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Sustainable Gearbox Dimensioning Based on Real Loads 

M. Lehmkuhl 

Flender GmbH, Am Industriepark 2, 46459 Voerde, Germany  

Keywords: Loadmonitoring, Fit for purpose, Load spectrum, Gearbox dimensioning, Smart gearbox, Digital gearbox, 

Sustainable gearbox 

Abstract: Modern computer calculations allow effective and accurate designs of gearbox 
components. Common ways to get load cases for these calculations are less accurate. Presumed 
loads are often based on past damages, low dynamic motor current measurements or experiences 
of the past. To compensate the missing knowledge, higher safety factors are typically selected. This 
conservative way of dimensioning entails the risk for oversizing.  

A few years ago, there was only a low transparency of real loads and dynamics in the industry. A 
low count of damages together with expensive measurement projects indicates the general tendency 
for oversizing. In 2017, a low-cost measurement system for gearboxes was developed by Flender. 
Cost-effective speed and torque sensors as well as a smart data logger form the basis for this 
system. The development enabled the measurement of load data in a huge amount. Many different 
industry applications could be observed up to now. 

The paper shows the project status. Measurement results of selected applications and their 
consequences are discussed. An overall view of the present results is giving an idea on how many 
tons of steel, energy and other resources can be saved by focusing on real loads during design 
processes. This process is based on the fit for purpose approach. The reader can see how this 
approach will be pushed to a new level and how a sustainable and modern standard in drive train 
dimensioning will be enforced by Flender. 

1 Introduction 

1.1 Initial Situation 

Today’s possibilities of computer aided calculations allow high effective and accurate designs of 
gearbox components. The common ways to obtain the load cases for these calculations are less 
accurate. Unexpected and undetected load cases, like overloads or alternating loads result in 
damages. Presumed loads are often influenced by past damages or low dynamic motor current 
measurements. To compensate the missing knowledge about real occurring loads, it is typical to 
select higher safety factors. 

A few years ago, there was only a low transparency about the occurrence of oversized gearboxes 
in the industry. Many OEM do not investigate the occurring loads of all individual projects. A low 
count of damages combined with a few complex and expensive measurement projects indicates the 
general tendency for oversizing and wrong expectations. 

1.2 Objective 

To support a sustainable dimensioning process and optimal drive behavior, Flender planned to 
integrate robust and low-cost measurement set ups into gearboxes in a standardized way. This 
measurement set up records real occurring load data. Flender approached several OEM and 
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operators to participate in this project. Within close cooperations between involved parties, a 
standardized analysis evaluates the raw data and provides load collectives, application factors and 
information about unexpected operating conditions and dynamics. Unexpected or harmful conditions 
can be reduced or avoided after visualizing. 

A subordinate aim is to compare different applications to obtain new or validate existing assumptions. 
Additionally, the savings potential should be visualized and possible ways to realize them should be 
discussed. 

1.3 Structure 

To achieve the mentioned goals, chapter 2 explains the general concept. The integration of the full 
measurement set up and smart ways of logging the data are mentioned. Furthermore, the evaluation 
concepts for extrapolating measured data and deriving load cases for design, calculation and 
comparison tasks are described. Chapter 3 covers the current situation of the “load monitoring-
project” in an overview. The results of different measurements are shown in an aggregated form. 
Two selected examples of a roller press application are displayed in detail. The results are followed 
by a discussion. In the end current and planned measures describe how Flender sets a modern 
ecologic and economic digital standard in the industry worldwide. 

2 Concept 

2.1 Gearbox Measurement Set UP 

Sensors: In most cases, speed and torque are setting the limiting and design-relevant loads. 
Consequently, the measurement set up consists of a speed and torque sensor as well as a data 
logger. High quality torque measurements are expensive. So Flender developed an own combined 
torque and speed sensor with a bandwidth of around 1 kHz. The sensor has a deep integration into 
the gearbox. The whole assembly is integrated into the gearbox series production. An internal 
mechanical calibration test bench guarantees for a measurement uncertainty of less than 0.3 %. The 
experience of more than 1,000 calibrated gearbox shafts, show the robustness of the system for 
long term measurement tasks.  

Datalogging: A representative measured load case must include data of a certain time range. The 
exact time range depends on the type of application and on the process continuity. In many cases 
the needed time range covers a year. Under consideration of a sample rate of more than 1 kHz, the 
amount of data is too large to handle it with a cost-effective data logger. Flender developed a smart 
data logger, which uses smart counting methods and short event triggered recordings for special 
operating events to reduce the data. Torque level thresholds are configured to trigger time records 
of torque and speed signals. The thresholds are selected to recognize harmful and unknown 
operating conditions. After revealing them, the process can be improved. Level distribution counting 
(LDC) and rain flow counting (RFC) matrices according to [KÖH10] enable a memory saving way to 
store load information over years of measurement. 

2.2 Evaluation Methods 

Extrapolation of Matrices: Matrices that are measured within a representative time range must be 
extrapolated to a standard time range. This enables comparisons and forecasts for components 
lifetime. One possible extrapolation method is the linear extrapolation. Higher loads, which might 
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appear in future, are not considered in this model. To consider them, methods based on kernel 
smoothing or probability distribution functions according to [JOH01] are possible. All non-linear 
methods use freely selectable factors. These factors have a high influence on the extrapolation 
result. To find the most suitable way for extrapolating, Flenders analysts investigated the existing 
matrices at different time states and worked out the best fitting algorithm for industrial gearboxes. 

Loads of LDC. A load presumption for gearbox dimensioning can be derived from the extrapolated 
LDC matrix. The matrix must be transformed to a discrete load spectrum. Figure 1 shows the LDC 
matrix on the left and the derived load spectrum with its extrapolation on the right. 

 

Figure 1: LDC matrix and derived load spectrum with extrapolation 

This spectrum consists of two kinds of values: First are the torque values (Y-axis), second are the 
associated and cumulated counts of load cycles (X-axis), which are displayed logarithmically. The 
load spectrum is the basis to determine the equivalent load 𝑇  according to [ISO19] and [DIN12] at 

the given number of load cycles. The application factor 𝐾  describes the load components that are 
overlaying the operational torque level. Following [ISO19], the application factor can be calculated 
as the ratio of 𝑇  and the measured operational torque 𝑇  for the component with the highest count 

of load cycles. Equation 1 compares the measured operational torque 𝑇  and the specified 

operational torque 𝑇  . It can be seen as an indicator for the accuracy of the presumed 

specification of operating torque. In the following, this KPI is called “specification knowledge”. The 

utilization of the gearbox capacity can be determined with the ratio between 𝑇  and the endurance 

strength 𝑇  (Eq. 2). This is an indication for the utilization of the gearbox. For values ≥ 1, the 

gearbox operates in time fatigue area. For values ≤ 1, the gearbox operates inside endurance range. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐾𝑛𝑜𝑤𝑙𝑒𝑑𝑔𝑒 =
𝑇

𝑇  
 Eq. 1

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
𝑇

𝑇
 Eq. 2

Loads of RFC: Dynamic load cases for gearbox components can be derived from the extrapolated 
RFC matrix. Pulsating or alternating amplitudes, which are independent from revolution count can 
be obtained.  

The measured RFC matrix must be transformed into an amplitude vector, so called amplitude 

spectrum at the mean value of 𝑇  [REN12]. This amplitude spectrum is the basis for further strength 
verifications according to [REN12]. Load cases for design tasks must be calculated based on the 
individual component-based characteristics. 
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Figure 2: Equivalent amplitude spectrum for a mean value=0 kNm (pulsating = green, 
alternating = orange) derived from RFC matrix 

A method to detect and distinguish pulsating or alternating load cases in the RFC matrix is shown in 
Figure 2. The RFC matrix on the left is separated into different sections. The pulsation sections 
(green) and the alternating sections (orange). For both kinds of sections, the damage equivalent 
amplitude at a mean value of 0 kNm can be calculated out of the derived amplitude spectrum (right). 
Afterwards they are normalized to the operational torque. The resulting value shows the relevance 
of the dynamic part in relation to the operational torque. Dominant pulsating or alternating dynamics 
can be recognized quite easy in this form. 

3 Data Acquisition 

3.1 Overview 

All measured data belong to 26 different applications so far. Six of these application categories 
already include enough data to be statistical relevant. Figure 3 shows the detailed distribution. Due 
to statistical reasons, all following results refer to the mentioned six applications. 

 

Figure 3: Distribution of analyzed data sets according to application categories 

In total the analyzed matrices include the data of more than 350,000 hours of operating time. 38,584 
time signals were evaluated to support optimization of system operation. These time signals were 
categorized into Six distinct types of condition (table 1). 
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 Condition Count of time signals 

Expected 
Operation procedure 
Startup procedure 
Stop procedure 

32,803 
711 

1,067 

Unexpected and atypical 
Strong alternating loads 
High torque dynamic 
Harmful fatigue operation 

890 
1,628 
1,485 

 

Table 1: Amount and categorization of measured time signals 

3.2 Results 

General Utilization: According to chapter 2.2, the specification knowledge and utilization are 
calculated for each measured gearbox. The distributions of these KPI are shown in Figure 4. A red 
“X” marks the mean value. 

The box plot on the left side shows, that only ¼ of the measured gearboxes are operating in a rough 
range of their presumed specification, all others are below. Approximately the half of all measured 
gearboxes did not achieve 50 % of their own specified operational torque. The utilization of 
endurance limit on the right side indicates a smaller distribution. 5 outliers with a high utilization can 
be observed. Two of them are above 100 %. These gearboxes are operating in the time fatigue 
range. ¼ of the measured gearboxes are operating above 60 % of their endurance limit. ¾ of all 
measured gearboxes are below. Partially the gearboxes are only operating at 15 % of their capacity.  

 

Figure 4: Distribution of specification knowledge and endurance limit utilization 

Utilization According to Application: Figure 5 presents the specification knowledge and utilization 
referred to different applications. Both KPIs differ a bit in most applications. This is because of 
different dynamic components in the operational behavior, which is not considered in the KPI 
“specification knowledge”. Only some gearboxes of application 2 and 6 exceed the specified torque, 
but most of them are much lower. Application 2 shows a wide distribution. A detailed view inside the 
operation shows that the accuracy of specification differs per customer. Except the two outliers at 
application 3, the distribution of specification and endurance limit utilization is low. In most cases, 
the given specified torque for the gearboxes of application 3 is presumed 25 % to high. Further safety 
factors lead to an endurance utilization of less than 60 %. At application 4 the utilization of endurance 
limit is higher, partially in the range of time fatigue strength. Such an arrangement can appear in 
cases of unknown strong dynamics.  
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Figure 5: Distribution of specification knowledge and endurance limit utilization according to 
applications 

Additional Loads: Figure 6 displays the application factors according to applications. It is noticeable 
that the application factors have a certain distribution in every application. In detail the application 
factor is strongly influenced by the given machine and drive train structure as well as the 
configurations inside the machine control system. 

 

Figure 6: Measured application factors KA assigned to application 

According to chapter 2.2, the relevance of pulsating and alternating loads was calculated for each 
set of data (Figure 7). An idea for interpreting the values is given in table 2. 

Range of normalized equivalent amplitude Relevance 

≤ 0.5 Not relevant or existing 

0.5 to 0.8 Relevance is moderate, but clearly present 

0.8 to 1.5 Relevant dynamic components in operation 

≥ 1.5 Highly relevant and strong dynamic operation 
 

Table 2: Relevance of normalized equivalent amplitudes 

The measured gearboxes for application 1 include different drive concepts, OEM, and operators. 
The distribution of them is small. This means that the process is comparable. Except some outliers, 
the dynamic components moderate or not relevant. In application 2 and 4, the picture is different. 
Some measurements show no relevant pulsating or alternating components, others show many 
strong dynamics. A detailed view inside these data shows different OEM and drive concepts. Some 
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OEM have done many investigations in the past to become aware of these dynamics and get rid of 
them. Others updated their specification, to get reliable components. 

 

Figure 7: Relevance of alternating and pulsating load components in different applications 

Example of Two Roller presses: Following two examples of roller presses show the difference of 
operational behavior at various operators and drive configurations. Figure 8 shows the LDC and RFC 
matrices of two roller press applications. On the left side the matrices of a roller press with variable 
speed is plotted. On the right side a fixed speed design can be seen. The variable speed roller press 
operates continuous at the same torque level. Only small alternating loads can be obtained. The 
fixed speed drive underlays hard pulsating and alternating loads.  

  

  
 

Figure 8: RFC and LDC matrices of two different roller presses 
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A comparison of all relevant KPI is shown in Table 3. The operator of the variable speed roller press 
made good assumptions during the specification process. Operational torque is slightly above the 
specified torque, whereas the operator of the fixed speed roller press just achieves 50 % of his 
assumed operational torque. According to the endurance utilization, both gearboxes still have 
unused capacities. This may be due to high safety factors. Application factor and relevance of 
amplitudes confirm the first impression of the RFC matrices. Dynamic components of the variable 
speed drive just have a low relevance, while the dynamic components of the fixed speed drive are 
strong and relevant for the design. 

KPI Variable speed drive Fixed speed drive 

Specification Knowledge 
 

 113 % 50 % 

Endurance Utilization  63 % 48 % 

Application Factor KA  1.4 2.2 

Relevance Alternating Amplitudes 
( )

 0.3 1.8 

Relevance Pulsating Amplitudes 
( )

 0.5 1.0 
 

Table 3: Comparison between variable and fixed speed roller press behavior 

4 Conclusion 

4.1 Discussion 

The overview in Figure 4 shows that close cooperations between Flender and customers can improve 
the precision of specifications. Many specifications are too high compared to real operating points. 
A deeper look into Figure 5 presents that this potential concerns every investigated kind of 
application. A view into the endurance utilization confirms this. Extracted from the overall view of 
endurance utilization, just a few gearboxes use their potential suitable. 

Some applications show another view. E. g. application 4 demonstrates that the measured 
operational torque is lower than specified, while the utilization is significant higher. High dynamic 
loads that were not expected can lead to this phenomenon. If the operator raises the operational 
torque to the specified, the dynamic components could damage the gearboxes. 

The application factor should consider these added loads, but due to many influencing factors the 
measured application factors have a noticeable distribution. Extracting one application factor per 
application is not reliable. The more expedient approach is to visualize the given dynamic and get 
into intensive discussions with the customer. Flender already made the experience that these 
customer discussions lead to more awareness for unknown loads like high dynamics. In many cases, 
slight changes in the operators control configurations can reduce harmful operations significantly. 

Both examples of roller presses show the influence of different drive concepts and configurations to 
the operational behavior. The shown fixed speed drive underlies high and unexpected dynamics. 
The other example of the variable speed drive fits well to the specified operational torque. The 
operator shows a stable and continuous behavior of his process. Due to this well controlled 
operation, the gearbox size could be reduced up to two sizes (see Figure 9) and can still be able to 
operate in time fatigue range for more than 20 years. 
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Figure 9: Load Spectrum of variable speed roller press 

Derived from the made experiences and results, three steps will lead to a sustainable dimensioning: 

1. Obtain process transparency. 
2. Get rid of harmful conditions and optimize drive efficiency. 
3. Flender determines a representative load collective for a sustainable and reliable 

dimensioning together with the OEM. 

4.2 Derived Measures 

Flender recognized the importance of transparent operating behavior. The goal is to get more precise 
specifications and optimize drive conditions. The described measurement projects deliver 
information about real occurring loads and unexpected harmful conditions. Due to intensive 
exchanges, OEM and operators can avoid unexpected harmful conditions and configure their plants 
for an optimal behavior. Further specifications can be reduced without the probability of damages. 
The results show that some of the huge potentials can already be collected. A specific example for 
this is shown within the data evaluation of the variable speed roller press. Flender supported the 
customer to obtain a great awareness about his drive behavior. It is presented in detail that the 
gearbox size could be reduced significantly. Next to the respectable cost and oil reduction, 1,100 kg 
of steel can be saved only for the gearboxes of this roller press. The saved primary energy 
corresponds to 5,573 kWh [WIR22]. For comparison reasons: A German family with three or more 
persons had a total energy consumption of 4,919 kWh in 2019 [STA22]. 

4.3 Further Procedure 

Flender took the learnings from this study and considered how they may benefit customers. Under 
the new service Flender “AIQ®”, smart and digital solutions provide important information like drive 
train reliability, behavior, possible optimizations hints, predictive maintenance and more. Many 
possibilities to integrate this information into their process enable each customer to participate in 
digital gearbox solutions. All Future developments at Flender industry gearboxes will have a basic 
level of intelligence. 

With developments inside the AIQ portfolio the overall costs for the load monitoring measurement 
set up will decrease significantly. For this, the number of load monitoring projects with torque and 
speed measurement will increase in future. With these measures, new smart gearboxes from 
Flender will set a modern ecologic and economic digital standard in the industry worldwide: Many 
kilo tons of steel, GWh of primary energy and thousands of liters oil will be saved. Especially in times 
of resource scarcity, this will be a noticeable contribution for a sustainable industry. 
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Abstract: Emerging electrification trends in mobile hydraulics increase the demand for highly 
efficient external gear pumps. Regarding volumetric efficiency, the radial bearing clearance is one 
of the most important geometric parameters of these pumps. It influences the positioning of the gear 
shafts and therefore possible misalignments of the gears like axial tilt. These misalignments in turn 
change important sealing gaps, for example in the tooth contact, and consequently affect the 
volumetric efficiency. For this reason, the radial bearing clearance must be adjusted accurately with 
low tolerance. To achieve this, there are various technologies available to reduce the inner diameter 
tolerance of the assembled plain bearing sleeves (i.e., plain bearing materials and methods for 
tolerance reduction like calibration or machining). This contribution focuses on the evaluation of 
these technologies with respect to achievable tolerances and manufacturability. 

1. Introduction 

External gear pumps can be found in a wide variety of applications in mobile hydraulics. These 
pumps are mainly used in forklifts, construction- and agricultural machinery [II93]. Driven by tighter 
emission legislations and an increased public ecological awareness, electrification trends in mobile 
hydraulics are emerging and open new ways to design energy-optimized hydraulic systems. These 
trends increase the efficiency requirements on external gear pumps since battery capacity in mobile 
applications is limited [RW18].  
 
To bring the volumetric efficiency of external gear pumps to the next level, it is crucial to further 
minimize leakage gaps in all relevant sealing zones in the pump. One important sealing zone is the 
tooth contact since it separates the pressure side from the suction side of the pump (see Figure 10, 
left). In case of misalignments of the gears, leakage gaps open in the tooth contact leading to a 
reduced volumetric efficiency. One possible misalignment is a tilt of the gear axis. This tilt can be 
caused by different clearances of the radial plain bearings which support the gear shafts (see Figure 

10, right). To avoid these misalignments, it is important to adjust the bearing clearance accurately 
and to keep its tolerance as low as possible. 
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Figure 10: Qualitative example of the influence of the radial bearing clearance on misalignments of the 
gears (exaggerated) 

According to the state of the art, the radial plain bearings in external gear pumps are realized by thin-
walled and coiled multi-layered sleeves, usual polytetrafluoroethylene (PTFE)-based metal-polymer 
sleeves. They are composed of a steel back and a porous sintered bronze layer which is infiltrated 
and covered with PTFE and fillers [KS], [DTS]. The sleeves are pressed into aluminum bearing 
bushings (see Figure 11). 

Figure 11: Common design of radial plain bearings in external gear pumps 

While it is possible to manufacture the bearing journals of the gear shafts with a comparatively small 
diameter tolerance, the sleeves show a high inner diameter variance after assembly. This variance 
partly results from inaccuracies of the sleeves and bushings, the assembly process and the 
interference fit between sleeve and bushing. Under these circumstances, the resulting radial bearing 
clearance varies significantly. This contribution evaluates possibilities to reduce the inner diameter 
tolerance of the assembled bearing sleeves regarding achievable tolerances and manufacturability. 

2. Approach 

A possible evaluation and testing process for plain bearing technologies in external gear pumps is 
shown in Figure 12. The first step is the technology preselection. Various technologies (i.e., plain 
bearing materials and methods for tolerance reduction like calibration or machining) are evaluated 
with respect to achievable tolerances and manufacturability. Based on this evaluation, most 
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promising technologies are selected for manufacturing tests. The objective of the manufacturing 
tests is to prove the technical feasibility and the achievable tolerances in practice. Quality and 
stability of the manufacturing process are also evaluated in these tests. The technologies showing 
the best results are selected for further tests in the next two steps which are explained below. 

Since the radial plain bearings in high-pressure external gear pumps are exposed to high tribological 
loads [KAL], it is crucial to test the tribological performance of the selected plain bearing 
technologies. Therefore, a tribological test procedure on a plain bearing test rig is developed. Based 
on the results of the tribological tests, the technology with the best tribological performance is 
selected. Finally, the impact of the high-precision bearing on the improvement of the volumetric 
efficiency is validated. The focus of this contribution is on the technology evaluation. 

 

Figure 12: Possible evaluation and testing process for plain bearing technologies in external gear pumps 

3. Technology evaluation 

This chapter discusses various technologies to reduce the inner diameter tolerance of the radial plain 
bearings in external gear pumps. In this context, the term “technology” includes different plain 
bearing materials and methods for tolerance reduction like calibration or machining. These 
technologies are evaluated regarding achievable tolerances and manufacturability. The possible 
tolerance reduction compared to sleeves which remain untreated after assembly is given for selected 
technologies as a percentage. The evaluation of manufacturability is given qualitatively. The 
evaluated technologies are compiled subsequently. 

In chapter 3.1 - 3.3, metal-polymer sleeves are discussed which can be calibrated or machined after 
assembly. Afterwards, machinable bimetal sleeves are discussed in chapter 3.4. As an alternative 
to these multi-layered bearings, chapter 3.5 treats machined solid polymer sleeves. Furthermore, 
tribological coatings are discussed in chapter 3.6 offering a possibility to omit the bearing sleeve. 

