as follows.

1
ka

=

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

∫ xB
xA

sin2 αp
EA1

dx1 +
∫ xp

xB

sin2 αp
EA2

dx2 (xB < x ≤ xstart)∫ xB
xA

sin2 αp
EA1

dx1 +
∫ xs

xB

sin2 αp
EA2

dx2 +
∫ xp

xs

sin2 αp
EA3

dx3 (xstart < x ≤ xend)∫ xB
xA

sin2 αp
EA1

dx1 +
∫ xs

xB

sin2 αp
EA2

dx2 +
∫ xe

xs

sin2 αp
EA3

dx3 +
∫ xp

xe

sin2 αp
EA4

dx4 (xend < x)

(19)

1
kb

=

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

∫ xB
xA

M2
1

EI1
dx1 +

∫ xP
xB

M2
2

EI2
dx2 (xB < x ≤ xstart)∫ xB

xA

M2
1

EI1
dx1 +

∫ xs
xB

M2
2

EI2
dx2 +

∫ xp
xs

M2
3

EI3
dx3 (xstart < x ≤ xend)∫ xB

xA

M2
1

EI1
dx1 +

∫ xs
xB

M2
2

EI2
dx2 +

∫ xe
xs

M2
3

EI3
dx3 +

∫ xp
xe

M2
4

EI4
dx4 (xend < x)

(20)

1
ks

=

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

∫ xB
xA

1.2 cos2 αp
GA1

dx1 +
∫ xp

xB

1.2 cos2 αp
GA2

dx2 (xB < x ≤ xstart)∫ xB
xA

1.2 cos2 αp
GA1

dx1 +
∫ xs

xB

1.2 cos2 αp
GA2

dx2 +
∫ xp

xs

1.2 cos2 αp
GA3

dx3 (xstart < x ≤ xend)∫ xB
xA

1.2 cos2 αp
GA1

dx1 +
∫ xs

xB

1.2 cos2 αp
GA2

dx2 +
∫ xe

xs

1.2 cos2 αp
GA3

dx3 +
∫ xp

xe

1.2 cos2 αp
GA4

dx4 (xend < x)

(21)

1
k f

=
cos2 αP

EL

⎧⎨⎩L∗
(

u f

s f

)2

+ M∗
(

u f

s f

)
+ P∗

(
1 + Q∗ tan2 αP

)⎫⎬⎭ (22)

94



Machines 2022, 10, 154

1
kh

=
πELe

4(1 − υ2)
(23)

E, G, and υ stand for Young’s modulus, shear modulus, and Poisson’s ratio, respec-
tively. A1 and I1 denote the cross-sectional area and corresponding inertia within the
transition curve, respectively. A2, A4 and I2, I4 are the cross-sectional areas of the healthy
part of the involute curve and the related area moments of inertia. For the spall part of the
gear profile, A3 and I3 are evaluated by Equations (14) and (17), respectively. uf, sf, L*, M*,
P,* and Q* are given in reference [28].

Figure 6 shows the curve of mesh stiffness. The incidence of tooth spall reduces the
mesh stiffness. A localized spall fault is considered. Hence, it occurs once per revolution.
Thus, compared with the healthy gear, the reduction in mesh stiffness occurs mainly in the
double-tooth and the triple-tooth zones.

 

Figure 6. Time-varying mesh stiffness.

3. Dynamic Model of System

The support of the rolling bearing is assumed to be rigid. The gear-bearing translation-
torsion dynamic lumped parameter model is established, as is shown in Figure 7, consider-
ing the influence of gear backlash, damping, comprehensive transmission error, friction
force, and time-varying meshing stiffness.

 
Figure 7. Gear dynamic model.

3.1. Gear-Bearing System

m, I, T, and θ represent the mass, moment of inertia, torque, and torsional angular
displacement, respectively. Subscripts p and g indicate quantities associated with pinion and
gear, respectively. rb, kx, and ky denote the base circle radius, vertical radial support stiffness,
and horizontal radial support stiffness. The time-varying meshing stiffness, meshing
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damping, and backlash of the gear pair are expressed by km, cm, and 2b, respectively. e(t) is
the comprehensive static error along the tangent direction of the gear base circle.

As shown in Figure 7, the dynamic model has six degrees of freedom, including two
rotational degrees of freedom and four translational degrees of freedom along with the
horizontal and vertical directions. The generalized coordinate array is expressed as follows.

q =
[
θp, θg, xp, xg, yp, yg

]T (24)

3.2. Dynamic Meshing Force and Frictional Force

The relative displacement between pinion and gear along the line of action is expressed
as follows.

δ(t) = rbpθp − rbgθg + (xp − xg) cos ϕpg + (yp − yg) sin ϕpg − e(t) (25)

The dynamic meshing force between gears consists of elastic meshing forces caused by
time-varying stiffness and viscous meshing forces caused by meshing damping, denoted
as follows.

Fd = cm
.
δ(t) + km f (δ(t), b(t)) (26)

The gap function formula can be calculated as follows.

f (δ(t), b) =

⎧⎪⎪⎨⎪⎪⎩
δ(t)− b(t) (δ(t) > b(t))

0 (|δ(t)| ≤ b(t))

δ(t) + b(t) (δ(t) < −b(t))
(27)

b(t) represents the gear backlash. Based on fractal theory, it is expressed as follows [29].

b(t) = b0 − Ra1

Rac(D1)
∑+∞

k=0 λ(D1−2)k sin(λkt)− Ra2

Rac(D2)
∑+∞

k=0 λ(D2−2)k sin(λkt) (28)

b0, λ, Ra1/Ra2, and D1/D2 denote initial gear backlash, characteristic scale coefficient,
actual surface roughness, and fractal dimension, respectively. Rac(D) is the function to get
the corresponding Ra with a particular fractal dimension, which can be obtained from the
reference [30]. The friction force between tooth surfaces during gear meshing is deduced
as follows.

Ff = ημFd (29)

The direction of friction is variable, and the direction coefficient depends on the
following formula.

η = sign(ωpKN1 − ωgKN2) (30)

Friction force arms (Figure 8) are deduced as follows.

KN1 =
√
(r1 + r2)

2 − (rb1 + rb2)
2 −√

ra22 − rb2
2 + rb1ω1t

KN2 =
√

ra22 − rb2
2 − rb1ω1t

(31)

The friction coefficient is related to relative sliding velocity, tooth surface roughness,
contact pressure, lubrication situation, etc. Hence, it is particularly difficult to predict the
friction coefficient value. The tooth friction model mainly includes the Coulomb friction
model, Buckingham empirical formula, Benedict Kelly model, and the friction model
based on Elastohydrodynamic lubrication (EHL) theory. Among these, the friction model
proposed by Xu [31] reasonably agrees with the measured data, so it is usually adopted to
predict the friction coefficient in this paper. It is based on non-Newtonian, thermal EHL
theory, and multiple linear regression analysis. The friction coefficient calculation results
are shown in Figure 9.
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Figure 8. Geometrical relationship of gear pair.

 

Figure 9. Time−varying friction coefficient.

The friction torque on the gear can be expressed as follows.

Mp = ημFdKN1

Mg = ημFdKN2
(32)

3.3. Differential Equations of Motion

Based on the time-varying meshing stiffness, transmission error, the fractal backlash,
the frictional force, and Newton’s law of motion, the differential equation of vibration
motion of the gear-bearing coupling system is deduced as follows.
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ip
..
θp + Fdrbp − Mp = Ta

Ig
..
θg − Fdrbg + Mg = −Tb

mp
..
xp + cpx

.
xp + kpxxp + Fd cos ϕpg + Ff sin ϕpg = 0

mg
..
xg + cgx

.
xg + kgxxg − Fd cos ϕpg − Ff sin ϕpg = 0

mp
..
yp + cpy

.
yp + kpyyp + Fd sin ϕpg − Ff cos ϕpg = 0

mg
..
yg + cgy

.
yg + kgyyg − Fd sin ϕpg + Ff cos ϕpg = 0

(33)

Setting x1 = θp, x2=x1
′, x3 = θg, x4 = x3

′, x5 = xp, x6 = x5
′, x7 = xg, x8 = x7

′, x9 = yp,
x10 = x9

′, x11 = yg, and x12 = x11
′, the above equation is transformed into the following form.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x1
′ = x2

x2
′ = Ta

Ip
+

Mp
Ip

− Fdrbp
Ip

x3
′ = x4

x4
′ = −Tb

Ig
− Mg

Ig
+

Fdrbg
Ig

x5
′ = x6

x6
′ = −Fd cos ϕpg

mp
− Ff sin ϕpg

mp
− cpx

.
xp

mp
− kpx xp

mp

x7
′ = x8

x8
′ = Fd cos ϕpg

mg
+

Ff sin ϕpg
mg

− cgx
.
xg

mg
− kgx xg

mg

x9
′ = x10

x10
′ = −Fd sin ϕpg

mp
+

Ff cos ϕpg
mp

− cpy
.
yp

mp
− kpyyp

mp

x11
′ = x12

x12
′ = Fd sin ϕpg

mg
− Ff cos ϕpg

mg
− cgy

.
yg

mg
− kgyyg

mg

(34)

4. Numerical Simulation and Discussion

The high-contact-ratio gear system is non-linear. Table 2 lists its main parameters. The
parameters in blue boxes are gear basic parameters. Gear basic parameters were designed
via the KISSsoft software. Mesh damping ratio was obtained from the reference [32].
Additionally, the other parameters were calculated from the gear system via the Solidworks
software. The fourth-order Runge–Kutta numerical integration method is used to solve the
above differential equations of the system through the MATLAB software. The simulated
data are processed for generating a bifurcation diagram, three-dimensional frequency
spectrum, Poincaré map, phase map, etc.

Table 2. Main parameters of the high-contact-ratio gear.

Parameters Pinion/Gear Parameters Pinion/Gear

Tooth Number zp/zg 27/31 Designed contact ratio 2.135
Transverse modulus (mm) 5 Tooth width (mm) 20

Pressure angle (◦) 19 Moments of inertia (kg·m2) Ip/Ig 0.0051/0.0089
Addendum coefficient 1.32 Mass (kg) mp/mg 2.13/2.84

Modification coefficient 0 Mesh damping ratio 0.06
Hub bore radius (mm) 14 Input power (kW) 20

4.1. Effect of Excitation Frequency

Gear excitation frequency often changes with working conditions. It is one of the key
parameters affecting the dynamic characteristics of the gear system and is often used as
a variable parameter to compare the systematic dynamical performance. Here, surface
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roughness Ra is taken equal to 0.8 μm, and fractal dimensions D1 and D2 are equivalent
to 1.1. Figure 10 shows the bifurcation characteristics of the lateral displacement (xp) of
the pinion changing with the excitation frequency Ω. Its three-dimensional frequency
map is illustrated in Figure 11. Both figures reach an agreement on systematic bifurcation
behaviors.

 
Figure 10. Bifurcation diagram under different excitation frequency.

 
Figure 11. Three−dimensional frequency spectrum under different excitation.

The system is in periodic motion at low excitation frequency, as shown in Figure 12a,b.
When Ω equals 0.6218, resonance occurs in the system. The system enters chaotic regions
A1, A2, and A3 sequentially with the increasing excitation frequency. The system follows
quasi-periodic motion between the chaotic regions, as shown in Figure 12e to Figure 12h.
How the systems enter chaos is different. The system enters chaotic region A1 through
quasi-periodic motion, as shown in Figure 12c,d. However, the system enters chaotic
regions A2 and A3 by way of crisis, as shown in Figure 12i–l.
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(a)  = 0.523 (b)  = 0.622 (c)  = 0.741 

   
(d)  = 0.742 (e)  = 0.974 (f)  = 0.975 

   
(g)  = 0.977 (h)  = 0.984 (i)  = 1.007 

   
(j)  = 1.008 (k)  = 1.292 (l)  = 1.293 

Figure 12. Evolution process of system response for Ω ∈ [0.5, 1.3].

As shown in Figure 11, the main components of the spectrum of gear system are
composed of the meshing frequency and its harmonics. In the chaotic region, the frequency
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spectrum is a continuous line. The value range of the chaotic regions is also inconsistent
with Figure 10.

Chaos means the uncontrollability and unpredictability of the system movement,
which aggravates the vibration and noise of the system. In practice, such movement is to be
avoided by appropriate measures. Through the above analysis of bifurcation characteristics
and frequency analysis, the frequency regions and critical bifurcation values of chaotic
motions and motions of different periods are obtained. Hence, the desired motion state can
be obtained artificially.

4.2. Effect of Gear Backlash

Gear backlash is one of the main nonlinearities of the system. It generally changes the
wear and the deformation of components of the system. The excitation frequency was set
as a constant value (Ω = 1.2), and the other parameters remained unchanged in the study
of bifurcation characteristics of the system.

The bifurcation diagram and three-dimensional frequency spectrum are shown in
Figures 13 and 14, respectively. Both cases have the same trend in motion state transitions.
Several frequency jumps exist in the bifurcation diagram, for example, at b equals to 11.3.
Various motion patterns such as single periodic motion, multi-periodic motion, quasi-
periodic motion, and chaotic motions are seen within the rotational speed range. There
are mainly four chaotic regions in the bifurcation diagram, namely B1, B2, B3, and B4.
The way the system enters a chaotic region is different. The system enters B1, B2, and
B4 through quasi-periodic motion, as shown in Figure 15b,c,e,f,j,k. However, the system
enters B3 through the period-doubling route, as shown in Figure 15h,i.

 

Figure 13. Bifurcation diagram under different gear backlash.

 

Figure 14. Three-dimensional frequency spectrum under different gear backlash.
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(a) b = 17.5 (b) b = 18 (c) b = 18.1 

   
(d) b = 25 (e) b = 37.4 (f) b = 37.5 

   
(g) b = 61.2 (h) b = 61.7 (i) b = 61.8 

   
(j) b = 73.8 (k) b = 73.9 (l) b = 74.5 

Figure 15. Evolution process of system response at the range of b∈ [17, 75].

102



Machines 2022, 10, 154

5. Experimental Validation

A single-stage high-contact-ratio gear test rig is designed and developed to validate
the dynamic model. Dynamic characteristics under different speed conditions to imitate
real-life applications are studied. The test rig is set up at the Anhui Digital Design and
manufacturing laboratory, Hefei University of Technology, China. It can measure the
acceleration, acting load, and rotational speed of the system. The gearbox is coupled to
the servo motor, which has a maximum speed of 3000 rpm. The prime mover is Delta
make with a power capacity of 0.75 kW. ZHY-6001 piezoelectric accelerometers measure the
vibration signals of the system. Two DYN-200 torque transducers track the rotational speed
and torque of the gear system. A data acquisition system ZHKJ-1001 with six channels is
used. The sampling rate for the experimental trials is set at 10 kHz. The experimental setup
and test gears are shown in Figure 16. High-contact-ratio gear is a non-standard part. Thus,
the test gears are machined by slow wire cutting. Tooth spalling defects in the gears are
generated with the electric mill.

Figure 16. Experimental setup.

The comparison between the experimental and simulated signals in the time-domain
and frequency-domain is presented in Figure 17. The gear vibration signal contains a lot of
interference noise caused by the operation of mechanical equipment. The white noise of the
ambient background appears in its full frequency band. In this paper, the moving average
method is used to denoise the collected experimental signals. The rotational frequency of
pinion and gear is fp (fp = np/60 = 10 Hz) and fg (fg = 8.7 Hz), respectively. The pinion’s
meshing frequency and meshing are fm (fm = zp ∗ fp = 270 Hz) and Tp (Tp = 1/fm = 0.0037 s).
The characteristic fault frequency is fs. It is the reciprocal of the failure period and can
expressed as follows.

f s =
1

xp2 − xp1
or f s =

1
xp3 − xp2

(35)

As shown in Table 3, there is little difference between the fault frequency calculated
from the abscissa data of three points (P1, P2, P3) in Figure 17a and the data of the three
points (P1, P2, P3) in Figure 17b.
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(a)  (b) 

  

(c) (d) 

Figure 17. Comparison between the experimental and simulated signals in horizontal direction.
(a) Time−domain of experimental signal, (b) Time−domain of simulated signal, (c) Frequency
spectrum of the experimental signal, (d) Frequency spectrum of the simulated signal.

Table 3. Fault frequency calculation.

Fault Frequency (fs) Simulation Results Experimental Results Error

1
xp2−xp1

10 Hz 10 Hz 0%

1
xp3−xp2

10 Hz 9.75 Hz 2.5%

Figure 17a,b show the time-domain experimental and simulated horizontal displace-
ment signal. It can be observed that there is a certain difference in amplitude between
the two cases, which is caused by experimental errors. Compared to experimental results,
the simulated time-domain signal has a clear periodic impact to Zp ∗ Tp. The frequency
response characteristic of the system under the two conditions is presented in Figure 17c,d.
The frequency spectrum is mainly composed of gear mesh frequency and its harmonics.
Peaks appear in the frequency spectrum at n ∗ fm, where n is a positive integer. However,
the sideband structures can be seen clearly in both cases, as indicated by the arrow. The
vibration spectrum of the spalled high-contact-ratio gear system is primarily characterized
by the gear mesh frequency and its harmonics, and the sidebands induced by the modula-
tion phenomenon. The results of simulated signal agree with that of experimental signals,
which shows the reliability of the dynamic model proposed in this paper.
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6. Conclusions

A novel approach for calculating the meshing stiffness of gear with tooth spalling
defect is proposed. Simultaneously, a gear dynamic model is developed incorporating the
time-varying mesh stiffness, fractal backlash and time-varying friction. The bifurcation
characteristic of the gear system is acquired through the gear dynamic model. The vibration
signatures of the gear system obtained experimentally are used to validate the dynamic
model. Significant contributions of the study are summarized as follows:

(1) The system’s motion with ellipsoid tooth spalling fault exhibits rich bifurcation and
chaotic characteristics under the influence of excitation frequency and gear backlash.
The system presents diverse motion states, including single periodic motion, multi-
periodic motion, quasi-periodic motion, and chaotic motion. There are three typical
routes to chaos in the response, i.e., crisis to chaos, quasi-period to chaos, and period-
doubling bifurcation to chaos.

(2) The frequency spectrum of the gear system with localized spalling fault is mainly com-
posed of the meshing frequency and its harmonic components. The fault frequency
appears in the form of sidebands in the spectrum at low speed. The tooth spalling
fault could lead to the periodic impulses in the time-domain waveform.
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Abstract: Validation is important for a high product quality of drive components. An X-in-the-
Loop test bench enables the integration of scaled prototypes through coupling systems and scaling
models even before serial parts are available. In the context of X-in-the-loop investigations, it is still
unclear whether a scaling model enables the early investigation of geometry variants in powertrain
subsystems. In this paper, scaled geometry experiments taking into account the interacting system are
considered to evaluate the scaling model in terms of early investigation of geometry variants. The aim
of this paper is the functional investigation of geometrically scaled drive components by integrating
scaled prototypes in an X-in-the-Loop test bench. Using an overload clutch with detents, component
variants of different size levels are investigated in scaled experiments with a scaling model. The
results confirm possibilities of X-in-the-Loop integration of scaled prototypes and their investigation
on geometrically scaled drive components. The investigations show, therefore, the opportunities
of integrating scaled drive components through the scaling model to support the investigation of
geometry variants before serial parts are available. Scaled geometry investigations considering the
interacting system can, thus, support product development.

Keywords: test bench; hardware-in-the-loop; drive component; scaled prototypes; scaling model;
experiment; product development; validation; hand-held power tool

1. Introduction

To reduce uncertainties early in product development, it is necessary to validate the
product, which requires knowledge about the behavior of the system [1–3]. The necessary
system knowledge can be determined by experimental investigations with prototypes in
powertrain test benches, whereby non-existent components must be simulated [2,4].

Frontloading can shorten development times in product development and avoid late
design changes [5,6]. In the industry, validation is very important, as is evident from the
wide range of testing and validation activities.

For the validation of product series, problems result because, often, not all subsystems
are available for early experimental investigations. Validation can, therefore, only be
postponed to later phases in the development process, or be carried out via simulation.

Especially in early development phases, the consideration of interactions is a chal-
lenge, especially if not all components and subsystems of the product are available for
experimental investigations (see Figure 1). Investigations into the overall system with
realistic conditions are, thus, difficult.

A challenge in the early validation of powertrain components is the suitable integration
of powertrain components into the overall system to map the interactions.

Machines 2022, 10, 165. https://doi.org/10.3390/machines10030165 https://www.mdpi.com/journal/machines107
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Figure 1. Early validation with XiL-approach by including available components of different size
levels in a test bench.

For practical testing and validation activities, it is important to integrate the system
under investigation into the overall system. The XiL approach can be used for this pur-
pose [7–9]. The X-in-the-Loop (XiL) approach enables functional testing of a component or
subsystem (System-in-Development, abbr. SiD) in test benches by integrating the remaining
subsystems as physical or virtual models (as Connected Systems) [3,7,8,10]. Opportunities
for early testing are provided by the use of early prototypes instead of using serial parts.
Often, only subsystems of different size levels can be used for early validation as prototypes,
for instance in wind tunnel experiments [11] (see Figure 1).