3.1 Calibrated PTFE-based metal-polymer sleeves 

As already stated in chapter 1, PTFE-based metal-polymer sleeves are common to external gear 
pumps. They are composed of a steel back and a porous sintered bronze layer which is infiltrated 
and covered with PTFE and fillers [KS], [DTS]. It is possible to reduce their inner diameter variance 
through a calibration process after assembly, which is explained subsequently (see Figure 13). In the 
initial state, the assembled sleeves show a certain inner diameter variance, for example 
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corresponding a gaussian distribution. As part of the calibration process, a calibration mandrel is 
pushed or pulled through the sleeve increasing the smallest inner diameters by compressing the 
bearing material. The maximum calibration allowance (i.e., oversize of the calibration mandrel) is 
limited, since the compression of the bearing material can lead to a reduced service life of the sleeve 
[KAL]. It is therefore crucial to test the tribological performance of calibrated sleeves as discussed in 
chapter 2. As a result of the limited calibration allowance, it is only possible to increase the smallest 
inner diameters, while the largest diameters are not affected. In the final state, the inner diameter 
variance is reduced only one-sided. To mitigate these limited possibilities of calibration, it is beneficial 
to reduce the tolerance of the sleeve wall thickness additionally. This measure reduces the initial 
diameter variance of the assembled sleeve prior to calibration and leads to a better overall result. 
Calibration and sleeve optimization combined can reduce the inner diameter tolerance up to 
approximately 60 % compared to untreated sleeves. It is important to monitor the calibration process 
(e.g., monitoring of the calibration force) to avoid damages on the sleeves. 

 

Figure 13: Calibration of PTFE-based metal-polymer sleeves after assembly, illustration is not to scale 

3.2 Machined PTFE-based metal-polymer sleeves 

Another possibility to reduce the inner diameter variance of PTFE-based metal-polymer sleeves is 
to machine (i.e., to bore, mill or ream) them after assembly (see Figure 14). The machining process 
is described subsequently. The sleeves show a certain inner diameter variance in the initial state 
after assembly. In the machining process, the inner diameter is bored, milled or reamed to the 
intended value. In the final state, the initial diameter variance is eliminated while the new one only 
results from the machining process. Machining can reduce the inner diameter variance up to 
approximately 80 %, through reaming even 90 % compared to untreated sleeves. It is worth noting 
that these values depend on the machining process. In contrast to calibration, machining partly 
removes the PTFE top layer. Therefore, machining requires modified metal-polymer sleeves with 
increased PTFE layer thickness [DTS]. In this regard, the maximum PTFE top layer thickness (i.e., 
machining allowance) is limited for reasons of layer stability [WEI22]. Consequently, special attention 
must be paid during the machining process not to break through the PTFE top layer. 
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Figure 14: Machining of PTFE-based metal-polymer sleeves after assembly, illustration is not to scale 

3.3 Machined polyether ether ketone (PEEK)-based metal-polymer sleeves 

As discussed in chapter 3.2, machining allows a higher reduction in the inner diameter variance than 
calibration. If machining is intended, PEEK based metal-polymer sleeves offer an alternative to 
PTFE-based ones. Since PEEK has a higher form stability compared to PTFE, a higher top layer 
thickness is feasible which results in a higher machining allowance [WEI21]. Due to its high form 
stability, the machining process is also easier to control compared to PTFE. 

3.4 Machined aluminum- or bronze-based bimetal sleeves 

Bimetal sleeves provide an alternative to metal-polymer sleeves. These sleeves are composed by a 
steel back, an intermediate layer and a metallic sliding layer. Common sliding layer materials are 
aluminum alloys or bronze [SSE22], [RSE22], [BIM22]. Due to the high form stability of these metallic 
sliding layers, they even offer a higher layer thickness and machining allowances than PEEK-based 
metal-polymer sleeves. Comparable to PEEK, they offer an excellent machinability. 

3.5 Machined solid polymer sleeves 

There is a variety of solid polymer sleeves on the market, adapted to a wide range of technical 
requirements [DAS], [KUN]. These sleeves are machinable after assembly. However, the 
requirements on the dimensional stability of bearings in external gear pumps are high. In this regard, 
the dimensions of solid polymer sleeves show a high temperature dependency [LAW07]. Another 
disadvantage is their relaxation behavior [LAW07], which can lead to a strain relief in the interference 
fit between sleeve and bushing. 

3.6 Coatings 

The technologies evaluated in previous chapters are all based on bearing sleeves which are pressed 
into the bearing bushings. As discussed in chapter 1, the assembly process of the sleeves itself 
leads to a variance of the resulting inner diameter. This variance depends on influences like sleeve 
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inaccuracies or variations in the interference fit between sleeve and bushing. Hence, it is an 
interesting alternative to omit the sleeve and to replace it by a tribological coating applied to the 
bushing or the bearing journal. One option is to coat the bushing. Since the bushings are made of 
aluminum, hard anodizing is an option creating layers with high wear resistance [KWO17]. The 
achievable tolerances are excellent since the layer thickness of the coating is process-reliable 
adjustable. However, since hard anodizing is a galvanic coating technology, in case of complex 
geometries with many edges, the “bone effect” can cause quality issues [ONO21]. Another option is 
to coat the bearing journals of the gear shafts. In this regard, diamond-like carbon (DLC) coatings 
are one possibility offering a high wear resistance and low tolerances of the layer thickness [FDE08]. 

4. Summary 

Electrification trends in mobile hydraulics call for highly efficient external gear pumps. To bring these 
pumps to the next level of volumetric efficiency, the key is to achieve lowest possible tolerances of 
the radial bearing clearance since it influences the positioning of the gears and consequently 
important leakage gaps. In this regard, high requirements can be met by reducing the inner diameter 
tolerance of currently used PTFE-based metal-polymer plain bearing sleeves. 

This contribution focuses on the evaluation of various technologies (i.e., plain bearing materials as 
well as calibration and machining methods) to achieve a tolerance reduction of the radial bearing 
clearance. This evaluation treats achievable tolerances as well as manufacturability. 
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Load sharing and contact pressure distribution are of high priority in the design of planetary 
gearboxes to ensure high torque density at lowest possible cost. Unfortunately, detailed 
experimental results are only available after prototype testing, which is usually too late to make 
fundamental changes in the gearbox design. Simulations to predict the load sharing on the other 
hand are also only possible after the gearbox has reached a certain design status. Current standards 
and guidelines for gear and gearbox design like AGMA, IEC or ISO only give very unspecific advise 
how to choose the load sharing factor, effects of the system stiffness or the actual tolerances of the 
gears and structural components are not considered and the stated values for the load sharing factor 
is often quite conservative. This leaves the gearbox designers with a lot of uncertainty when a new 
gearbox is developed, leading to lower torque densities than possible. 

To solve the mentioned issues a parametric FE-model was developed, including the gears with the 
modifications, all relevant structural components as well as simplified bearing models. It allows to 
build complete gearbox systems and for wind turbine gearboxes even the implementation of 
surrounding structures like the main shaft or the main bearing. The model only relies on the gear 
data, which is usually available in the early phases of a gearbox development, and a few 
assumptions regarding the geometry of the structural components. All contacts, solver settings and 
boundary conditions are automized to allow parameter studies for optimization. 

6 Introduction 

System simulations of planetary stages or complete planetary gear units are nowadays usually only 
carried out in special cases, and usually also rather at the end of a product development. The two 
main reasons for this are the necessary data and the numerical effort of these simulations. To build 
up a complete system model, all data of the gearbox are necessary, but especially the geometry of 
the structural components, e.g. the planet carrier or the housing, are only available at late stages of 
the product development. If all details of the structural parts have to be taken into account, the 
meshing is very complex and for a modern planetary gearbox for a wind turbine with 3 planetary 
stages and one helical stage a simulation is hardly possible even on today's powerful workstations. 
Automating the model generation is equally difficult if the structural components are considered in 
all details according to the CAD models. 

If you look at the gearboxes for modern wind turbines, you usually find that they have a clear 
geometric similarity and that the structural components such as the planet carrier, torque arm and 
housing can be modelled by simple geometries. This allows the stiffness of these components to be 
reproduced with sufficient accuracy. In addition, such simplification makes it possible to parameterize 
and automate the modeling process. If the geometry of the structural parts is defined as a function 
of the gear geometry of the planetary stages, it is also possible to set up such a system model even 
if only the gear geometries are defined in an early development phase. However, this enables the 
gear developer to validate decisive parameters such as load distribution along the gear width, load 
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sharing between the planets or the interaction of the stiffnesses of, for example, the planets, the ring 
gear and the planet carrier already in the early phase. 

In the following, the basic features of such a parametric model are presented and initial results are 
discussed using exemplary planetary stages. All geometries shown, and especially the tolerances 
and gear modifications, are deliberately chosen to be different from Flender's usual practice and 
serve only as an example of the potential of the simulation model. 

7 Structure of the simulation model 

To make the best use of the advantages of the parameterized and automated model, the model must 
have as few input variables as possible. Therefore, the only free input variable is the gear geometry 
and the geometry of the rolling bearings on the planet carrier. However, these data are usually 
already available in the initial development phases and are present in the output files of the machine 
element calculation programs.  

Figure 1 shows the main steps in model creation from the input data to the results of the simulation. 

 

Figure 15: Structure of the parametric model and interface to the gear calculation 
software 

First, the input data are compiled, then the preprocessing in Ansys takes place, and after solving the 
model, the evaluation of the relevant result data takes place in postprocessing. 

Interfaces were created to read the necessary data from the output files of the machine element 
calculation softwares, and to transform them into a format that can be used in the FEM software 
Ansys. 

This is especially important for the coordinates of the gear face sections, which are transformed into 
point clouds readable by Ansys. The preprocessing in Ansys is done by means of APDL scripts, 
which build up the individual components parametrically step by step. In this process, the gearing is 
started with. The gears are built up in such a way that meshing with hexahedron elements is possible. 
This reduces the number of necessary elements and facilitates the contact calculation and also the 
application of the gearing modifications. 
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Figure 16: Meshed model with torque arm and backside housing (left), Volumes 
of the model without torque arm (right) 

Figure 2 shows a planetary stage with planet carrier, torque arm and intermediate housing. The 
meshing is defined in such a way that the gear contacts, the contacts of the plain bearings and also 
the contacts between the planet carrier and the planet axis provide sufficiently accurate results for 
pressure and sliding distance.  

The structural components, such as the torque arm, are very coarsely meshed, since they only have 
to represent the stiffness. Figure 3 shows a supplementary sectional view through the planetary 
stage. 

 

Figure 17: Cut section trough an example model (left: mesh, right: volumes) 

The gear modifications are applied directly to the mesh. Here, tip recesses, width crowning, helix 
angle corrections and end recesses are possible. Figure 4 shows an example of a tip relief and a 
crowning. These are deliberately chosen to be very large in order to make the correction visible. 
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Figure 18: Examples for tooth modifications in the model. Left: Tip relief, right: 
Crowning along the gear width (both are on purpose set to very high 
values to increase visibility) 

Modifications are also possible for the plain bearings. Figure 5 shows a linear end relief and a 
parabolic width correction on the planet wheel. 

 

Figure 19: Examples for modifications for the journal bearing contacts of the planet 
bearings. Left: linear end relief, right: parabolic crowning (both 
modifications are just examples and do not reflect Flender standards) 

All contacts are automatically created in the model after the gears are rotated to the desired contact 
position. The user does not have to manually intervene in the model building process at any point, 
the model can be started automatically directly after the gear design. 

An essential factor in the simulation is the possibility to take geometrical deviations into account. 
This can be, for example, a tooth thickness tolerance or a position tolerance of the holes in the planet 
carrier. The system is thus able to evaluate the influence of deviations on the load distribution in the 
gearbox. This enables probabilistic studies for evaluating the risk of failure of the gear unit. 

Main results from the simulations are the contact pressure in the gear contacts, from which the load 
width distribution can be derived, the contact pressure in planet journal bearings, which can also be 
an indicator for the load sharing factor, and the contact behavior of the planet pins, which are 
assembled in the planet carrier. Additionally, the tooth root stresses can be estimated by the model, 
but the mesh needs to be finer than for just a deformation simulation. 
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8 Example simulations and results for the load sharing factor 

To present the possibilities of the parametric simulation model, a small parameter study was 
performed. Three planetary stages were considered, the first with 3, the second with 5 and the third 
with 7 planets. Figure 7 shows the respective planet carrier and the gearings. 

 

Figure 20: Planet carrier and planet stage of the 3 example gearboxes with 3, 5 and 7 
planets 

All gears have the module 6 mm. The stage with 3 planets has a center distance of 189 mm, the sun 
has 24, the planets 39 and the ring gear 102 teeth. The variant with 5 planets has a center distance 
of 210 mm, the numbers of teeth are 33, 37 and 107. The center distance for the variant with 7 
planets is 357 mm, the sun has 71, the planets 48 and the ring gear 167 teeth. 

All three variants were simulated once without position deviations and then several times with 
random values for position deviations of the planet axle bores. The random deviations were selected 
according to usual form and position tolerances and measurement data from series monitoring of 
comparable components. 

Figure 7 shows for the planetary stage with 3 planets the contact pressure between planetary axles 
and the planet carrier, as well as the contact pressure on the plain bearing surfaces. 

 

Figure 21: Contact pressure between planet pins and carrier (left) and journal bearing 
pressure (right) 

No position deviations were taken into account in this simulation. Based on the contact pressure, it 
can be deduced that the force flow from the planet carrier to the planets mainly occurs from the rotor 
side. In the following, the side of the planet carrier where the force is applied will be referred to as 
the rotor side, and the other side as the generator side. 
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The contact pressure on the rotor side is significantly higher than on the generator side. Adjustments 
to the planet carrier stiffness would allow more uniform distribution between the two sides. 

In the journal bearing contact, it is clearly visible that the deformation of the planetary gear has a 
significant effect on the contact pressure. The plain bearing correction is also visible, edge loading 
is completely prevented by the retractions. 

 

Figure 22: Exemplary contact pressure (sun to planet) for the gearbox with 3 planets 

Figure 8 shows an example of the contact pressures of two contacts between sun and planet. Due 
to the load transfer at the sun, a clearly skewed contact pattern is created. This could be optimized 
by a helix angle correction. 

Figure 9 shows the tooth root stresses in the sun and planet gear. The skewed contact pattern can 
also be seen in the stress distribution of the sun. Although the mesh is still quite coarse, the stress 
distribution is already clearly visible. In the planet gear, in addition to the tooth root stress in the tooth 
contact, a clear stress increase due to the rim bending can already be seen. The model is able to 
reproduce this effect and to recognize whether such additional stresses are relevant, even with 
coarse meshing. 

 

Figure 23: Tooth root stress distribution in the sun gear (left) and in the planet gear 
(right) 
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Finally, Figure 10 shows the planet carrier deformation for the stage with 7 planets and both the 
contact pressure and the slip between planet axes and the planet carrier. Due to the large number 
of planets, there is a significantly larger compliance of the planet carrier. 

 

Figure 24: Planet carrier deformation and contact behavior of planet pins in the carrier 
for gearbox with 7 planets 

The results obtained so far show that the model is capable of analyzing the deformations and the 
resulting contact states and local stresses in a planetary stage. Therefore, in the following, the results 
for the load distribution between the planets considering position deviations of the planetary axes 
are shown. 

 

Figure 25: Load sharing for 3 versions of the 3-planet gearbox with random planet 
pin misalignments 

Figure 11 shows the results for three random variants of the stage with three planets. The images 
show the stresses after assembly to visualize the effects of the position tolerance deviation. Each 
column represents one variant. The top row shows the stress on the generator side, and the bottom 
row shows the stress on the rotor side of the planet carrier. Since kinematic compensation within the 
stage is possible with three planets, the load sharing factor takes very small values between 1.012 
and 1.007. Without the deviations, the load sharing factor in the simulation is almost exactly 1.0. 
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Figure 26: Load sharing for 4 versions of the 5-planet gearbox with random planet pin 
misalignments 

Figure 12 shows in the same way the results for the load sharing for four variants of the planetary 
stage with 5 planets. The load sharing factors are now significantly higher than for the variants with 
three planets, since kinematic compensation is no longer possible. Overall, however, the values are 
significantly lower than the specifications in design standards. 

 

Figure 27: Load sharing for 4 versions of the 7-planet gearbox with random planet 
pin misalignments 

Finally, Figure 13 shows the load sharing factors for 4 random variants with 7 planets. The load 
sharing factors are slightly higher than for the variants with 5 planets, but even here they are still at 
a very low level overall. One reason for this behavior is that the stiffness of the planet carrier 
decreases as the number of planets increases, since there is hardly any installation space left for 
the bars between the two discs of the planet carrier. A compliant planet carrier can compensate well 
for the position deviations of the planet axes by yielding through deformation. With a very stiff carrier, 
the positional deviation of the axis bores directly produces an axis misalignment; with a very 
compliant carrier, this is not so pronounced. In addition, the model also takes into account the bearing 
clearances and also the compliance of the planetary and ring gears. Overall, position deviations can 
be compensated better than in a rigid system. 
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9 Summary and Outlook 

It was shown that simplifications in the modeling of the structural components allow a parametric 
and automated simulation of planetary stages in very early phases of product development. This 
allows essential decisions and specifications, such as the load distribution between the planets, to 
be safeguarded and also optimized if necessary. This enables a significant increase in development 
speed and also an increase in power density. 

The example calculations show significantly lower load sharing factors than the recommendations 
of various design standards and specifications. One explanation for the deviations found is the 
system behavior, which reacts much more tolerantly to deviations in the shape of the components 
by taking all compliances into account. With the hardware usually available today, detailed 
simulations of the stresses in the tooth contact are hardly possible; submodels or individual computer 
programs will continue to be necessary here. The same applies to the design of planetary plain 
bearings. However, the performance of computers will certainly continue to increase, so it can be 
assumed that in a few years it will also be possible to determine these results by means of system 
simulation. 

Important next steps in the further development of the model are the addition of different geometries, 
e.g. other planet carrier designs or bearing concepts. In addition, the connection of the system model 
to detailed calculation programs, such as the plain bearing calculation or the determination of the 
flank fracture risk, is an essential step to implement the potentials of the model. 
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Abstract:  

Reducing the mass in future powertrains is a key factor for reducing the energy consumption as well 
as for limiting CO2 emissions. Mass reduction can be achieved by lightweight structures, for example. 
Additive manufacturing technologies are ideal for the implementation of lightweight structures 
because of the high freedom in design. Additively manufactured gears with lightweight structures 
could be used in future powertrains to reduce mass. However, this requires fundamental knowledge 
about the pitting load carrying capacity and tooth root bending strength of additively manufactured 
gears for an adequate gear design according to ISO 6336. Neither aspect has been sufficiently 
quantified by research so far. 

The present study focuses on the pitting load carrying capacity of additively manufactured cylindrical 
gears with different lightweight structures made by laser-based powder bed fusion (PBF-LB/M, 
ISO/ASTM 52900) of 16MnCr5 and 20MnCr5 steel powder. With the additive manufacturing 
technology of PBF-LB/M, a part is created layerwise by melting and solidification of metallic powder 
particles with the energy of a laser beam. The examination of the pitting load carrying capacity was 
conducted on an FZG back-to-back gear test rig. Further investigations considered various material 
characteristics. The additively manufactured gears with a mass reduction up to 45 % have a pitting 
load carrying capacity comparable to conventionally manufactured gears (wrought and machined). 

1. Introduction 

The pitting load carrying capacity is one of the main design criteria of cylindrical gears. One way of 
determining the pitting load carrying capacity is the approach according to ISO 6336-2 [ISO19a] 
based on the allowable material and manufacturing dependent stress number σHlim. Allowable stress 
numbers for different materials can be found in ISO 6336-5 [ISO16] or can be identified by 
experimental testing, e.g. on an FZG back-to-back gear test rig [DIN06][FVA12]. Allowable stress 
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numbers σHlim for additively manufactured gears cannot be found in ISO 6336-5 [ISO16] or literature 
so far. 

Only one literature source was found by the authors regarding the pitting load carrying capacity of 
additively manufactured gears. Konowalczyk et al. [KON18] performed limited spot tests on spur 
gears (FZG type C according to Schedl et al. [SCH99] with modified microgeometry) produced by 
PBF-LB/M with 16MnCr5. The tooth root bending strength turned out to be the limiting factor in the 
tests. Several tests ended with tooth root breakage instead of failure with pitting. 
Konowalczyk et al. [KON18] justify this behavior with the state of the rough surface in the tooth root 
area. As consequence, the maximum testing torque needed to be limited to avoid tooth root 
breakage. With this limitation, pitting damages could only be observed at a high number of load 
cycles. The pitting damages occurred on several teeth distributed over the circumference and 
micropitting was observed as well. Based on the limited number of usable tests, the allowable stress 
number is qualitatively classified as comparable to the specified reference numbers for medium 
material quality MQ according to case-hardened wrought steels in ISO 6336-5 [ISO16]. 

The aim of this research is to examine the pitting load carrying capacity of additively manufactured 
gears produced by PBF-LB/M according to ISO/ASTM 52900 [ISO21] with the case-hardening steels 
16MnCr5 and 20MnCr5. The experimental testing was conducted on an FZG back-to-back gear test 
rig [DIN06]. In total three S-N curves were obtained for three different test series with spur and helical 
gears to determine the respective allowable stress numbers σHlim. The wheels of the gear sets were 
produced with different lightweight structures and different degrees of mass reduction. Further 
investigations considered the gear quality and material properties. 

2. Experimental investigations 

2.1 Methods 

2.1.1 Test Gears 

Two different types of cylindrical gear geometries were experimentally investigated. The spur gear 
geometry is called type 17/18 (z1/2 = 17/18, mn = 5.0 mm, a = 91.5 mm), which is similar to the FZG 
type 17/18 of Schedl et al. [SCH99]. The helical gear geometry is called type 1 (z1/2 = 25/27, 
mn = 3.3 mm, β = 18°, a = 91.5 mm) which was inspired by the automotive sector. One batch of 
type 17/18 and two batches of type 1 (A and B) were manufactured by PBF/LB-M. All gears were 
produced with the case-hardening steel 16MnCr5 (1.7131) according to DIN EN ISO 683-3 [DIN19], 
except the wheels of type 1-B which were produced with 20MnCr5 (1.7147) according to 
DIN EN ISO 683-3 [DIN19]. Further process steps such as stress relief heat treatment, support 
removal, soft-machining, case-hardening, shot blasting, and grinding followed the process chain 
developed in Schmitt et al. [SCH20] and Winkler et al. [WIN23]. Four different lightweight structures 
with up to 44.5 % mass reduction were realized on the gear wheels between the shaft-hub 
connection and the gear rim according to the design approach of Schmitt et al. [SCH19] (see 
Figure 28, see also Winkler et al. [WIN23]). 
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Figure 28: Variants of type 1 and type 17/18 wheels and the respective mass reductions (for scale 
reference: tip diameter da ≈ 100 mm) 

2.1.2 Test rig and analysis of test results 

The tests were conducted on an FZG back-to-back gear test rig according to 
DIN ISO 14635-1 [DIN06] with a center distance of a = 91.5 mm (see Figure 29). The testing method 
followed the approach of the FVA Directive for “Standardisation of Load Capacity Tests” [FVA12]. A 

test run ends when reaching 50 ⋅ 106 revolutions of the pinion or if progressive pitting damage occurs 
and the damaged area exceeds 4 % of the active area of a single tooth flank or the damaged area 
exceeds in total 1 % of all active tooth flanks. Some runouts were prolonged when having reached 

50 ⋅ 106 revolutions of the pinion for further coverage. 

 

Figure 29: FZG back-to-back test rig according to DIN ISO 14635-1 [DIN06] 

All test results were documented in S-N diagrams and evaluated in form of S-N curves with 50 % 
failure probability. The nominal contact stress σH0, presenting the abscissa in the S-N diagram (see 
Figure 30), was derived of the static test torque T1 which was applied to the FZG back-to-back test 
rig. The calculation was performed according to ISO 6336-2, method B [ISO19a] (see Eq. 3).  

𝜎 = 𝑍∗ ⋅ 𝜎 ⋅ 𝐾 ⋅ 𝐾 ⋅ 𝐾 ⋅ 𝐾 ⋅ 𝐾  

with 𝑍∗ = 𝑍  for pinion and 𝑍∗ = 𝑍  for wheel 

Eq. 3

The test results were analyzed with the Weibull method as done by Joachim [JOA82] to identify the 
fatigue strength in the range of finite life and with the extended modified probit method according to 
Hein [HEI18] (based on the modified probit method according to Hösel & Joachim [HÖS78]) to identify 
the endurance nominal contact stress σH0∞,50% (50 % failure probability). For further classification 
regarding the allowable contact (pitting) stress numbers σHlim (1 % failure probability) in 
ISO 6336-5 [ISO16], the allowable stress number σHlim was calculated from the endurance nominal 
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contact stress σH0∞,50% and considering the conversion factor to a failure probability of 1 % f1%H = 0.92 
according to Stahl et al. [STA99] (see Eq. 4 and Eq. 5). All further influence factors in Eq. 4 were 
determined according to ISO 6336-2, method B [ISO19a]. 

σ , =
𝑍∗ ⋅ σ , % ⋅ 𝐾 ⋅ 𝐾 ⋅ 𝐾 ⋅ 𝐾 ⋅ 𝐾

𝑍 ⋅ 𝑍 ⋅ 𝑍 ⋅ 𝑍 ⋅ 𝑍
 

with 𝑍∗ = 𝑍  for pinion and 𝑍∗ = 𝑍  for wheel 

Eq. 4

𝜎 , % = 𝑓 % ⋅ 𝜎 , % Eq. 5

2.1.3 Accompanying investigations 

Besides the tests on the FZG back-to-back gear test rig and the evaluation of the test results, material 
characteristics of the gears like density, chemical composition, microstructure, and hardness were 
analyzed. 

2.2 Results 

2.2.1 S-N curves and types of failure 

Figure 30 shows the S-N curves as well as the determined endurance nominal contact stress σH0∞,50% 
and allowable stress numbers σHlim for the different test series. The S-N curves were derived from 
14 to 15 valid test runs (failure with pitting or runout) for each of the three test series. The lightweight 
structures did not show any impact on the pitting load carrying capacity [WIN23]. Hence, no 
differentiation between the test results of the gear sets with different lightweight structures was 
conducted. 

 

Figure 30: S-N diagram for the test series showing S-N curves for 50 % failure probability 
evaluating the pitting load carrying capacity (each S-N curve derived from 14 to 15 
valid test runs) 

Besides the researched pitting damage, also some micropitting occurred on the tooth flanks. 
Figure 31 shows exemplarily the tooth flank condition of the different test series at the end of 
representative test runs. 
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Figure 31: Tooth flanks of the three different test series tested at different loads with micropittings 
at every load and pittings at the higher test loads 

Within all test series, only one test of type 17/18 failed with destruction of the lightweight structure. 
It is assumed that the crack was initiated by the notch effect due to the limited material thickness 
above the feather keyway and the lightweight structure failed as consequence [WIN23]. The damage 
only occurred at the highest test torque. 

In addition, some test runs failed by tooth fracture damages (1 for type 17/18, 1 for type 1-A, 11 for 
type 1-B) which is shown in Figure 32. Clearly visible is the high amount of tooth root breakages of 
type 1-B compared to type 17/18 and type 1-A. Two tooth fracture damages of type 1-B resemble a 
tooth flank fracture. Konowalczyk et al. [KON18] assume in their research that the state of the tooth 
root area (high surface roughness, defects) leads to the high number in tooth root breakages. 

 

Figure 32: Failures by tooth fracture damages of the different test series not considered for 
evaluating the pitting load carrying capacity (notation A, B, and C are evaluated in 
Section 2.3.2) with the S-N curves for the pitting load carrying capacity in addition 

2.2.2 Gear quality and material properties 

Surface roughness: The grinding process of the tooth flanks led to an arithmetical mean roughness 
Ra = 0.45 ± 0.02 µm (type 17/18), Ra = 0.45 ± 0.04 µm (type 1-A), and Ra = 0.39 ± 0.03 µm 
(type 1-B) of the gear pairs. In general, additively manufactured parts have a high surface roughness 
which can be significantly reduced by a grinding process leading to a surface roughness comparable 
to conventionally manufactured gears. 

Relative density: The relative density derived from cross-sections of gears is on average 
ρrel > 99.7 % which fulfills the target value of 99 % according to VDI 3405 [VDI14]. Very few of the 
type 1-B gears show a strong deviation from the average density with the lowest values of slightly 
below 99 %. 
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Chemical composition: The chemical composition changes during the PBF-LB/M process due to 
element evaporation and oxidation [OLI20][ROM06]. Table 4 shows the change in the chemical 
composition of the main alloying elements from the powder to the gear for the case-hardening steels 
16MnCr5 and 20MnCr5. When using 20MnCr5 powder, a chemical composition closely to 16MnCr5 
according to DIN EN ISO 683-3 [DIN19] is achieved in the final part. 

Element 

Element content 
according to 
DIN EN ISO 
683-3 in wt% 

Element content 
measured in 

powder in wt% 

Element content 
measured in 
gears in wt % 

Deviation of 
gear compared 

to powder 

Gears of type 17/18 and type 1-A produced with 16MnCr5 powder 

Carbon C 0.14 – 0.19 0.15 0.128 ± 0.016 - 15 % 

Manganese Mn 1.00 – 1.30 1.05 0.830 ± 0.034 - 21 % 

Chromium Cr 0.80 – 1.10 0.90 0.919 ± 0.016 + 2 % 

Silicon Si 0.15 – 0.40 0.19 0.145 ± 0.021 - 24 % 

Gears of type 1-B produced with 20MnCr5 powder 

Carbon C 0.17 – 0.22 0.22 0.182 ± 0.004 - 17 % 

Manganese Mn 1.10 – 1.40 1.25 1.171 ± 0.011 - 6 % 

Chromium Cr 1.00 – 1.30 1.28 1.180 ± 0.007 - 8 % 

Silicon Si 0.15 – 0.40 0.12 0.129 ± 0.002 + 8 % 
 

Table 4: Main chemical elements for 16MnCr5 and 20MnCr5 specified according to 
DIN EN ISO 683-3 [DIN19], measured by melt analysis for the powder and measured by 
spark spectrometry for the gears 

Case hardening depth (CHD) and hardness depth profile: The case hardening depth (CHD) and 
hardness depth profile were measured on the tooth flanks. The average of the maximum hardness 
for the three test series is between 690 HV1 and 710 HV1. The case hardening depth is on average 
CHD550HV = 0.7 mm for 16MnCr5 and CHD550HV = 1.0 mm for 20MnCr5 gears. The hardness depth 
profiles show no abnormalities and are comparable to conventionally manufactured gears. 

Microstructure: The case-hardened layer is uniformly built around all features of the gears and 
consists mainly of martensite. The core mainly consists of upper bainite. Some spots were identified 
as cumulations of manganese sulfides and oxides. In general, the microstructure is comparable to 
conventionally manufactured gears. 

2.3 Discussion 

2.3.1 Allowable stress numbers within ISO 6336-5 

The allowable stress numbers of the three test series are comparable with conventionally 
manufactured gears made of case-hardening steel. The material grades according to 
ISO 6336-5 [ISO16] for case-hardened wrought steels are:  

 Type 17/18: between medium and high material quality, MQ to ME 
 Type 1-A: high material quality, ME 
 Type 1-B: high material quality, ME 

The lightweight structures did not reduce the allowable stress numbers of the three test series. 
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2.3.2 Failures not related to the tooth flank 

Detailed investigation was conducted regarding the significant number of failures of type 1-B gears. 
Two reasons for the behavior could be identified: 

 Notation A and B in Figure 32: Two building jobs with abnormalities were leading to a 
comparably low density and as consequence to a high risk for crack initiation under dynamic 
loads. 

 Notation C in Figure 32: The safety factor against tooth root breakage SF according to 
ISO 6336-3 [ISO19b] is for type 1-B significantly smaller than for type 17/18 and type 1-A at 
the same load level and at the higher load levels clearly below 1.0. This shows a high risk for 
tooth root breakage of type 1-B. 

3. Summary and Conclusion 

This research focuses on the pitting load carrying capacity of additively manufactured gears. The 
pitting performance was reproducible in each test series and comparable to conventionally 
manufactured gears. One test series showed a high number of tooth root breakages because of a 
high risk for tooth root breakage. The reasons for this behavior could be retraced to abnormalities in 
two building jobs leading to a high porosity and the limit of the tooth root bending strength for the 
applied maximum torque and gear geometry. Further investigation of different material properties 
showed characteristics comparable to conventionally manufactured gears. All in all, additively 
manufactured gears of the case-hardened steels 16MnCr5 and 20MnCr5 show allowable contact 
(pitting) strength numbers according to material quality grades ranging from MQ to ME according to 
ISO 6336-5 [ISO16] even at mass reductions up to 44.5 %. It is concluded that the lightweight 
structures have no negative impact on the pitting load carrying capacity. 

The presented results and further investigations will be published in a journal soon after the 
DSEC 2023 with more details. 
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Abstract: Component and system development are focusing on implementation of functions in the 
field of autonomous capabilities, connectivity, electrification and digitalization today. However, 
engineers, manufacturers and their suppliers still handle and process simple text-based 
specifications and documents in order to deliver complex products. Hence, Model-based Systems 
Engineering (MBSE) is key in order to meet the need towards quality, time and cost for the 
development of mechatronic products and cyber-physical systems in early design phases. The 
Model-based Systems Engineering approach can help to move from a document-centric approach 
to a model-based development methodology based on Requirements Engineering, System 
Modelling for System Architecture Design and Simulation in early design stages. 

This paper presents challenges and experiences from industry during the introduction of MBSE and 
outlines an approved way how to deploy MBSE successfully based on the “MBSE-Roadmap in 20 
days“ approach. References and examples from industry will showcase a new way of working and 
how product development can be enhanced by adopting MBSE. In addition, best practices based on 
organization, processes, methods and tools for MBSE and their application will be outlined.  

Last but not least an outlook towards Advanced Systems Engineering – the future of (Model-based) 
Systems Engineering - will be given. 

1 Introduction 

Today's systems are characterized by cross-system interactions and an increasing number of 
functions, making systems thinking an essential tool for engineers. Systems Thinking supports a 
holistic view on cause-effect relationships in delineating, structuring, and subdividing a system. The 
principles of systems thinking are incorporated in Systems Engineering (SE) as an approach for 
interdisciplinary collaboration within engineering. This approach is becoming increasingly significant 
in industry [Dum21] as more stakeholders are involved in engineering activities. 

Model-Based Systems Engineering (MBSE) is an efficient approach to support product development 
in order to meet today's engineering challenges. The MBSE approach includes methods and 
modelling capabilities for describing technical systems from a problem and a solution space view 
with the aim of continuous end-to-end use in product development.  

In order to implement MBSE, companies have to adopt existing engineering processes, methods 
and tools as well as their organizations including roles and responsibilities, which result in 
transformation projects. 

The objective of this paper is to outline the potential of MBSE and to show the added value of such 
models on the system level when used as a single source. This paper also presents an approach to 
systematically plan, implement, deploy an apply MBSE, based on the needs during the development 
process. Initial results from the R&D project CyberTech funded by the German BMBF (reference 
02J19B010) in the context of Advanced Systems Engineering will be presented. 
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2 Deployment of Model-based Systems Engineering 

Model-based System Engineering (MBSE) is applied as a purpose- and function centric system 
specification approach linking all the relevant perspectives for the involved roles from market and 
customer needs elicitation, product line engineering over requirements engineering and system 
architecture modeling up to integration, verification and validation engineering. 

Each development begins with the operational analysis as foundation of a well-scoped system under 
development, starting with the application of a common model template with according SysML-
Profile and building block library. The operational analysis consists of stakeholder and system 
context analysis, followed by Use Case analysis and complemented by Use Case sequence 
analysis. The main subsequent aspects which are then modeled and de-composed iteratively are 
requirements, functional and behavioral architecture, and logical architecture. The traceability to the 
complementing technical architecture, which is developed in the respective domain-specific IT 
systems, is obtained by linking it to the system model. Further applied core principles are clear 
separation of problem and solution domain, systematic de-composition according to the zigzag 
pattern, or modularization and standardization focusing on the maximization of re-usability. 
Additionally, a deeper integration with system simulation (e.g. in Simulink), risk analysis (e.g. HARA, 
FMEA) and testing (e.g. Hardware in the Loop (HiL), Software in the Loop (SiL)) is required by 
industry. ISO 15288 [ISO15] serves as basis for organizational and processual boundaries with 
according engineering approaches. 

Based on the experiences from several development projects, a typical set of use cases for product 
development that can be supported by MBSE activities are visualized in figure 1, i.e. requirements 
development, system and interface specification, system architecture design including variability 
modeling, traceability and impact analysis etc. [HUS18]. 

 

Figure 33: Use Cases for MBSE activities 

Based on “MBSE Roadmap in 20 days”-approach by :em, the added value of MBSE use cases for 
specific development projects or organizations will be assessed and a recommendation for the 
deployment of MBSE will be the result for next steps. In most cases a so-called MBSE framework 
based on processes, methods and tools will be introduced in order to deploy MBSE and to support  
different engineering activities and tasks for complex system and component development. 
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3 MBSE Framework for Medical Tech Engineering 

The following example as a reference for the deployment of MBSE is taken from the research and 
development project CyberTech funded by the German BMBF (reference 02J19B010) in the context 
of Advanced Systems Engineering. 

Medical Tech engineering is virtually based on innovation. Being on a par with the market and 
developing solutions proactively drives and guides MedTech companies like Fresenius Medical Care 
or Mechatronic. At Mechatronic, an engineering service and solution provider for high-tech medical 
devices and machines, the latest progress in medical treatment sets the pace. In order to handle a 
variety of projects successfully and achieve a high degree of customer satisfaction, Mechatronic has 
to improve their development methods constantly. Based on thorough process analysis, further 
adjustments with regards to systematic engineering are necessary. This continuous improvement 
resulted in a “Agile V”: Standard requirements, approved procedures based on the V-model as well 
as the agile approach derived from software development have been combined to create an 
innovative development process based on MBSE capabilities. 

 

 

Figure 34: “Agile V” Development Process at Mechatronic [www.mechatronic.de] 

 

In addition, the associated CyberTech partner Fresenius Medical Care (FMC) operates in a vertically 
integrated business model for patient dialysis treatment solutions across the entire value chain of 
innovation, design, manufacturing, operation and disposal. An essential foundation of successful 
transformation to digital engineering is a balanced level of organizational and technical 
harmonization and standardization across engineering disciplines, departments, authoring tools, and 
data management IT systems. It has proven very effective to define the so-called System of Interest 
(SoI), which characterizes the direct system environment of the company’s products. FMC defines 
five hierarchy levels from Product System over Health System up to Society-Eco System to structure 
the vertical business model and the complex environment FMC operates in. As global provider of 
comprehensive dialysis therapy treatment solutions, the “products” not only comprise technical 
devices and disposables, but also entire infrastructures and staff for treatment in clinics or at home. 
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Hence, relevant adjacent systems also comprise societal eco-systems like health systems, or 
legislation and regulations of countries all around the world (see figure 3). 

 

 

Figure 35: FMC system level model for System of Interest [BITZ22] 

 

The following steps are proposed in order to identify the relevant development activities in the 
development process [HUS21] and to deploy MBSE successfully: 

 Analysis of the development activities during the development process regarding the 
necessary inputs and outputs (work items, artefacts) including information flow in relation to 
development methods used 

 Detailed analysis of already used methods during the relevant development activities (e.g. 
there exist well-known methods according to VDI 2221/2206; for risk and reliability analysis 
there are well-known methods like FMEA and FTA available) and engineering tools (e.g. 
Requirements Engineering/Management tools, CAD/CAE/CAx, concept design tools) 

 Consolidation of all artefacts and models including views required for the relevant 
development activities on one hand site and methods including their modelling steps on other 
hand side  

 Definition of a systematic methodology and a holistic modelling approach based on MBSE 
activities and selection of best in class tools according to IT/PLM strategy 

 Enablement of people and training-on-the-job based on workshops and (key user) support 

Figure 4 describes the developed Systems Engineering Framework at Fresenius Medical Care in 
order to model and build System-Product-Architectures für medical devices and systems. The 
Systems Engineering Framework supports engineering departments to have a holistic view on our 
Therapy System operating in Clinic & Home environments framed by health and human 
environments. MBSE allows to analyze, specify, develop and sustain complex systems according to 
their individual requirements and along the entire system lifecycle based on operational, 
requirements, functional, logical and technical viewpoints. 
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Figure 36: Systems Engineering Framework at FMC [BITZ22] 

 

4 Summary and Outlook on Advanced Systems Engineering 

According to Systems Engineering (SE) Vision 2035 from INCOSE [INC23] and acatech strategy 
paper on Advanced Systems Engineering [ALB22] the motivation and need for MBSE (e.g. agile new 
work) is obvious and MBSE will be embraced for the digital thread. In order to meet the current 
challenges in product development, in addition to the SE processes and methods, models are useful 
to consistently and continuously represent the information that has been generated during the 
development process. In detail, MBSE based on model-based requirements elicitation and 
management, system architecture design and simulation (e.g. 1D-simulation, state flow analysis, 
etc.) are key for future digital engineering. 

The current focus is on deployment of Model-based Systems Engineering Frameworks across 
different engineering organizations as well as development of AI-based capabilities and advanced 
engineering tools in order to enhance the different engineering tasks. Both CyberTech partners 
Mechatronic and FMC are consequently following a digital roadmap by further expanding today's 
engineering excellence and thus transforming itself more and more into an end-to-end MBSE-
supported, highly efficient development innovation organization. 

:em engineering methods AG, TU Darmstadt as well as Mechatronic and Fresenius Medical Care 
from MedTech industry are cooperating in the CyberTech project. The high-tech medical industry is 
subject to strict and regionally highly varying regulations to ensure patient safety, and is faced with 
continuous progress in medical science and technology. Product individualization, connectivity 
demands or even pandemic effects force constant advancement of medical devices. These 
challenges have always been met by appropriate further development of the working methods.  

In addition, the scope of the research and development project CyberTech is targeting new 
collaborative work culture in development and production as well as a consistent digital product 
creation and digital twin [KLE23]. New AI-based capabilities will enhance MBSE and system 
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modeling in future, too. Hence, Advanced Systems Engineering (ASE) will provide an extended 
framework for integrating the various system-oriented and often highly innovative approaches of 
engineering. It acts as a framework for designing innovative products, services and combined 
systems in, and for their creative-design and engineering processes, methods, tools and 
organizations. ASE stands for a comprehensive new perspective in planning, developing and 
operating the technical systems in future. 
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Abstract: Modern product systems keep getting more complex while being developed in shorter 
time. To support the development process, virtual prediction of product behavior using physical 
behavior models has become a well-known method. However, on the one hand, with increasing 
system complexity, physical behavior models keep getting more complex, too. They may not always 
be available in time due to the effortful modeling process. On the other hand, to develop a physical 
behavior model, knowledge on the system architecture is required. The system architecture is often 
modeled using methods of Model-Based Systems Engineering (MBSE). Here, system models are 
created, using the Systems Modeling Language (SysML). As SysML models contain information on 
the system architecture required to create physical behavior models, they could therefore be used 
to support the modeling process of physical behavior models by providing such information in a 
machine-readable way. In the present study, we investigate on how to support the modeling process 
of physical behavior models with system architectures in SysML exemplarily for Multi-Body 
Simulation (MBS). The MBS model of an electric motor is chosen as a use-case. The system is 
remodeled in SysML. The MBS model is decomposed to sub models corresponding to the SysML 
elements. The sub models and SysML elements are linked with each other parametrically and finally 
a library of linked SysML elements and MBS sub models is created. This library can be reused and 
therefore efficiently support the modeling process of corresponding MBS models from SysML. 