If only subsystems of a different size can be used as prototypes, an adaptation of the
investigation test bench is necessary. For the integration of scaled prototypes in the context
of X-in-the-Loop investigations, adapted coupling systems are required. The integration
can be done by coupling systems (Figure 2). Coupling systems can allow the integration of
geometrically scaled drive components in X-in-the-Loop investigations.

Coupling Systems and Scaling Models to Support Validation

Coupling systems are used for the integration of powertrain components. These
coupling systems connect the component or subsystems under investigation in test benches
with the interacting subsystems, which are either physical or virtual. The virtual coupling
of subsystems on the test bench is used in distributed validation to couple several test
benches across different locations.

Approaches also exist in the implementation of virtual shafts to connect testbeds. The
theoretical background is well known in control engineering. A review of the last 20 years
on the synchronization of multi-motor systems was presented by Perez–Pinal et al. [12].
It is important to consider interactions in the coupling of torque and speed between the
interacting systems.

Andert et al. use an approach to connect different subsystems of drive trains by
a virtual shaft [13]. The aim of this approach is to couple test facilities for components
to a virtual powertrain test bench with a control logic that emulates a mechanical shaft
connection. The superimposed controller synchronizes speed and torque like a rigid
shaft connection with low inertia and high stiffness. This infrastructure allows a flexible
configuration of hybrid and conventional powertrains with virtualized interaction [13].

In addition, there is an approach for the adaption of power quantities within the
virtual coupling [14,15]. The integration of differently scaled subsystems, which are to
be tested simultaneously on a test bench, is presented. Within the coupling systems, the
power quantities are adapted to the scaled subsystem. Adaption can be made for the power
quantities of a rotatory motion, for torque and angle of rotation [14].

The virtual coupling enables the modification of mechanical quantities in a rotational
powertrain by scaling. The general structure of this virtual coupling is shown in Figure 2.
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Studies with scaled subsystems also exist in the field of mechatronic systems and wind
turbines [16–21].

Figure 2. Virtual Coupling of mechanical subsystems [22].

Two examples of previous research [14,15] demonstrate virtual coupling and the
integration of performance scaling within XiL test benches. In an initial investigation,
scaling of rotational variables was used to enable simultaneous testing of powertrain
subsystems with different scaling on a XiL test bench. This was demonstrated using the
example of different performance scaling of the spring preload force of an overload clutch
from a powertrain.

The results of the investigation [14] show that the rotational mechanical quantities
can be adapted using scaling laws obtained from a similarity analysis. The scaling model
makes it possible to adapt the system quantities between the subsystems and, thus, predict
the behavior of the product, even if differently scaled subsystems were used on the XiL
powertrain test bench.

In a further investigation [15], the scaling of the performance quantities was considered
through a simulation using the example of an aerospace actuator. The aim was to take into
account differences in size and, thus, different load capacities, and to compensate for them
with a scaling model. Using the example of a torque limiting clutch from a geared rotary
actuator out of an aircraft, the influences of the rotational inertia of the drive shaft on the
scaling are analyzed in a simulation study. The determining influence is taken into account
by the integration of virtual inertia within the scaling [15].

In previous XiL-investigations [14,15], the individual differing properties of the scaled
powertrain components were already taken into account in the scaling model.

The problem is that an analysis of the scaling model for early investigation of geometry
variations has not yet been performed in XiL-experiments. The following investigation
addresses the question of whether the scaling enables a functional investigation of geomet-
rically scaled drive components in X-in-the-Loop investigations.

The aim of the paper is the functional investigation of geometrically scaled drive
components by integrating scaled prototypes in an X-in-the-Loop test bench. Using the
example of an overload clutch with detents, component variants of different size levels are
investigated in tests with performance scaling. For this purpose, an exemplary adaptation
of the geometry of the overload clutch and its validation with the performance scaling
is considered.

The following hypothesis is formulated: “The scaling enables the geometry testing
of scaled components. Using a scaling model in X-in-the-Loop test bench, geometrically
scaled drive components can be tested for functional properties, and geometry variants can
be evaluated for product engineering.”

For the investigation, a scaling model is considered concerning the early investigation
of geometry variants in the XiL test stands. Using the example of an overload clutch, two
different geometry variants are examined in scaled component tests, taking into account
the interacting system.

2. Methods of Scaled Virtual Coupling for XiL-Test Bench

This chapter describes the approaches used to perform scaled component tests consid-
ering the interacting system. First, the used approach is shown in general, and implementa-
tion in a XiL test bench is presented. Based on this, the derivation of the scaling model to
adapt the rotational quantities between size variants of a cordless screwdriver is presented.
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2.1. Approach and Theory of Virtual Coupling

To integrate the scaled drive train components, an adaptation of the transmitted power
within the coupling systems is necessary. The following approach (see Figure 3) can be used
as a basis for integrating the scaled prototypes into the overall system and an investigation
in XiL test benches.

Figure 3. Approach to integrating scaled prototypes into the overall system.

The approach for adapting power between interconnected subsystems (Figure 3) is
based on the virtual coupling [23] and virtual shaft concepts [13].

Virtual coupling refers to the decoupling of mechanically connected subsystems in
a powertrain test bench and their coupling via virtual connections. The approach can be
used to set up XiL test benches for early validation using reduced-size prototypes. The
following subsystems shown in Figure 4 are necessary for the implementation:

• System-in-Development (SiD): Is the subsystem to be developed whose functionality
is to be verified.

• Connected system represents the remaining subsystems of the system under devel-
opment (SiD). It is physically present and forms the remaining system model. This
is needed to represent the interactions with the SiD and to integrate it into the over-
all system.

• Coupling systems connect the Connected System and the System-in-Development.
With the help of scaling models, they translate physical performance quantities into
virtual system quantities and vice versa.

Figure 4. Example XiL architecture for scaled validation.

The structure (Figure 4) can be used for the implementation of system-specific test
benches. From this, an example of XiL architecture for scaled tests (Figure 4 can be derived.
The implementation for scaling the rotational mechanical quantities is shown below.

In general, the system-in-development (SiD) is connected to the remaining system only
via coupling systems (KS) and the virtual domain. The coupling systems consist of sensor-
actuator systems that adapt the system quantities from virtual to physical quantities and in
reverse. Servo motors are used as actuators, which are supplemented by additional sensors
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to detect torque and speed. The flow and potential quantities are continuously exchanged
between the coupling systems in real-time and can be adapted by the scaling models. These
coupling systems allow the adaptation of the rotational power quantities through a scaling
model. The integration of scaling via virtual coupling is shown in Figure 5.

Figure 5. Integration of the scaling model via virtual coupling to adapt the mechanical quantities. [14].

The selection of actuators and control requirements depends on the dynamic require-
ments of the investigation. For dynamic systems with interactions between the interacting
systems, the requirement of the real-time capability of the virtual coupling has to be consid-
ered when selecting the sensor-actuator systems. Virtual coupling can be evaluated using
the criteria shown in Gwosch et al. [22]. A scaling model can then be integrated via the
virtual coupling to adapt the mechanical performance variables.

2.2. Example System and Component Variants of the Overload Clutch

The scaling model is investigated in component tests to evaluate geometry variants of
geometrically scaled drive components. The influence of the different geometry variants
is investigated in both scaled and unscaled component tests. For this purpose, two proto-
typically implemented component variants of the clutch ring are examined concerning the
release characteristics of the overload clutch on a XiL test bench.

To investigate the release characteristics, key values in the torque curve of the output
shaft are considered. The scaled geometry variants are integrated via virtual coupling
systems and scaling to enable scaled component tests, taking the rest of the system into
account. Via the scaling, an adaptation of the torques and speeds between the considered
subsystems is possible.

Two clutch systems from cordless screwdrivers are used as an example system. A
cordless screwdriver in the 10.8-Volt version (Cordless screwdriver GSR 10 8 Li of the
power tool manufacturer Robert Bosch GmbH [24]) and a cordless screwdriver in the
18-Volt version (Cordless screwdriver GSR 18-2 Li of the power tool manufacturer Robert
Bosch GmbH [25]) is used here. Both clutch systems use the same operating principle but
differ in terms of the size level, which is related to the battery voltage (size level 10 V/size
level 18 V).

To test the formulated hypothesis, two variants of the clutch ring of a cordless screw-
driver are investigated on a XiL test bench. The variants differ in the raceway geometry of
the clutch ring (See Figure 6). Variant 1 corresponds approximately to the original geometry
of the series component, and is used as a reference. Variant 2 was adapted in geometry
and contains a pocket geometry. Comparable geometries of the component variants have
already been used by Gwosch [26].

Figure 6. Differences in geometry for two different component variants of the clutch ring of a
cordless screwdriver.
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A theoretical consideration of the torque curve for active overload clutch is shown as a
qualitative curve in Figure 7 based on investigations of Gwosch [26] and simulation results
from Steck et al. [27].

Figure 7. Qualitative torque curve of the overload clutch for two geometry variants. The torque
characteristics are plotted to characterize the geometry variants. Adapted representation from
Gwosch [26] (p. 148).

Description (based on research in [26]) of qualitative progression: If the applied torque
exceeds the clutch torque, the balls move over the detents of the clutch ring and the
clutch disengages. The torque then drops. Repeating contact between the detent balls
and the driver of the clutch ring causes further torque increases. The functional behavior
depends on the geometric properties of the clutch and the dynamic behavior of the driveline.
Gwosch showed in investigations an influence of the behavior depending on the raceway
geometry [26]. A deviating frictional torque is expected for the pocket geometry compared
to the reference geometry.

2.3. Derivation of Scaling by Similarity Ratios

Necessary for the derivation of the scaling (based on research in [14,15]) is a sophis-
ticated model understanding, which takes into account all relevant parameters of the
investigation target. Relevant parameters are based on the system understanding of the
components under consideration and experimental investigations in the reference system,
as well as the requirements for the component currently in focus and under development.

Based on these model differences, similarity mechanics and dimensional analysis can
be used to derive the scaling factors. The general procedure is shown in Figure 8.

 

Figure 8. Procedure for deriving the scaling starting from a system model and considering the
boundary conditions [14].

For rotational mechanical systems, the mechanical parameters M,
.
ϕ, and l can be used

as the main variables of the system since they represent the model differences of the scaled
and unscaled systems and the physical quantities in the virtual clutch. The rotational power
variables are adapted depending on the scaling factors. Based on the scaling of the size
step, an adaptation of the torques is performed, and additionally, the speeds between the
subsystems are scaled.

Based on a modeling of the clutch, the relevant parameters, which are called the
relevance list, were analyzed by dimensional analysis. The dimensions of the relevant
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parameters are classified according to the {MLT} system, the dimensions are mass (M),
length (L), time (T) [28–30]. The parameters T,

.
ϕ and l are used as main quantities of the

system, since they represent the differences of the scaled and unscaled system.
The dimensionless ratios are calculated based on the dimensionless quantities and

their relationships. The calculated ratios are then checked for consistency. In case of
inconsistencies, not all dimensionless ratios can be considered, resulting in partial similarity.

For the coupling system study example, the scaling factors are derived below. The
following Table 1 shows the result of the dimensional analysis for the investigation of both
size variants of the cordless screwdrivers. In this study, friction effects were not considered
in the scaling models.

Table 1. Result of the dimensional analysis. The parameters T,
.
ϕ, and d are used as the main

quantities of the system, since they represent the difference of the scaled and unscaled system and
the physical quantities in the virtual coupling.

Dimension

Parameter
T

.
ϕ d F t h ϕ ..

ϕ J m

mass M [kg] 1 0 0 1 0 0 0 0 1 1
length L [m] 2 0 1 1 0 1 0 0 2 1

time T [s] −2 −1 0 −2 1 0 0 −2 0 1

Result of the dimensional analysis. The parameters T,
.
ϕ, and d (torque, angular

velocity, and diameter) are used as the main quantities of the system since they repre-
sent the difference of the scaled and unscaled system and the physical quantities in the
virtual coupling.

The two size levels of the clutches do not differ in terms of the used materials and
the manufacturing processes. Due to the characteristics of the XiL test bench, the proper-
ties of the prototype, and the purpose of the scaling, the following boundary conditions
are relevant:

1. The diameter of the clutch (d) is scaled by the factor a. Thus, the ratio between the
diameter (δd) of the scaled and unscaled system is described by δd = dS

dU
= a.

2. The height of the clutch ring (h) is scaled with b. There is no complete geometric
scaling of the size level. The height of the clutch ring is responsible for the preload of
the spring and, thus, determines the clutch torque. This length is scaled with δh = b.

3. The torque is given by the spring force multiplied by the diameter of the clutch ring.
As a result, the torque is scaled with δT = δd · δh

4. The transmission ratio is already a dimensionless key figure that describes the ratio of
the number of teeth of the gears.

5. The speed is scaled by the factor δn = n. The differences in the transmission ratio
determine the scaling of the speed.

6. Time scaling is not permitted. This is necessary to be able to represent the interactions
between the subsystems. Therefore, a ratio between the time of the scaled and
unscaled system is defined such that there is no scaling (δt = 1).

7. The same material should be used, i.e., there is no scaling for the material: δρ = 1.
Since the same material is used for all tests, any differences that may occur in the
friction condition are not taken into account.

The boundary conditions do not allow a complete geometric scaling, because the
diameter and the height of the clutch cannot be scaled with the same factor. The verification
of the ratios shows a discrepancy for the moments of inertia. Due to the partial similarity
of the geometric dimension, the inertia of the clutch ring is not scaled to the same degree.
Additionally, there is a discrepancy between the scaling of the inertia and the scaling of
the moments of inertia. The external torque is scaled by the factor (δM = a·b) while the
moment of inertia is scaled by a different factor due to the different geometry. To account
for the two states of the planetary gear in interaction with the clutch, the scaling of the
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speed is split. There are adaptations of the speed before and after the clutch. The check
with the boundary conditions results in a partial similarity for these component tests in
this publication. Finally, the following scaling factors result (see Table 2).

Table 2. Summary of the scaling factors.

Dimension MassM [kg] Length L [m] Time T [s]
Scaling
Factor

time (δt ) 0 0 1 1
diameter (δd ) 0 1 0 a

height (δh ) 0 1 0 b
angular velocity

(
δ

.
ϕ ) 0 0 −1 n1/n2

mass (δm ) 1 0 0 1
external force (δFe ) 1 1 −2 1
internal force (δFi ) 1 1 −2 1

applied torque (δT ) 1 2 −2 a·b
moment of inertia (δTT ) 1 2 −2 1

stiffness (δc ) 1 0 −2 1
mass inertia (δJ ) 1 2 0 1

The scaling factors δT and δ
.
ϕ are used to calculate the power quantities (flow and

potential quantities) on the test bench:

• The scaling of the applied torque depends on the ratio of the coupling dimensions.
From this follows the scaling of the torque with (δT) = a·b

• Scaling of the angular velocity is according to: (δ
.
ϕ) = n1/n2

The calculation of the performance variables (see Figure 9) is performed within the
control system in real-time during the operation of the test bench. The adapted mechanical
quantities are then applied to the interacting subsystems in the coupling systems.

Figure 9. Scaling factors to compensate for size level.

The scaling factors (given in Table 2) are used to calculate the power quantities (flow
and potential quantities) on the test bench. For implementation, the scaling factors are
integrated into the virtual coupling at the test bench.

3. Experimental Setup

In the following, the test bench setup (experimental setup) for evaluating the scaling
for geometry variation is shown. The implementation of the test bench is based on the
approach presented in Chapter 2.1 Using clutches from two cordless screwdrivers as an
example, the scaling model for investigating geometry variation is considered. In individual
investigations, the clutch from one cordless screwdriver was used to evaluate the influence
of geometry on the release behavior in scaled investigations.

This chapter presents the experimental setup of the scaled component tests to evaluate
scaling. In addition, the component variations of the overload clutch are described. The
series of tests for performing the scaled component tests on a XiL test bench is then shown.
Based on the scaled component tests with different geometries, the analysis of the approach
for the investigation of scaled geometries is carried out.

3.1. Test Setup

The test setup is based on the approach shown in Chapter 2.1. The component
variants of the clutch rings can be inserted into the overload clutch on the test bench
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(Figure 10 The investigation is exemplified on the scaled-components-in-the-loop (sCiL)
test bench [14,15,22] with the investigation setup shown in Figure 11. The test bench is
operated in closed-loop mode. The individual drive train systems can be positioned and
aligned via standardized base plates. The accuracy and the real-time capability of the
signal transmission must be taken into account. It is important that the influence of the
coupling systems on the signal transmission is as low as possible, and that no negative
deviations occur.

Figure 10. Investigation setup for the variant investigation of the overload clutch in scaled test bench
investigations (schematic representation). Actuator 1 is torque controlled.

 

Figure 11. sCiL test bench for performing the verification of the scaled examination. The sCiL test
bench contains the mechanical components of the drive train of a cordless screwdriver. The virtual
coupling is integrated between actuator 2 and actuator 3 as well as between actuator 1 and the virtual
load model in the drive train.

The investigations are carried out with a generic load model. The load torque is
obtained from the angle of rotation via a constant load factor. The load model and the
virtual models of the XiL-architecture can be considered as a digital twin. The speed of the
drive shaft is used as the default value, which is kept at a constant value of 100 rpm after a
ramp-up phase.

The scaling models are integrated within the virtual coupling between the Systems
under Development. The coupling systems are realized with sensor-actuator systems and
a centralized or decentralized control system. The implemented test setup is shown in
Figure 11.

3.2. Execution of the Component Tests

In Gwosch [26], the component variants were manufactured from the material AlSi10Mg
using an additive manufacturing process. In this publication, additively manufactured
components made of polymer were used for geometry variants due to manufacturing
restrictions. To be able to investigate the influence of the geometry variation, both geometry
variants are produced using the same manufacturing process and the same material.
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The clutch rings used in this investigation are shown in Figure 12. Both component
variants of the clutch ring are made of photopolymer (Photopolymer VeroWhitePlus from
manufacturer Stratasys. Material properties are given in [31].) by an additive manufactur-
ing process. The raceway of the clutch ring was oriented upward during additive printing
to realize a smooth surface. The geometry of the clutch rings was measured in terms
of overall height before testing. Consideration of different manufacturing processes and
material properties in the scaling is not part of this investigation.

Figure 12. Geometries and size level of the used components of the clutch.

The test series differ in terms of the used geometry variant and the used scaling model
to adapt the performance quantities between the different scaled clutch to the environment.
For the scaled tests (10 V Scaled), the small clutch (size level 10 V) is included in the scaled
environment. The differences in power quantities are compensated for by the scaling model.
This is compared to two experiments without a scaling model at two different size levels
(size level 10 V and 18 V). The release characteristics of the two geometry variants are
compared both in the scaled (size level 10 V Scaled) and unscaled experiments (size level
10 V and 18 V).

To evaluate the scaling model for the investigation of geometry variants, the following
test series are carried out and compared concerning the release characteristics:

• Unscaled component in unscaled environment (Standard case in size level 10 V)
• Unscaled component in performance scaled environment (relevant case in scaled size

level 10 V)
• Size scaled component in scaled environment (Case for evaluation in size level 18 V)

These experiments are performed for two different geometry variants, so in total
6 different experiments. The coupling torque and the frictional torque are considered as
evaluation variables of the release characteristics.

The characteristic values are plotted in Figure 7. The selected evaluation variables are
relevant for the derivation of target variables in the development since the safety function
of the clutch depends on them. The filtered torque at measuring shaft 2 in Figure 10 is
selected as the measured variable. The test is repeated 21 times for each variant. A total of
126 tests were performed.

4. Results of the X-in-the-Loop Integration of Scaled Prototypes

In this chapter, scaled component testing is presented considering the rest of the
system. This is then followed by the evaluation of the scaling for the early evaluation of
design decisions.

The results for the evaluation of the geometry variants are summarized in Table 3.
It can be seen that the scaling model within the coupling systems allows an adaptation
of the clutch torques of the different variants. For the frictional torque, the results show
a difference between reference geometry and the pocket geometry. Table 3 shows the
mean values of the clutch torque and the frictional torque of the two geometry variants for
measuring shaft 2.
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Table 3. Parameters for the evaluation of geometry variants. Mean values of the clutch torque and
frictional torque were determined from 21 test repetitions in each case.

Characteristic Value (Mean Values) 10 V 10 V Scaled 18 V

Clutch torque

Reference geometry
0.554 Nm

(σ = 0.029 Nm)
0.838 Nm

(σ = 0.028 Nm)
0.865 Nm

(σ = 0.029 Nm)

Pocket geometry
0.518 Nm

(σ = 0.021 Nm)
0.787 Nm

(σ = 0.035 Nm)
0.834 Nm

(σ = 0.030 Nm)

Characteristic value (mean values) 10 V 10 V Scaled 18 V

frictional torque

Reference geometry
0.457 Nm

(σ = 0.025 Nm)
0.697 Nm

(σ = 0.036 Nm)
0.729 Nm

(σ = 0.25 Nm)

Pocket geometry
0.194 Nm

(σ = 0.034 Nm)
0.329 Nm

(σ = 0.086 Nm)
0.110 Nm

(σ = 0.063 Nm)

To check the functionality of the scaling, the coupling torques were evaluated. The
clutch torques of the reference geometry and pocket geometry are shown in Figure 13. The
mean value of the clutch torques is at a comparable level for the two variants. Here, there is
a good agreement between the clutch torques of the scaled tests (10 V Scaled) and the tests
of the size level 18 V. It is shown that it is indeed possible to adapt the coupling torques
by scaling.

Figure 13. Comparison of clutch torques between reference and pocket geometry at measuring
shaft 2.

In addition, the characteristic value of the frictional torque was considered in the
investigations. For the reference geometry, there is good agreement between the frictional
torques of the scaled tests (10 V Scaled) and the tests of the size level 18 V. For the pocket
geometry, the frictional torque is at a lower level for all size levels (see Figure 14). For both
geometry variants, some outliers can be identified (see Figure 14).

In summary, there is a difference between the mean values of the frictional torque
parameter for the reference geometry and the pocket geometry. At a comparable clutch
torque level, the frictional torque of the pocket geometry is lower than that of the reference
geometry. In the scaled tests, the frictional torque of the pocket geometry is also lower
compared to the reference geometry. For the mean values of the frictional torque, there is
a deviation in the comparison of the scaled investigation (10 V scaled) with the unscaled
variant (18 V).
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Figure 14. Frictional torque of the two geometry variants. The frictional torques at measuring shaft 2
are plotted above the test number.

5. Discussion

In the following, the scaled component tests and the approach with a scaling model
within the coupling system are discussed.

The hypothesis formulated at the beginning of this paper: “Scaling enables geometry
investigations of scaled components. By using a scaling model in an X-in-the-Loop test
bench, geometrically scaled drive components can be tested for functional properties and
geometry variants can be evaluated for product development.” This is reviewed below.

The results in this paper show how scaling models support the XiL-investigation of
geometry variants for scaled components.

For the example system of a clutch out of an electric screwdriver, the match between
scaled investigations and non-scaled investigations is good for the evaluation variable
of the clutch torque. By changing the raceway geometry of the clutch ring, the release
characteristic of the overload clutch can be adapted and investigated in scaled experiments.
These results confirm a dependence of the behavior on the raceway geometry similar to
investigation results presented by Gwosch [26].

It is not necessary to adapt the scaling to the geometry variants, provided that no
additional physical effects (e.g., friction) become relevant as a result of the geometric
changes, which are not currently taken into account. In scaled investigations, subsystems
of different size levels can be used to test variants with different geometries for their
functional performance.

The results of the scaled component tests confirmed an influence of the geometry on
the frictional torque at the output shaft of the cordless screwdriver drive train. The scaled
component tests show a deviation in the frictional torque of the pocket geometry compared
with the reference geometry. The frictional torque here is well below the clutch torque.
These differences show that not all effects responsible for this characteristic point in the
torque behavior are taken into account in the scaling model. Due to the relatively low
frictional torque, effects may be present here that are less important to the clutch torque. In
the case of changing friction conditions during the rotational motion, it is therefore difficult
to map the friction conditions in the scaling model.

To represent the friction behavior for the present clutch in the scaling model, further
investigations are necessary to analyze the friction conditions as a function of the material
pairings and the position-dependent effective surface pairs. The friction ratios determined
can then be taken into account in the scaling models using known friction models. To
integrate the friction models into the scaling, the friction models must take into account the
scaling parameters and map effects on the performance variables. For an evaluation of the
friction-dependent function, adaptation to the scaling model is necessary.

With the use of the sCiL test bench and the developed scaling, the influence of a modi-
fied raceway geometry on the torque curve in the drive train of the cordless screwdriver can
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be investigated under defined boundary conditions even before prototypes of the follow-on
product are available.

The coupling systems of the sCiL environment allow the power quantities of the
rotational motion to be adapted according to the scaling models. The coupling systems
consist of servo motors, rotational position sensors, and torque sensors (sensor-actuator
systems). The challenge regarding the sensor-actuator systems is the accuracy with which
the power quantities are determined and then reapplied. For this purpose, the accuracy
and the real-time capability of the signal transmission must be taken into account. It is
necessary to check whether the signal transmission is fast enough or not.

Further developments of the control system at the sCiL test rig offer the potential to
further improve the quality of the mapping of the interactions between the subsystems
under consideration and to reduce the influence of the coupling systems. In particular, the
mechanical influences of the actuators are to be reduced so those investigations can also be
carried out in more demanding dynamic ranges.

The presented component tests are suitable for estimating the influence of geometry
adaption on the function with scaled investigations. The scaling model allows the influence
of geometry on the frictional torque and the clutch torque to be predicted. The ratios of the
parameters are comparable for geometry adaptation. This means that the scaling model
and the approach of the test bench can be used for the early validation of development
variants regarding geometry adaptation.

The scaled investigations enable the influence of the geometry change to be evaluated
on the powertrain test bench in the early phases of product development. The scaled
experiments can also be used to build a model and derive a digital twin. The digital twin
can then support during the product life cycle. The investigations and the models derived
from them can also be used to validate errors and investigate possible improvements.

When deriving the scaling, it is important to consider the relevant parameters and
properties. If relevant effects are neglected, deviations in the evaluation of the scaled sys-
tems and the transfer to systems of other sizes level may result. Existing system knowledge,
experiments, and research results can be used to identify the relevant parameters.

The internal system conditions and loads on the components in the drive train of the
cordless screwdriver can differ despite the same clutch torque. An evaluation of the applied
loads is already possible to some extent through the virtual coupling on the sCiL test bench.
The system behavior at the selected interfaces can, thus, be recorded in detail.

The investigated component variants differ from the series components in terms
of material and manufacturing process. This can lead to deviations if the findings are
transferred directly to the series component. The influence of tolerances and the material
must be verified in further investigations concerning the scaling models. The evaluation of
the torque at the drive shaft enables the safety function of the clutch to be assessed.

If the relevant effects are taken into account in the scaling model, an evaluation is
possible in the early phases of product development. In scaled investigations, the influence
of geometry adaptation can already be estimated. If additional effects occur that are not
taken into account in the scaling model, then only limited statements can be made about the
behavior that depends on them. If the derivation of quantitative target values is necessary
for validation, then the relevant effects must be taken into account in the scaling.

The scaling model makes it possible to investigate the influence of geometry variants
on the functionality already with scaled components.

Quantitative evaluation of geometry parameters in early development phases can en-
sure the functionality of the subsequent product. The further development and design of the
clutch ring are, thus, supported at an early stage and validated by objective measurements.

With the help of scaled variant testing, target values can already be derived from sub-
systems of different scales before serial parts can be used in investigations on test benches.
The results of the scaled component tests confirmed that the derived scaling model enables
the evaluation of geometry variants in scaled investigations for the considered effects.
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6. Conclusions

In the context of scaled component tests, the possible applications of the scaled
components-in-the-loop test bench were demonstrated as an example for the early vali-
dation of two geometry variants. As a result of the investigation, system knowledge is
available regarding geometry changes for the components of the overload clutch. The
results of the experiment confirmed the scaling model and also the entire approach. The
approach shown in chapter 2 can serve as a basis for further scaled investigations also with
other systems.

The paper shows that a scaling model in an X-in-the-Loop test bench can be used
to test geometrically scaled drive components concerning functional properties and to
evaluate geometry variants for product engineering. Scaling models allow for the influence
of geometry variants to be evaluated in scaled tests at an early stage.

This study shows the possibilities of scaling for investigating geometry adaption for
scaled components on XiL test stands.

Differences concerning friction ratios are not currently taken into account in the scaling
model. In further studies, the influence of other effects such as friction could be investigated
and taken into account in the scaling. Therefore, it is necessary to analyze further effects
such as different stiffness, friction, and other differences of the components concerning
design and function. The differences between scaled and unscaled XiL-based experiments
could be addressed so that an even more accurate prediction of real behavior is possible.

Extending the scaling model to include friction models to adapt the performance
variables could lead to improved validity in the future. The proposed approach offers
potential for powertrain re-design. By adjusting the performance variables in the interfaces,
different subsystems can also be studied together; for example, novel powertrain systems.
Further studies on other subsystems are necessary to consolidate the approach and support
frontloading in more applications with scaled experiments.
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Abstract: In order to improve the load state of the two-tooth difference swing-rod movable teeth
transmission system, in this paper, a dynamic equivalent calculation model of the transmission system
is established based on lumped parameter theory, and then a calculation method of system dynamic
load is derived. The influence of external excitation on load inhomogeneity of the transmission
system is analyzed from a dynamic point of view. The theoretical results are verified by Adams
dynamic load simulation analysis and strain test based on a test bench. The results show that when
errors of the transmission system are fixed, the system load inhomogeneity is improved effectively
with the increase of load torque, while the system load inhomogeneity becomes worse as input speed
increases. This study provides a theoretical reference for improving the load inhomogeneity of the
two-tooth difference swing-rod movable teeth transmission system.

Keywords: swing-rod movable teeth transmission system; external excitation; load inhomogeneity;
simulation analysis; strain test

1. Introduction

A two-tooth difference swing-rod movable teeth transmission system has strong
bearing capacity because of the multi-tooth meshing characteristics [1]. The structure of
wave generator is symmetrical so that the symmetrical meshing pairs have strong self-
balance and stable dynamic performance. In addition, the symmetrical meshing pair
forces are balanced in the multi-tooth meshing process [2]. Under real conditions, the load
inhomogeneity of symmetrical meshing pairs is obvious due to various excitation factors.
Furthermore, the excitation factors can cause system vibration, fatigue failure of tooth
surface, and damage to movable teeth. The consequences seriously affect the performance
of the transmission system [3]. Under the condition of certain system errors, the influence
of external excitation on the load inhomogeneity of the two-tooth difference swing-rod
movable teeth transmission system cannot be ignored.

At present, research papers on the swing-rod movable teeth transmission mainly
focus on tooth shape analysis [4], tolerance design [5], dynamic characteristics [6–8], strain
analysis [9], and so on. Most of the studies on load inhomogeneity of transmission sys-
tem are about planetary gear transmission. Taking the concentric face gear split-torque
transmission system (CFGSTTS) as the study object, Dong et al. [10] analyzed the character-
istics of dynamic load sharing by establishing a lumped parameter model according to the
Newton theorem. Dong et al. [11] studied the load-sharing characteristics of face-gear four-
branching split-torque transmission system by establishing a static load-sharing mechanical
analysis model. Using the surface gear flow system as the research object, Mo et al. [12]
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studied the change curves of meshing force and load-sharing coefficient, and analyzed
the effects of input power and input speed on the load-sharing coefficient of the system.
Hu et al. [13] analyzed the influence of meshing impact on the load-sharing coefficients
and dynamic load factors of the planetary transmission system. Taking the large-scale
wind power planetary gear system as the research object, Xu et al. [14] studied the effect
of external load changes on the system load sharing through finite element simulation
analysis and experimental tests. Zhang et al. [15] introduced single factor analysis to
investigate the influence of each nonlinear internal excitation on the load-sharing coef-
ficient (LSC) and determined the most significant control factors affecting LSC. On this
basis, Zhang et al. [16] proposed a dynamic tooth wear prediction model and studied the
influence of tooth wear on load sharing. Bodas et al. [17] simulated the effects of carrier
and gear errors associated with manufacturing and assembly on load sharing between
planetary gears by using the finite element method. Sanchez-Espiga et al. [18] proposed
a numerical method to calculate the load-sharing problem of the planetary transmission
by measuring the strains of the root of the sun gear teeth. Taking two-stage planetary
transmission as the study object, Sun et al. [19] proposed a numerical method to calculate
dynamic sensitivity of the load-sharing coefficient to errors. The above studies systemati-
cally studied the influence of external excitation on the load inhomogeneity of the planetary
transmission system, wherein the important influencing factors of external excitation were
clarified and the simulation and experimental techniques were analyzed. The two-tooth
difference swing-rod movable teeth transmission belongs to the planetary transmission
with small tooth difference [20], but its internal structure is more complex. Therefore, it is
more difficult to establish a dynamic model, conduct simulation modeling, and carry out
test measurements.

In this paper, the two-tooth difference swing-rod movable teeth transmission system is
taken as the research object. A dynamic equivalent calculation model is established. Com-
bined with the relative displacement relationship of each component, dynamic differential
equations of the system are derived to obtain the system dynamic load. Load proportional
coefficients are used to evaluate the degree of the system load inhomogeneity. The influ-
ence of external excitation on system load inhomogeneity is investigated by theoretical
calculation. Subsequently, the results are verified by simulation analysis and experimental
tests, which provides a theoretical reference for improving the system load inhomogeneity.

2. Equivalent Calculation Model

The two-tooth difference swing-rod movable teeth transmission system is shown in
Figure 1. As a typical planetary transmission system with small tooth difference, the two-
tooth difference swing-rod movable teeth transmission system consists of a wave genera-
tor H, a ring gear K, a separator G, swing rods, and movable teeth. In this case, the ring
gear K is fixed. The wave generator H is fixed to the input shaft. The separator G is fixed to
the output shaft. The input power of the wave generator H is transmitted to the separator
G through multiple movable teeth which mesh with the wave generator H and the ring
gear K at the same time.

Figure 1. The two-tooth difference swing-rod movable teeth transmission system.
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In order to obtain the micro-displacement of each component in the transmission
process, a dynamic equivalent calculation model (shown in Figure 2) is established based
on the lumped parameter theory. The following assumptions are made. Firstly, only small
elastic deformation occurs in the meshing pairs and bearings in the system. Secondly,
all the components are regarded as units composed of dampers and springs; the flexible
deformation caused by components can be ignored. Thirdly, each swing rod, movable tooth,
swing rod pin, and movable tooth pin group is regarded as a whole, and the deformation
and errors between them are ignored. In addition, the mass body is treated as rigid,
and deformation occurs only in the spring elements and dampers.

Figure 2. Dynamic equivalent calculation model of the two-tooth difference swing-rod movable teeth
transmission system.

The coordinate systems XHOYH, XKOYK, and XGOYG are fixedly connected with the
wave generator, the ring gear, and the separator, respectively. XKOYK is the fixed absolute
coordinate system; XHOYH and XGOYG are the relative coordinate systems rotating with
the wave generator and separator, respectively. Xi and Yi are fixedly attached to the ith
movable tooth (i = 1, 2, 3, . . . , n, where n represents the number of the movable teeth).

In the dynamic equivalent calculation model of the two-tooth difference swing-rod
movable teeth transmission system, there are (9 + 3n) degrees of freedom.

3. Dynamic Load Calculation of the Transmission System

3.1. Relative Displacement and Differential Equation of Motion of the Transmission System

The dynamic load of the movable teeth transmission system is caused by the relative
elastic displacements of the meshing points between the movable teeth and the wave
generator and the meshing points between the movable teeth and the ring gear in their
normal direction. They can be calculated according to the relationship between force
and deformation.

To obtain the relative displacement relationship between the components in Figure 2,
a relative displacement analysis model of the transmission system is established, as shown
in Figure 3.
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Figure 3. Relative displacement relation of components.

The direction of the meshing point pointing to the movable tooth center O2 is defined
as the positive direction of relative displacement, and the displacements of the wave
generator and the ring gear relative to the movable tooth are projected on the positive
direction. Combined with Figures 2 and 3, the relative displacements on each meshing line
can be obtained as follows:

Δih = (xh − xi) cos βih + (yh − yi) sin βih − uh sin(α − βih)− ui cos
(π

2
− ζ + α − βih

)
− eih, (1)

Δik = (xi − xk) cos βik + (yi − yk) sin βik + uk sin(α − βik) + ui cos
(π

2
− ζ + α − βik

)
− eik, (2)

Δig = −(
xi − xg

)
cos(ζ − α) +

(
yi − yg

)
sin(ζ − α) + ug cos

(π

2
− ϕ

)
, (3)

The subscripts h, g, and k represent the wave generator, the separator, and the ring
gear, respectively. i is the serial number of the movable tooth. Based on a transmission error
model of the two-tooth difference swing-rod movable teeth transmission system, the equiv-
alent meshing errors can be obtained by using the action line increment method [21].

In the working process of the two-tooth difference swing-rod movable teeth trans-
mission system, the whole system is in a state of force balance. According to Newton’s
second law, combined with Figures 2 and 3, the wave generator, the ring gear, the separator,
and the ith movable tooth subsystem are analyzed.

The dynamic differential equation of the wave generator, the separator, and the ring
gear can be uniformly expressed as follows:⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
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In Equation (4), f (Δ,b) is a symbolic function, which represents the relationship be-
tween the tooth clearance and the meshing displacement of the two-tooth difference swing-
rod movable teeth transmission system. The equation is as follows:
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f (Δ, b) =

⎧⎪⎪⎨⎪⎪⎩
Δ − b Δ > b
0 |Δ| ≤ b

Δ + b Δ < −b
Δ b = 0

, (5)

The external force acting on the part p is

Fp =

⎧⎨⎩
Tin/rh p = h
−Tout/rg p = g

0 p = k
, (6)

The projection vector of the error excitation on the ring gear coordinate system is

(apx, apy, apu)
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The dynamic differential equation of the ith movable tooth is⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
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According to the dynamic differential equation and the relative displacement of each
component, considering the stiffness and damping of the system, the transverse and
longitudinal vibration displacements of each component can be obtained via the Newmark
method, which lays a foundation for the calculation of dynamic loads and load proportional
coefficients between the movable teeth and the ring gear.

3.2. Calculation of Dynamic Load and Load Proportional Coefficient

In the two-tooth difference swing-rod movable teeth transmission system, it is assumed
that the dynamic load between the ith movable tooth and the ring gear is Fki. According to
Equations (2) and (5), and combined with the meshing stiffness between the ith movable
tooth and the ring gear, the dynamic load Fki can be derived as

Fki = kik f (Δik, bik), (9)

where kik can be calculated from the system deformation coordination conditions and the
Palmgren deformation equation [22].

In the two-tooth difference swing-rod movable teeth transmission system, the load
proportional coefficient is defined to measure the load inhomogeneity of the system,
which means the ratio of the actual dynamic load borne by the two center-symmetric
movable teeth in the load distribution. Under ideal conditions, the load proportional coeffi-
cient of two symmetrical movable teeth is 1. The larger the load proportional coefficient,
the more serious the system load inhomogeneity. The instantaneous load proportional
coefficient when the ith and jth movable teeth mesh with the ring gear can be expressed as

Ωkij =
2Fki

Fki + Fkj
(i = 1, 2, 3, . . . , n/2), (10)

where j = i + n/2.
In the transmission system, a movable tooth undergoes a complete lift and return

motion in one meshing cycle. In order to characterize the extreme value of the load pro-
portional coefficient, the maximum instantaneous load proportional coefficient in each
meshing cycle is taken to represent the load proportional coefficient in this cycle. The maxi-
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mum load proportional coefficient when the ith and jth movable teeth mesh with the ring
gear in a meshing period can be expressed as

Bki =
∣∣∣Ωkij − 1

∣∣∣
max

+ 1, (i = 1, 2, 3, . . . , n) (11)

4. Analysis of the Influence of External Excitation on System Load Inhomogeneity

In order to study the influence of external excitation on the system load inhomogeneity,
a prototype of the two-tooth difference swing-rod movable teeth transmission system was
designed. Here, 45 steel was selected as the material of the wave generator, the separator,
the ring gear, and the movable teeth. According to the design requirements, the machining
accuracy of each component was selected as grade 7, and the clearances of the meshing
pairs are 5 μm. The basic parameters of the transmission system are shown in Table 1.

Table 1. Basic parameters of the transmission system.

Name of Component Number of Teeth Quality (kg) Moment of Inertia (kg·m2)

H (wave generator) 2 0.4258 8.525 × 10−5

K (ring gear) 6 0.1832 3.868 × 10−4

G (separator) 0.9871 4.420 × 10−4

movable tooth 8 0.0103 1.193 × 10−5

In reality, the influence of external excitation on the system load inhomogeneity cannot
be ignored. Therefore, it is necessary to explore the influence of load torque and input speed
on the load inhomogeneity of the system, so as to guide the adjustment of the working state
of the transmission system and make the load distribution of the system more uniform.

4.1. Influence of Load Torque on System Load Inhomogeneity

In order to study the influence of system load torque on the system load inhomogeneity,
the input speed of the wave generator was set as 800 r/min, whilst other parameters
remained unchanged. Using the first movable tooth and the symmetrical fifth movable
tooth in the system as an example, the load proportional coefficients of the movable tooth
with the ring gear under different load torques can be calculated by Equation (11). Making
the separator rotate a circle, the load proportional coefficient curves of the movable tooth
in six meshing cycles under the load torques of 2 N·m, 4 N·m, 6 N·m, 8 N·m, and 10 N·m
can be obtained, as shown in Figure 4.