6 Introduction 

Modern product development is facing the challenge of developing more complex systems in less 
development time. In modern product systems, the three domains mechanics, electrics and 
electronics, and software highly interact with each other [ISE08]. For considering and analyzing the 
interdependencies between the subsystems of these domains during product development before 
prototypes are available, simulations are used to predict the product system’s behavior virtually. In 
simulations, physical behavior models are used to describe the physical behavior of a specific scope 
of the product system regarding a specific purpose and with a specific fidelity [JKB22]. As systems 
become larger and more complex, physical behavior models also become more complex. This fact 
makes it challenging to provide a suitable physical behavior model in the early stages of product 
development, as building such a model takes time as interactions within the system have to be 
considered in the physical behavior model [VWZ18]. Hence, reliable physical behavior models may 
not be available when required and are rather used for analysis and troubleshooting after a system 
has been developed. 

For developing highly interactive systems, Model-based Systems Engineering (MBSE) has become 
a method to model the interdependencies of a system under development [EKM17]. In MBSE, the 
interactions between functional and physical units are modeled explicitly in the system architecture 
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in a system model, e.g. in the Systems Modeling Language (SysML). Thus, in the system 
architecture, there is machine-readable information given about how a system operates physically 
and what kind of interactions are given between specific subsystems [ALT12]. This information is 
also required for modelling physical behavior models, but there it is often reverse engineered from 
simulation engineers’ knowledge or with knowledge from CAD data [VWZ18]. A direct link translating 
architectural elements from system models to physical behavior models is not yet given. 

A specific example of physical behavior models, which are often created for the top system level are 
Multi-Body Simulation (MBS) models. MBS models are mostly used to analyze the dynamic behavior 
of bodies within a system, also considering control aspects. In MBS, the system is modeled as single 
bodies between which force elements apply to model the physical interdependencies [RS17]. As 
MBS models often model large systems, they may become complex and the modeling process is 
effortful. Simplifying the process of MBS modeling by creating an MBS model from a SysML 
architecture may therefore support the analysis process of large systems. 

A method which can provide a link between MBS models and SysML system models are model 
libraries such as the Modelica standard library [TUM02]. In such libraries, transformation rules 
between a SysML element and an MBS element are stored. However, these model libraries are not 
yet available to link SysML and MBS. Therefore, the objective of this presentation is to show a 
method to develop a model library, which is able to translate between SysML and MBS to accelerate 
the modeling process of MBS models by using SysML architectures. 

The study is structured as follows: At first, foundations of SysML modeling are presented, especially 
describing the motego method, which is the SysML modeling method used in the study. Then, an 
MBS model of the electric motor of an electric drive train is introduced as a use case. A system 
architecture of the system including functional architecture and solution architecture is modeled in 
SysML. The single sub models in MBS which correspond to the SysML architecture elements are 
identified and isolated in MBS models. Finally, a model library linking the solution model elements in 
SysML and the isolated models in MBS is created.  

7 Foundations of SysML Modeling 

In MBSE, SysML has become the standard language to formally model systems. SysML is a 
graphical modeling language, that allows to model system requirements, structure and behavior. 
SysML is derived from the Unified Modeling Language (UML). A system element in SysML is 
modeled as a block. A block may contain other blocks or values, which describe parameters. Blocks 
interact with other blocks via ports that describe interfaces. SysML is a general-purpose language, 
i.e. it can be used freely to model systems. Modeling methods are required to use SysML in a 
structured way during product development. Many of those methods customize SysML in profiles, 
where some of the modeling elements of SysML are adapted to ease modeling according to the 
method. [ALT12, EKM17] 

One method to create system models in SysML is the model-test-go (motego) [JKB22] method 
created by the Institute of Machine Elements and Systems Engineering (MSE) at the RWTH Aachen 
University. Motego focusses on the physical aspects of systems. Systems are structured from 
requirements over system functions and solutions to the product components. Functions are usually 
modelled in Internal Block Diagrams (IBD). In the Motego language profile, a functional architecture 
is a function which consists of sub functions, while an elementary function is a function that is not 
further decomposed. Inside an architecture function, sub functions are linked via functional flows of 
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energy, material or information. These flows act between the interfaces of the functions (i.e. ports) 
[ZJS21]. In motego each function has a solution to realize it. The connection between function and 
solution is a generalization. Solutions of elementary functions are called solution elements [JKB22]. 
In a solution element, following the principles of Koller [KOL98], the function is realized by a physical 
effect acting between two active surfaces [DRW20]. The active surfaces are described by their main 
parameters and materials. Solutions of functional architectures are system solutions. System 
solutions contain solution elements and system solutions of their sub functions and are therefore 
aggregated solutions [ZJS21]. It is important to notice that in motego, the solution architecture is 
structured in the same way as the functional architecture, adding geometric information to it, and not 
structured as a component architecture. 

 

Figure 37: Overview of the motego method, source: [JKB22] 

SysML modeling with motego allows for a detailed modeling of the physical aspect of systems. 
Therefore, system models created with the motego method contain detailed information on what 
physical effects are used in a system and what physical parameters are given. Thus, motego is 
chosen in the present study to create a link between system models and MBS models, as for MBS 
models some detailed information on physical parameters and effects is required. 

8 Use-Case 

As use case we consider the MBS model of an electrified drive train of a car. The MBS model is part 
of a simulation tool chain, which has the purpose of predicting the noise of the drive train at the 
driver’s ear described in [DJM19]. Figure 38 shows this simulation tool chain.  

In the MBS model, the structural dynamics of the drive train are modelled. The components within 
the drive train are considered as elastic bodies and the interactions between them (bearings, gear 
stages, electromagnetic forces) are modelled as force elements. The MBS model calculates the 
resulting structure borne and airborne sound in time domain as it results from the applied forces in 
the interactions and the structure dynamic behavior of the components. For this study, the further 
parts of the simulation tool chain, except from the MBS model, are not considered.  

The electric machine is selected as sub system to explain the method. It consists of a rotor and a 
stator between which electromagnetic forces act in an air gap. The rotor is supported within the stator 
with two rolling bearings. One of these bearings is a fixed bearing, one is a pretensioned floating 
bearing. To link the rotor with the attached gearbox, a splined shaft connection is used. 
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Figure 38: Simulation tool chain for NVH assessment of electrified drive trains, 
source: [DJM19] 

9 Method: SysML-Modeling of Electrified Drive Train 

As described in section Fehler! Verweisquelle konnte nicht gefunden werden., the motego 
method provides two main elements for modeling a solution in a system model, the solution element 
and the system solution. The solution element describes a physical effect acting between two active 
surfaces. The system solution aggregates multiple solution elements. To model a solution 
architecture of the electric motor, at first, we analyze which active surfaces are given in the MBS 
model. Thereby, the required solution elements can be identified. In Figure 39, the active surfaces 
are highlighted. From them, solution elements can be derived. The solution elements are: tight 
cylinder fits, lose cylinder fits, rolling contacts (all three in a bearing arrangement), the 
electromagnetic air gap and the splined shaft connection.  

 

Figure 39: Active Surfaces of the rotor of the electric motor 

One further system solution can be identified in the MBS model, which is not decomposed to its 
solution elements: the rotor. The rotor consists of multiple sheet metal packages which are glued 
and fit on a shaft. These are considered as one system solution in the model and, to keep the 
architecture of the system simpler, the system solution rotor is also not further decomposed.  
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The solution architecture of the system is given in Figure 40 b). The electromagnetic air gap is 
considered as one solution element as well as the splined shaft connection. The solution elements 
of the bearing arrangement are modeled inside a system solution rotor bearing arrangement. 

For each solution, the corresponding function is reverse engineered and thereby a functional 
architecture is modeled, cf. Figure 40 a). It provides the same structure but the elements in there are 
functional and not solutions. 

 

Figure 40: a) FunctionalArchitecture and b) SystemSolution of electric motor in IBD  

As example for a solution element, the splined shaft connection is modeled in Figure 41. The 
connection operates due to a Hertzian contact between two spline surfaces. The active surfaces are 
mainly characterized by the diameter and width of shaft and hub and by their materials copper and 
steel. The specific parameters of the spline surfaces as number of teeth and profile shift are modeled 
but are not displayed in the figure due to graphical reasons. Such solution elements with their main 
physical parameters are modelled for each solution element and system solution. 

10 Library of MBS Models 

After creating the SysML system architecture, we restructure the MBS model of the electric motor 
into sub models that correspond to identified solution elements and system solutions. These sub 
models are then integrated into the solution elements and system solutions in the SysML 
architecture. 
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In MBS, physical interactions between components are described by force elements, joints, 
constraints and connections that provide specific physical laws. Hence, there is a link between the 
physical effects in solution elements and system solutions, and the force elements, joints, constraints 
and connections in MBS. The solution elements identified in section 9 can be linked to specific force 
elements, joints and constraints. For example, the tight cylinder fit has been identified as one solution 
element. In MBS it is modeled by a rigid connection between two surfaces, c.f. Figure 42 a). The 
splined shaft connection is modeled in MBS by a force element describing the flexible contact 
between the spline surfaces, c.f. Figure 42 b). For the electromagnetic air gap, in the special user 
implemented force elements are used. Multiple of these user force elements are connected to 
describe the air gap in slices. The MBS sub model therefore consists of multiple force elements in 
slices, c.f. Figure 42 c). 

 

Figure 42: MBS models of the solution element tight cylinder fit, splined shaft 
connection and electromagnetic air gap 

In motego, engineering models such as MBS models can be integrated into the SysML architecture. 
An engineering model element provides ports with relevant input parameters for an engineering 
model. Inside of this block, an engineering constraint provides an executable interface to the specific 
model on the file system (e.g. via a Matlab interface). The engineering model can thereby be 
automatically parametrized from SysML. As a final step to create a modeling library for MBS models 
in MBSE we provide this parametric link between SysML and MBS. Therefore, after creating the 

 

Figure 41: IBD of the SolutionElement splined shaft connection 
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MBS sub models of solution elements, the sub models are integrated into the corresponding solution 
elements in the SysML architecture. In a first step, we analyze the sub models regarding which 
parameters are required to execute the sub model. These are then externalized and an interface to 
SysML is implemented. This interface is then integrated into an engineering model and linked to the 
SysML parameters, c.f. Figure 43. The engineering model is part of a solution element which is 
already displayed in Figure 41. 

After integrating all sub models from MBS into SysML, a library of MBS models has been created 
that is directly linked to SysML. The sub models can be parametrized from the solution elements in 
SysML. This library can now be used to create MBS models directly from SysML system models. 

 

Figure 43: Domain model of the splined shaft connection as link between SysML and 
MBS 

11 Discussion 

For using the model library to support the MBS modeling process, the created solution elements and 
system solutions are used when creating the solution architecture within the system model. Then, 
when an MBS model is required, the simulation engineer can decide on a scope for the model. In a 
top down process, from the main scope, it can be searched for sub solution MBS models. If a sub 



DSEC 2023 

54 

solution MBS model is given, e.g. for a bearing or the air gap, it can be used, if not, the next sub 
solution layer is investigated, until one MBS model is found. If a model is found, it can directly be 
checked, whether all required parameters for the MBS model are already given. Due to the physical 
orientation of the solution architecture, also different variants of models can be found to model the 
same solution element or system solution.  

The SysML model can thereby directly support the modeling process. However, there are still some 
weaknesses in the process. To support selection of a suitable MBS model, classification of the 
models is required, e.g. by using frameworks as scope, purpose and fidelity. Such classification 
should be integrated in the SysML model. Also, the process of creating the MBS model is still a 
manual process. Automation should be applied to fasten modelling, e.g. by using methods of model 
transformation. Additionally, further simulation methods may be integrated, e.g. FE simulations. In 
addition, it should be investigated how to deal with the case, when not all parameters of a simulation 
model are already given in the SysML model. In total, a stronger integration of engineering models 
with SysML system models may accelerate virtual testing in product development. 

12 Conclusion and Outlook 

In the present study we described a method to develop a model library for MBS models in a SysML 
architecture. A SysML model of an electric motor has been created, following the motego method 
[JKB22], including solution elements and system solutions. An MBS model [DJM19] has been 
decomposed to sub models that correspond to the SysML architecture regarding their structure. The 
MBS models are then integrated into the SysML solution elements as engineering models. Thereby, 
each solution element now provides the corresponding MBS model. When creating a new 
architecture using the same solution elements, the MBS sub models are already available. They can 
be reused and reparametrized from the SysML architecture. 

As a next step, automation of the MBS model creation based on the SysML architecture and the sub 
models should be investigated. Currently, to create an overall MBS model, the sub models still have 
to be assembled manually. This process may be automatable when analyzing the SysML 
architecture and using the MBS sub models, creating a model transformation process from SysML 
to MBS. Further on, the library should be enlarged for further cases and models. Thereby, a closer 
link between domain specific simulation models and SysML system architectures can be created.  
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Model-based engineering (MBE) is a methodology that uses models to design and develop complex 
systems, rather than traditional document-based methods. MBE offers several benefits over 
document-based methods, including better collaboration, more efficient communication, and the 
ability to quickly iterate and optimize designs.  

However, implementing MBE can be challenging, particularly for engineers who are accustomed to 
traditional document-based methods. To address these challenges, low-code technology has 
emerged as a key tool for implementing MBE in a practical way.  

Low-code platforms use visual and declarative programming tools to enable engineers to quickly 
and easily create applications, workflows, and business processes, without having to write extensive 
lines of code. Low-code platforms can also support agile hardware development by allowing 
engineers to rapidly prototype and iterate their designs, and to collaborate with other team members 
more efficiently. 

 

Fig 1: Model-based engineering with Low-code 

In this session, we will explore the benefits of low-code technology for implementing MBE and will 
also showcase real-world examples of companies that are successfully implementing low-code 
technology for MBE and agile hardware development. For example, leading aerospace and 
automotive companies who are using a low-code platform to develop products, which enabled them 
to quickly iterate and optimize their designs, and to achieve significant time and cost savings.  

We will also discuss the role of low-code technology in supporting digital transformation, particularly 
in the context of agile hardware development. Digital transformation in engineering involves using 
new software and processes to fundamentally change how a company operates and delivers value 
to its customers. Low-code can support the digital transformation of engineering by enabling 
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companies to rapidly develop new applications and workflows, and by providing a platform for 
continuous improvement and innovation of hardware development.  

By the end of the session, participants will have a practical understanding of how to implement MBE 
using low-code technology, and how to leverage low-code technology to support agile hardware 
development and digital transformation. They will also have a greater appreciation for the benefits 
of MBE and low-code technology, and for the importance of embracing digital transformation in order 
to stay competitive in today's rapidly changing business landscape. 
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Abstract: The study presents an approach that enables cost forecasting for powder-based additive 
manufacturing (AM) processes using Production- and Controlling Models. The objective is to make 
manufacturing costs determinable early in the model-based development framework “motego” to 
allow well-founded decision-making regarding the use of AM. The contribution presents a Production 
Model of a low-fidelity level, implemented in SysML to predict the manufacturing time based on 
height and width of a part. The estimated time is transferred to the developed Controlling Model for 
AM. In this parametric model, the cost structure of powder-based AM processes is implemented on 
a medium-fidelity level. The cost structures are integrated according to the current state of the art, 
including the opportunity to define company-specific Pre-, In- and Post-Processing factors. By 
combining the low-fidelity Production Model with the medium-fidelity Controlling Model, the 
presented approach allows to estimate manufacturing costs for AM in seconds with an acceptable 
uncertainty early in the development process. Consequently, the procedure can be used to support 
cost-efficient model-based development processes for AM. 

1. Introduction 

Additive Manufacturing not only has the ability to substitute established manufacturing processes, 
potentially it is able to disrupt present production processes and entire business models [AD22]. The 
average annual growth rate of all AM products and services’ global revenues over the past 33 years 
has been 25.9% [Wo22]. Investments in AM technologies are increasingly being considered to 
maintain entrepreneurial flexibility and increase independence from global supply chains, particularly 
in times of global political and economic unpredictability [La20, La22]. 

Additionally, AM can support emerging megatrends in fields like individualization, sustainability, 
internet of things or glocalization [Kn22]. Particularly, the creation of functionally optimized part 
designs is becoming more relevant in today's development processes. AM reveals its full potential 
in the production of such complex geometries [LEL22]. With the capabilities of digital tools like 
Generative Design, part geometries may be automatically created almost entirely based on active 
surfaces in a functionally optimised way. Product development can be totally rethought [Gi21].  

Contrary to this, the exploitation of extensive potentials in industry unleashed by AM faces several 
challenges today. Limiting factors include number of material types and availability, operating costs, 
regulations, and environmental influences. The two most significant factors are high investment costs 
and the lack of knowledge about the application of AM [Sc20]. Due to a lack of employee qualification 
and training to carry out product optimisation, especially small and medium-sized enterprises 
hesitate to make decisions for investments and the introduction of AM systems [MME17]. Companies 
might be able to overcome this by implementing a sufficient cost calculation. In the future, the effort 
and quality of price calculation might be increased [SFS15]. 

Knowledge from both the manufacturing and controlling areas is essential for a successful cost-
oriented product design. In their combined model-based systems engineering (MBSE) approach 
Spütz et al. show how knowledge about production and controlling can be formalized and linked to 



DSEC 2023 

60 

the system model of the product. The approach is aligned with conventional manufacturing 
processes and developed on the basis of the model-based development method "motego" [Ja22]. 
As result, engineering departments are able obtain non-domain-specific knowledge early in the 
development process that is cost-relevant. By the application of the approach it is possible to assess 
the Controlling Model and Production Model at an early development stage, and satisfy whether the 
product design meets cost requirements [Sp21]. Beside cost estimation, using MBSE methodology 
also allows manufacturability checks depending on the AM system configuration in use [WSK21, 
Wi21]. In addition to the benefits in product development, the integration of MBSE can offer economic 
advantages throughout the company [MP19]. The advantages of integrating Production and 
Controlling Models for additive manufacturing processes into a model-based development 
environment are obvious and will be investigated in this study. 

2. Need for research 

Several literature reviews classify existing cost evaluation techniques into three broad categories: 
parametric, analytical, and analogical approaches. According to the research, there is yet no model 
that fully accommodates different AM technology and applications. [Ni06, Bu17, Co17, KYW20] 

Table 1 below shows an assessment of the cost model categories in terms of predictive accuracy 
and speed of use. 

 Analogical Models Parametric Models Analytical Models 

Accuracy ◔ low ◑ medium ◕ high 

Speed ◕ high ◕ medium ◔ low 
 

Table 1: Capabilities of different cost model types according to [Ni06, Bu17, Co17, KYW20] 

As the review of the current state of the art reveals, there is a tension today - either to determine 
costs precisely with a high expenditure of time, or to forecast them with unsatisfactory accuracy. 
There is no cost model that fully addresses the needs of different AM technologies and applications. 
This ultimately leads to the fact that the economic efficiency of AM is difficult to estimate and 
ultimately investment decisions are risky. On the one hand, approaches are too imprecise in their 
predictive accuracy or, on the other hand, require a great amount of time and are unsuitable for 
application and decision-making in early development phases.  

Promising approaches for predicting the main factors influencing costs, such as process time, are 
currently only available for specific AM processes. These approaches have not yet been adapted for 
industrially relevant, metal-based AM processes such as Laser Powder Bed Fusion (LPBF) – also 
known as Selective Laser Melting (SLM). The need for further development in that area is evident. 
Especially the combination of efficient analogy methods for process time prediction, in combination 
with parametric cost models is currently still unexplored. 

Therefore, the objective of this study is to develop a methodology that allows the costs for AM of a 
component to be precisely predicted in a time-efficient manner accompanying model-based 
development processes. A reliable basis for decision-making about the economic viability of possible 
AM applications is targeted for LPBF processes.  

To converge on this objective, two emerging research questions need to be addressed: 
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 How can the cost structure of the additive manufacturing process be modelled to enable an 
accurate cost calculation? 

 How can the most influential input process parameters can be derived for the cost 
calculation? 

To answer the first question, the design of a parametric Controlling Model is envisaged. It is claimed 
that the focus of the cost model on the main influencing parameters of the AM process is adequate 
for a sufficiently precise cost prediction. Other factors such as pre-processing costs or specific post-
processing steps can be simplified and reflected in the cost structure. The structural dependencies 
can be build using the model-based development approach of “motego”.  

Further it is claimed that the most influencing parameters for cost calculation can be derived and 
defined in a Production Model. The build time as most influential parameter on cost can be estimated 
on a low fidelity level by deriving the bounding box of the considered part of the maximum distances 
of the active surfaces. To match the typically lower volumetric parts in additive manufacturing, the 
bounding box volume is reduced by an averaged factor to a potential AM volume. This information 
is transferred to the Controlling Model for cost estimation early in development processes. 

3. Methodical approach and materials 

The state of the art already described the need for an early and precise cost prediction for AM, as 
well as the potentials that model-based product development methods can offer. Therefore, this 
study proposes an approach that utilizes the “motego” development framework to develop a 
Production and a Controlling Model (see Figure 44). The essential objective is to enable the cost 
prediction of metal powder-based AM processes with low deviation in a time-efficient manner. For 
this reason, a cost model is developed in which the cost structure of the LPBF method is fully 
represented. The main cost factor of printing time is additionally derived from a Production Model. 
This Production Model derives the production process time as relevant parameter for cost prediction 
from a simplified consideration of the maximum part dimensions in conjunction with a specific 
geometry utilisation factor. 

Figure 44: Methodological procedure of the developed approach 

The starting point is any component geometry for which the costs of production are to be determined 
using a LPBF process. The process time of the part is estimated by deriving the bounding box volume 
of the part between the active surfaces defining the maximum part dimensions. The bounding box 
volume is then multiplied by an empirically determined factor that ensures that the typically minimised 
part volume for additive manufacturing is represented. The process time of the build job is derived 
from the determined part volume and height. This information is transferred from the Production 
Model to the Controlling Model and the cost for manufacturing is calculated. The Production and 
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Controlling Model development in the Cameo Systems Modeler according to the “motego” method 
ensure that interfaces to all necessary areas such as the CAD software Siemens NX and Matlab are 
available. The approach is specifically developed for powder-based AM processes, where typically 
one single validated set of process parameters is consistently used. 

4. Implementation 

In the following, the implementation of the Controlling and the Production Model in the modelling 
software Cameo Systems Modeler is presented. The development is based on the framework of the 
“motego” modelling method. 

4.1 Controlling Model 

Figure 45 below gives an overview of the overall structure of the Controlling Model in Cameo. 

 

Figure 45: Top-level structure of the controlling model 

The Controlling Model is directly related to the Production Model through a direct composition and it 
is coupled to the process time and the material demand. According to the parameter port that is 
connected on the left side of the figure, the time information is communicated by the "TimeValue" 
flow parameter, whereas the mass of material is transmitted from the "MaterialValue" flow parameter. 
These values are then used as an input for the for the cost constraints that were involved in the 
production, along with the corresponding calculations and parameters. Due to a clearer overview the 
figure only shows a simplified view on the derivation of some parameters. In the actual model the 
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“MachineHour” is calculated via a formula, which include the cost for the acquisition and revenue of 
the machine in relation to the inflation and the interest rate, the cost for maintenance, the energy 
demand in operation and the cost for occupation of the workshop floor. With these constraints the 
machine cost and the cost of the material are calculated from where they are added up for a further 
calculation of the total costs. 

4.2 Production Model 

In order to provide the Controlling Model with the required data on production time, a simplified 
approach is developed in the Production Model. In this approach, the active surfaces of the 
considered part are identified and a virtual box – the so-called bounding box – is developed around 
the part from their maximum distances. The active surfaces can either be derived in an existing 
component [Wi23] or from the system model of a new component to be developed. 

The analysis of a selection of 38 AM parts has revealed that compared to conventional production, 
a typical AM component has an average metal removal rate of 66 %. The ratio of the volume of the 
AM part to its bounding box volume averages to approx. 0,34. It should be noted that a standard 
deviation of 13.77% is present when determining this mean value. This factor is used in the 
Production Model to estimate the part volume of AM parts 𝐴𝑀  by multiplying the bounding box 

volume 𝐵𝐵𝑜𝑥  with the empirical volume ratio (see Eq. 1). 

𝐴𝑀 = 𝐵𝐵𝑜𝑥 ⋅ 0,34 Eq. 1

This way, together with the parameter of the specific build rate 𝐵𝑅  of an AM system, the parameter 

of production time 𝑇𝑖𝑚𝑒𝑉𝑎𝑙𝑢𝑒 can be estimated as shown in Eq. 2. The build rate describes the 
ability of the AM system to produce a cubic centimetre of part volume per hour. 

𝑇𝑖𝑚𝑒𝑉𝑎𝑙𝑢𝑒 = 𝐵𝑅 ⋅ 𝐴𝑀  Eq. 2

Finally, the AM part volume 𝐴𝑀  as well as the build time 𝑇𝑖𝑚𝑒𝑉𝑎𝑙𝑢𝑒 is provided as parameter 
for further processing in the Controlling Model. 

5. Results 

The implementation of the methodical approach results in the tool chain shown in Figure 46. A 
graphical user interface (GUI) developed for the CAD software Siemens NX allows the collection of 
relevant information for the additive manufacturing of a part under consideration. Using code 
programmed in Microsoft Visual Studio for the Siemens NXopen application programming interface 
(API), the relevant part information is transferred to the models in the Cameo Systems Modeler. The 
Production and Controlling Model built in Cameo calculates the relevant cost factors for AM using 
Matlab scripts and passes this cost information back to the GUI in NX. Compared to the precise but 
time-consuming production simulation, the cost forecast in the presented approach is carried out 
within a few seconds and is made available to designers directly in the CAD environment. 
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Figure 46: Resulting tool chain 

The capability of the Production Model is verified first. For this purpose, data from a production 
simulation of a part from an industrial project is used and the necessary input data is integrated in 
the model. Subsequently, the ability of the Controlling Model to depict real manufacturing costs is 
determined on the basis of valid data from an industrial project. 

Verification results 

For verification, a manufacturing simulation was carried out for the part under consideration in the 
AM software Autodesk Netfabb. An EOS M 290 was assumed to be the AM system for the 
production. In the Netfabb software, the total part volume (incl. support structure volume) and the 
precise production time of the build job are revealed after the production simulation. For 
comparability, 250 parts per build job are assumed as the number of pieces. 

The following Table 2 compares the build time estimation in the Production Model according to 
equation 1 to the precise production simulation. The deviation of the calculated production time 
appears due to the assumption of the volume factor described in chapter 4.2. The deviation of 2.5% 
can be assessed as not significant for further considerations. 

 Real part Production Model Deviation 

Bounding box volume 
[cm³] 

2,9 2,9  

AM Part volume [cm³] 1,012 0,986  

Build rate [cm³/h] 37,66 37,66  

Total build time [h] 6,72 6,55 - 2,5 % 
 

Table 2: Verification results of the Production Model and deviation of developed approach 
to industrial project 

As an interim result, it can be stated that the simple calculation of the build time in the Production 
Model with low fidelity has a satisfactory validity for the investigated application. However, the 
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empirically determined factor of the AM part volume should be used with caution, as it is subject to 
a certain standard deviation in reality. 

Validation results 

After the fundamental applicability of the build time estimation in the Production Model has been 
demonstrated, the Controlling Model and thus the entire approach is validated. For the validation, a 
comparison was made with a real manufacturing quotation for an industrial project (see Table 3).  

 Industrial Project Developed approach Deviation 

Total part volume 
[cm³] 

282,5 278,71 - 1,34 % 

Total build time [h] 7,5 7,4 - 1,34 % 

Total cost per part [€] 6,05 6,79 + 12,2 % 
 

Table 3: Validation results and deviation of developed model to industrial project 

From the Production Model, the total part volume of the considered build job of 250 pieces was 
determined. The total part volume is determined to be 1.34 % lower than in the real case of the 
industrial project. This deviation is carried over accordingly into the determination of the total 
production time. Finally, the costs for the additive manufacturing of this build job were calculated in 
the controlling model. In this case, the costs were calculated at 6,79 € per part. Compared to the 
total cost per part of 6,05 € from the offer of the industrial project, a deviation of 12.2 % has arisen 
in the cost determination using the Controlling Model.  

In conclusion, the costs for additive manufacturing determined via the Production and Controlling 
Model are subject to an acceptable deviation. In addition to the precise prediction of build time in the 
Production Model, the determination of company-specific cost factors in the Controlling Model plays 
another central role. 

6. Conclusion and outlook 

The goal of this study was to develop a model-based approach of predicting the costs of additive 
manufacturing in the early stages of development. A Controlling Model based on the “motego” 
framework was created for this purpose. The cost structure of an LPBF process was implemented 
on a high-fidelity level in this Controlling Model. The most relevant factors for cost calculation, such 
as production time, were represented in a Production Model at a low-fidelity level. 

In conclusion the developed Controlling Model is able to successfully evaluate the real manufacturing 
costs with acceptable uncertainty. This uncertainty can on the one hand be attributed to the lower 
fidelity level of the Production Model. On the other hand, it is essential to define the cost factors in 
the Controlling Model precisely according to the company's parameters in order to minimise 
deviations. 

As a future research focus, the precision of production time estimation in the Production Model is 
elementary. To concretise the cost forecast in early development phases, the production time must 
be determined more precisely. At this point, analogy-based approaches offer a possibility to derive 
production times by comparing them with known components. This approach will be further 
evaluated in the future and the presented approach will be extended accordingly. 
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Abstract: Flexible Multi Body Simulation (MBS) models are increasingly employed in the early 
stages of product development for predicting and analyzing the vibro-acoustic behavior of 
gearboxes. The accuracy of the predictions is heavily dependent on the accurate modelling of the 
individual flexible bodies, bearings, joints, gear wheels as well as meshing excitation. Therefore, this 
paper aims to demonstrate the systematic experimental validation of the component and assembly 
dynamics of an exemplary industrial gearbox model. The considered gearbox is modelled using a 
commercial MBS software and the validation is conducted in increasing order of complexity of 
components. For describing the vibro-acoustic behavior, it is not only necessary to validate the 
dynamic behavior of the assembly but also to accurately represent the dynamic excitation from gear 
meshing. For this, metrological inspections were conducted for the gearbox housing, shafts as well 
as gearings. The resulting axis deviations, shaft inclinations and gear profiles were considered in the 
MBS model. Subsequently, the predictions of surface velocities at distinct points on the gearbox 
during operation are compared with corresponding experimental measurements. 

1. Introduction 

Industrial gear units are used for providing relatively high driving torques in applications such as 
material handling, hoisting, mixers, agitators, etc. The acoustic and vibration regulations for such 
gear units are becoming increasingly stringent. At the same time, the demand for higher power and 
torque densities is also increasing. In many cases, the optimization of load carrying capacity, service 
life and acoustic behavior involves conflicting measures and therefore a trade-off is unavoidable. 
The knowledge of the vibration behavior in the early stages of development can therefore be valuable 
for achieving an optimum trade-off between the design objectives in a cost-effective manner. 

Multi Body Simulation (MBS) of industrial gear units is often used to simulate the dynamic behavior 
at different operation points and loading conditions. Here, the shafts, housing and covers are 
modelled as linear elastic bodies whereas, the gears, bearing inner and outer races are usually 
modelled as rigid bodies for reducing computational effort. The non-linear gear tooth contact as well 
as bearing behavior are modelled using analytical formulations.  

Although commercially available MBS Software enable, for example, the calculation of vibration 
response at different points of the flexible housing, the systematic validation of such predicted 
surface velocities has not been addressed widely in literature. Matzke et al. validated the MBS model 
of the gearbox of a wind turbine by comparing the loads on and deflection of planetary gears with 
the measured values [MAT18]. The tilting and displacement of carrier and planets was determined 
experimentally and showed a good correspondence with simulated values. However, the resulting 
structure-borne sound at the gear housing was not validated. Another validation project for a wind 
turbine gearbox was undertaken in [VAN15]. The validation strategy involved updating the models 
of the planetary gearbox components in increasing order of complexity. First, the individual 
component models were updated, followed by the subassemblies and fixed complete assembly. 
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Such an approach allows higher confidence in the simulation of the complete assembly MBS model. 
However, the validation was limited to comparing the operational mode shapes of the gearbox on 
the test rig. The qualitative and quantitative comparisons of the structure-borne sound was not 
conducted, such that the modelling of the excitation sources within the gearbox could not be 
evaluated. The flexible MBS model of a simple single-stage gearbox was validated in [PRO15]. Here, 
the mesh stiffness of the helical spur gear pair was obtained from the corresponding Finite Element 
Method (FEM) model. The resulting surface normal velocities at two points during rundown were 
compared with measurements and showed a good correspondence.  

The aim of this paper is to systematically validate the MBS model of a multistage industrial gear unit 
with reasonable effort, such that a qualitative and quantitative comparison of surface normal 
velocities is enabled. Such a model validation has not been conducted in literature.  

2. Methodology 

The adopted validation strategy is similar to one proposed in [VAN15]. The systematic validation of 
the complete model is carried out by updating individual components and sub-assembly models in 
increasing order of complexity (Figure 1). Comparison of the dynamic behavior of all components is 
conducted in a freely hanging state such that the influence of surrounding structures could be 
removed. For implementing the above model updating methodology, a three-stage industrial gear 
unit ‘X3KS100’ manufactured by SEW EURODRIVE GmbH & Co KG was chosen. The gear unit with 
6450 Nm nominal torque and transmission ratio of i = 13.47 represents the smallest unit in the X-
range portfolio. The first stage represents a helical-bevel gear stage. SIMPACK 2022x.3 is chosen 
as the MBS software for modelling the components and assembly. The structural meshing of flexible 
components is conducted in a FEM software. Subsequently, the truncated modal mass and stiffness 
matrices are exported to SIMPACK. 

 

Figure 47: Methodology for systematic model updating (left) and analysis object (right) 
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3. Systematic Validation 

3.1 Component model validation 

In this step, the dynamic behavior of simple structural components is modelled and compared with 
the measured behavior in a freely constrained state. As the simplest housing component, the bearing 
cover made of GJL-250 cast iron is first considered. The aim here is to calibrate the material model 
parameters such as density, Young’s modulus and structural damping. For this, the bearing cover is 
suspended using elastic bands and the driving point displacement-to-force FRF is measured at a 
point as shown in Figure 2. An FEM-model of the cover is created assuming certain material model 
parameters and the corresponding (undamped) simulated and experimental FRFs are compared in 
Figure 2. A good correspondence between the FRF amplitudes can be observed with a maximum 
relative error of eigenfrequencies of 0.29 %. This indicates correct assumption of Young’s modulus 
and density.  

 

Figure 48: Approach for identification of Rayleigh factor 𝛽 

Due to the low modal density, the measured FRF also serves as an ideal reference for identifying 
material damping. For simplicity, it is assumed that the structural damping can be represented using 
Rayleigh damping factors, 

𝑫 = 𝛼𝑴 + 𝛽𝑲. Eq. 6

Ignoring the inertia proportional factor, the equivalent modal damping for the k-th mode can be 
calculated as follows, 

𝑑 =
𝛽𝜔

2
. Eq. 7

For identifying the Rayleigh factor 𝛽, an optimization scheme is developed using the commercially 
available software optiSLANG. The maximum amplitude of the dominant, third resonance frequency 
(2970 Hz) of the measured FRF is taken as the target amplitude. In the MBS model, the modal 

damping of this mode (𝑑 ) is taken as the optimization variable. The optimization goal is to minimize 
the amplitude error between the simulated and measured FRFs for the third mode. The identified 
modal damping is then used to calculate 𝛽 (Eq. 2). The driving point FRF with the identified damping 
parameter matches well with the measured FRF. Thus, the parameterized material model is applied 
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to the housing and other components with the same material. In this way the model of the individual 
components such as covers, housing and shafts were validated. 

3.2 Sub-assembly model validation 

In this step, part models, which are validated in the previous step, are assembled together to assess 
the influence of the resulting joint on the dynamic behavior of the assembly. For this, a simple sub-
assembly of two bearing covers and the housing (without internal components) with bolted joints is 
created (refer Figure 3). Here as well, the sub-assembly is suspended from soft springs to provide 
isolation from surrounding structures. An MBS model of the measurement setup is created such that 
a simple bonded contact condition is assumed between the covers and the housing. The bolts as 
well as the bolt pretension were not considered.  

Using an impact hammer with hard tip, three driving point FRFs were measured at the bearing covers 
in the surface normal direction. The corresponding FRFs were generated in the MBS software and 
are compared with the measurement in Figure 3. It can be observed that the simplification of the 
bolted joints as bonded contact does not result in significant error in location of resonance 
frequencies within the measured frequency range.  

The a priori determination of joint damping is not a trivial task due to the complex, unknown and non-
linear contact conditions. With the simplification of the contact as bonded contact, no additional joint 
damping or friction is considered in the model. Since the modelling and parameterization of contact 
models for different assemblies is not economical in an industrial environment, the bonded contact 
is taken as an acceptable initial approach. The aim of this work is to evaluate the magnitude of error 
on the predicted surface velocity without considering bolted joint damping.  

 

Figure 49: Validation of sub-assembly model 
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3.3 Assembly model validation: free & fixed states 

The assembly dynamics involves the interaction between the individual flexible components 
(housing, shafts) with each other through bearings and gear pairs. In order to validate this complex, 
non-linear assembly dynamics, first, the assembled gearbox is analyzed under no-load condition 
and in a freely constrained state. This allows the assessment of the MBS model mainly with respect 
to the correct modelling of the bearing system and preloads. In this state, the gear pairs are (almost) 
not loaded. Select collocated FRFs on the housing and shafts as shown in Figure 4 (left) are used 
to validate the MBS assembly model. For accurate modelling the gear unit assembly, the bearing 
holes in the housing were measured such that the shaft inclination and skew (as per DIN ISO 3964) 
could be considered in the MBS software using displaced markers.  

In the second step, the validated gear unit is assembled on a test bench as shown in Figure 4 (right) 
using four bolted joints. The corresponding model of the gear unit-test bench assembly is also 
created in the MBS software such that the T-slot plates of the test bench are modelled as flexible 
bodies. The bolted joints between the plates are considered as bonded contact, whereas the four 
bolted joints between the gear unit and T-slot plate are modelled as massless Spring-Damper 
Elements (SDEs). Further reference FRFs measured at the housing are used for identifying the six 
parameters of each SDE. In this way, an updated MBS model of the gear unit-test bench assembly 
is obtained. 

 

Figure 50: Setup for model updating in freely constrained (left) and fixed state 
(right) 

3.4 Validation during operation 

The final stage of validation is conducted under normal operating conditions on the test bench. In 
this stage, the accurate modelling of the gear pairs is important for representing the dynamic 
excitation from gear meshing. Therefore, a metrological inspection of all the individual spur gears 
was conducted prior to assembly of the gear unit. Thus, the teeth flank and profile modifications were 
measured for all spur gears and the resulting deviations as well as run-out values are considered in 
the gear wheel primitives of the MBS software. 

The gear unit is connected with the drive and load-side motors using universal joint connecting 
shafts. These shafts are modelled in SIMPACK as rigid bodies with appropriate inertia properties, 
universal joint connections (type 22) and sliding joints (see Figure 5). Subsequently, a torque of 3225 
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Nm is applied at the load-side shaft at an input shaft speed of 200 rpm. Once the torque is increased 
step-wise to the specified value, a speed ramp from 200 to 1800 rpm in 200 seconds is conducted 
for the input shaft. Accelerometers attached at different locations on the gear unit housing record the 
vibration behavior during the ramp-up. The comparison of the resulting surface velocities at certain 
sensor locations is discussed in the next chapter. 

 

Figure 51: Test setup for final validation stage (left) and corresponding MBS 
model (right) 

4. Results 

A pre-analysis showed that the membrane vibration modes of the housing occurring at sensor 
locations S1 and S2 shown in Figure 4 are highly relevant for the acoustic behavior of the gear unit 
under operation. Therefore, the vibration velocity during the ramp-up at these locations is taken as 
the reference for comparison with the MBS model.  

Figure 6 shows the comparison of the frequency content of the surface velocities at S1 and S2. The 
frequency spectrum of the measured and simulated velocities matches to a large extent. However, 
the amplitudes of vibration at structural eigenfrequencies are systematically higher for the MBS-
simulated signals. 

In case of sensor S1, the dominant membrane vibration mode at approx. 1840 Hz is also represented 
in the MBS model, although with higher amplitudes. This is also valid for the mode at approx. 2940 
Hz, which corresponds to a housing deformation mode. The dominant vibration modes of the housing 
wall near sensor S2 at 1644 Hz and 3000 Hz are also visible in the simulated and measured 
spectrums.  
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Figure 52: Comparison of frequency spectrum of simulates and measured surface 
velocities at sensor S1 and S2 

The above comparison shows the correct prediction of the location of assembly vibration modes 
using the MBS model. The comparatively higher vibration amplitudes at the eigenfrequencies is 
probably caused by an insufficient level of resulting modal damping. Unlike the real gear unit 
assembly, the simulated MBS model does not include energy dissipation effect of the lubrication oil 
volume inside the gear unit. Apart from this, the determination of the equivalent modal damping 
(Eq. 2) assumes a linear increase in modal damping with increasing frequency, independent of the 
mode shape. A more accurate approach would be the direct experimental identification of modal 
damping for the housing-cover modes as this would contain not only the effect of material damping 
but also the energy dissipation at joints. 

5. Summary 

This presentation provides a method for the systematic validation of an industrial gear unit assembly. 
In this context, the simulation models of components and assemblies are validated in increasing 
order of complexity and in freely constrained state. This systematic increase in complexity of updated 
systems allows for the localization of sources of modelling uncertainty and inaccuracy. Using this 
approach, an MBS model of an industrial gear unit was updated. The comparison of FRFs and mode 
shapes of the individual components were used to update material parameters such as material 
damping (for cast iron), Young’s modulus and density. Analysis of the housing-cover assembly 
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showed that the consideration of the bolted joints as bonded contact did not lead to significant error 
in prediction of eingenfrequencies within the measured frequency range. In the final stage of 
validation, the gear unit assembly was mounted on a test bench and operated at specified torque. 
During the ramp up of the HSS, the structure borne noise was recorded at different locations on the 
housing. A comparison of the measured and simulated surface normal velocities shows that the 
validated model could successfully predict the frequency spectrum at two exemplary locations on 
the housing. Although the location of the eigenfrequencies of the complete assembly could be 
predicted accurately, the modal damping was estimated lower than the measurement. This is also 
an indication that ignoring the joint damping in the modelling of the housing-cover joints as bonded 
contact is not suitable. Further investigation is required for developing a practicable method for 
estimating the modal damping of the housing-cover assembly without extensive measurement effort.  
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Abstract: Electric vehicle purchasers demand a quiet, comfortable ride as well as long range and 
good performance. The electric motor is one of the main sources of unpleasant noise and vibration 
(NV) in an electric vehicle, and so there is a lot of pressure on engineers to make their designs as 
quiet and smooth running as possible. At present, mainly parametric optimization approaches are in 
use for optimizing electrical machines. This contribution introduces a non-parametric optimization 
technique to be included in the design process to improve the electrical machine’s overall 
performance with respect to both torque performance and NV behavior. 

1. Electrical machine optimization 

When we imagine an electric motor, we imagine a machine rotating smoothly with a constant torque. 
When viewed closely however, the output from a motor is anything but smooth (figure 1a and 1b). 
There is a fixed number of magnets and teeth inside a permanent magnetic motor, and the torque 
varies according to their exact position relative to each other. This gives rise to fluctuating torque 
ripple that causes vibration. In addition to that, there are 2𝜋-periodic radial forces (figure 1c) which 
do not contribute to the torque but can potentially couple to structural resonant modes. This will 
cause further noise and vibration. Resonant noise is tonal and tends to be perceived as more 
annoying than the broadband noise of an internal combustion engine. Therefore, the optimization in 
the electromagnetic domain consists of (i) minimizing the torque ripple without sacrificing the mean 
torque and (ii) reducing the amplitude of the radial force waves which contribute most to the emitted 
noise or, in other words, couple most to structural modes. However, at the same time one has to 
keep the residual stresses and displacements in the machine’s lamination under control such that 
the machine is not severely damaged or destroyed when rotated at maximum speed and under 
unfavorable thermal stress conditions. Therefore, structural key performance indicators (KPI’s), have 
to be combined with the electromagnetic ones. 
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Figure 53: Electromagnetic objective functions: Torque performance characteristics a) and b) and 
radial force waves acting on the stator teeth c). 