Figure 4. The variation curves of the load proportional coefficient under different load torques.
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In Figure 4, with the increase of the load, the load proportional coefficient presents
a downward trend. Under the same load, the load proportional coefficient fluctuates in
a rotation cycle of the separator, which is caused by errors. However, due to the coupling
effect of various errors and deformation, the variation of the load proportional coefficient
does not show obvious periodicity. The average values of the load proportional coefficients
Bk1 under different load torques are 1.0592, 1.0477, 1.039, 1.0265, and 1.0166, respectively.
With the increase of system load torque, the average value of the load proportional co-
efficient Bk1 decreases. The average value can reflect the central tendency of the load
proportional coefficient at a certain level. The larger the average value, the more serious
the system load inhomogeneity. Therefore, it can be seen from Figure 4 that increasing the
system load torque can make the system load distribution more uniform and improve the
stability of the system.

4.2. Influence of Input Speed on System Load Inhomogeneity

On the premise of keeping other basic parameters unchanged, the load torque of the
separator was set as 10 N·m, and the influence of speed on system load inhomogeneity
was studied. Using the first movable tooth and the symmetrical fifth movable tooth in the
system as an example, the load proportional coefficient curves under the input speeds of
400 r/min, 600 r/min, 800 r/min, 1000 r/min, and 1200 r/min can be obtained, as shown
in Figure 5.

Figure 5. The variation curves of the load proportional coefficient under different input speeds.

In Figure 5, with the increase of the input speed, the load proportional coefficient
presents an upward trend. In addition, it can be seen from the figure that the load pro-
portional coefficient curve at 600 r/min intersects with that at 800 r/min. This may be
due to the existence of error factors in the system, so that the system is not completely
centrosymmetric. When the rotation speed reaches 600 r/min, the vibration displacement
reaches the maximum in the sixth engagement, resulting in a large load proportional coeffi-
cient. The average values of the load proportional coefficients Bk1 are 1.0159, 1.0244, 1.0279,
1.0337, and 1.0433, respectively. With the increase in input speed, the average value of
Bk1 also increases, and the system load inhomogeneity becomes more serious. This shows
that the load uniformity of the two-tooth difference swing-rod movable teeth transmission
system is better when working under low speed conditions.
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5. Dynamic Load Simulation Analysis

In order to verify the influence of the load torque and input speed on system load
inhomogeneity, a virtual prototype model of the transmission system was established in
ADAMS to analyze the load proportional coefficient. Considering the actual working state
of the prototype, the error accuracy level of the main components of the prototype model
was selected as grade 7, and the error accuracy level of the other components was selected
as grade 9.

The dynamic simulation model of the two-tooth difference swing-rod movable teeth
transmission system is presented in Figure 6. The constraint conditions of the major
components are shown in Table 2. The impact function is used in the contact parameters
setting of the movable teeth with the wave generator and the ring gear. According to the
Hertz collision theory, the contact stiffness was set as 5 × 107 N/m, the damping coefficient
was set as 0.1% of the contact stiffness, the force exponents are 1.5, and the penetration
depths of the meshing pairs are 0.1 mm.

Figure 6. Virtual prototype simulation model.

Table 2. Constraints of each component.

Parts Reference Constraint Type

ring gear the earth fixed pair
wave generator the earth revolute pair

separator the earth revolute pair
swing rod separator revolute pair

movable tooth swing rod fixed pair
movable tooth wave generator contact pair
movable tooth ring gear contact pair

On this basis, by referring to the working conditions in Section 4, control groups were
established respectively to compare and analyze the effect of load and rotational speed on
system load inhomogeneity.

5.1. Simulation Analysis of Load Torque

The input speed of the wave generator was set as 800 r/min. Using the first movable
tooth and the symmetrical fifth movable tooth as an example, the change curves of the load
proportional coefficient Bk1 under different load torques have been analyzed, as shown in
Figure 7.
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Figure 7. Load proportional coefficient curves under different load torques.

In Figure 7, the average values of the load proportional coefficients under each load
condition are 1.0669, 1.0538, 1.0468, 1.0364, and 1.0249, respectively. It can be seen that as
the load torque increases, the average value of the system load proportional coefficient
Bk1 decreases.

Figure 8 shows a comparison between the simulation results and the theoretical
analysis results under different loads. Although there are differences in the variation rules
between the theoretical and simulation load proportional coefficient curves, the difference
is within 2%. The main reason is that the interaction between components and the impact
load of meshing pairs cannot be analyzed through the theoretical model.

Figure 8. Cont.
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Figure 8. Comparison of load proportional coefficient curves under different loads: (a) 2 N·m;
(b) 4 N·m; (c) 6 N·m; (d) 8 N·m; (e) 10 N·m.

Table 3 lists the average value of Bk1 by theoretical calculation and simulation method
under different load, respectively. The average values of the load proportional coefficient
obtained by simulation are only 0.6–1.0% larger than those obtained by theoretical calcula-
tion. By comparing the changes of the average value of load proportional coefficients under
different load conditions, it is obvious that increasing load torque can improve system load
inhomogeneity.

Table 3. Average value comparison of load proportional coefficient under different loads.

Load Theoretical Calculation Value Simulation Value Error (%)

2 N·m 1.0592 1.0669 0.7
4 N·m 1.0477 1.0538 0.6
6 N·m 1.039 1.0468 0.8
8 N·m 1.0265 1.0364 1.0

10 N·m 1.0166 1.0249 0.8

5.2. Simulation Analysis of Input Speed

The load torque of the separator was set at 10Nm. Under the condition of keeping
other basic parameters unchanged, the load proportional coefficients under each input
speed condition have been analyzed. Using the first movable tooth and the symmetrical
fifth movable tooth as an example, the load proportional coefficient curves under different
speed conditions can be obtained, as shown in Figure 9.

Figure 9. Load proportional coefficient curves under different input speeds.
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In Figure 9, the average values of the load proportional coefficients under each speed
condition are 1.027, 1.0348, 1.0389, 1.046, and 1.0585, respectively. It can be seen that the
average value of the system load proportional coefficient Bk1 increases with the increase in
input speed. As shown in Figure 10, the theoretical calculation results of load proportional
coefficients corresponding to different input speeds are smaller than the simulation results,
but the difference is within 3%.

Figure 10. Comparison of load proportional coefficient curves at different input speeds: (a) 400 r/min;
(b) 600 r/min; (c) 800 r/min; (d) 1000 r/min; (e) 1200 r/min.

Table 4 lists the average value of Bk1 by theoretical calculation and simulation method
under different input speeds, respectively. Compared with the average value of the load

133



Machines 2022, 10, 502

proportional coefficient obtained from the theoretical calculation, the simulation results
increase by 1.0–1.5%. It can be seen that there is little difference between theoretical
calculation and simulation results. Both theoretical calculation and simulation analysis
prove that the system load distribution is more uniform under low speed conditions.

Table 4. Average value comparison of load proportional coefficient under different input speeds.

Input Speed Theoretical Calculation Value Simulation Value Error (%)

400 r/min 1.0159 1.027 1.1
600 r/min 1.0244 1.0348 1.0
800 r/min 1.0279 1.0389 1.1

1000 r/min 1.0337 1.046 1.2
1200 r/min 1.0433 1.0585 1.5

6. Experimental Test and Analysis

In order to verify the influence of the load torque and the input speed on the load
inhomogeneity of the two-tooth difference swing-rod movable teeth transmission system,
a dynamic load test bench was designed and built to study the distribution uniformity of
the system dynamic load under different working conditions. Because the meshing position
between the movable teeth and the ring gear changes constantly, it is impossible to measure
the dynamic load of the meshing pairs directly. Therefore, in this experiment, the strain
generated by dynamic load on the ring gear was measured to complete the study. Then,
according to the elastic modulus of the material, the measurement results were transformed
into dynamic load between the meshing pairs to study the system load inhomogeneity.

Due to the low power of the prototype to be tested and the need for load conversion
during operation, an open power flow mode was used for the test bench. The power
required by the system was provided by the servo motor and then transferred to the
loading device by the transmission parts, and the remaining energy was consumed by
the loading device. The whole power transfer direction forms a closed circuit. Its basic
schematic diagram is shown in Figure 11.

Figure 11. Basic schematic diagram of test bench.

The test bench mainly consists of two parts. One is the measurement system, the other
one is the dynamic strain testing and analysis system. The measurement system is mainly
composed of a drive motor, a control box, a test prototype, a magnetic powder brake,
a DHDAS dynamic strain tester, and strain sensors. There are two symmetrical measuring
points on the prototype; the corresponding pasted positions of strain gauges are shown
in Figure 12a. The strain gauges required for the test were 120 Ω resistance unidirectional
strain gauges. We used a half-bridge circuit composed of test strain gauges, temperature
compensation strain gauges, and two 120 Ω resistors built in the dynamic strain tester,
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which can improve the accuracy of the test system. The temperature compensation strain
gauges are pasted as shown in Figure 12b.

Figure 12. Strain gauges for test: (a) Ring gear pasted strain gauges; (b) Temperature compensated
strain gauges.

The dynamic strain testing and analysis system was mainly accomplished via the test
software, whose function is to receive, store, and analyze the data signals transmitted by
the dynamic strain tester. The overall installation of the strain test system is shown in
Figure 13.

Figure 13. Figure of the overall installation of strain test system.

6.1. Influence of Load on Dynamic Load of Meshing Pairs

By controlling the tension controller to change the load torque in the test system,
the variation curves of strain values ε are shown in Figure 14. The values ε were mea-
sured at two strain measuring points in the direction of center symmetry under different
load torques.
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Figure 14. Strain curves under different loads: (a) Strain curves without load; (b) 2 N·m; (c) 4 N·m;
(d) 6 N·m; (e) 8 N·m; (f) 10 N·m.

There are six peaks and troughs at the measuring points when the separator rotates for
one cycle. As the load torque increases, the periodicity becomes more obvious. In Figure 14a,
the strain signal detected by the dynamic strain test system under no-load conditions is
mainly due to the vibration of the system, the sinusoidal AC signal, and the electromagnetic
interference of the servo motor, which causes a zero shift of the strain values ε in the test.
Therefore, alternating current should be avoided as much as possible in the strain detection
test, and electromagnetic interference to test results should be shielded.

In Figure 14b, when a 2 N·m load is applied to the magnetic powder brake, the am-
plitude fluctuations of the strain curves are larger than that without load. The maximum
strain values detected by the two measuring points are 23.24 με and 19.86 με, respectively.
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Since the strain value generated after loading is smaller than the strain value of the ba-
sic error, the strain value is relatively sensitive to the change of external factors under
the load of 2 N·m and is easily influenced by the change of external factors. In order to
ensure the accuracy of the test data, the load conditions above 4 N·m were selected for
comparative analysis.

As shown in Figure 14c, the maximum strain values of the two measuring points
are 40.74 με and 35.34 με. The maximum strain values of the two measuring points in
Figure 14d are 60.15 με and 53.82 με. The maximum strain values of the two measuring
points in Figure 14e are 74.40 με and 66.70 με. In Figure 14f, the maximum strain values of
the two measuring points are 91.08 με and 84.34 με. It can be seen from the comparison that
with the increase in load torque, the strain amplitude of the meshing pairs also increases,
the interference of external errors on the detection results decreases, and the periodicity of
the strain curves becomes more obvious. The strain curves of the two measuring points in
the above figures are obviously different, which indicates that the load is not uniform in
the system.

As shown in Figure 15, test data with loads above 4 N·m were selected and trans-
formed into dynamic load between the meshing pairs for comparative analysis. Using
Equations (10) and (11), the load proportional coefficient curves under different load con-
ditions at the same speed can be obtained.

Figure 15. Load proportional coefficient curves under different loads.

Figure 15 shows the change curves of the load proportional coefficient under different
load conditions. The average values corresponding to each curve are 1.1582, 1.1167, 1.0928,
and 1.0550, respectively. Compared with the average values of the load proportional
coefficient analyzed in Figure 8, the result is shown in Figure 16.

Figure 16. Variation curves of the average value of Bk1 under different loads.

Figure 16 shows the variation curves of the average value of the load proportional
coefficient under different loads obtained from theoretical calculation, simulation analysis,
and test measurement. The test measurement results are 3.78–10.5% larger than the theoret-
ical analysis results and 2.93–9.91% larger than the simulation analysis results. The main
reason is that only the fixed errors of some components are considered in the theoretical
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and simulation analysis, while all the errors of the prototype are involved in the experiment.
Moreover, the vibration caused by impact load, the fluctuation of input speed, and load
torque have not been considered in the theoretical calculation or the simulation analysis.
In addition, the effect of external magnetic field and current on the strain system during the
test leads to a zero shift of the strain value, resulting in larger overall measurement results.
Therefore, there are some numerical differences between the test results and those of the
theoretical calculation and the simulation analysis.

In addition, it can be seen from Figure 16 that with the increase in load, the decrease
rate of the load proportional coefficient of theoretical calculation and simulation analysis
is basically the same and relatively gentle. However, the rate of decrease rate of the load
proportional coefficient obtained from the test is obviously greater. This is because in the
actual prototype, the transmission components will undergo flexible deformation under
the action of load, and the load will cause the redistribution of assembly errors, so as to
reduce the impact of initial errors on the load distribution. Therefore, as the load increases,
the load proportional coefficient decreases faster in the test than in theoretical calculation
or simulation analysis.

6.2. Influence of Rotational Speed on Dynamic Load of Meshing Pairs

The load torque of the magnetic powder brake was controlled to be 10 N·m, and the
motor speed was set to 400 r/min, 600 r/min, 800 r/min, 1000 r/min, and 1200 r/min.
The rotation periods of the separator corresponding to these rotation speeds are 0.6 s, 0.4 s,
0.3 s, 0.24 s, and 0.2 s, respectively. As shown in Figure 17, under the load of 10 N·m,
the strain curves of the two measuring points in one rotation period of the separator at
different speeds were recorded.

Figure 17. Strain curves under different input speeds: (a) 400 r/min; (b) 600 r/min; (c) 800 r/min;
(d) 1000 r/min; (e) 1200 r/min.
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It can be seen from the amplitudes that the change of the input speed has little effect
on the maximum value of the strain amplitude. However, with the increase in input speed,
the difference of strain values measured at the two measuring points becomes obvious.

According to the strain data at different input speeds, the dynamic loads between
the corresponding meshing pairs are calculated, and then the load proportion coefficient
curves can be obtained, as shown in Figure 18.

Figure 18. Load proportion coefficient curves under different speeds.

According to the load proportion coefficient curves in Figure 18, the average values of
Bk1 under different speeds are 1.0602, 1.0831, 1.1019, 1.1276, and 1.1549, respectively. Com-
pared with the average values of the load proportional coefficient analyzed in Figure 10,
the variation curves of the load proportional coefficient obtained through theoretical calcu-
lation, simulation analysis, and test measurement are shown in Figure 19.

Figure 19. Variation curves of the average value of BK1 under different speeds.

By comparing the values, it can be found that the experimental test results are
4.4–10.7% larger than that of the theoretical analysis and 3.2–9.1% larger than that of
the simulation analysis. In addition, it can be seen from Figure 19 that as the input speed
increases, the difference between the results obtained by theoretical calculation and those
obtained by simulation analysis does not change much, whilst the gap with the experi-
mental results gradually widens. The main reason is that due to the existence of clearance,
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the system vibration caused by impact load will become more obvious with the increase in
input speed. Therefore, although the average value of the load proportional coefficient in
theoretical calculation, simulation analysis, and test increases with the increase in input
speed, the increase rate of test results is obviously faster.

7. Conclusions

In this study, a lumped parameter dynamic equivalent model of the two-tooth differ-
ence swing-rod movable teeth transmission system is established to study the influence of
external excitation on load inhomogeneity, and the theoretical analysis method is verified
by simulation and experiments. The main conclusions are as follows:

(1) Under different working conditions, the difference rate between the average value
of the load proportional coefficients measured by experiment and that obtained by
theoretical calculation and simulation analysis is within 10.7%. In addition, the general
variation trend of the average value of the load proportional coefficients obtained
from theoretical calculation, simulation analysis, and test measurement are consistent,
which verifies the correctness of the theoretical model, the virtual prototype model,
and the feasibility of the test method.

(2) The deformation of components can ameliorate the uneven load distribution caused
by errors to a certain extent. The increase of the load torque increases the strain
amplitude of the meshing pair, thereby reducing the interference of the errors on the
uniform distribution of the load, which makes the load distribution more uniform
with the increase in load.

(3) The change in input speed has little effect on the maximum value of the strain am-
plitude. However, the increase in input speed leads to more obvious load difference
between the two movable teeth with center symmetry, which makes the system load
non-uniformity more serious. This shows that the load uniformity of the two-tooth
difference swing-rod movable teeth transmission system is better when working
under low speed conditions.
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Nomenclature

Notation Unit Description
kp N/m the support stiffness of the part p; p = h, g, k
cp N·s/m the support damping of the part p; p = h, g, k
kpt N/m the torsional stiffness of the part p; p = h, g, k
cpt N·s/m the torsional damping of the part p; p = h, g, k
kip N/m the meshing stiffness between the ith movable tooth and the part p; p = h, g, k
cip N·s/m the meshing damping between the ith movable tooth and the part p; p = h, g, k
xp m the transverse displacement of the part p; p = h, g, k
yp m the longitudinal displacement of the part p; p = h, g, k
up m The torsional displacement of the part p; p = h, g, k
xi m the transverse displacement of the ith movable tooth
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yi m the longitudinal displacement of the ith movable tooth
ui m the torsional displacement of the ith movable tooth
bh m The support clearance of the wave generator
bih m half of the meshing gap between the ith movable tooth and the wave generator
bik m half of the meshing gap between the ith movable tooth and the ring gear
M the meshing point of the ith movable tooth and the ring gear
N the meshing point of the ith movable tooth and the wave generator
βih rad the angle between the normal line at the meshing point N relative to the

fixed horizontal axis XK
βik rad the angle between the normal line at the meshing point M relative to the

fixed horizontal axis XK
α rad the angle between the horizontal axis XK and the line connecting the

coordinate origin O and the movable tooth center O2
ϕ rad the angle between the length direction of the swing rod and the line

connecting the coordinate origin O and the swing rod rotation center O1
ξ rad the angle between the length direction of the swing rod and the line

connecting the movable tooth center O2 and the coordinate origin O
Δih m the relative displacement of the wave generator to the ith movable tooth

in the normal direction of their meshing point N
Δik m the relative displacement of the ring gear to the ith movable tooth in the

normal direction of their meshing point M
Δig m the relative displacement of the separator to the ith movable tooth in the

length direction of the swing rod
eih m the equivalent error of the ith movable tooth meshing with the wave generator
eik m the equivalent error of the ith movable tooth meshing with the ring gear
mp kg the mass of the part p; p = h, g, k
Ip kg·m2 the moment of inertia of the part p; p = h, g, k
rp m the equivalent radius of the part p; p = h, g, k
Tin N·m the input torque of the wave generator
Tout N·m the output torque of the separator
mi kg the mass of the ith movable tooth
Ii kg·m2 the moment of inertia of the ith movable tooth
ri m the equivalent radius of the ith movable tooth
Fki N the dynamic load between the ith movable tooth and the ring gear
Ωkij the load proportional coefficient when the ith movable tooth meshes with

the ring gear
Bki the load proportional coefficient of the ith movable tooth with the ring

gear in the meshing period
ωH r/min the input speed of the wave generator
ωG r/min the output speed of the separator
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Abstract: In the course of the electrification of powertrains, rolling element bearings are increasingly
subject to electrical damage. In contrast to mechanically generated pittings, voltage-induced surface
damage is a continuous process. Though several approaches for the description of the damage
state of a bearing are known, a generally accepted quantification for the bearing damage has not
been established yet. This paper investigates surface properties, which can be used as a metric
damage scale for the quantification of the electric bearing damage progression. For this purpose,
the requirements for suitable surface properties are defined. Afterwards, thrust ball bearings are
installed on a test rig, with constantly loaded mechanically and periodically damaged electrically in
multiple phases. After each phase, the bearings are disassembled, the bearing surfaces are graded
and measured for 45 different standardized surface properties. These properties are evaluated with
the defined requirements. For the ones meeting the requirements, critical levels are presented, which
allow for a quantified distinction between grey frosting and corrugation surfaces. These values
are compared with measurements presented in the literature showing that the identified surface
properties are suitable for the quantification of electrical bearing damages.