2. Workflow and results 

Taking into account the described KPI’s an optimization has been performed. The design space for 
the non-parametric shape optimization is shown in figure 2a. The red marked surface mesh nodes 
are free to move in a user-defined direction, range and respect appropriate symmetries. The FEA 
simulations have been performed using CST Studio Suite [CST1] and Abaqus [ABA2] for 
electromagnetic and structural domain respectively. Both software packages provide adjoint 
sensitivities with respect to the KPI’s to the optimization software Tosca Structure [TOS3]. This leads 
with a fast convergence rate (figure 2c) to an optimized design (figure 2b). 

 

Figure 54: Design space a), optimized design b) and convergence rates for the respective KPI’s c). 

3. Conclusion 

The goal-oriented non-parametric optimization method accelerates the design process, can produce 
optimized geometry not limited by human imagination and can outperform parametric optimization 
approaches. With non-parametric optimization, users can design electrical machines that meet 
torque performance targets while minimizing noise and vibration. 
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Abstract: In this paper a multi body simulation tool for the analysis of electric drive trains to calculate 
the dynamic and acoustic behavior under consideration of bearing contacts is presented.  
For this purpose, the complicated and time-consuming solution of Maxwell’s equations must be 
converted into an efficient, multidimensional map solution. Thus, an interface that couples multi body 
simulation and the electromagnetic forces under consideration of rotor eccentricity is implemented. 
Furthermore, assumptions regarding the material data of the elastic bodies are discussed. The 
simulation results will be validated by the outlined test-bench in the future.  

1 Introduction 

The electrification of driving systems is indispensable for the global transformation of transportation. 
Electric machines are often perceived as annoying due to their noise with tonal components in the 
medium and high frequency range, although they are much quieter than combustion engines. Since 
the structural dynamic and acoustic behavior (noise, vibration, harshness - NVH) is a decisive 
criterion for the purchase decision, it is necessary to simulate and optimize the acoustic behavior 
with sufficient accuracy during the development process. Simulation approaches such as elastic 
multi-body simulation (eMBS) have become established. In the electromagnetic domain, the 
excitation forces, which are time-dependent on the electric currents and thus also on the magnetic 
fields, are determined. The frequency of the excitation forces is determined from the control and 
power electronics as well as from the geometry of the electrical machine. Further excitations result 
from the manufacturing eccentricity between rotor and stator as well as asymmetries in materials 
and geometry of the components of the electric machine, which excite the system with a multiple of 
the rotational frequency. 

The components of the electric machine and their interaction at the overall system level form the 
structural dynamics model. Since individual components such as laminations or windings are highly 
anisotropic, the material models are typically validated by comparison with experimental modal 
analyses of these components. Further nonlinear behavior, such as that of the rolling bearings, which 
is determined by bearing clearance and Hertzian contact stiffnesses, are mapped in the eMBS. The 
gear tooth excitations of the gearbox allow the mapping of the torque, as well as the nonlinear gear 
stiffnesses depending on the rolling position. 
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The aim of this paper is to present such a simulation approach, which allows in particular the 
consideration of static and dynamic eccentricity effects. 

2 Calculation of Electromagnetic Forces 

In the following section the methodology to calculate the electromagnetic forces in the considered 
machine is discussed. The electromagnetic forces are presented and analyzed using 2D Fourier 
analysis. The orders of the resulting harmonic force excitation are discussed. 

2.1 Modeling Approach 

The considered electrical machine is an 2𝑝 =  8 pole, 𝑁 = 48 slot permanent magnet synchronous 
machine with symmetric 3 phase distributed windings. The stator is continuously skewed by one slot 
pitch. The radial and tangential force densities 𝜎  and 𝜎  are calculated from the radial and 

tangential air gap flux densities 𝐵  and 𝐵  using the finite element analysis [MS15]: 

𝜎 =
B − 𝐵

2𝜇
                       Eq. 1

 

𝜎 =
B ⋅ 𝐵

𝜇
                       Eq. 2

The electromagnetic force excitations for rotor and stator are calculated by integration of the force 
density along each rotor pole and each stator tooth, respectively. The forces acting on rotor and 
stator are pre-calculated in several operating points within the operating range of the machine and 
for varying amplitudes of rotor eccentricity. By interpolation, the force excitations are obtained for 
arbitrary operating points. 

2.2 Results 

The radial and tangential force components acting on rotor and stator are calculated [MDL22]. In 
Figure 55 the radial stator force spectrum and the radial stator forces on stator teeth for different 
angular distances 𝜑 to the static eccentricity angle are illustrated for a static eccentricity of 0.2 mm. 

The chosen operating point correlates to the torque of 𝑇 = 10 Nm and the speed of 𝑛 = 3000 rpm. 
The amplitudes of radial forces acting on the stator teeth increase in proximity to the position of static 
rotor eccentricity. The spatial and temporal force orders with the highest amplitudes equal the pole 
harmonics, which are multiples of 8, and the slot harmonics, which are multiples of 48. Due to the 
static eccentricity, spatial orders which are multiples of 1 are additionally excited as side-harmonics 
in the proximity of the slot and pole harmonics. The machine structure is especially susceptible to 
vibrations caused by low spatial order vibrations [HJO50]. 
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Figure 55: Radial stator force spectrum (left) and radial force on different stator teeth 
(right) at 𝜀 ≈ 28.5%,  𝑇 = 10 Nm and 𝑛 = 3000 rpm. 

3 Test bench 

For the determination of the acoustic and structural dynamic behavior, also referred to as noise, 
vibration and harshness (NVH) of an electric machine, it is necessary to define the system 
boundaries used for the simulation. In the application considered (Figure 56), an electric machine 
mounted to a test bench is used, which is operated at a rated power of 235 kW. The machine has a 
pole pair number 𝑝 = 4 with a phase number 𝑚 = 3 and a fixed-lose bearing. The rotor plate is 
arranged centrally in the machine and supported on the left and right sides by the housing.  

 

Figure 56: Electric machine for investigation of static and dynamic excentricities 
influences on its NVH-behavior. 
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The original electric machine was converted in such a way that the investigation of static and dynamic 
eccentricities as well as imbalance influences can be investigated. The additional components to be 
modelled are attached to the housing in the form of bearing pots.  

In order to record the system behavior and subsequently validate the simulation model, four so-
called comparative variables were identified: structure-borne noise, bearing forces, rotor 
displacement and airborne sound. The former is usually detected by accelerometers, the mass of 
which must be considered in the simulation. The bearing forces are measured by strain gauges on 
the bearing pots, which make it possible to distinguish the radial and axial occurring bearing forces. 
Line and point lasers are used to detect the rotor displacement on the left and right sides, outside 
the machine and through holes on the rotor plate, which allows conclusions to be drawn about the 
change in the air gap. 

4 Multi-Body-Simulation Model 

The following section outlines the concept for the simulation model as well as the assumptions and 
simplifications with regards to the material data and detailed geometry of the elastic bodies. 
Furthermore, the interface between electromagnetic forces and multi body system is illustrated. 
Finally, an exemplary evaluation of simulation results with the relevant quantities is shown. 

4.1 Model Overview 

In order to simulate the test-bench experiments a multi body system (MBS) is constructed [FIR22]. 
A general overview of the model is given in Figure 57. The housing is fixed at eight node groups via 
RBE3 elements located at the areas where the specimen will be held in place at the test-bench. The 
fixation is implemented by using a stiff spring damper (SD) coupling element. The shaft and rotor are 
coupled with the housing using two roller bearing (RB) coupling elements. Using Abaqus Tie 
elements, both the stator and rotor are tied to the housing and shaft respectively. To apply the forces 
to both rotor and stator the following section outlines the electromagnetic force interface [DOM22].  
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Figure 57: Motor Assembly and coupling interfaces (RB = Roller Bearing, SD = Spring-
Damper-Element). 

4.2 Interface to Electromagnetic Forces 

In order to analyze the NVH behavior e.g., investigation of surface vibrations in the time domain, a 
transformation of the surface normal velocity into the frequency space is required. Due to the 
symmetry properties of the Fourier transform, capturing the vibrations at a sufficient level of detail 
(up to a chosen frequency 𝑓max), requires the sampling frequency to be 

𝑓sample = 2𝑓max                       Eq. 3

thus, prescribing a lower bound to the simulations timestep and additionally to the highest 
eigenfrequency 𝜔  of the model order reduction: 

𝜔 ≥ 𝑓max                       Eq. 4

Solving Maxwell’s equations in the time domain to acquire the magnetic field density and therefore 
the electromagnetic forces for each time-step is not feasible. Especially considering that simulating 
a complete drive train with bearings and gears together with high sampling rate can already be 
computationally expensive, a look-up table approach for the electromagnetic forces is chosen in this 

work. The electromagnetic forces calculated for a targeted torque 𝑇 depend on the rotor eccentricity 

𝜀 and rotational velocity 𝑣 as shown in Eq. 5 and visualized in Figure 58. The dimensions for every 

operating point are 2(𝛷 × 𝑛 ) with 𝛷 being the number of sub-steps in the discretization of one 

mechanical rotation and 𝑛  being the number of stator slots/teeth. If the current simulation state is 
between operating points the force tables are interpolated accordingly. Currently only one cross-
section along the axis is considered for this work and the electromagnetic forces calculated using a 
2D FEM simulation tool [MDL22] are distributed equally, given that the mesh on the stator teeth 
surfaces is regular. 
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Figure 58: Tangential and radial stator tooth forces over the circumference with a 

targeted torque of 𝑇 = 10 Nm, rotational velocity 𝑣 = 3000 rpm, eccentricity 

of 𝜀 ≈ 28.5% in positive x-axis direction and rotor position 𝜙 = 0∘. 

 

𝐹tan/rad(𝑣, 𝜀) =

⎝

⎜
⎛

𝑓tan/rad, , 𝑓tan/rad, , … 𝑓tan/rad, , t

𝑓tan/rad,1,1 ⋱ ⋮

⋮ ⋱ ⋮
𝑓tan/rad, , … … 𝑓tan/rad, , t⎠

⎟
⎞

 Eq. 5

On the rotor side the forces are applied to its center of gravity by summing up the tangential forces 
and multiplying by the leverage 𝑙  to apply the momentum 𝑚rotor (Eq. 6). Radial forces, which are not 
balanced in case of an eccentricity are handled accordingly. 

𝑚rotor(𝑣, 𝜀, 𝜙) = 𝐹tan(𝑣, 𝜀, 𝑖, 𝜙)𝑙                        Eq. 6

4.3 Material Models 

The materials of the stator and rotor sheet-stack are approximated by a homogenization approach 
according to [FRA22]. The winding caps are omitted in the model, since they have no notable 
contribution to the overall stiffness. Their mass however is distributed among the adjacent winding 
elements. The material of the windings located in between the stator teeth is modeled using 
transverse isotropy according to [MIL15] and are connected to the stator teeth using Abaqus Tie 
elements. The rotor, end shields and roller bearings are modelled with isotropic steel and the housing 
is modelled with isotropic aluminum. 

4.4 Examples of Results 

In order to illustrate the results a test simulation at an operating point with a targeted torque of 𝑇 =

10 Nm, rotational velocity 𝑣 = 3000rpm and eccentricity 𝜀 = 28.5% has been run for one mechanical 
rotation. Figure 59 shows the sum of normal velocity amplitudes on the outer surface of the motor 
housing in the time and frequency domain. The two main orders in the frequency response (48th 
order / 2.4kHz and 96th order / 4.8kHz) are related to the number of stator teeth. The additional 

smaller amplitude peaks are related to multiples of the number of pole pairs (𝑝 = 8) and the number 
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of stator teeth (𝑛 = 48). Figure 60: shows the amplitude of the surface normal velocities on the 
motor housing and stator surface for the 48th and 96th order.  

Figure 59: Normal velocity of outer surface nodes resulting from a simulation at 𝑣 =

3000rpm, 𝜀 = 28.5% and 𝑇 = 10 Nm in time and frequency domain. 

 

 

 

Figure 60: Amplitude of surface normal velocities for the 48th order (left, 2.4kHz) and 
96th order (right, 4.8kHz) visualized on the housing and stator surface. 

5 Conclusions 

This work gives an introduction into the calculation of electromagnetic forces. A test bench setup is 
outlined, which is required in order to validate the simulation model. The test bench motor is modelled 
using the finite element method and the required couplings are illustrated. The implementation of a 
novel force coupling interface is presented. Some preliminary simulation results considering static 
rotor eccentricity show frequency responses with orders relating to the geometric properties of the 
machine. As soon as the first test bench experiments have been completed and the measurements 
are evaluated, the validation process will begin. In the future there are multiple possible 
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improvements to the simulation model and force coupling interface, including parallelization and 
consideration of rotor-skew, -bending and -torsion using a multi-slice model to account for the 
change of forces in axial direction.  
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Abstract: RENK has been successfully manufacturing multi-motor drives and generators for a wide 
variety of industrial applications for many years. Based on this, RENK Test System GmbH (RTS) is 
now developing a 35 MW drive with a maximum torque of 43 MNm for a wind turbine test stand.  

The concept of the multi-motor drive is used for applications with extreme torques and maximum 
operational readiness required. The arrangement of several electric motors to a single compact drive 
enables a resulting torque that is otherwise only possible with high-risk and high-cost special 
solutions in motor design, such as direct drives. However, the arrangement of a number of standard 
motors in combination with proven RENK gear technology results in a system of highest reliability 
and lowest costs. 

This paper will focus on the various applications this drive technology is already in use, as well as 
the challenges running a test bench with it. Such as backlashing and control dynamics. Another 
focus within this paper will be the virtual commissioning of the test rig with our digital twin technology.  

1. Introduction 

The idea of using a motor-gearbox-combination as a drive system or powertrain for industrial 
applications is as old as the electric motor itself. However, this combination has its limitations, when 
high torques or high speeds are required as this drives the complexity and costs of the gearbox and 
or the electric motor, respectively generator. 

 

Figure 61: Motor-Gearbox-Drive-System for a 7.5 MW (left) and 15 MW (right) Wind Power 
Nacelle Test Rig 

As we have the requirement of having high power density, while creating 43 MNm of torque for a 
wind power nacelle test bench, we came up with the idea to use multiple motors and a common 
gearbox. Using multiple motors to distribute the load to several smaller entities is not a new concept 
and is for example used in tunnel boring machines. This and the optimum combination of gearbox 
ratio and number of motors was also shown by Hans-Georg Herzog from the Technical University of 
Munich and our colleague Thomas Stöckl in [STÖ22]. 
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2. State of the art at RENK 

Also for the RENK Group, it is a very common approach to combine multiple electric motors with a 
gearbox to fulfill extreme customer requirements. In marine and industrial applications, we have at 
the moment two products, which are utilizing this approach: 

1) Integrated Front-end Power System – IFPS® for marine applications 
2) Compact Planetary Electric Drive – COPE® for industrial applications 

Both solutions have their specific requirements and therefore solutions. The following two chapters 
will give a short overview on those requirements and how they are fulfilled. This will then lead to the 
requirements of the wind power nacelle test rig and how we intend to master those. 

2.1 IFPS® 

Large vessels for transporting goods and materials from continent to continent usually have a 2-
stroke engine and mostly three 4-stroke diesel-gensets. These gensets are used to provide electrical 
energy to the vessel for subsystems, such as lighting and communication. The gensets need their 
own foundation and need continuous maintenance and service. Plus, they have a negative influence 
on the CO2 emission balance of the ship. However, the EEDI phase three is mandatory for ships 
starting in 2025, meaning a reduction of greenhouse gas emissions by 30% compared to 2013.  

On some vessels, shaft generators are used, which are directly connected to the main engine. Also, 
a combination of one gearbox plus one AC generator connected to the main shaft is a common 
solution. All solutions have their pros and cons, with one con being heavy and allocating a lot of 
space, which reduces the space to carry goods and materials.   

 

Figure 62: IFPS® with two generators mounted on a two stroke diesel engine 

Compared to the already existing solutions, the following requirements need to be fulfilled by the 
product: 

 Low weight 

 Low space requirements 

 Easy and low-cost maintenance 

 Redundant 

 Adoptable to different engines and nominal speeds 
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The input shaft is on the one end connected to the crankshaft of the engine and on the other end to 
a flexible coupling. This coupling transfer the torque from the engine shaft to the input gear of the 
IFPS®. The coupling is necessary to decouple (torsional) vibrations from the input gear. Up to four 
generators, with a total power of max. 2.5 MW, are then driven by the common gear and a pinion for 
each generator. 

 

Figure 63: Mechanical layout of IFPS® 

All generators feed the produced electrical energy into discrete converters, which are commonly 
connected to a DC bus, which feeds the electrical energy to the vessel grid via an active frontend. 

A common problem with combining multiple motor arrangements with a gearbox is the danger of 
uneven load distribution. In this case, we control the load of the single motors via the frequency 
converters within their voltage barriers. Meaning that we control the torque of each motor individually, 
to align them to each other.  

2.2 COPE® 

To process minerals and other hard materials, large mills are used. Vertical roller mills are usually 
driven by one electric motor and a gearbox with a combination of bevel gear and a planetary gear 
set. This proven solution is used since the 1950s. 

 

Figure 64: KPBV mill gearbox with bevel gear and planetary gear set 

With the constantly increasing size of vertical rollers mills, also the torque rating of these mills is 
increasing. The bottleneck of the gearboxes is the bevel gear and the limitation of transferrable 
torque through this gear contact. Additionally, if the large electric motor is damaged, the complete 
cement mill must be shut down. Compared to the already existing solution, the following 
requirements need to be fulfilled by a product: 

 Same space requirements for the drive system, especially in height 

 Redundant drive system, to avoid long downtimes due to failures of the motor or the drive system 
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 Increased torque capability of up to 5 MNm 

 Compensation of hard torque impulses 

 Working under high vibrational conditions 

 Same or better durability 

Also here, a multi-motor-drive solution was utilized. The motors can be driven by converters or direct 
online (DOL). The control module is rather simple as the drive system only ramps up to the nominal 
point of operation and stays in this load state during operation. Dynamic operation is not required. 

 

Figure 65: COPE® 3D Model (left) and installed under the roller mill (right, green part)  

3. Multi-Motor-Drive for Wind Power Test Bench 

3.1 Introduction 

In 2017, South Korea announced its “3020 Plan”, which set the target of 20 % renewable energy 
production by 2030. This plan was affective as of 2018. In 2019, we established a connection to 
Gyeongnam Technopark (GNTP) in Changwon-Si, Korea. GNTP is a public research institute and 
plans to enhance the technical capability of South Korea on the topic of renewable energy 
production, especially wind power. The overall target is to build a test bench, to test wind power 
nacelles with turbines with a nominal power of up to 20 MW. This means to build a test bench drive 
system with a torque of 43 MNm, which was never done before.  

During a pre-investment design study, our colleagues from RENK Korea investigated the possibility 
to design and build such a test rig, with the possibility to upgrade the drive power, while keeping the 
costs as low as possible. The result of the study was to design the drive system as a multi-motor 
drive. 

When the multi-motor drive is used as a test rig drive, the requirements are different from those for 
the use in a ship or as a mill drive unit. The drive must simulate the conditions in the field as 
realistically as possible on the test rig. This can be turbulent wind conditions resulting in dynamic 
load conditions. Likewise, it is also important to simulate the resonant frequency of the real drive 
train of the wind turbine with rotor on a test rig without rotor [FGW18]. Another challenge is the 
simulation of emergency stop processes, as well as LVRT tests with DFIG systems, where dynamic 
torque changes occur [RÖD21].  

Depending on the test, this results in highly dynamic requirements for the drive as well as sign 
changes for the torque. 
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3.1.1 Drive train dynamics 

The control bandwidth is the decisive criterion for the dynamic control of drive trains. This results 
from the torque actuating times of the drive and the transmission of torque via the drive train. The 
transmission of torque is limited by the first resonance point of the drive train. 

If we compare the setup with direct drive and with multi-motor drive with regard to the natural 
frequency of the mechanical part of the system, the following result is obtained.  

Boundary conditions 

The application is investigated on a system test rig for wind nacelles. The setup consists of a drive 
(multi-motor drive/direct drive), coupling, wind load application unit (LAU), adapter and nacelle.  

The parameters for coupling, LAU, adapter and nacelle are the same in both studies. For the nacelle, 
the parameters of the IEA 15 MW reference turbine were used [IEA20]. The parameters of the 
remaining components result from the design concepts of RENK for a test bench drive torque of 30 
MNm. 

 

Figure 66: Wind Power Nacelle Test Rig with Direct Drive and Multi-Motor Drive  

Result 

With the multi-motor drive, the first natural frequency is at 9.5 Hz, with the direct drive it is at 12.5 
Hz. 

Since the mechanical natural frequency of the drive train with multi-motor drive is lower than with 
direct drive, this results in a reduced bandwidth and thus lower dynamics, if the same control 
approach is used. To compensate this disadvantage, a state space controller is used, since 
conventional controllers are not able to control in the range of the resonance point. 

The problem of the resonance point can be controlled by state feedback. The state variables 
themselves or suitable linear combinations of the states are processed in the controller. In this 
specific case, the state space controller is designed in such a way that, in addition to the controlled 
variable, the motor speed, the state variables nacelle speed and nacelle torque are also fed back. 
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Figure 67: State Space Controller Structure 

For the design of the control system, the basic approach of Schröder [SCH09] was applied and 
followed in a modified form. The desired dynamics of the system are selected using the pole 
placement method and the controller parameters are determined by comparing coefficients. In the 
present problem, the dynamics of the system are sufficiently fast and do not require acceleration by 
the controller. For this reason, the actuating energy is to be used for damping, which makes the 
control very robust. The damping effect of the controller makes it possible to go closer to the 
resonance point of the system, which results in an increase in bandwidth. 

This control approach is already known at RENK and has already been successfully used in practice 
for automotive and railway test rigs. 

3.1.2 Passing through the gear backlash 

Another, and probably the most serious difference between a direct-drive powertrain and a geared 
solution, such as the multi-motor drive, is gear backlash. 