Keywords: electric bearing damages; thrust ball bearings; electric powertrains; corrugation pattern;
electric damage progression

1. Introduction

Harmful electric bearing currents like electric discharge machining currents (EDM-
currents) or rotor ground currents have been known for several decades [1–4]. Modern
e-drive systems integrate electric motors and transmissions in one housing [5,6]. This
increases the likeliness for currents appearing not only in motor bearings, but also in
transmission bearings, especially in the case of insufficient isolation between motor and
transmission [7,8]. Electric rolling bearing damages are responsible for a large amount of
failures in e-drive systems [9,10]. Due to the new mobility concepts focusing on electric
vehicles bearing faults caused by electric damages, these become more important within the
scope of research [11,12]. The focus of research is the mitigation of the damage occurrence,
the modelling of the occurring voltages and the monitoring of the damages [1]. Although
the voltage induced bearing damages are known for some time, there is still no model
established for the calculation of the lifetime of bearings under electric load.

Typical scales to describe the harmfulness of bearing currents are the apparent bearing
current density [10] and the virtual electric power [13]. The bearing current density is
the electric current passing through the bearing divided by the heartzian contact area.
Muetze defines threshold values below which no harmful electric surface damages occur
(J < 0.1 A/mm2) [10]. Although White Etching Cracks (WEC) can occur at current
densities of J ≥ 10−6 A/mm2 [14], typical electric bearing damages like grey frosting
and corrugation patterns occur at apparent current density levels above J > 0.1 A/mm2.
Therefore, it is possible to apply unharmful electric signals on bearings for a sensory
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utilization [15,16]. The virtual electric power is the product of the peak value of the voltage
and the current applied on a bearing. It indicates the electric power, which is induced in
the bearing and can also be used to quantify the likeliness of electric bearing damages [17].
Both values have the same disadvantages:

• They describe if a corrugation progression is likely, but they do not provide information
about the point in time when a damage occurs or the rapidity of its progression.

• They do not quantify the bearing damage.
• The bearing current is a quantity difficult to measure in real e-motor applications.

Therefore, these two values of damage progression and damage value respective to
the bearing current are difficult to obtain.

An approach to overcome these disadvantages is to monitor the bearing surface,
which in turn lead to increasing bearing vibrations in case of surface damages. The state
of the surface can be related to vibration measurement data allowing for a condition
monitoring of the bearing [17]. Tischmacher [17] presented a scale to quantify bearing
surface damages (cf. Figure 1). It differentiates between six different surface states, starting
with zero as first grade for grey frosting damaged surfaces. Severe surface damages,
including fatigue damages, are assigned to grade six. The advantage of this bearing surface
evaluation is the availability of a scale which allows for a comparison of different bearing
damages based on the degree of damage. Thus, the bearing surface is considered suitable
to describe the electric bearing damage and works as a starting point for the development
of a bearing lifetime calculation. Unfortunately, the scale presented by Tischmacher has
several disadvantages:

• The scale is ordinal, meaning it cannot be assumed that the differences between two
different grades are equal. This leads to several obstacles like the inability to apply
basic calculus operators like plus or minus, which makes calculations based on this
scale impossible.

• There is no objective quantification of the different scale grades. The grade of a specific
bearing surface depends on the person evaluating it.

Figure 1. Different grades of bearing damages. ©2018 IEEE. Reprinted, with permission, from [17].

While the scale seems to be suitable for a qualitative and comparative description of the
electric bearing damages, these disadvantages make this scale unsuitable for a quantitative
description of the bearing damage. Several authors use different approaches to quantify
the surface properties of electrically damaged bearing surfaces [18–23]. The shown results
are measurements of standardized one- or two-dimensional surface properties, described
by DIN ISO 4287 or ISO 25178-2 [24,25]. This surface properties are by design metrical
scales suitable for quantitative descriptions of surfaces and independent of the evaluating
person. Since each of the aforementioned publication uses different surface properties, the
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question is which surface property describes the electrical bearing damages sufficiently
and is therefore suitable for the description of the electrical bearing damage.

To investigate this question, this paper uses the following approach: A test series on
electrically damaged bearings under test rig condition is performed. The experiments are
carried out on thrust ball bearings at different operation conditions (c.f. Section 2). After
specific operation times, the subjective condition of the bearings is evaluated in a study
and the surface properties are measured. Based on these data, the following requirements
are defined, and a suitable surface property has to comply with the following:

• Requirement 1: At least a moderate correlation of |R| ≥ 0.3 of the Spearman Rank correlation
coefficient has to exist between a suitable surface property and the subjective evaluation.

• Requirement 2: A suitable surface property should allow for the distinction between corru-
gations and crater surfaces. Hence, the probability that the corrugation and grey frosting
surfaces are equally distributed should be p < 0.05 in a Wilcoxon rank-sum test [26].

• Requirement 3: The variation of the suitable surface property should be lower than
the variation of the subjective surface evaluation.

• Requirement 4: The variation of the suitable surface property should be independent
from the value of the surface property. The surface property and its variation should
have a Spearman rank correlation coefficient of |R| < 0.8.

The first two requirements thereby evaluate the quality a surface property describ-
ing the investigated effect. The last two requirements define the necessary reliability of
the measured data.

In the following, the experimental setup is described first in Section 2. Then, the study
to visually evaluate the degree of damage on the basis of Tischmachers grading [17], which
is introduced in Section 3. Afterwards, the deduced surface properties that meet the defined
requirements are presented in the same chapter. For these suitable surface properties, the
threshold values are defined at the end of Section 3, allowing for a distinction between
grey frosting and corrugation patterns. These values are discussed in Section 4 based on
the literature data. The most relevant findings are summed up, and a conclusion and an
outlook on future work are given in Section 5.

2. Materials and Methods

The experiments are conducted on the bearing test rig of the Institute for Product
Development and Machine Elements (pmd) of the Technical University of Darmstadt [27].
The rest rig provides four testing cells, which can be operated separately (cf. Figure 2,
left). In prior research, it was used for the investigation of the electric impedance of radial
rolling element bearings [27]. One of the testing cells is modified for the experimental
investigations of thrust ball bearings, like shown in Figure 2 on the right. Though thrust
ball bearings are rarely used in electric drives, for investigations of the electric damage
progression, this bearing type is used because of the possibility to investigate the bearing
surface without destroying the bearing [19,20].

The setup consists of two thrust ball bearings supported by two roller bearings. The
right thrust ball bearing (highlighted by the yellow box) is the investigated bearing, and
the other ones are supporting. These are electrically isolated (red line) to ensure a definite
current path. The shaft is connected to ground using a slip ring. A signal generator and an
amplifier provide the voltage between housing and collector ring. A horizontal cylinder
applies an axial force FAx onto the bearing. The shaft in turn is connected to an external
electric motor with a claw coupling. Internal force, sensors, acceleration and temperature
sensors monitor the test cell. The test cell allows for a disassembly of the bearings without
harming the contact surfaces of the bearings. Prior to the here-presented experiments, a
test run was carried out, showing no significant changes on the bearing surfaces due to the
assembly and disassembly of the test cell.
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Figure 2. (left): Testing cell of the bearing test rig at the Technical University of Darmstadt;
(right): sectioning and current path of the testing cell.

The experiment is designed as fractional factorial with five factors at two levels,
resulting in a total of 16 tests. It includes five factors with two patterns. The factor
combinations of axial load FAx, revolution speed n, voltage amplitude Û, frequency f and
the signal form are investigated, as seen in Table 1. The lubricant, oil temperature, bearing
type and bearing size are constant during the investigation and listed in Table 2. In contrast
to the grease-lubricated thrust ball bearings used in the industry, the tests in this paper are
carried out with oil. The oil circuit is operated with a volume of 5 L per minute and 20 L
in total. The oil is filtered before entering the test cell. The large amount of lubricant in
comparison to grease-lubricated bearings as well as its constant circulation and filtration
reduce the effect of lubricant deterioration on the bearing surfaces.

Table 1. Experimental factors.

Factor Unit - +

Axial Load FAx kN 1 3.5
Rotation Speed n rpm 500 2500

Voltage Û V 2.5 5
Frequency f Hz 5000 20,000
Signal Form - Square Wave Sine Wave

Table 2. Constant parameters.

Parameter Value

Lubricant FVA3 reference oil
Oil Temperature T 40 ◦C

Bearing Type Thrust ball bearing
Bearing Size 51,305

The experiment investigates the connection between the surface properties, vibration
data of the test rig and the electric impedance of the damaged bearing, although this work
focuses primarily on the bearing surfaces. The evaluation of the vibration and impedance
data will be presented in later work. Figure 3 summarizes the experimental design.
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Figure 3. Design of the experiment.

Each test sequence is grouped in five different phases, as shown in Figure 4. The first
phase is a run-in of the bearings for six hours under an axial load FAx = 3500 N and a
rotation speed n = 2500 rpm. The aim is to reduce surface peaks and obtain comparable
starting conditions for the damaging phase. It is followed by three electric damaging phases
of three hours each with disassembly and a surface evaluation at the end of each phase. The
fifth and last phase is an electric damaging period of 12 hours. The operating conditions at
each of the damaging phases are constant and given for all tests in Table A1.

Figure 4. Test setup.

For measurements of the runway surfaces, the white light interferometer Smart WLI
from GBS is used. It enables a three-dimensional gauging of the surfaces to detect micro
geometries and surface roughness. Using the Smart WLI, each bearing ring is measured at
four marked positions on each bearing ring to ensure the comparability of the measure-
ments after each damaging period. These areas are designated as “N”, “E”, S” and “W”.
The area “N” is marked by two engraved dots, the other areas by one dot (c.f. Figure 5).
Each scanned area has the size of about 2 mm × 0.7 mm.

Figure 5. Damaged bearing surface with the scanned areas.
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The measurement principle is based on the objectives, which cause interference pat-
terns during scanning of the surfaces. The patterns are detected by optical sensors and
transformed into electrical signals. From these signals, topographical data are derived, and
the raceway geometry and possible outliers are removed, leaving the raceway surface. An
exemplary scan of the raceway surface in the course of voltage-induced damage can be
taken from Figure 6. After the first damage period, it is observable that there are some
remains of the honing process visible on the bearing surface. After the damage periods
M002 and M003, these patterns reduce and a crater pattern is observable. After M004, there
is a clear corrugation pattern observable. The black line at M003 resembles a contamination
during the scanning process. Such contaminations were excluded from evaluation.

 
M001 M002 

 
M003 

 
M004 

Figure 6. Exemplary scan of the V09 raceway surface after 3 h, 6 h, 9 h and 21 h of voltage-induced
surface damaging.

The surface properties extracted from the scans are listed in Table 3. The Variable
X is used for properties, which are evaluated in different dimensions and filtered at
different wavelengths, leaving different surfaces, such as the roughness or the waviness.
For example, the maximum profile height is evaluated for the 2D surface at different
extracted wavelengths. Therefore, the maximum profile height is calculated for the primary
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profile as well as for the roughness and waviness profile. The same procedure is applied at
1D surface properties. In total this leads to 45 different surface properties.

Table 3. Characteristic surface parameters.

Variable Parameter Variable Parameter

Xz Maximum Profile Height Vm Material Volume
Xt Total Profile Height Vv Void Volume
Xa Arithmetic Mean of Profile Ordinate Vmp Material Volume of peaks
Xq Quadratic Mean of Profile Ordinate Vmc Material Volume at the core
Xsk Skewness of Profile Vvc Void Volume at the core
Xku Steepness of Profile Vvv Void Volume at the valleys
XSm Median Groove Width of Profile Elements Sk Core height
Xdq Quadratic Mean of Profile Pitch Spk Average peak height above the core
Xmr Material Fraction of Profile Svk Average valley depth below the core
Xdc Height Difference between two Intersection Lines

In addition to the surface property measurement the bearing damage scale presented
by Tischmacher is used for the evaluation of the bearing damage in a study. For this
purpose, digital photographs of the individual raceways are created in the course of
increasing surface damage, as already shown in Figure 4. These are shown to eight
persons, all research assistants at pmd who have a Master’s degree in mechatronic or
mechanical engineering. Prior to conducting the assessment, all participating individuals
were introduced to the damage scale. For the purpose of the study, the scale was extended
to take unharmed bearing surfaces into account. Unharmed surfaces are therefore the new
damage grade 0, and all other grades are increased by +1. Additionally, the participants
were allowed to evaluate the surfaces with intermediate steps (e.g., 2.5) if a surface seems
to be between to damage grades. To ensure an unbiased surface evaluation, the raceway
images were evaluated by the participants in a random order.

The damage scale used in this study, like the evaluation scale according to Tischmacher,
is an ordinal scale. Therefore, a mean value or standard deviation may not be calculated
for the surveyed study results. Thus, the median of the degree of damage DG and the first
quartile DG0.25, the third quartile DG0.75 and the interquartile range QDG were evaluated. In
addition, the number Neval is indicated, describing the order of evaluation. An adjustment
of the results, e.g., by removing outliers, was omitted.

3. Results

In the following section, the results of the damage assessment study are presented.
Based on these results, the surface properties are evaluated and compared to the defined
requirements for a suitable surface property. Due to the large amount of measured data
obtained during the study, this paper focuses on the evaluated data leading to suitable
surface properties. The complete set of data, including all study results of the surface
evaluation, the surface scans and the evaluated surface properties and the monitoring data
of the test rig are published in [28].

3.1. Degree of Damage Assessment Study

An investigation on the influence of the rating order shows that there is only a small
rank correlation between the order and the damage grade (RDG−N = 0.2), and there is no
rank correlation between the rating order and the interquartile range (RQ−N = −0.016).
Furthermore, the rank correlation between the damage grade and interquartile range is also
neglectable (RDG−Q = 0.008). This means that neither the rating order nor the interquartile
range influence the results of the study—and therefore, the variation of the degree of
damage depends on the degree of damage itself.

Figure 7 shows the course of the assessed degree of damage after each damage period
of test V09 as a boxplot. The medians DG are encircled and connected by a line to describe
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the time course of the assessed damage. The interquartile range QDG is shown as a rectangle,
and readings outside the interquartile range are shown as a thin vertical line. Outliers
with a deviation of more than 1.5 QDG below the first quartile or above the third quartile
are marked with a cross. Test V09 shows a clear tendency of an increasing damage grade
DG with an increasing time of electrical damaging. In the other tests, which are shown in
Figure A1, it is though observable that the increase of the damage grade over different tests
is mostly insignificant, and in some cases, there is even a decrease observable. Furthermore,
the median of the interquartile range is at Q̃DG = 1, meaning that evaluated damage grade
varies around one grade of the damage scale. Due to this variation, a precise description of
the damage state is unlikely. It is possible though to use this scale to distinguish between
corrugation damages and crater surfaces. All tests with observable corrugation patterns
were evaluated with a damage grade of DG = 3 or higher.

Figure 7. Assessed damage grade (DG) of test V09 of a 51305 axial ball bearing with axial load
FA = 1 kN and rotational speed n = 2500 rpm with an applied square wave voltage V̂ = 2.5 V at
f = 5 kHz after 3 h (M001), 6 h (M002), 9 h (M003) and 21 h (M004) of electric damaging. Circles
mark the median, boxes mark the interquartile range, vertical lines mark the overall range of values
and crosses mark outliers.

As the results show, the damage grade assessment study is able to identify corrugation
damages and to differentiate them from grey frosting. Thus, it is suitable for a qualitative
evaluation of rolling bearing damages. Because the high median of the interquartile range is
at Q̃DG = 1, the use of this scale for a comparative damage description is limited. Reasons
for the variability can be the study design and the design of the scale itself. Another aspect
is that single deep craters in the surface are not considered in the scale, which lead to a
high variability in the assessment.

3.2. Testing Surface Property Requirements

Based on the results of the surface assessment study the measured surface properties
are compared with the requirements for properties suitable for the quantification of electric
bearing damages.

3.2.1. Correlation with the Damage Grade

First, the correlation between each surface property and the assessed damage grade is
examined. The condition of each raceway after each damage period is comparatively described
by the DG. If a surface property is related to the electrical bearing damage, it should correlate
with the damage grade evaluated. The rank correlation between all damage grade evaluations
after each damage period with the corresponding surface properties is calculated. Figure 8
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shows the rank correlation coefficients between the damage grade of the surface and all investi-
gated surface properties as a bar chart. In addition, the bounds for the significant correlation
|R| ≥ 0.3 are plotted. A higher requirement for the correlation is not defined, because it would
overestimate the results of the damage grade evaluation. It is observable that 19 of 45 surface
properties investigated correlate with the damage-assessed damage grade.

Figure 8. Rank correlation coefficients of the investigated surface properties with the assessed damage
grade DG. All properties outside the marked boundary satisfy the requirement of significant correlation.

3.2.2. Identification of Corrugation

In this section, it is examined whether bearings with pronounced corrugation can be
distinguished with the aid of the measured surface properties. For this purpose, the data
of the raceways examined are divided into two groups. Bearings that received a median
rating of DG < 3 belong to set A = {DG < 3} of bearings without corrugations, and
the complement set B = {DG ≥ 3} describes bearings with corrugation. Thus, there are
45 bearing surfaces in set A and 15 bearing surfaces in set B. Using the Wilcoxon rank-sum
test, it can be quantified whether a certain threshold of a measured surface property is able
to classify both sets. This procedure tests the hypothesis that two sets of data have the same
median and therefore the same distribution. If the probability calculated in this process
is below a critical value, this hypothesis can be rejected, and the two groups are different.
P(A = B) < 0.05 is defined as the critical probability.

The result of the Wilcoxon rank-sum test for all investigated surface properties is
shown in Figure 9. The dashed line indicates the threshold value above which the hypothe-
sis of equal quantities can be rejected. It can be seen that 26 of the 45 properties studied
meet the requirement.

3.2.3. Investigation of the Variation of the Surface Properties

Subsequently, the standard deviation of all investigated surface properties is compared
to the interquartile range of the assessed damage grade. Therefore, the damage grade scale
is assumed as metric, i.e., the grades are equidistant, and both the assessment and measured
surface properties are normally distributed. To convert all quantities in relative values,
a reference value for the quantity X is calculated from the 75% quartile X0.75 and the
corresponding interquartile range QX [29],

zu,X = X0.75 + 1.5·QX . (1)
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Figure 9. Result of the Wilcoxon rank-sum test for the investigation of the probability of equal sets A and B.

This reference value is the upper limit, above which all measured data points are
considered outliers. Thus, the relative variation of the damage grade is calculated from the
arithmetic mean of the interquartile range QDG,

sDG =
0.5·QDG

zu,DG
, (2)

or for a surface property X from the arithmetic mean of standard deviation σX respectivly,

sX =
0.67·σX
zu,DG

. (3)

The different factors in Equations (2) and (3) are necessary to normalize the half
interquartile range and the standard deviation.

Figure 10 shows the relative variation of the investigated surface properties. As a
reference, the variation of the assessed damage grade sDG = 0.13 is shown as a dashed line.
It is particularly noticeable that all values describing the skewness of the profile show a
very high variation. In total, 21 properties fulfill the set requirement.

Figure 10. Relative variation of the investigated surface properties in comparison to the variation of
the assessed damage grade (dashed line).
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3.2.4. Investigation of the Correlation between the Magnitude and Variation of the Surface Property

The final requirement for suitable surface properties is the independence between the
magnitude and the standard deviation of a measured property. This correlation can be by
quantified by the rank correlation coefficient as shown in Figure 11. In total, 35 surface
properties yield a coefficient below the critical value of

∣∣RX,σX

∣∣ < 0.8, and thus, they fulfill
the requirement of a low magnitude to medium correlation between the magnitude and
the standard deviation of a measurement.

Figure 11. Correlation between mean value and standard deviation of surface properties.

4. Discussion

From the examination of the requirements set, it is recognizable that 12 out of the
45 surface properties investigated meet all the requirements and, therefore, are suitable for
qualitative and quantitative evaluation of electrical surface damage. However, especially for
surface properties, which fulfill the first two requirements and fail the last two requirements,
it is worth investigating whether a larger amount of scanned surface areas enables a
reduction of the standard deviation or its correlation to the magnitude of the measured
surface property.

A qualitative evaluation of electrical surface damage is possible by defining a threshold
value for the respective surface property, which enables a differentiation of surfaces with
corrugation damage from surfaces without corrugation damage. This differentiation is
defined at the transition between the third quartile of set A (X0.75,A) and the first quartile
of set B (X0.25,B). If the quartiles overlap, the arithmetic mean of X0.75,A and X0.25,B is
calculated as the critical value. If X0.25,B is greater than X0.75,A, X0.25,B is considered the
critical value. Mathematically, this relationship is described as

Xcrit :=

{
X0.25,B+X0.75,A

2
X0.25,B

if X0.25,B < X0.75,A
if X0.25,B ≥ X0.75,A

. (4)

These calculated critical values of all surface properties meeting the requirements
are summarized in Table 4, the boxplots for all surface properties are found in Figure A2
in the Appendix A.

Next, it is checked whether the defined critical values are compatible with measured
values from the literature. If test data from the literature can be delimited with the help
of the critical values shown in Table 4, this is taken as confirmation of the corresponding
threshold value. If a source gives values for surface damage that contradict the specific
limit value but are within the 25% above or below the limit value, the data from the
corresponding source are not considered to contradict the threshold value. If the published
data are outside this range, they are considered a deviation. For the remaining surface
properties, no comparable data were found.
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Table 4. Summary of critical values for corrugations for the respective surface properties.

Surface Property Critical Value Xcrit Comparison to Literature

Sq,R 0.110 μm No comparable data
Sa,R 0.069 μm No contradiction
Sq,P 0.189 μm Deviation; no contradiction [15,19]
Sdq 0.353 No comparable data
Vvv 0.030 μm3

μm2 No comparable data

Svk 0.289 μm Deviation; no contradiction [14,15,19]
Rz 0.285 μm Deviation; no contradiction [17,18]
Rt 0.824 μm Confirmed [16,19]
Ra 0.043 μm No contradiction [17–19]
Rq 0.062 μm No contradiction [16–19]
Rdq 4.596◦ No comparable data
Wdq 0.436◦ No comparable data

From comparison with measured data presented in the literature, it can be seen that four
properties can either be confirmed or at least the data in the literature do not contradict the
defined critical values. For three properties, a deviation is found in the literature, although for
all of these properties, additional data were found that show no contradiction to the presented
values. In this case, surfaces properties were presented, which are above the here-defined critical
values without any corrugation patterns. This can be for several reasons: On the one hand, these
publications use different bearings with different surface properties. On the other hand, the
above-mentioned sources mainly show a false positive result (α-error). This means that based
on the surface properties, corrugation patterns should be present but are not. In contrast, false
negative data (β-error) have not been observed in the literature. Thus, it can be assumed that the
critical surface property limit values are a statistical threshold below which corrugations rarely
occur, and they can therefore be used as a critical damage value. To either confirm or adjust this
limit values, larger data sets for the surface properties of electrically damaged bearings without
corrugations, and especially for electrically damaged bearings with corrugations, are required.

5. Conclusions and Outlook

This paper presents surface properties suitable for the quantification of voltage-
induced bearing damages and defines critical limit values that allow for a distinction
between grey frosting and corrugations of the bearing surface. Therefore, the used experi-
mental setup was presented to create electrical damages on thrust ball bearings, and the
damage progression was evaluated. The damage grade of these surfaces is afterwards eval-
uated in a study, and the surface properties are measured. Based on defined requirements
for suitable surface properties, the suitability of the investigated properties is evaluated
and leads to 12 suitable surface properties. A critical value is derived for each of these
properties, which allows for a distinction between crater damages like grey frosting and cor-
rugation patterns. These values are discussed in comparison with measurements presented
in other publications.

Further research can aim in different directions. First, the evaluated surface properties
and the critical values have to be validated with additional surface data of bearings from
test bench experiments as well as from real applications. Based on the surface properties, it
is possible to derive changing rates of the surface property and investigate the effect of the
operating conditions and the applied electric load on the changing rate of the respective
property. Finally, the change of the surface properties has to be connected to changes in
the condition monitoring data of the bearing. This can give the opportunity to evaluate
the surface properties and allow for statements on the current electrical bearing damage
state. If one can quantify the current damage state of a bearing surface via condition
monitoring and if one is able to calculate the damage progression rate respective to the
mechanical and electrical operating conditions, it will be possible to estimate the time that is
left until a bearing reaches a critical surface property level. The time until a critical surface
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level is reached can be defined as the remaining safe operation time of the bearing. The
here-presented surface properties and their critical values can therefore be a step towards a
calculation of such a safe operation time until corrugation damages occur.
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Appendix A

Table A1. Operating conditions of all tests.

Test Nr. Axial Load (kN) Rotation Speed (rpm) Voltage (V) Frequency (f) Signal Form (-)

V01 3.5 2500 5 20 Sine
V02 1 2500 5 5 Sine
V03 1 500 2.5 5 Sine
V04 3.5 500 2.5 20 Sine
V05 1 2500 5 20 Square
V06 3.5 2500 5 5 Square
V07 3.5 500 2.5 5 Square
V08 1 500 2.5 20 Square
V09 1 2500 2.5 5 Square
V10 3.5 500 5 20 Square
V11 1 500 5 20 Sine
V12 1 500 5 5 Square
V13 3.5 2500 2.5 20 Square
V14 3.5 2500 2.5 5 Sine
V15 1 2500 2.5 20 Sine
V16 3.5 500 5 5 Sine
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Figure A1. Assessed damage grade (DG) of tests V01–V16 of a 51305 axial ball bearing after 3 h (M001),
6 h (M002), 9 h (M003) and 21 h (M004) of electric damaging. Circles mark the median, boxes mark the
interquartile range, vertical lines mark the overall range of values and crosses mark outliers.
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Figure A2. Boxplots of the measured surface properties. The data are separated in two groups for data
points with and without corrugations. The red line is the critical value, above which corrugations are likely.
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Abstract: In the context of intelligent components in industrial applications in the automotive, energy
or construction sector, sensor monitoring is crucial for security issues and to avoid long and costly
downtimes. This article discusses component-inherent thin-film sensors for this purpose, which, in
contrast to conventional sensor technology, can be applied inseparably onto the component’s surface
via sputtering, so that a maximum of information about the component’s condition can be generated,
especially regarding deformation. This article examines whether the sensors can continue to generate
reliable measurement data even after critical component loads have been applied. This extends their
field of use concerning plastic deformation behavior. Therefore, any change in sensor properties is
necessary for ongoing elastic strain measurements. These novel fundamentals are established for
thin-film constantan strain gauges and platinum temperature sensors on steel substrates. In general,
a k-factor decrease and an increase in the temperature coefficient of resistance with increasing plastic
deformation could be observed until a sensor failure above 0.5% plastic deformation (constantan)
occurred (1.3% for platinum). Knowing these values makes it possible to continue measuring
elastic strains after critical load conditions on a machine component in terms of plastic deformation.
Additionally, a method of sensor-data fusion for the clear determination of plastic deformation and
temperature change is presented.

Keywords: thin-film sensor; strain gauge; temperature sensor; sputtering; temperature coefficient of
resistance; k-factor; plastic deformation; tribological contact; bearings; sensor data fusion

1. Introduction

The sensory acquisition of measurement data is necessary in many branches of in-
dustry, e.g., to comply with safety, process or application limits. Important measurement
variables are strain and temperature, which are usually measured using resistive sensors.
In the automotive sector, for example, metallic strain gauges are used to measure the strain
and compression condition of cast parts and engine blocks [1]. In the energy sector, strain
gauges are used in 3D-woven composite spar caps for structural health monitoring (SHM)
of wind-turbine blades and a reduction in measurement costs [2]. In the construction sector,
deformations and crack building in buildings are measured with specially encapsulated
strain gauges inserted into deep measurement boreholes that thus detect potential damage
at an early stage [3]. For higher-level monitoring of machine components such as bear-
ings, different approaches are used. They all aim to prevent damage caused by complex
conditions like high speeds and heavy loads over a long period of time [4]. Here, the
behavior at the elastohydrodynamic (EHD) rolling contact is of particular interest. Different
approaches for the sensory monitoring of bearings are currently carried out by externally
mounted sensors outside of the tribologically loaded EHD contact. Gao et al. presented a
piezoelectric vibration sensor unit that was attached on the backside of one bearing washer
to measure the force of the roller on the washer [5,6]. Marble et al. measured the cage
motion and temperature with a sensor that is integrated to the cage to draw conclusions
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about the condition of the lubrication [7]. Large magnetic stray flux sensors were used
to detect bearing faults such as cracks or holes in the outer race or a deformation of the
seal [8]. Newer approaches show the use of neural network models using multi-sensor
data from two accelerometers used as vibration sensors [9].

One approach to obtain the maximum measurement information directly at the contact
point of the bearing washer and rollers is to use strain gauges in thin-film technology, which
are produced directly on the bearing washer where the EHD contact is located. They can
generate data at previously inaccessible measurement positions [10] due to their small thick-
ness of less than 5 μm [11]. They withstand temperatures up to at least 400 ◦C [12]—which
surpasses the range of conventional polymer film-based sensors [13]—, have high adhesion
on steel [12] and can be applied and structured on curved surfaces as well [14].

Different sensor layers have been used in the literature. With a sensor layer based
on amorphous diamond-like carbon (DLC) produced in a chemical vapor deposition
(CVD) process, high measurement signals with increasing strain were detected. Due to the
semiconductor behavior of the DLC layer, a high temperature sensitivity was observed
as well [15]. Other investigations show the measurement of the temperature change at
the rolling contacts in a two-disk test rig with different machine conditions concerning
pressure and friction [16]. Here, a 4.6 μm Al2O3 insulation layer and a one-dimensional
sensor line of 200 nm chromium was used that revealed a positive resistance change with
increasing temperature and a negative resistance change for increasing pressure.

To further extend the application range of component-inherent thin-film sensors to
extreme mechanical stresses, knowledge of their behavior under plastic deformation and
of their application limits is important. This is due to a possible change in the sensor
properties with plastic deformation because of, e.g., geometry effects, crystal defects or
crack formation. Only if the property change is known—especially the sensitivity for strain
and temperature—is a further use of the sensors with high accuracy possible. Therefore,
this article targets the influence of plastic deformation on sensor properties such as re-
sistance, strain and temperature behavior, which is presented after the details of sensor
manufacturing. In the end, a sensor-data fusion method is shown to determine the stress
condition of a machine component regarding deformation and temperature.

2. Materials and Methods

This section describes the processes for thin-film sensor production on stainless steel
substrates in detail using cathode sputtering. As insulation layer, Al2O3 was applied.
Constantan (Cu54Ni45Mn1) is used for the strain-gauge sensor layer and platinum (Pt) for
the temperature sensor. Afterwards, the special tensile specimen geometry of the substrate
is shown. Finally, the characterization and test methods are explained concerning elastic
and plastic deformation and temperature behavior.

2.1. Sensor Manufacturing
2.1.1. Sensor Design

The sensor design contains three strain gauges (rotated by 45◦ each, named Sg 0◦,
Sg 45◦ and Sg 90◦) and a rotationally symmetric temperature sensor (T sensor). The strain
gauges build a rosette that can be used in the future for the determination of the two main
directions and quantities of mechanical stress [17]. The strain gauges consist of 10 parallel
lines with a width of 10 μm connected by meander curves resulting in a total length of
5 mm. The temperature sensor has a total length of 6.54 mm and a width of 13 μm. All
sensors cover small areas of approximately 0.18 mm2 to enable local measurements for the
application in the future.

The complete sensor system is shown in Figure 1.
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Figure 1. Overview of the sensor layout on the stainless steel tensile specimen, consisting of three
constantan strain gauges in three different alignments (Sg 90◦, Sg 45◦, Sg 0◦) and one symmetric
platinum temperature sensor (T sensor).

2.1.2. Sputter Deposition

For plastic and elastic investigations, an austenitic stainless steel disc (1.4301 (X5CrNi18-10),
diameter: 100 mm, thickness: 0.8 mm) was used as a substrate for the deposition of
component-integrated strain gauges and temperature sensors. The arithmetic mean rough-
ness value Ra was 9 nm and the mean roughness depth Rz was 86 nm, measured with a
tactile roughness measurement device. At the beginning of the deposition of the insulation
layer in a SenVac Z550 sputtering system, the disc was subjected to a sputter etching process
in order to improve the adhesion strength of the following insulation layer. The etching
was performed with a power of 200 W and a DC bias voltage of 108 V for a period of
5 min with a base pressure of 1.1·10−4 mbar and a sputtering pressure of 3.1·10−3 mbar
in a pure argon atmosphere. Afterwards, the insulation layer was directly applied to
prevent contamination of the surface. The insulation layer, formed out of Al2O3, was
applied with a power of 400 W (1.88 W/cm2) at a base pressure below 2.3·10−5 mbar and a
process pressure of 3.1·10−3 mbar in a pure argon atmosphere. With a deposition rate of
8.3 nm/min, a 2 μm-thick insulation layer was deposited. The sensors were then processed
by microtechnological methods. For deposition and structuring of the strain gauges and
the temperature sensor, a lift-off process was used. After the spin coating of the resist AZ®

5214 E, a softbake, the exposure and the development, the constantan strain gauges were
sputtered with the SenVac Z550 system. A 300 nm-thick layer was produced with a power
of 200 W and a sputtering pressure of 4.2·10−3 mbar in a pure argon atmosphere, resulting
in a deposition rate of 16.2 nm/min over a period of 18.5 min. After the final lift-off, the
platinum temperature sensor was manufactured in the same lift-off process. This time, a
Kenotec MRC sputtering system was used for platinum sputter deposition in a pure argon
atmosphere with a base pressure of 2.7·10−7 mbar, a sputtering pressure of 9.1·10−3 mbar
and a power of 200 W (0.94 W/cm2). With a deposition rate of 14.4 nm/min, a 260 nm-thick
layer was deposited and the final lift-off took place.

2.1.3. Sample Preparation

For the sensor evaluation, tensile specimens were milled from the disc. The layout
was created based on the standard DIN 50125 [18] with a total length of 68 mm, a width
of 3.6 mm and a thickness of 0.8 mm. The test length was 22 mm. The width was chosen
to enable high strains in the tensile specimen with a force of up to 2500 N, which is the
maximum load of the tensile testing machine used. As a special feature, a steel bar was
left at one edge where a circuit board was attached using high-temperature silicone. A
conductive two-component silver adhesive was used for the electrical contacting of the
sensor’s contact pads to the soldering pads of the circuit board with thin wires. Due to the
possibility of high plastic deformation of the specimen, they were used in an appropriate
loop. A final tensile specimen is shown in Figure 2. Two such samples were manufactured
and characterized.
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Figure 2. Overview of the sensor layout consisting of three constantan strain gauges in three different
alignments (Sg 90◦, Sg 45◦, Sg 0◦) and one symmetric platinum temperature sensor.

2.2. Measurement Details

The basic characteristics for resistance-based thin-film sensors are the initial resistance
R0 at room temperature and the insulation resistance Rins. Additional important values for
strain gauges are the k-factor (k), which describes the strain sensitivity, and the temperature
coefficient of resistance (TCR), which qualifies the resistance change due to a change in
temperature, given by Equations (1) and (2). Here, ΔR represents the resistance change in
the initial resistance value R0 caused by either a variation in strain Δε or in temperature ΔT.
These four characteristics (R0, Rins, k-factor and TCR) will be examined for their dependence
on plastic deformation.

k = (ΔR/R0)/Δε (1)

TCR = (ΔR/R0)/ΔT (2)

The resistance measurements were performed using the multimeter Keithley DAQ6510
in four-wire technology. For the insulation resistance, a tera-ohm meter Fischer TO3 was
used with a measurement voltage of 10 V. The two electrodes were connected to one contact
pad of each sensor and to the metal substrate.

The strains in the elastic range for the evaluation of the k-factor and in the plastic
range for the irreversible plastic deformation were initiated with the tensile testing machine
Mecmesin MultiTest 2.5-xt. For the elastic strain, a preload Fpre of 100 N and a maximum
load Fmax of 350 N were chosen. This results in strain values of 172 μm/m and 602 μm/m,
which finally led to an elastic strain difference Δε of about 430 μm/m for the characteriza-
tion of the k-factor. The strain was calculated according to Equations (3), (4) and finally
Equation (5) [12]. With the strain ε, the mechanical stress σ, the Young’s modulus E, and
the cross-sectional area A—which is the product of the sample width w and the thickness
t—, the strain difference Δε is calculated. For the plastic deformation, values of 0.01%,
0.19%, 0.54%, 0.92% and 1.30% were achieved with force values of 616 N, 800 N, 900 N, 950
N and 1250 N.

ε = σ/E (3)

σ = F/A (4)

Δε = (Fmax − Fpre)/(E·w·t) (5)

For determination of the TCR, a hot plate was used in the temperature range from
30 ◦C to 100 ◦C. Here, only the cooling curves were used for the evaluation since the
samples were removed from the hot plate to accelerate the cooling process which results
in a homogenous temperature decrease. The temperature measurement took place with a
commercial temperature sensor (Pt100, type PTFM101B1A0) from TE Connectivity. This
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was attached to the tensile specimen with high-temperature silicone from Pattex to enable
live measurements of the temperature.

The characterization procedure started with the measurement of the initial resistance
and the insulation resistivity, followed by the k-factor and the TCR. A plastic deformation
in steps of approximately 0.35% beginning with the yield strength (plastic deformation of
0.2%) was then carried out until the irreversible destruction of the sensors. The resulting
plastic deformation was determined using a reflected light microscope from Nikon with
a lens with a magnification of 10. The change in distance between the left contact pad of
the strain gauge Sg 0◦ to the right contact pad of the temperature sensor was measured.
Since these structures exhibit the longest distance for measurement, the accuracy increases
when normalized on the initial length, which was 18.5 mm. It could be measured with a
standard variation of ±1 μm. A plastic deformation of, for example, 1% (185 μm), would
lead to a percentage error of ±0.54%, which is negligible. For the optical analysis of the
sensor failure, lenses with a magnification of 10 and 100 were used.

For all measurement parameters, at least three values were taken. The following
figures include the resulting standard deviations, which are basically not visible due to
their small values.

The surface roughness values were measured with the tactile measurement device
HOMMEL-ETAMIC W5 from Jenoptik. Here, the length of the measurement was set to
4.8 mm and the velocity of the diamond tip was 0.5 mm/s. For the analysis, a filter
according to ISO 11562 [19] was used.

3. Results

With the fabricated sensors, the influence of plastic deformation on the insulation
resistance, initial resistance, the k-factor and the temperature coefficient of resistance (TCR)
can be determined. Two samples were characterized. Since the thin-film manufacturing
happened with the same deposition processes, similar behavior of both tensile specimens
was measured resulting in maximum standard deviations of 5.6%.

3.1. Influence of Plastic Deformation on the Insulation Resistivity

The insulation resistance and therefore its resistivity of the Al2O3 layer stays con-
stant, as Figure 3 proves. The resistivity—calculated according to Equation (6)—does not
change significantly up to a plastic deformation of at least 0.9% with a mean value of
2.2·1014 ± 1.0·1014 Ωcm, which is comparable to the literature [20,21]. The mean resistance
value was 1.9 ± 0.8 TΩ. For simplification, only the values of one constantan strain gauge
and the platinum temperature sensor are shown.

Figure 3. Influence of the plastic deformation on the insulation resistivity.
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3.2. Influence of Plastic Deformation on the Initial Resistance

The initial resistance values for the three strain-gauge sensors and the temperature
sensor were first measured at room temperature without applying any elastic or plastic
strain. The result and a comparison with values from the literature is given in Table 1.

Table 1. Resistivity values of the manufactured thin-film sensors and comparison with bulk and
thin-film values from the literature.

Material
T Sensor

[10−4 Ωcm]
Sg 0◦

[10−4 Ωcm]
Sg 45◦

[10−4 Ωcm]
Sg 90◦

[10−4 Ωcm]
Average

[10−4 Ωcm]
Std. dev.

[10−4 Ωcm]
Bulk

[10−4 Ωcm]
Thin-Film

[10−4 Ωcm]

Constantan - 1.34 1.36 1.33 1.34 0.013 0.49 [22] 1.10 [11]
Platinum 0.30 - - - - - 0.11 [22] 0.18 [23]

The initial resistance of the individual sensors changed with increasing plastic de-
formation. Different behaviors could be observed for the absolute values, as Figure 4a
reveals. For comparing without the influence of the different initial resistance values before
the plastic deformation, Figure 4b shows the normalized resistance change in the individ-
ual sensors. Regarding the three strain gauges, the strain gauge aligned in the direction
of elongation (Sg 0◦) experienced the highest resistance change of 0.85% after a plastic
deformation of approximately 0.5%. An increase of 0.4% can be observed for the strain
gauge aligned at 45◦ (Sg 45◦). In addition, it can be seen that the strain gauge arranged
perpendicularly to the direction of elongation (Sg 90◦) has a negative change in resistance
of up to −0.2%. After a plastic deformation of 0.9%, the strain-gauge resistance values
could not be measured anymore. Only the temperature sensor still showed reasonable
resistance values at 0.9% plastic deformation. After additional plastic deformation up to a
value of 1.3%, the platinum temperature sensor was no longer measurable, and thus no
longer functional as well. An increase of 1.4‰ per 1‰ plastic deformation was detected.

 
(a) (b) 

Figure 4. Influence of the plastic deformation on (a) the absolute initial resistance values and (b) the
normalized resistance change. Sg 0◦ = Strain gauge aligned parallel to the elongation direction,
Sg 45◦ = Strain gauge aligned in an angle of 45◦, Sg 90◦ = Strain gauge aligned perpendicular to the
elongation direction, T sensor = Temperature sensor.
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3.3. Influence of Plastic Deformation on the Strain Sensitivity (k-Factor)

The most interesting characteristic of a strain gauge is the k-factor k, which describes
the strain sensitivity. The k-factor decreases continuously with increasing plastic strain
in Figure 5a for all four sensors. The constantan strain gauge (Sg 0◦) has a value of
2.15 ± 0.02 in the beginning and a value of 1.96 ± 0.02 after a plastic deformation of 0.5%.