If the sign of the torque changes, one tooth flank changes to the other in the gear unit. As a result, 
the angular difference from load to motor is no longer proportional to the torque. When a torque set 
point is applied, this causes the gears in backlash to accelerate and strike the opposite tooth flank 
after the backlash has been passed. This leads to disturbing torque overshoots. 

Torque overshoot due 
to gear backlash

 

Figure 68: Torque overshoot 
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In order to minimize this effect, it is therefore primarily necessary to avoid this acceleration in the 
gear backlash. As described earlier in the chapter on state space control, both the motor speed and 
the load speed are fed back as measured variables. This opens up the possibility of limiting the 
differential speed from drive to load while the backlash is being traversed. To do this, it is necessary 
to detect when the system is in gear backlash. This is done with the help of the torque at the load, if 
the torque exceeds a defined threshold value or a lower torque is present for a certain duration, the 
system is not in gear backlash and the differential speed limitation is deactivated. 

Two operating situations were considered to assess the effectiveness of the measure. Acceleration 
from zero speed to rated speed with full motor torque and braking from rated speed to zero speed 
(see Figure 69: below). The torque is applied immediately in the air gap in each case. The simulated 
operating situation is classified as more extreme than the test scenarios to be expected on the test 
rig. 

 

 

Figure 69: Examined operation point 

 

Differential 

speed 

limitation 

Disturbing torque overshoots measured on motor shaft* 
[Nm] 

Acceleration 

0 to nominal speed 

with full motor torque 

Deceleration 

nominal speed to 0 

with full motor torque 

Not active 3300 4500 

Active 720 580 
 

Table 5: Disturbing torque overshoot comparison 

* The torque signal between the motor shaft and the sun gear 1 shows the most significant effect of 
the gear backlash in percentage terms. Therefore, this point in the drive train was selected for 
investigation. 
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Figure 70: Comparison of torque overshoot with and without differential speed limitation 

Figure 70: shows the comparison of the torque overshoot with and without differential speed 
limitation. It can be seen that a time shift of 0.03 - 0.04 s occurs in the two trajectories. The reason 
for this is that the speed limitation in the gear backlash restricts the dynamics in this range. However, 
this only affects the range close to zero torque, since this function is deactivated in the remaining 
operating range. 

The differential speed limitation can reduce the torque overshoot caused by the gear backlash by 
more than 78 %. 

3.1.3 Virtual commissioning of the drive system with digital twin technology  

Even though the state space controller and the differential speed limitation has already been tested 
in practice, the application on the system test stand for wind nacelles is different. The drive 
converters used here are medium-voltage converters compared to the low-voltage converters of the 
other applications. The software and the control of the converter are different here. Furthermore, the 
sensor technology in terms of bandwidth and quantization also plays a decisive role for the function 
of the dynamic control. The sensor technology has not yet been used in this form in practice. 

These circumstances make it necessary to test the application intensively in the simulation. 
Furthermore, the commissioning time on the real machine should also be as short as possible with 
the lowest risk of unplanned expenses. 

The approach is that first in different simulation environments alone, such as finite element method, 
multibody simulation and MATLAB/Simulink the system is developed, optimized and tested.  

From this, an abstracted model in MATLAB/Simulink is derived, that contains the most important 
properties of the detailed models from a controller point of view. For example, only the first resonance 
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point is relevant for the control and not those of higher frequencies, thus the degrees of freedom of 
the model can be reduced accordingly. 

In a next step, this abstracted model is directly integrated into the automation system of the test 
bench via a target language compiler. This can be done automatically from MATLAB/Simulink to 
RDDS (RENK Dynamic Data System – test bench automation system). 

After this step, the model of the test bench and the automation system are together in one software 
environment on the same hardware. With this configuration, it is possible to test the entire automation 
application of the test bench. In particular, status machines and the previously described control 
algorithms, such as state space controller and differential speed limitation are the focus here. 

 

Figure 71: Virtual commissioning with digital twin in RDDS 

After commissioning is completed, the system is handed over to the user. This approach offers the 
possibility for the user of the test bench, to virtually check his test campaigns as well as target values 
in advance, with the aim of optimizing the test bench utilization and minimizing risks (pre-simulation 
tool). 
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Abstract: The validation of technical systems is the central activity of product engineering. In order 
to validate a system, the requirements of users and other stakeholders must be compared 
continuously with the current state of the system. In the development of e-Bikes, which are becoming 
increasingly popular, a central gap is emerging: There is hardly any field data to compare the system 
behavior against realistic loads. 

1. Introduction 

In the powertrain development of passenger cars, according to state of the art, load spectra are used 
to evaluate the fatigue strength of the components based on stress time histories taken from the 
field. For bicycles with electric pedal assistance up to 45 km/h (s-pedelec), currently there is no or 
very little data available to develop representative load collectives. Therefore, within the scope of 
this work, a simulation model for the determination of load-time functions for a s-pedelec is 
developed. The model is capable of simulating different parameter configurations under various 
boundary conditions. In addition to the one-dimensional torsional oscillator chain developed for the 
analysis of torques and speeds, the model includes a multi-mass oscillator for the analysis of 
vibration excitations resulting from the unevenness of the road surface. A validation configuration 
was designed and built to impress the determined forces on a physical wheel hub motor. In addition 
to the torque fluctuations from the rider’s pedaling and the resulting lateral forces from cornering, the 
configuration also reproduces the radial forces from road irregularities.  

2. General 

2.1 Basics of the s-pedelec 

The type of e-bike considered in this article is the pedelec45, also called s-pedelec. 
S-pedelecs are permitted in Europe up to a speed of 45 km/h to assist the rider. However, the power 
provided by the electric motor for assistance is limited as well, as it may not exceed the rider's input 
power by a factor of four. 

Pedelecs are usually equipped with a parallel hybrid drive and a sensor to detect pedaling speed, 
pedaling force or both. The power delivered during pedaling has a direct driving effect and is 
electrically assisted. The drive concepts of pedelecs can be differentiated by the location where the 
power currents converge (see Figure 72). There are three different concepts in market for e-Bikes: 
Front hub motor, middle motor and rear hub motor. In this article the rear hub motor is considered, 
in which the power flows from the rider into the motor via the gearbox, usually a derailleur, and is 
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multiplied and supplied to the road. Regenerative braking is possible with rear hub motor concepts. 
[BOM2016] 

 

Figure 72 Points of attack of the three drive concepts on the mechanical drive train of a bicycle 
[BOM2016] 

2.2 Modelling of the system 

In the development of powertrain components, the main requirement is the service life of the 
components. The suitability of the developed system for the required service life must be proven 
within the scope of a suitable validation. This validation of drivetrain components can be carried out 
in general form through the application of the IPEK-XiL Framework [ALB2010]. This approach is 
taking into account the systems rider, vehicle and environment and is used in this work.  

For the validation of powertrain components in passenger cars, the time functions for the influence 
of rider and environment, which are derived from field data recorded over many years, are used. 
However, for hub motors to be used in s-pedelecs, neither data nor standards on the loads that occur 
are available. In addition, physical prototypes of the entire system are hardly available. For this 
reason, there is a need for a validation environment with coupling systems that enables the coupling 
between virtual and physical domains. On the one hand, this shows the need to calculate the stress-
time-function in the virtual domain, on the other hand, the need for a test configuration that allows to 
investigate the response of the physical component under load. 

The stresses on s-pedelecs can be of a varied nature and there is no clear guideline indicating which 
stresses cause the main damage. The main types of damage to racing bikes and mountain bikes 
are used. For racing bikes, according to Bluemel and Senner [BLU2010], the human-induced torques 
and speeds that are introduced into the system via the crank are the main cause of damage to the 
components. On the other hand, according to Groß [GRO1997], however, environmentally induced 
stresses are largely responsible for the damage to the components. Due to this fact, it is assumed 
that both types of stress are relevant for the s-pedelec. To model the human-induced stresses, a 
torsional oscillator is set up, which calculates the stresses caused by the rider as well as those arising 
from the hub motor. The environmentally induced stresses are divided into general forces and forces 
from ground unevenness. The general forces include stresses from inertia forces as a result of 
cornering and weight. To determine the forces from unevenness, a multi-mass transducer is used 
analogous to the state of the art. First, however, the relevant contained subsystems and interactions 
must be determined. 

The scope of the interactions to be mapped for the overall system is set up in the top-down topology 
of the IPEK-XiL, see Figure 73. The virtual-virtual coupling systems between the individual 
subsystems are not highlighted in this representation, as the entire modelling takes place in Simulink 
and therefore no data interfaces are necessary on the virtual level. For the interaction between the 
virtual and physical domain the power flow has to be taken in account as shown in Figure 72. In 
addition to the power flow, the rider system interacts directly with the hub motor by setting a support 
factor in case of rider fatigue or a wish for reaching the desired speed faster. The interactions of the 
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environment-induced stresses contain the subsystems wheel and frame, the environment and the 
rider. The environment transmits the unevenness of the ground to the wheel subsystem, from there 
the force is transferred to the hub motor in the frame system. Since the wheel subsystem contains a 
model of the front and rear wheel of the s-pedelec, forces from the front wheel are also impressed 
on the frame. Finally, the rider system interacts with the model as a result of its mass and speed. On 
the basis of the interactions described above, three superordinate models can be derived: the 
environment model, the rider model and the s-pedelec model, which are described in the following 
sections. 

2.2.1 Modelling of the s-pedelec 

In this section the modelling of the drive train as a torsional oscillator chain and a multi-mass 
oscillator system are described. In accordance with the current state of research on the modelling of 
vibrations and fatigue, the drive train of the s-pedelec is transformed into a torsional oscillator chain 
following the example of Dresig und Holzweißig [DRE2006]. For this purpose, the individual 
components are reduced to rotational inertia, spring stiffnesses and internal torques. Figure 74 
shows the resulting model of the torsional vibration chain with the connections to the rider and 
environment models described in sections 0 and 2.2.3. 

The input torque is the torque established by the rider, due to human biomechanics, dependent on 
the pedaling crank angle. From there the power flows to the gearbox model. The gear ratio is set by 
the rider model according to the premise of reaching an optimal cadence. The belt system and the 
freewheel transfer the power to the hub motor. The additional torque of the hub motor is then applied 
in range of its operating area, in dependence of the support factor which is set by the rider model. 
To determine the level of support factor, the speed requirement as well as the rider's fatigue is taken 

Figure 74 Illustration of the modelling of the s-pedelec as a torsional oscillator 

Figure 73 Validation configuration for an s-pedelec, shown as a model of the IPEK-XiL-Architecture 
based on Albers, Mandel et al. [ALB2018] 
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into account. The torsional oscillator is completed with the rotational inertia of the rims, wheel and 
the residual mass of the s-pedelec. Lastly, the environmental model specifies the output torque as a 
function of the driving resistances and the wheel diameter. 

The mass vibration system is intended to model the environmentally induced stresses. Three 
assumptions were made for the mass vibration system. Firstly, the wheels of the bicycle travel in the 
same track. It follows that the excitation front and rear are the same, but phases are shifted. 
Secondly, the influence of the wheel suspension as well as the handlebar structure is neglected. 
Thirdly, the rider follows the pitching vibrations of the body completely and can only move in the 
z-direction. The above assumptions result in the vibration compensation scheme shown in Figure 75 
Vibration compensation system of a two-axle motor vehicle with single-track excitation according to 

Mitschke and Wallentowitz  [MIS2014].  

Two single-mass systems are connected by a massless rod at the distance of the wheelbase, the 
mass mH, marked red, is representing the hub motor in the rear wheel. The mass mF reflects the 
rider and is shifted from the center of the wheelbase. Furthermore, the connection between the rider 
model and the mass vibration system is shown, the rider model sets the desired speed of the system 
and thus influences the delay between the excitation of the front and rear wheel. 

2.2.2 Modelling of the environment 

According to the interactions described above, one aim of the environment modelling is to predict 
the force acting on the tire, which is composed of the driving resistances. As a basis for calculating 
the driving resistances the state-of-the-art equations are used [GRE2002]. The calculation of driving 
resistances is based on the change of position of the wheels. While moving, curve radii can be 
determined which are the basis of acting lateral acceleration on the wheel due centrifugal forces. 
However, the curve radius alone is not sufficient to make a statement about the existing lateral force 
of the system, since a cyclist usually leans into the curve and thus part of the lateral force is 
absorbed. For the calculation of the roll angle the assumption is made that the rider is always in 

Figure 75 Vibration compensation system of a two-axle motor vehicle with single-
track excitation according to Mitschke and Wallentowitz [MIS2014]  
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optimum equilibrium between centrifugal force and gravitational force. Additional to the lateral force, 
ground unevenness acts through the frame and wheel on the hub motor. The unevenness of the 

ground can be represented by different methods, one approach being a constant sinusoidal 
oscillation. However, this is an inadequate modeling of the real occurring ground unevenness. For 
this reason, road profiles are artificially generated on the base of road profiles classified by the 
ISO8608 [ISO2016]. The ISO8608 classifies road profiles in classes from A-H with the help of 
stochastic spectral densities resulting from roughness measurements of real road profiles. The 
spectral densities are plotted in Figure 76 Classification of road profiles according to ISO8608 
against the path angular frequency, where class A corresponds to a very good road with the lowest 
spectral density and class H corresponds to the road with the highest and thus the worst quality 
class. Using the spectral densities, an artificial roughness profile can be created with equations 
according to Agostinacchio, Ciampa and Olita [AGO2014]. In addition to the specification of the 
class, there is the interface to enter two classes of kerbs with an equally distributed probability of 
occurrence over the length of the road section. The specification of the kerb height is integrated via 
a normal distribution around a mean value for typical kerb heights. 

2.2.3 Modelling of the rider 

The rider as a control element of the s-pedelec has a great influence on the overall system. However, 
the construction of an all-encompassing rider model is costly due to the human behavior and its 
states, and is therefore limited to the following features. From the point of view of stress and resulting 
damage to the components, the power output of the rider, which is limited in time, as well as the 
relationship between torque and cadence, are the most relevant aspects of the rider. In addition, the 
human anatomy has an influence on the generation of the torque which must be taken into account. 
Another property that the rider model must represent is the control of the support factor of the hub 
motor. In the context of this work, the control of the support factor is related to fatigue following the 
research of Ebenealipour and the speed wish [EBN2020]. It is assumed that with increasing fatigue 
the rider increases the assistance factor and thus the torque of the hub motor. In addition, the rider 
model is supposed to determine the drive torque and braking torque and their change over time.  

Figure 76 Classification of road profiles according to ISO8608 [ISO2016]  
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2.3 Simulation 

The following section describes the simulation results of the individual submodels, torsional vibration 
chain, mass oscillator system and the general forces. In addition to the permanent weight forces 
acting on the axle of the hub motor due to the mass of the s-pedelec and the rider, lateral forces 
arise from cornering. Based on the curve travel for the curve radii shown in Figure 6 (a), the lateral 
forces shown in Figure 6 (b) can be determined. It can be seen that with rapid temporal the lateral 
forces increase as a result of the acceleration. 

For an exemplary simulation the unevenness profile over time shown in Figure 78 is to be traversed 
at a speed of 1 m/s. The excitation of the front wheel is shown in yellow and the time-delayed 
excitation of the rear wheel in blue. The total height difference of the curves amounts to 200 mm 
whereby small fluctuations in the range of 10 mm occur permanently as well as rare larger 
fluctuations of up to 50 mm. The determined accelerations of the multi-mass oscillator in connection 
with the mass via Newton's law are shown in Figure 78 (b) as a force in Newton over time. The radial 
forces on the rear wheel are in the range of ±500 N. 

 

Figure 77 (a) Curve radii (b) Lateral forces 

Figure 78 (a) Excitation front and rear wheel (b) Stress-time function  
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For a flat example route in the city with an average number of start-stop operations, the result of the 
simulation model is shown. Figure 79 shows the target speed and the actual speed of the s-pedelec 
over time. The course of the target speed curve represents start-stop processes with subsequent 
acceleration to constant speeds. The corresponding actual speed curve follows the course of the 
target speed curve except for minor deviations resulting from the inertias of the model. The hub 
motor torque and gearbox torque, which is related to the resistance torque, is shown in Figure 79 

(b). The course of the gear torque is shown in brown, which is influenced by the rider's unsteady 
pedaling and therefore varies between 0 and maximum torque. In green the hub motor torque is 
shown, which is directly linked to the gearbox torque via the support factor. 

Afterwards with the stress time functions it is possible to determine load collectives (see Figure 80) 
or test the system under real load conditions. 

Figure 79 (a) Target and actual speed (b) Resistance torque (c) Stress-time function 

Figure 80 Load Collective derived of the stress-time function 
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3. Testbench configuration  

In the previous chapter, the simulation of stress-time functions for the hub motor of an s-pedelec was 
developed. In order to carry out a complete validation of the physical prototype and thus demonstrate 
the suitability of the system, a testbench configuration is necessary. On the one hand, this 
configuration must be capable of applying the calculated forces, and on the other hand, it must be 
able to imprint them as they would occur in reality. The coupling systems necessary are shown in 
Figure 73. The tire of the s-pedelec transmits lateral forces from cornering and the torque from the 
environment to the hub motor. In addition, there is a coupling between the frame and the hub motor, 
in which the forces from the acceleration of the masses, due to ground unevenness, are transmitted. 
To impress the forces, two shakers are used which act on the hub motor via a roller bearing guide. 
The required torques are impressed on the hub motor via electric motors of the test bench and a belt 
system. Figure 10 shows a test configuration that’s capable to impress the described forces on the 
hub motor. This test bench has been realized and used for the validation of wheel hub motors for s-
pedelecs at the IPEK - Institute of Product Engineering at the Karlsruhe Institute of Technology. 

Figure 81 validation configuration on the Mini-HIL2 

4. Summary 

A validation environment for wheel hub motors used in s-pedelecs including a rider model, an 
environment model and a model for the s-pedelec itself has been presented in this work. In the 
environment model, the driving resistances and the cornering were modelled. The developed rider 
model represents the characteristics of the cyclist. This includes the specification of a support factor 
that is related to the cyclist's power output decreasing with fatigue and target speed. In addition, a 
control of the cyclist's desired torque was implemented. In the s-pedelec model, there are two sub-
models that determine the relevant stresses. On the one hand, for torque and speed via a torsional 
oscillator chain and, on the other hand, a mass oscillator system that determines the accelerations 
at the hub motor from the specified ground unevenness.  From this point, it is then possible to create 
load spectra that can be used to stress individual components. The developed validation 
environment has been realized and used for the validation of wheel hub motors. 
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Abstract: The selection of single-stage gear units for a drivetrain is depending on thermal power 
limit of the gearbox itself. Optimizing thermal power limit by new gear geometry design, balanced 
bearing selection and new housing concepts leads to significant efficiency increase of the gear set 
and gearbox. Thereby, in the end the whole drivetrain. The objective of this paper is to demonstrate 
how modern gear and housing design can achieve higher efficiencies than the state of the art and 
how this can have a positive effect on the overall efficiency of the powertrain. 

1. Introduction & Motivation 

In industrial applications capital and operational expenditures have been steadily increasing since 
end of the last major economic crisis in the year 2008. In drivetrain technology, major value drivers 
that impact lifecycle costs can be divided in the following categories: operations, maintenance, and 
engineering. All these areas have seen major cost increases in the last decade due to various 
economic and political factors. In the last years, the cost increase got even more critical. 

To maintain market competitiveness, beside raising prices, cost control measures are often means 
of choice to avoid a drop in revenue and in the end profit. High quality gearboxes typically feature a 
lifecycle of several decades, especially if operated and maintained according to manufacturer’s 
specification. In the meantime, gearbox manufacturers have realized step-change improvements in 
efficiency. Furthermore, gearbox solution that provides added services help to drive cost down in 
new ways.  

Operational expenditures are composed of personnel costs, material or fuel costs and energy costs. 
In many cases energy costs have the largest share. After all, energy costs have increased by a 
substantial two-digit jump in the last three years: Industry consumers are confronted with a 50% 
increase of electricity cost compared to beginning of the last decade, totaling 26.64 eurocents per 
kWh in 2022 in Germany [VEA22]. 

These cost increases are exacerbated in energy-heavy industries like paper production or in pump 
applications: The paper industry accounts for 4% of total global energy consumption. In mining and 
minerals, over 14 % of the energy needed is consumed by the pumping process [FLEN22a]. 

Figure 1 shows the energy price development in Germany for industry customers over the last 20 
years. Mainly in the last 3 years a strong increase in cost of up to 50% can be observed. This is a 
big challenge for operators to keep operational expenditures low. 
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Figure 82: Energy price development (industry) in Germany over the last 20 years 

 

Downtimes can be another element in operational expenditures that is best avoided altogether. 
Caused by unforeseen damage or unplanned maintenance events, the result is a quantifiable 
damage that far exceeds the costs of the initial equipment purchase. On average, 8% in turnover is 
lost annually for Fortune 500 Global industrial companies.  

Regular and proactive maintenance is the best precautionary measure against downtime. However, 
maintenance and service accounts for 10-40% of production cost, depending on industry [FLEN22b]. 
Lowering maintenance cost without jeopardizing uptime is a challenge for various industries.  

Capital expenditures influence the cost of operation by depreciation. Reducing cost and invest in 
plant engineering is a challenge for industrial plant builders. In industrial plants, compromises are 
often part of the daily business. To save costs, decision-makers tend to order off-the-shelf 
components that are cheap but may not be an ideal fit. Worst case scenario: In later operation, you 
need to accept deviations from the physically best operating point. In the field of drive technology, 
an optimum can often still be reached via cost-intensive control and motor technology. 

2. Objective 

Solution to face the new cost challenges of industrial manufacturers currently need to be found. 
Within this paper possible solutions for the reduction of operational expenditures are introduced. 

Main key drivers for drive train efficiency can be found in gear geometry optimization, housing 
optimization and smart monitoring systems. A set of new solutions to address these challenges is 
introduced. In the end an outlook taken from an existing gear unit series will underline the potentials. 