 
(a) (b) 

Figure 5. Influence of the plastic deformation on (a) the k-factor and (b) the normalized
k-factor change.

In the studied plastic region zone, the behavior can be considered approximately linear,
which leads to a reduction of 17‰ per 1‰ plastic deformation. The strain gauge Sg 45◦
showed values from 0.79 ± 0.02 to 0.71 ± 0.01 (19‰ reduction per 1‰ plastic deformation).
For the strain gauge Sg 90◦, an initial k-factor of 0.26 ± 0.02 was measured, which decreased
to a value of 0.23 ± 0.01 (22‰ reduction per 1‰ plastic deformation).

The k-factor of the temperature sensor decreased from 1.55 ± 0.02 to 1.42 ± 0.02 after
a plastic strain of 0.9%, which is a reduction of 9‰ per 1‰ plastic deformation.

Once again, Figure 5b reveals comparable percentual decreases for the k-factor of the
strain gauges and the significantly different behavior of the symmetric temperature sensor.

3.4. Influence of Plastic Deformation on the Temperature Coefficient of Resistance (TCR)

A change in the TCR could be observed as well. For each resistive sensor, a linear
behavior of the resistance with increasing and decreasing temperature was assumed and
observed. This enables a comparison of the single curves. As an example, the resistance
change with temperature for strain gauge Sg 0◦ is shown in Figure 6 at different plas-
tic deformation states. The linear regression showed coefficients of determination (R2)
beginning with 0.9985 before any plastic deformation, decreasing to 0.9933 for maximal
plastic deformation.
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Figure 6. Resistance changes with temperature at different plastic deformation states.

With increasing plastic deformation, the gradient of the resistance change increases,
leading to increased TCR values for all sensors, shown in Figure 7a. The TCR of the
constantan strain gauge Sg 0◦ increases from 89 ± 5 ppm/◦C to a value of 119 ± 5 ppm/◦C
after a plastic strain of 0.5%, which is an increase of 62‰ per 1‰ plastic deformation. The
strain gauges Sg 45◦ and Sg 90◦ showed values from 93 ± 3 ppm/◦C to 112 ± 2 ppm/◦C
(39‰ per 1‰ plastic deformation) and 95 ± 4 ppm/◦C to 105 ± 1 ppm/◦C (20‰ per 1‰
plastic deformation).

 
(a) (b) 

Figure 7. Influence of the plastic deformation on (a) the TCR and (b) the normalized TCR change.

The platinum temperature sensor shows an increase of 30‰ per 1‰ plastic deforma-
tion with values from 1103 ± 12 ppm/◦C to 1,412 ± 32 ppm/◦C.
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4. Discussion

This section interprets the results based on the detailed description of the influence
of plastic deformation on the different thin-film sensors and finally shows a method of
sensor-data fusion to determine the stress condition of a machine component regarding
deformation and temperature.

4.1. Insulation Resistivity

The comparison of the mean resistivity value of 2.2·1014 Ωcm (mean resistance of 1.9 TΩ)
with thin-film values from the literature shows good agreement (e.g., 1.2·1014 Ωcm [10]). As
expected, there is no difference between strain gauge and temperature sensor. Since the in-
sulation resistance values stay constant over the investigated plastic deformation region up
to at least 0.9%, no significant damage can be measured at first. Nevertheless, after optical
microscopy, thin cracks in the Al2O3 layer could be observed after a plastic deformation of
0.9%, as shown in Figure 8. As expected, these defects are aligned perpendicularly to the
strain direction of the tensile specimen.
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Figure 8. Optical images of (a) a constantan strain gauge (Sg 90◦) after a plastic deformation of 0.9%,
(b) a platinum temperature sensor after a plastic deformation of 0.9%, (c) a constantan strain gauge
(Sg 90◦) after a plastic deformation of 1.3%, and (d) a platinum temperature sensor after a plastic
deformation of 1.3%. Cracks in the Al2O3 insulation layer perpendicular to the strain direction are
visible in (a,c,d). I shows a location where a crack is not transferred into the platinum layer, II shows
a complete crack in platinum layer and III shows the beginning of the formation of a crack in the
platinum layer.
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4.2. Initial Resistance

The constantan resistivity shows a mean value of 1.34·10−4 Ωcm. A small standard
deviation below 1% could be measured for the three differently aligned constantan strain
gauges which proves the existence of an isotropic and homogeneous sputter coating.
Compared to the bulk value of 0.49·10−4 Ωcm, an increase of factor 2.7 exists. For platinum,
the same factor can be calculated even though the sensors were deposited with two different
coating systems. One of the explanations for the increased resistivity values compared
to values of bulk material can be the influence of scattering at grain boundaries and at
interfaces with other materials, which play a major role for the resistivity value [24]. In
the literature, a general decrease in the resistivity with increasing layer thickness can be
found for different materials [25,26], which supports the explanation. Another aspect is the
impact of surface roughness, which would influence both sensor types in the same way. A
tactile roughness measurement resulted in an arithmetic mean roughness value Ra of 9 nm
and a mean roughness depth Rz of 86 nm. The detailed influence of different roughness
values on the thin-film resistivity has to be investigated in the future. A thin-film resistivity
value for constantan from the literature is 1.10·10−4 Ωcm [11], which is in the region of the
measured value but still shows a deviation of 18%. Slightly different alloy compositions
could be the reason here.

The normalized resistance changes show values of 1.7‰, 0.8‰ and −0.4‰ per 1‰
plastic deformation for the strain gauges Sg 0◦, Sg 45◦ and Sg 90◦. This is because the
geometry of the strain gauges changes with increasing plastic deformation, which results in
a change in resistance, according to Equation (6), where ρ, l and A represent the resistivity,
the length and the cross-sectional area.

R = ρ · l/A (6)

The highest change could be observed for the strain gauge aligned in strain direction
(Sg 0◦) because the length of the conductive tracks increases the most due to their alignment.
The strain gauge aligned perpendicularly to the strain direction (Sg 90◦) reveals a resistance
decrease because the plastic deformation increases the width—and therefore the cross-
sectional area A—and decreases the length l of the sensor’s conductive tracks (Equation (6)).

Since the insulation resistance was still present up to at least 0.9% plastic deformation
(compare Figure 3), it can be assumed that cracks in the constantan layer are the reason for
this behavior, which occurs at a plastic deformation between 0.5% and 0.9%. Optical images
confirm this assumption, as Figure 8c proves. In contrast, the resistance of the platinum
temperature sensor increases up to 1.8% at 1.3% plastic deformation when the failure takes
place. The higher resilience of platinum against crack building can be seen in Figure 8d.
This image shows a platinum conductor track after 1.3% plastic deformation. Several things
have become obvious: First, on the left side, a crack of the Al2O3 layer is present which did
not exist in the platinum layer (I). On the right side, a crack of the Al2O3 layer leads to the
beginning of the formation of a crack in the platinum layer (III). Finally, in the middle, a
complete crack has built that is responsible for the failure of the sensor (II). Due to its metal
properties, platinum is more ductile than the alloy constantan and can withstand higher
strains, which would correspond to the literature: The elongation at break is 25% [27] for
constantan and 35% [28] for platinum. Since these values are for bulk material, further
investigations have to be performed. Nevertheless, the results give important information
about the maximum permitted plastic deformation. With this knowledge, on the one
hand, the sensors can be applied at specific positions on machine components based on,
for example, mechanical FEM simulations, where strain values appear that are below the
critical plastic deformation. On the other hand, it can be assumed that a plastic deformation
above 0.9% (1.3%) occurs if a failure of constantan (platinum) sensors is detected.
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4.3. K-Factor

The k-factor value 2.15 for the constantan (Cu54Ni45Mn1) strain gauge is in agreement
with values from the literature for bulk material (2.15 for Cu60Ni40 and 2.0 for Cu56Ni44 [13])
and thin-film sensors (2.07 for Cu54Ni45Mn1 [11]). The k-factor for the strain gauge perpen-
dicular to the elongation direction shows a value of 0.26. According to Equation (7) [13],
this corresponds to a cross-sensitivity of 12%. Polymer-foil based sensors are optimized
for a low cross-sensitivity. Manufacturer specify values between 0.2 and 0.6% [29]. The
comparatively high cross-sensitivity of 12% has to be reduced mainly through the adaption
of the sensor layout. In any case, it has to be considered for further measurements on
machine components. As expected, the k-factor of the strain gauge Sg 45◦ lies between
the others.

q = k0◦/k90◦ (7)

For platinum, a k-factor of 1.55 was the result. It is remarkable that the resulting
k-factor could be reduced with the developed symmetric sensor design by at least factor
2 compared to values from the literature of 3.8 [24]. This is an advantage concerning its
usage as a temperature sensor with low strain impact.

The plastic deformation has a significant impact on the k-factor. The nearly linear
decrease amounts to 17‰, 19‰ and 22‰ per 1‰ plastic deformation for the strain gauges
Sg 0◦, Sg 45◦ and Sg 90◦. The k-factor decrease in the platinum temperature is 9‰ per 1‰
plastic deformation. These values show that strain measurements are still possible after
critical loads of machine components with plastic deformations below 0.5%, even though
the strain sensitivity will be reduced. Since the normalized resistance change is under
1.5% for all sensors, this behavior cannot be the reason for the maximum absolute k-factor
decrease of 12% (compare Equation (1)). In general, mechanical strain influences the charge
carrier transport mechanism. In this case, it is most likely that the plastic deformation
creates different types of crystal defects in the material, which reduce the charge carrier
mobility. It can be assumed that these defects influence the grain boundaries, whose
condition plays a major role for the electrical resistance [24]. Further investigations have to
be made to understand this behavior in detail.

4.4. Temperature Coefficient of Resistance (TCR)

The TCR describes the temperature sensitivity of the sensors. As the temperature
influences the strain signal, low values close to zero are desired. For temperature sensors,
the value should be high and the strain sensitivity low. That is the reason why constantan
and platinum are chosen for the strain and temperature sensors.

Since the TCR should not depend on the alignment of the strain gauges, the results
show an expected behavior of constant TCR values of the three strain gauges aligned in
three different directions with a mean value of 92 ± 3 ppm/◦C. It is in good agreement with
the alignment-independent resistivity, as explained before. The literature for constantan
thin films shows values close to zero as well (−52 ppm/◦C [11], +75 ppm/◦C [14]) even
though bulk values seem to be even lower (±10 ppm/◦C [30]). Differences can be found
due to different substrate conditions or slightly different alloy compositions.

For the normalized TCR change with plastic deformation, differences were detected.
This is because of the different alignments, since the plastic deformation only works in
one direction, so the isotropic TCR behavior interferes with the anisotropic strain impact.
This is the conclusion of the decreasing impact of the plastic strain on the TCR change with
changing alignment of the strain gauge towards the perpendicular direction. The change
decreased from 62‰ (Sg 0◦) over 39‰ (Sg 45◦) to 20‰ (Sg 90◦) per 1‰ plastic deformation.

As expected, the TCR of the platinum temperature sensor is significantly higher
than the value of the constantan strain gauges. Nevertheless, compared to bulk val-
ues (3850 ppm/◦C [31]) and to other thin-film platinum sensors (1937 ppm/◦C [10],
2600 ppm/◦C [24]), the TCR is low with a value of 1103 ppm/◦C. Reasons for this behavior
might be the low thickness of 200 nm compared to 1 μm [24] for the value of 2600 ppm/◦C
so that the influence of scattering at defects, grain boundaries and interfaces increases [24].
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As for the k-factor, the increase in the initial resistance of up to approximately 1.5% can-
not be the main reason for the absolute TCR increase of up to 33% (compare Equation (2)).

4.5. Condition Monitoring

In summary, the plastic deformation results in a degradation of the thin-film sensors.
These means a negative influence on the characteristic properties of strain gauges and
a positive influence on the temperature sensor. Nevertheless, the knowledge about the
behavior of the sensors properties enables the further use of the sensors after crucial
machine loads, resulting in plastic deformations up to at least 0.5% without the need
for generating a new characteristic curve of the sensor. With the combination of all this
information, it is possible to determine the elastic strain εel, the plastic strain εpl and the
temperature difference ΔT. In a real application on a machine component, the strains
can occur in x-, y- and z-directions. To simplify the procedure, Equation (8) shows the
dependency of a resistive sensor in only one direction.

R (ΔT,εel,εpl) = R0·[1 + aR·εpl + TCR0·ΔT·(1 + aTCR·εpl) + k0·εel·(1 + ak·εpl)] (8)

Since it is only the information of one sensor, no final statement can be made for the
origin of the resistance value. Without the elastic strain, Equation (8) simplifies and for
each sensor, Equation (9) results, showing the dependency of the measurable resistance
value R and the unknown plastic deformation εpl on the temperature change ΔT.

ΔT (R,εpl) = (R/R0 − 1 − aR·εpl)/(TCR0·(1 + aTCR·εpl)) (9)

With its application on all sensors, the dependency of the temperature change can
be illustrated in the dependency of the plastic deformation when a resistance value R is
measured for each sensor. Due to the fact that this resistance value results out of both a
possible temperature change and a possible plastic deformation, the values of these two
physical values are not clear when measuring only one sensor. Sensor-data fusion has to be
applied, as shown in Figure 9b as an example for one stress condition. Here, a temperature
change of 20 ◦C and a plastic deformation of 0.5% are present, clearly displayed by the
intersection of the single curves. Since there are only two unknown values, two sensors
would have been enough for a clear assignment.

With this procedure, it is possible to determine the unknown values for the temper-
ature change and the plastic deformation if the parameters of Equations (8) and (9) are
known. Additionally, the deformation only takes place in one direction. Here, the direction
parallel to strain gauge Sg 0◦ was chosen. If the direction of the plastic deformation on
a real machine component is completely unknown, then seven unknown values appear
in total: ΔT, εpl_x, εpl_y, εpl_z, εel_x, εel_y, εel_z. For there to be clear determination, all in
all seven sensors would be needed. The solution of the emerging nonlinear system of
equations would need the use of numerical algorithms such as Newton’s method [32], as
mentioned above. In this way, and with the sensors applied on a real machine component, a
measurement of the unknown values would be possible without interrupting the operation
of the machine. For example, the thin-film sensors could be used on the racetracks of roller
bearings by coating one of the bearing washers. In this use case, high loads can occur and
a plastic deformation of the bearing can negatively influence the machine component’s
behavior. Here, the sensor application is possible due to the advantage of the component-
inherent sensor thickness, which can be below 5 μm [11], even when the sensor-layer
system contains a necessary additional protection layer.
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Figure 9. (a) Exemplary resistance plot for strain gauge Sg 0◦ in dependency of the temperature
change and the plastic deformation according to Equation (8). Any elastic strain is set to zero.
(b) Correlation of the temperature change with the plastic deformation for exemplary visualization
with measured resistance values in a stress case with a temperature change of 20 ◦C and a plastic
deformation of 0.5% (see Equation (9)).

All in all, these investigations extend the state of the art concerning thin-film sensors
with regard to the influence of plastic deformation. Through sensor-data fusion and the
solution of linear (nonlinear) systems of equations, a statement can be made about both the
plastic deformation and temperature change (and elastic deformation) at the same time.

5. Conclusions

This article shows first-time results of degeneration effects concerning the influence
of plastic deformation on the properties of thin-film constantan strain gauges and plat-
inum temperature sensors. Due to changing sensor properties, such as initial resistance,
k-factor and temperature coefficient of resistance (TCR), the knowledge of their behavior
is mandatory to enable elastic strain measurements after plastic deformation, which can
occur in machine components due to critical loads. For the initial resistance, an increase
in the range of 1% was detected, depending on the alignment of the strain gauges. The
resistivity of the Al2O3 insulation layer showed a constant value of 2.2·1014 Ωcm up to a
plastic deformation of at least 0.9%. This results in a mean insulation resistance of 1.9 TΩ
which is sufficient for the application. For constantan, a nearly linear k-factor decrease
of 17‰ (9‰ for platinum) and an increase in the temperature coefficient of resistance of
62‰ (30‰ for platinum) per 1‰ plastic deformation could be observed until a sensor
failure above 0.5% plastic deformation (about 1.3% for platinum). Optical analysis revealed
that micro cracks are the reason. This new fundamental knowledge offers the potential to
operate the sensors outside of the elastic deformation conditions and to draw conclusions
about plastic processes in the work piece. In fact, intelligent sensor-data fusion enables the
clear interpretation of the measured resistance values so that the elastic deformation, the
plastic deformation and the temperature change can be determined precisely at the same
time. As shown in this article for only one direction of deformation and with the elastic
deformation set to zero, a linear system of equations has to be solved.

Based on the results, the position of the sensors can be chosen with respect to the
maximum expected plastic deformation based on simulations. Thereby, the conflict of goals
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can be addressed regarding a measurement signal and an as high as possible resolution
on the one hand and a long sensor lifetime at the other hand. Additionally, further elastic
strain measurements after a critical load in terms of plastic deformation are enabled.

In the future, the application of the developed sensors will take place on large-diameter
bearings coated with a unique sputtering system [33]. Therefore, a resilient protection
layer has to be used. Additionally, an algorithm for the solution of the nonlinear system of
equations has to be implemented. Based on the measured strains and normal and tangential
forces, the slippage and the temperature are to be measured.
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Abstract: Classical machine elements have been around for centuries, even millennia. However, the
current advancement in Structural Health Monitoring (SHM), together with Condition Monitoring
(CM), requires that machine elements should be upgraded from a not-simple object to an intelligent
object, able to provide information about its working conditions to its surroundings, especially its
health. However, the integration of electronics in a mechanical component may lead to a reduction
in its load capacity since the component may need to be modified in order to accommodate them.
This paper describes a case study, where, differently from other cases present in the literature, sensor
integration has been developed under the gear teeth of an actual case-hardened helical gear pair to
be used within an actual gearbox. This article has two different purposes. On the one hand, it aims to
investigate the effect that component-level SHM/CM has on the gear load carrying capacity. On the
other hand, it also aims to be of inspiration to the reader who wants to undertake the challenges of
designing a sensor-integrated gear.

Keywords: gear; gearboxes; sensor integration; sensor integrated gears; gear SHM and CM

1. Introduction

Classical machine elements have been around for centuries, even millennia. For
instance, mechanical gears can be traced back to the world-famous Antikythera mecha-
nism [1]; one of the very first founders of modern gear theory can be identified in Euler,
who in 1781, developed the mathematical formulation of the involute that later became
the basis of the modern gear [2]. A similar case is that of bearings, which were studied
by Leonardo da Vinci in his friction investigation [3]. However, despite being known and
used for centuries, the increasing day-to-day industrial demand for a safe, reliable and
lightweight mechanical system requires continuous research as a means to provide industry
with a proper solution. Within this context, as a means to increase the system reliability
(or at least reduce the occurrence of failure), the idea behind Structural Health Monitoring
(SHM) and Condition Monitoring (CM) plays an important role [4], especially for rotating
machinery [5].

Focusing on gearboxes, the current state of the art is to monitor the whole system
using additional sensor equipment which has to be attached to the outside (e.g., [6–17])
rather than on a single mechanical component, since sensors are not located directly on
the component. However, the advancements of SHM and CM are now moving towards
the idea of a smart mechanical element that, apart from performing the task it has been
designed for, is able to communicate information to the outside world about its working
conditions, especially its health.

Within this context, the SPP2305 German priority program has been established in or-
der to evaluate the development of smart machine elements [18] within 10 projects focused
on different machine elements. From a mechanical point of view, the basic requirement
for all these projects is that all the electronics have to be located inside the component,
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without requiring additional space. On the other hand, from an electrical point of view,
the components have to communicate with the outside world without cabling, implying
that each electronic system has to be self-powered and with a wireless data connection.
Examples of smart components being investigated and developed within the program are
screw, feather key, radial seals and, obviously, gears. Indeed, this paper presents the first
results of the SIZA (Sensor-Integrated Gear, in German Sensorintegrierendes Zahnrad) project,
in which prototypes of smart gears will be developed.

Indeed, current studies are now directing the field of condition monitoring to the
mechanical component. Furthermore, it is possible to find applications of measurement
systems for the SHM/CM of single machine elements. One of the early examples is the
work of Holm-Hansen, B. and Gao, R. X [19–27], where the feasibility of smart bearings
with micro-sensors is discussed from the point of view of both the bearing load carrying
capacity and SHM/CM. The concepts of a smart bearing have also been discussed recently
by Schirra, T. et al. [28,29]. Other examples for sensor integration in mechanical components
include feather key [30], fasteners [31,32], ball screw (e.g., [33,34]) and die (seen as part of
the overall stamping system) [35].

As a matter of fact, the idea of a smart gear has recently been proven to be a promising
and feasible idea by Peters, J. [36–38] and by Sridhar, V. [39]. However, their studies were
based on a spur gear geometry in an “open” gearbox (i.e., without housing), and the sensor
board was directly attached to the gear body. Therefore, in order to overcome the problem of
sensor integration, Binder, M. [40], focusing more on the sensor integration itself, proposed
to use additive technologies as a means to embed sensors and electronics inside the gear
body. Nevertheless, despite being advantageous for the sensor integration per se, additive-
manufactured sensor-integrated gears present some technological difficulties. Firstly, very
few data on gear load carrying capacity that can be used for additive-manufactured gear
design are available in the literature (e.g., [41–43]). Secondly, the idea of embedding the
sensor in the initial manufacturing phase implies that all electronic components must
survive the mandatory heat treatment temperatures for high performance gears. As an
alternative, the gear would not be heat treated, adopting a material with a low-load capacity
with a detrimental effect on the gearbox dimensions.

Within this context, the implementation of SHM/CM within gears made of classical
materials (e.g., case hardened steel) seems to be a rational idea. Indeed, those kinds of mate-
rials are well known for both their technological and load capacity points of view. Moreover,
as the electronics will be fitted only after manufacturing, the aforementioned temperature
problem is no longer an issue. However, this idea also implies that the gear body must
undergo important modifications in order to accommodate all the electronics, and the effect
that such modification will have on the gear load carrying capacity is unknown.

Here, in order to discuss the implementation of in-situ gear SHM/CM and the effect
that sensor integration has on gears, an actual gearbox is adapted as a reference case. The
aforementioned gearbox, and the related case-hardened helical gears, have already been
developed and used in previous studies (e.g., [44–48]). Figure 1 shows the modification that
the original gear geometry will undergo in order to accommodate all sensor boards inside
the gear, underneath the teeth. Indeed, the gear body will be modified by creating the
various ports adopting classical machine tools (e.g., lathe and milling machine). However,
as the gear body is strongly changed by the sensor-integration requirements, the stress
acting on the component also varies. Therefore, the load carrying capacity of the component
is affected as well. Nevertheless, the said variation is not discussed in the literature.
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Figure 1. The proposed final gear body geometry (left) that has been defined by modifying the
original one (right).

Therefore, this article has two different purposes. On the one hand, it aims to investi-
gate the effect that component-level SHM/CM will have on the gear load carrying capacity.
On the other hand, thanks to the critical discussion about the design choices, as well as
the adopted evaluation tools, it also aims to be of inspiration for the reader who wants to
undertake the challenges of designing a sensor-integrated gear.

2. Definition of the Components

The gearbox that has been chosen in order to implement the component-level SHM/CM
system is part of a back-to-back test rig with a center distance of 112.5 mm, whose typical
maximum working conditions are 1000 [Nm] at 3000 [rpm]. The working principle of the
112.5 test rig is completely similar to the one of the more famous 91.5 test rig (shown in
Figure 2), which is a part of the ISO 14635 [49]. The test rig is composed of two gearboxes
with identical gear ratios; one of which is over-dimensioned (i.e., the slave gearbox) in
order to localize the failure on the other one (i.e., the test gearbox). Interested readers are
directed to ISO 14635-1 [49], where power-recirculating gearboxes are described. The test
gearbox features a 22/24 gear pair, mounted on the shaft using a tapered interference fit.
Table 1 lists the gear pair macro geometry data. The gears are made of 18CrNiMo7-6 and
have been subject to classical industrial-level case hardening. More detail about the gears
can be found in [44–48]).

Figure 2. Reference scheme of the 91.5 power-recirculating test rig [50].
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Table 1. Main geometrical data and calculated safety factors acc. to ISO 6336 [51–55].

Name Symbol Pinion Wheel U.M.

Number of teeth z 22 24 -

Normal modulus mn 4.25 Mm

Normal pressure angle αn 20 ◦

Helix angle β 29 ◦

Profile shift coefficient X 0.100 0.077 -

Centre distance a 112.5 Mm

Tip diameter da 117.70 127.30 Mm

Addendum factor of the basic rack h∗ap 1.55 -

Tooth root radius factor ρ∗f P 0.25 -

Facewidth b 27.6 Mm

Torque T 1000 Nm

Rotational velocity n 3000 Rpm

Working hours H 2000 H

Contact stress σH 1528 1527 MPa

Pitting stress limit σHG 1536 MPa

Safety factor, pitting SH 1.01 1.01 -

Nominal tooth root stress σF 432 433 MPa

Allowable stress number for bending σFE 950 MPa

Safety factor, tooth root bending fatigue SF 2.10 2.09 -

Table 1 reports the safety factor for tooth root bending fatigue and macro pitting
calculated according to the ISO 6336 framework (i.e., [51–55]). As the adopted geometry
was part of a research project regarding contact fatigue, the gear geometry has been defined
in order to have a high level of tooth root and flank safety, while respecting the test rig
constraints (e.g., the center distance of 112.5 mm).

Moving into the electronic aspect, the implemented SHM/CM system features several
sensors that have been defined based on the current state of the art, as well as on the
author’s experience. Firstly, two accelerometers are adopted as a means to detect gear
torsional vibration. Indeed, this peculiar system has been proven to be a valid methodology
for evaluating gear dynamic behavior [56,57]. Secondly, a thermocouple is included as tooth
temperature (and its sudden variation) can be related to tribological damages (e.g., [58,59]);
in order to enhance this aspect, the sensor is placed as close as possible to the contact
area. Finally, a Hall-effect sensor is included as a means to obtain information about the
rotational speed as well as a microphone, since it can be a cost-effective alternative to an
accelerometer. The sensor system is managed by a microcontroller which elaborates sensor
data and then provides information about the health status of the component. During the
project, the connection of the boards with the outside world will evolve gradually from
a cabled connection (via slip ring) to a wireless connection. A similar approach will be
followed for the power source of the sensor board, moving from an external board to an
integrated board (batteries using an energy-harvesting technique). The selected sensors
and microcontroller are deliberately standard-grade electronic components. All aspects
of the measurement technique, SHM/CM software, data and energy management is the
subject of current research and future publications.
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3. Definition of the Gear Body Shape

The development of a smart machine element poses the problem of the conflict of
interest between the load carrying capacity of the components and the SHM/CM system
reliability. The aim is to have the best possible SHM/CM system without significantly
affecting component strength.

In the case of the gears, from the SHM/CM point of view, one aim should be to fit as
many sensors as possible. Then, because of the shorter signal path and the related lower
signal-to-noise ratio, the sensors should be placed as close as possible to the gear meshing.
However, this would lead to a significantly reduced load carrying capacity. Furthermore,
the working conditions would be very demanding for the electronic components due
to high temperatures and vibrations associated with that region, posing the problem of
electrical component durability.

Another challenge when implementing electronics is the board dimensions. Generally,
the sensor boards should be as small as possible. Nevertheless, electronics also imply
some limitations from a manufacturing standpoint. Indeed, the sensor boards include not
only the sensors, but all the necessary internal connections between electronic components.
Therefore, their minimum dimensions are limited.

Therefore, the gear body has been modified in order to have the smallest boards, as close
as possible to the gear contact, without unreasonably affecting the load carrying capacity.

A first attempt to define a new gear body geometry has been to adopt the annular
board, as proposed in [36–39]. Figure 3 shows two geometries which have been designed
considering an annular sensor with a 10 mm width. The geometry in Figure 3a also includes
5 mm of radial play in order to leave gaps for the spacer.

 

Figure 3. Examples of not-feasible gear body geometries. (a,b) are two possible geometries with a
different position and size of the sensor board.

However, despite being relatively simple, this presents several problems. Firstly, the
tapered interference fit is not symmetrical with respect to the gear. If the power flow
enters from behind (in respect to Figure 3 view), the problem of fretting may occur at the
shaft/hub connection due to the unfavorable power flow [60]. Secondly, half of the teeth
are unsupported, with detrimental effects on the tooth root bending fatigue resistance
(e.g., [52,61–66]). Finally, this geometry also implies difficulties when transmitting the axial
load generated by the helical gear meshing.

Therefore, taking inspiration from the concept of lightweight gears (e.g., [67–69]), an
alternative sensor configuration has been studied. This configuration is based on the idea
of having several boards placed in different positions and connected by cables, instead of
having one single board. The final geometry is shown in Figure 1. The gear body, as well as
the related port dimensions, have been defined after several iterations in which both boards
and port locations have been defined in order to reduce their effect on the gear carrying
capacity. One challenge was the imbalance of the resulting gear body due to the presence of
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different boards, as well as the presence of some internal walls within the ports. However,
such unbalancing, if not prevented, may lead to a higher load acting on the gear than the
nominal load. This aspect will be addressed by adopting the industrial-level balancing
technique after the gear and boards are manufactured. Figure 1 geometry also features
threaded holes which are necessary for the connection with other experimental equipment.

Nevertheless, the load carrying capacity of this new geometry must also be evaluated.
Considering this specific case, the new geometry will be assessed by looking at the tapered
interference fit and the tooth root bending strength.

4. Evaluation of the Sensor Port Effect on the Interference Fit

Starting from the interference in the contact area, several analytical calculation methods
have been proposed as means to evaluate the phenomena occurring within interference fits
(e.g., [60,70,71]). Those calculation methods are based on the evaluation of the radial stress
generated in the shaft-hub region for a full body gear, that is not the case with the proposed
gear body. Furthermore, as observed in experimental campaigns on compound gears [72],
variation in the gear body stiffness can lead to a reduction in the contact pressure, leading to
the presence of undesired relative movement. As the proposed gear body geometry features
important modifications, considering that numerical methods have proven their validity in
evaluating the shaft-hub connection with an interference fit specifically (e.g., [70,73,74]),
FE models have been adopted as a means to estimate the component behavior. All FE
simulations discussed here have been performed using ABAQUS 2020.

For all the evaluated geometries, two cases with different shaft/hub interference have
been simulated, aiming to evaluate two different aspects. On the one hand, the models that
adopt the minimum interference estimate the contact pressure p acting on the contact area
A. This quantity is related to the maximum torque that can be achieved (e.g., [60,70,71]).
On the other hand, the models with the maximum interference allow the estimation of the
overall stress acting on the component.

Interference fit simulations were carried out adopting quadratic hexahedral, estab-
lishing an interference fit between the contact surfaces. Whenever possible, symmetricity
has been adopted in order to reduce the computational time, without including the teeth,
limiting the external diameter to the tooth root. Figure 4 illustrates the principle behind
such simulations, with a particular focus on the mesh. Both the baseline case and the case
with the sensor port have been simulated.

 

Figure 4. FE simulation procedure for the evaluation of the port effect of the interference fit.

Concerning the specific case, the interference fit must be able to transmit, by means of
friction, both the axial load generated by the meshing of helical gears and the torque itself.
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In the contact area, they are transferred by means of two different frictional stresses, one in
the circumferential (i.e., torque) and one in the axial direction (i.e., the normal force) [71],⎧⎨⎩ τθ = T

πdl d
2

τz =
Fa

πdl =
T

mnz/2
tan(αn)

cos β
1

πdl

(1)

where τθ is the circumferential radial shear related to the applied torque T, while τz is the
axial shear due to the axial force Fa. d and l are the hub diameter (average) and length,
respectively. This approach averages the acting load over the total contact surface, neglecting
any local effects due to the acting concentrated load in the gear mesh. Nevertheless, consider-
ing the general proportionality of friction force and total acting force, it seems reasonable for
the intended application. As τθ and τz are in perpendicular directions, they are summed by
means of Pythagoras theorem in order to find the total friction shear stress τtot.

In order to withstand the applied forces/moments, it is necessary that the interference fit
assures a contact pressure pmin, which is related to τtot by means of the friction coefficient f :

pmin =
τtot

f
(2)

In order to be conservative, f equal to 0.1 has been chosen.
Here, as the modified case presents a nonuniform contact pressure, pmin will be

then compared with pavg,FEM, that is the average contact pressure estimated by means of
FEM. Therefore, a safety factor for the interference fit SIF is defined accordingly. Table 2
summarizes the results. This implies that the stiffness modification generated by the sensor
integration requirements is reducing the safety factor maximum transmissible torque by
approximately 16%. Considering that the maximum transmittable torque (not calculated
here) is linearly related to the contact pressure in the interference fit region, the maximum
transmissible torque in the shaft/hub region is reduced by 16%.

Table 2. Input data and calculated safety factors for the interference fit.

d l T τθ τz pmin pavg,FEM SIF

mm mm Nm MPa MPa MPa MPa -
Baseline

50 55 1000 4.63 1.372 48.3
220 4.56

Modified 186 3.85

Figures 5 and 6 show the von Mises stress distribution for the case with the sensor
port. Neglecting the edges, where the high constant stress is due to the fact that chamfers
have not been modelled, it is possible to notice that the most stressed area is the port. This
peculiar situation can be related to how the component stiffness is distributed. Indeed, the
more rigid parts (i.e., the one without the sensor port) try to modify their position, moving
away from their undeformed position. This movement is impeded by gear sections with
the port that act as a spring, keeping the gear body joined. Therefore, this section results
in being highly stressed. As can be seen in Figure 6, the highest stress in that location is
around 580 [MPa]. It is worth mentioning that while evaluating the feasibility of the current
geometry, this aspect resulted to be the stricter one.

Furthermore, it is possible to notice that the external diameter region corresponding
to the tooth root is subject to non-negligible stress. This is also confirmed by the literature,
where the effect of the interference fit on the tooth root stress is investigated (e.g., [73–76]).
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Figure 5. FE results of the interference fit.

Figure 6. FE results of the interference fit, with a focus on the stress inside the sensor port.

5. Evaluation of the Sensor Port Effect on the Tooth Root Stress

A first attempt to estimate the effect that sensor integration will have on the tooth
load carrying capacity can be carried out following the classical gear standards, such as
ISO 6336-1 [50] and ISO 6336-3 [52]. On the one hand, by means of the gear blank factor
CR, which modifies the gear stiffness, ISO 6336-1 [50] allows designers to include the effect
of the gear body shape within the classical gear assessment methods. On the other hand,
the effect of the rim thickness on the tooth root stress is also included in ISO 6336-3 [52]
by means of the rim thickness factor YB. It is worth mentioning that according to ISO
6336-2 [51], the rim thickness has no direct effect on the contact stress.

However, [50,52] consider a simple gear geometry, in which the whole gear body
presents a thin rim. That is, while it seems reasonable to evaluate the possibility of a purely
standards-based assessment for a gear body with a shape similar to those shown in Figure 3,
the same cannot be applied to the proposed geometry because the result outcome is quite
different to the standard. Hence, the necessity of adopting a generalized evaluation method.
Following the suggestion of [61–66], numerical models have been implemented.

Here, static meshing gear simulation has been evaluated by following the procedure
described in previous papers [77,78], where the simulation is carried out in separate
rotational steps. Two separate reference points, located at the center of each gear, are
connected to the gear hub by a multi-point constraint. Tooth flank contact is defined by
surface-to-surface contact. The pinion is fixed while the wheel is free to rotate. When
torque is applied on the wheel, it rotates by a small quantity in order to establish the loaded
contact between teeth flanks, and the load is then transmitted from one gear to the other.
Figure 7 summarizes the FE procedure. All the FE simulations discussed here have been
performed using ABAQUS 2020.

182



Machines 2022, 10, 888

 
Figure 7. FE simulation procedure for the estimation of tooth root bending stress. The “ ”” symbol
rep-resent an encastre while the “ ” one represent a locating-type constraint.

Several rotational steps are then simulated thanks to an external phyton code which
rotates each gear on its axis by a rotational step that depends on the wheel/pinion number
of teeth and the number of the simulation step. The comparison was been made by looking
at the meshing position that results in a higher tooth root stress. Following the indication
of Conrado, E. and Davoli, P. [65], the maximum principal component of the stress tensor
is adopted as a reference stress.

Here, it is worth mentioning that the FE tooth root stress result and the result estimated
according to the ISO 6336 series framework [50–53] cannot be directly compared. Indeed,
even though they are both estimating a stress in the tooth root region, the estimated stress
values are calculated with different assumptions and methodologies, and cannot be directly
compared. The stress number predicted by ISO 6336-3 [52] is the maximum local principal
stress, calculated by considering only the tangential force and evaluated at 30◦ tangents to
the contact of the root fillets, while the stress predicted by FEM is a stress tensor, defined
all over the model, which considers all the forces exchanged by the teeth.

In order to reduce the computational time, the calculation procedure was based on
two models. The first, based on tetrahedral elements, estimated the load sharing between
teeth. Then, a second model based on hexahedral elements exploited the sub-modeling
technique in order to estimate the actual tooth root stress.

Both the original geometry, the modified geometry (i.e., with the port), as well as the
geometry with the hole for the thermocouple were simulated. However, due to the complex
geometry, it was not possible to proceed with the sub-modelling for the case with the hole
for the thermocouple. Figures 8 and 9 show an example of results for the main model with
port and its sub-model, respectively. Figure 10 highlights the contact area estimated for the
case in Figure 9. The calculated contact area was in agreement with the general assumption
that the contact line ending at the top edge of a helical gear is relevant for maximum tooth
root stress levels [79]. The calculated equivalent stresses are summarized in Table 3.

Table 3. Maximum tooth root stress estimated by the FE models.

σI
[MPa]

σV M
[MPa]

Original Geometry Main model 396 337
Sub model 336 290

Modified Geometry Main model 407 353
Sub model 349 302

Modified Geometry with thermocouple hole Main model 440 380
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Figure 8. Example of main model FE results showing the maximum principal stress (Modified Geometry).

Figure 9. Example of sub-model FE results showing the maximum principal stress (Modified Geometry).

Figure 10. Example of sub-model FE results showing the contact pressure (Modified Geometry).

Nevertheless, in order to properly estimate the effect of sensor integration within the
tooth root, it is necessary to consider that the interference fit is loading the root region, as
shown in Figure 5. However, while the meshing stress can be schematized as a pulsating
stress, the same cannot be done for the interference fit because it is a constant stress.
Therefore, a simple arithmetic summation of the stress is not correct from the point of
fatigue, but considering the multiaxial nature of the stress, high-cycle multiaxial fatigue
criteria were adopted. Among the numerous criteria available in the literature (e.g., [80]),
considering the simple load case, the Sines criteria was adopted.
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Hence, the stress tensors estimated by both the two FE models were extracted and
combined. The equivalent stress was compared for the cases as a means to estimate the
effect of the gear body modification. The result of such comparison was the ratio between
the various representative stress levels. Both cases with and without the interference fit
were evaluated. Table 4 summarizes the results. As can be seen, the effect of the interference
fit was predominant. Therefore, its neglection would have led to an underestimation of the
sensor port effect. In any case, if the ratios Table 4 were considered as factors multiplying
the tooth root stress, thanks to proper gear design, SF always remains higher than 1.5.

Table 4. Estimated effect of the sensor integration in the tooth root bending stress.

Without Interference Fit With Interference Fit

Modified Geometry Main model 1.05 1.12
Sub model 1.04 1.12

Modified Geometry with
thermocouple hole Main model 1.13 1.22

6. Results and Conclusions

Within the context of the development of smart mechanical elements, the effect of
sensor integration within a gear has been discussed. The focus of this article was an actual
case-hardened helical gear pair to be used within an actual gearbox. This article shows
that sensor integration in an industrial-grade gear is a feasible idea, however, the designer
should expect a reduction in the gear load carrying capacity.

After introducing the proposed gear body modifications and their rationale, a pro-
cedure for estimating the related load carrying capacity reductions was presented. Due
to the limitations of the classical analytical approach, a FE procedure was adopted. The
performed simulations aimed to evaluate the influence that the addition of the sensor ports
had on the load carrying capacity of the gear.

Interference fit simulations were performed in order to estimate the effect of the sensor
port on the tapered interference fit. Meshing gear simulations were also conducted as a
means to evaluate the impact of the sensor port on tooth root stress.

The effect of the geometry modification was estimated by comparing the results
of both the modified and the unmodified gear pair, adopting the model with the same
parameters (e.g., element type and dimensions). Furthermore, in order to consider the
interaction of gear meshing and interference fit, the Sines criteria was adopted as a means
to determine the effect of the sensor integration on the tooth root from the point of view
of fatigue. The geometry proposed here is indeed the product of all the aforementioned
considerations. During its development, thanks to robust gear design (i.e., see Table 1 safety
factor), the real bottle neck was found to be in the interference fit rather than in the tooth
root bending strength.

As a general result, it holds that the proper design of a sensor-integrated gear needs to
trade part of its load carrying capacity for the additional intelligence in the form of space
for sensors.

Only static behavior has been considered. Since gear stiffness is modified by the sensor
integration and load sharing between the teeth, the Noise Vibration Harshness (NVH)
behavior will also subsequently change. This aspect will be a part of future numerical and
experimental analysis.
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