3. Reduction of Operational Expenditures 

3.1 Optimization of Gear Geometry 

As operational expenditures have always been important for end users, they are looking for ways to 
compensate rising energy costs with sourcing more efficient equipment. Thereby, this topic sits high 
on the agenda of many OEMs and EPC contractors, as many end users are demanding answers. 
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It is intuitive to seek for ways to lower the energy input, which helps lessen the impact of these rising 
energy costs. Power loss is one of the key variables in state-of-the-art gearboxes: It represents the 
energy that is paid for but not used. The lower the power loss of a gearbox, the higher its efficiency. 
A direct effect of power loss is heat that must be conducted away from the gearbox to avoid negative 
influence on its components.  

Figure 2 shows the results which can be achieved by optimizing the gear geometries. The newly 
designed gear geometry Metaperform® fulfills high safety demands and increases thermal power 
limits and efficiency at the same time compared to an existing industry standard.  

Figure 2: Test results | Comparison between gear geometry designs 

By advancements in engineering, a step-change in efficiency can be realized. For Flender, an 
improved rolling behavior, a more uniform path of contact in the gearing and optimized gear 
geometry that is also compatible with low-viscosity oils are main enablers for significantly reduced 
power losses in modern gearboxes. And thereby act as an enabler for significant cost-savings 
potentials in operation. 

In addition, once the gearbox passes a certain operating temperature, gearbox suppliers recommend 
cooling the housing with mechanical fans or external oil coolers. The higher the efficiency, the lower 
the likelihood of operating temperatures that require additional cooling solutions. For single stage 
gearboxes that are more prone to higher temperatures than multi-stage gear units due to the higher 
power transmission and high rotation speed this is even more critical. 

Figure 3 shows the cooling potential of different cooling methods. Smart cooling solutions can be 
an additional advantage. Mechanical fans are always switched on. There is no difference if the 
gearbox needs to be cooled or not. With electrical fans in combination with sensor and control unit, 
you can realize an efficient on-demand cooling. 
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3.2 Optimization of Housing 

The gear geometry and thus the tribological system within the gearbox is the trigger for the 
generation of heat. This heat must be dissipated via the oil to the housing surface and the ambient 
air. The housing surface influences the maximum possible heat dissipation. Through optimization in 
connection with CFG simulations, the housing surface can be optimized for forced cooling and 
natural cooling, Figure 4. 

 

Figure 4: Optimization of housing design 

By integrating ribs, the surface can be increased by 35 percent in average compared to an existing 
gear unit reference. This ripped design supports the heat dissipation. 

3.3 Integration of Smart Sensors 

Regular and proactive maintenance is the best precautionary measure against downtime. That 
challenge can be navigated through prolonging the maintenance interval, making the maintenance 
process itself faster or avoiding maintenance altogether, if it does not threaten the plant’s uptime. 

 

Figure 3: Test results | Thermal power limit depending on cooling solution 
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While low-maintenance options such as contactless seals are not necessarily new to customers, 
serviceability options that simplify maintenance are true comfort features and will already be included 
out of the box for modern gearboxes.  

Digitalization is another modern-day achievement that helps making maintenance and repairs 
easier. By including gearbox intelligence, embedded sensors not only monitor the condition data of 
the gearbox locally, but they also alert for required maintenance ahead of time on-site. This so-called 
predictive maintenance is based on irregular patterns, such as vibration, speed, or temperature, 
which it spots earlier than a human ever could. Similarly, it can also recommend prolonging 
maintenance intervals, when real-life date indicates that maintenance is not yet due, for instance 
putting off an oil change due to low operating temperatures. Going a step further, a data cloud 
connection also ensures worldwide availability of the gearbox data to operators and can provide 
maintenance scheduling between customer and manufacturer, to just name a few possibilities. Broad 
analysis of this data together with gearbox manufacturer and end user or OEM can even help 
improve processes and uptimes in connection with artificial intelligence approach (AI) and the 
knowledge of drive train experts (IQ), Figure 5. 

Figure 5: Smart sensor device: AIQ® 

4. Case study: New Gear Unit Series 

The new generation of industrial gear units unites efficiency and sustainability with the demand of 
higher power density, Figure 6. FLENDER ONE® is developed to combine all advantages to reduce 
operation expenditures and increase efficiency for sustainable drive trains. 

The FLENDER ONE technology reduces the gear unit weight while increasing the surface of the 
gear housing body. With the optimized gear set bearing lifetime is increased as well as thermal 
capacity and efficiency. With the pre-installed smart sensor efficiency in operation can be 
guaranteed.  
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Figure 6: FLENDER ONE® – Single stage gear units 

By combining technical advancements, operational savings can be realized. Figure 7 shows the 
savings in euros and kilowatts in a comparison between a reference gear unit series and the new 
FLENDER ONE series using the example of the industrial location Germany. 

 

Figure 7: Case study – Energy savings with optimized gear unit 

5. Summary 

Modern day gear units are capable of far more than what meets the eye. Substantial increases in 
efficiency, and thereby reduced power loss, help offset the worldwide increasing costs of energy. 
With a higher application fit, unnecessary deviations from the physically best operating point are 
more and more becoming a compromise that customers no longer need to accept. Faster and 
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precise digital configurations eliminate time and cost spent on iterations between engineer and 
manufacturer. With new sensor technology and a software platform to monitor and maintain the gear 
unit fleet, customers face significantly lower risk of unplanned downtime and less time in planned 
downtime (i.e. maintenance). While it is true that OEMs and end customers are facing several cost 
challenges, gear unit manufacturers are up to the task and can outline various options that help you 
to manage lifetime costs. 
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Abstract: Increasing product requirements and complexities require an optimized simulation model-
based product development process. The current process is characterized by a lack of linkage within 
the individual product development phases, a lack of linkage between component data and 
simulation models, and a lack of cross-stakeholder availability of technical know-how regarding 
simulations and simulation models. These deficits are addressed in this contribution by introducing 
a concept for seamlessly linking of components and simulation models. In addition to the mentioned 
deficits, the concept should lead to a reduction in the time required as well as a lower susceptibility 
to errors in creating simulation models.  

Seamless linking of components and component simulation models is realized based on the Asset 
Administration Shell (AAS). Based on the AAS data model, three functionalities for improved linking 
of components and simulation models have been developed. The first functionality enables 
searching and finding component data or component simulation models from repositories of relevant 
stakeholders. The second functionality enables domain- and tool-independent integration of 
simulation models in a simulation environment by using an automatic parameterization of simulation 
models or directly integrating Functional Mock-up Units (FMUs). Lastly, the third functionality enables 
bidirectional synchronization between field devices and simulation models.  

1. Introduction  

The virtual engineering of products or systems is becoming increasingly important. A key aspect of 
virtual engineering is to build simulation models of these kinds of assets [Sha15]. Simulation models 
allow investigations to be made long before a product or system is built. As a result, simulation has 
established itself as the basis for design decisions and the validation and testing of components and 
systems [Glö14]. Nevertheless, advances in simulation-based product development are still 
necessary to facilitate the engineering process further. The existing challenges include better support 
for integrating information and simulation models into the simulation environment, reducing errors, 
for example, in the manual parameterization of simulation models, reducing the time required for 
design cycles, and increasing stakeholder involvement in the simulation-based product development 
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process [Hen21]. The involvement and collaboration of different stakeholders and the 
implementation of automated processes to improve simulation-based engineering are further 
complicated by a high heterogeneity of data sources available in product development [Kle19]. In 
order to increase interoperability between stakeholders, functionalities addressing these challenges 
is necessary [Red13]. 

The concepts of Industrie 4.0 counteracted the challenges of simulation-based engineering. For this 
purpose, a seamless and interoperable linking of component data and simulation models is enabled, 
particularly by the concept of the digital twin of Asset Administration Shells (AASs) [Pla22a].  

In this contribution, first, the fundamentals of Industrie 4.0 and Asset Administration Shell, as well as 
the concept of Functional Mock-up Interfaces are explained. Then, the concept for linking component 
data and component simulation models is outlined.  

This contribution originates in the research project BaSys4FluidSim, a project funded by the German 
federal ministry of education and research. The project is based on the Industrie 4.0 architecture 
BaSys 4.0, which pursues the aim of Industrie 4.0 compliant networking and integration of Industrie 
4.0 concepts in existing technologies [Sch19]. 

2. Fundamentals 

In the following, the thematic fundamentals for this contribution are explained. These are the 
fundamentals of Industrie 4.0 and the Asset Administration Shell and the fundamentals of the 
Functional Mock-up Interface. 

2.1 Industrie 4.0 and Asset Administration Shell 

Industrie 4.0 (I4.0) is an initiative of the German government to support the fourth industrial revolution  
[Aca13]. The aim is to increase productivity, efficiency, and flexibility through the digitization of 
production. As a result, the interoperability between people, machines, and processes should be 
increased, and space for new scalable business models is created. Internationally, related concepts 
are known under the term Industrial Internet of Things (IIoT) [Alt19]. In the context of I4.0 technical 
systems become Cyber-Physical Systems (CPS), which represent a real system in the digital world 
[Sch16]. A concept for the realization of CPSs is the Industrie 4.0 component (I4.0 component) 
[Pla22b]. 

The I4.0 component consists of an asset and an Asset Administration Shell (AAS), see Figure 83. In 
general, assets are all objects in physical or digital form in custody of an organization and accordingly 
have a perceived value for that organization [Pla22a]. Asset Administration Shells (AASs) are digital 
representations of assets, e.g., a hydraulic pump, for Industrie 4.0 compliant interaction. AASs 
contain asset descriptions and services related to the asset and its use in a predefined context 
throughout the whole product life cycle. The shared data model, together with uniform interfaces and 
standardized semantics of described properties, grouped in so-called submodels, all improve an 
interoperable data exchange [Deu16]. 

AASs are classified into types and instances depending on the use of the asset in the product life 
cycle. Type AASs define generic properties for all instances of that specific type, whereas instance 
AASs represent uniquely identifiable assets of a specific type [Deu16]. These instances indicate 
specifications of properties, e.g., a specific series number, whereas the respective type AAS only 
defines the existence of a property ”series number“ [Epp11]. 
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Figure 83: A selection of Industrie 4.0 components, consisting of AAS and Asset [Deu16] 

2.2 Coupling Simulation Models via Functional Mock-up Interface 

There are several technologies for the coupling of simulation models. Most technologies are 
proprietary solutions or tool-tool direct coupling [Nic18]. The Functional Mock-up Interface (FMI) is 
an open and independent standard used in this contribution for coupling simulation models. Many 
simulation tools already support FMI. The standard defines an interface that can be used to 
exchange simulation models between different simulation tools maintained by the Modelica 
Association. FMI relies on a combination of XML files and compiled C code, which is packaged in a 
zip-archive, termed Functional Mock-up Unit (FMU). The XML file contains metadata and parameters 
about the model, named modelDescription.xml. Consequently, the XML file describes the properties 
of a simulation model, e.g., of a hydraulic pump, similar to a technical data sheet of a physical 
hydraulic pump. The C code implements a set of functions defined by the FMI standard [Jun21]. FMI 
2.0, which is used for this approach, enables two different applications, model exchange, and co-
simulation (see Figure 84) [Mod20].  
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Figure 84: FMI for co-simulation (left) and model exchange (right) [Jun21] 

In the application of model exchange, models are described by differential, algebraic and discrete 
equations, embedded with time-, state- and step-events. The numerical integration algorithm, also 
called solver [Sch15] of the importing simulation tool is responsible for advancing time, computing 
state variables, and handling events. In contrast to model exchange, in co-simulation the models are 
exported with a solver. The output parameters of the FMUs are exchanged at discrete 
communication points, and in the time between two communication points, the FMUs are solved 
independently [Jun21]. The focus of this approach is on co-simulation, as the FMUs can be exported 
with the established solvers of the simulation tools in which the FMUs were built. Otherwise, the 
FMUs would have to be limited to the solvers of the simulation environment in which the FMUs were 
imported. 

2.3 Seamless and interoperable integration of simulation models for model-based 
engineering 

Previously, it was pointed out that challenges in the simulation-based product development process 
are still to be solved. These include, for example, reducing the effort required to create simulation 
models, reducing errors in manual parameterization, and increasing the integration of relevant 
stakeholders in the engineering process.  

These challenges are to be addressed by this contribution. Simulation environments such as 
DSHplus [FLU22], AMEsim [Sie22], or Simulink [Mat22] already allow the coupling of encapsulated 
simulation models via FMUs to a system simulation. However, the manual effort for creating the 
system simulation is still high and error-prone. These problems can be significantly improved by 
linking component data and simulation models. Therefore, functionalities need to be developed for 
linking component data and simulation models via AAS in the simulation-based product development 
process. Functionalities are defined in this context as solution concepts for existing 
challenges. Based on this, three functionalities have been developed, see Figure 85. 
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Figure 85: Concept for seamless and interoperable simulation model-based engineering based on 
three functionalities (F1-F3) 

The first functionality (F1) enables searching and finding components or component simulation 
models in repositories by adding the possibility to query these models with certain restrictions. In the 
context of the simulation-based product development process, for example, this makes it possible to 
search for the components and component simulation models needed to develop a machine in the 
repositories of the suppliers. To search the repositories, the components and the component 
simulation models must be described by AAS. 

The second functionality (F2) enables the domain- and tool-independent integration of component 
simulation models in a simulation environment. On the one hand, this integration is made possible 
by the automatic parameterization of simulation models. The automatic parameterization reduces 
the time required and possible susceptibility to errors during manual parameterization, a task 
requiring integrating many different parameter sources. On the other hand, it is possible to integrate 
the component simulation models in a domain- and tool-independent way, as they are encapsulated 
with a solver, using FMUs based on the FMI standard. This is necessary because simulation tools 
often specialize only in one domain or, if spanning cross-domain, these tools do not allow a sufficient 
depth of specialization [Gei06]. Moreover, the modularity of FMU co-simulation significantly impacts 
the use of these functionalities. High modularity allows high flexibility for the user because, for 
example, FMUs can be exchanged easily [Sad19]. In this context, the highest modularity means that 
each component, e.g., a hydraulic pump, is encapsulated in one FMU. In addition to the domain- 
and tool-independent exchange, the encapsulation in FMUs protects the manufacturer's know-how 
in the component models since the models are transferred as black-box models. Another advantage 
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is that FMUs reduce complexity as the user only has to deal with the inputs and outputs of the 
simulation model and does not have to worry about the internal details [Hab19].  

Lastly, the third functionality (F3) enables bidirectional synchronization between field devices and 
component simulation models. As a result, the relevant stakeholder can offer error detection and 
troubleshooting to the operator or assist the operator during commissioning based on simulation 
models. In context to the simulation-based product development process, functionality three refers 
to instance AAS, which are available, e.g., in the operation of a hydraulic system. In this phase, there 
is the possibility of synchronizing simulation model parameters to a field device. This enables, for 
example, a reduction in the time required to configure a field device as relevant parameters can be 
found simulative and transmitted directly. Further, there is the possibility of synchronizing field device 
parameters to the simulation model, enabling, for example, assistance by supporting error detection 
and troubleshooting. In this case, the operator can integrate stakeholders in a not localized way by 
allowing them to include field device parameters in their simulation models and detect, for example, 
configuration errors. 

3. Summary and Outlook 

In this contribution, fundamentals in the field of I4.0 and simulation models are first presented. Based 
on the challenges of the simulation-based development process, a concept was presented that 
should significantly improve the simulation-based development process. To implement this concept, 
two fundamental aspects must be investigated in the following. On the one hand, it is necessary to 
investigate the coupling of different simulation models using FMUs. Consequently, existing 
restrictions and regulations must be identified. On the other hand, the I4.0 framework for 
implementing the functionalities must be developed. 
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Abstract: This work deals with the design optimization of electrical machines under the 
consideration of manufacturing uncertainties. In order to efficiently quantify the uncertainty, a hybrid 
Gauss-Process regression (GPR) model is employed. In contrast to classic Kriging or Bayesian 
optimization approaches, we train a GPR surrogate for the performance feature specifications, not 
for the objective function. A multi-objective optimization problem is formulated, maximizing 
simultaneously the reliability, i.e., the yield, and further performance objectives, e.g., the costs. A 
permanent magnet synchronous machine is modeled and simulated in commercial finite element 
simulation software. Four approaches for solving the multi-objective optimization problem are 

described and numerically compared, namely: 𝜀-constraint scalarization, weighted sum scalarization 
and a multi-start weighted sum. We show that the efficiency gain thanks to our hybrid GPR model 
enables even computationally heavy multi-objective optimization for real-world applications. 

1. Introduction 

Electrical machines are increasingly replacing conventional combustion engines, which is an 
important step against climate change. However, the design and manufacturing process of electrical 
machines can be further improved to deal responsible with natural resources. Computer simulations, 
e.g., with finite element method (FEM), have the advantage that products can be virtually analyzed 
and optimized before the first prototypes are built. However, typically the simulation of electrical 
machines is computationally very expensive, since partial differential equations have to be solved 
numerically. Commonly, the design i.e., the geometry and material, of a device is optimized such 
that performance requirements are fulfilled. In practice, often there are manufacturing imperfections 
which lead to deviations in the geometry or material parameters which can be quantified by the yield. 
It describes the probability, that a manufactured device fulfills all performance requirements, under 
consideration of uncertainties [GRA07]. Classic approaches for yield estimation involve Monte Carlo 
(MC) analysis [HAM64, Chap. 5] which requires the evaluation of the simulation model for  

 

Figure 86: Illustration of the GPR-Hybrid method used in this work [HUB22]. 
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each sample configuration and quickly becomes computationally prohibitive. In order to efficiently 
quantify the uncertainty, a surrogate model based on Gaussian Process Regression (GPR) is 
introduced. Surrogate models provide an approximation of the quantity of interest (QoI). However, 
[LI10, Example 3.1] shows, that even highly accurate approximation models can lead to wrong yield 
estimates. For that reason, a hybrid approach (Fig.Figure 86:) is introduced, which evaluates most of 
the MC sample points on the surrogate model, and a small subset of so-called critical sample points 
on the high-fidelity FEM model. In order to improve the reliability of the manufacturing process, the 
yield shall be maximized. In practice, besides the reliability, often there are competing objectives, 
e.g., the minimization of material costs. Therefore, a multi-objective optimization (MOO) approach is 
required to find a suitable trade-off between the different objectives in the context of pareto-optimal 
solutions. Classic approaches are scalarization methods, e.g., weighted sum [EHR05, Chap. 3] and 

𝜀-constraint [EHR05, Chap. 4]. 

2. Mathematical foundation 

As illustrated in Fig. Figure 87: we define deterministic design parameters 𝑥, uncertain design  

parameters 𝑝, but also performance feature specifications as constraints for the quantities of interest 

𝑄 (QoI). Next, we introduce the safe domain Ω  as the set of uncertain parameter combinations 
fulfilling the performance feature specifications. In order to quantify the yield, we can formulate the 
estimated yield 𝑌  by the application of Monte Carlo-based sampling (𝑁  = #samples). 

𝑄(𝑥, 𝑝) ≤ 𝑐,   Ω ∶= {𝑄(𝑥, 𝑝) ≤ 𝑐},    𝑌(𝑥, �̅�) ≈ 𝑌 (𝑥, �̅�) =  ∑ 𝟏 (𝑝(𝒊))   Eq. 8

To build the surrogate model, we use a technique where the QoI 𝑄 is approximated by a Gaussian 
process (GP). A GP can be described uniquely by its mean and covariance / kernel function (here: 
RBF kernel). The surrogate model is completed by a rule based on the prediction and the error 
indicator indicating whether a sample point is also evaluated on the FE model or not. The predictions 

𝑄  for the sample points are then classified as accepted (lying inside the safe domain Ω ) or not 
accepted (need re-evaluations). Each time, a sample point is re-evaluated with the FE model, this 
information is used to update the GPR surrogate model online. The basic procedure is given in 
Algorithm 1 and a visualization of the classification of the sample points is shown in Fig. Figure . 
Furthermore, the multi-objective optimization (MOO) problem needs to be introduced. In general an 
optimization problem with k objective functions has the following structure: 

 

Figure 87: Illustration of deterministic (left) and uncertain parameters (right) in the permanent 
magnets of the rotor [HUB22]. 



DSEC 2023 

127 

max
 ∈ 𝕏  

𝑓 (𝑥, �̅�) ≡ 𝑌(𝑥, �̅�) 

max
 ∈ 𝕏  

𝑓 (𝑥, �̅�),   𝑖 = 2, … , 𝑘 
Eq. 2

Here, it is the aim is to find the best solution with respect to all objective functions. Therefore, the so-
called pareto-optimal solutions have been introduced. A pareto-optimal solution is a solution, for that 
it is not possible to improve the value of one objective function without deteriorating the value of 
another one. Thus, the solution of a MOO problem is a set of pareto-optimal solutions, the so-called 
pareto-front (Fig. Figure 89). In order to compute a MOO, scalarization methods can be utilized to 

transform it into a sinlge-objective optmimization problem. The most common methods are the 𝜀-
constraint method (left equation) that only maintains one of the objective functions, while the 
remaining functions are included into the constraints, and the weighted sum method (right equation). 

max
 ∈ 𝕏  

𝑌(𝑥, �̅�)                                                 max
 ∈ 𝕏  

𝜔 𝑌(𝑥, �̅�) + ∑ 𝜔 𝑓 (𝑥, �̅�)  

s. t. 𝑓 (𝑥, 𝑝) ≥  𝜀 ,  𝑖 = 2, … , 𝑘 
Eq. 3

At last, a heuristic approach is introduced. Here, a set of starting points is generated and for each 
starting point the optimization is started. Inspired by the terms of reinforcement learning [SUT98], we 
refer to this phase as exploration phase, since the aim is to explore as much of the feasible set as 
possible in order to find the most promising region. After a fixed number of objective function 
evaluations, the results are compared. Then, the optimization is continued with the solution having 
the best objective  function value after the exploration phase. The second phase we refer to as the 
exploitation phase, because we seek for the best value in this region. In our setting, each evaluation 
of the objective function is computationally expensive. Thus, running the local optimization multiple 
times might be prohibitive. For that reason we establish the two phases and follow only the most 
promising solution from the exploration phase. The computing time can be further improved, by  

 

Figure 88: Algorithm for GPR-Hybrid method and illustration of classification around the 
threshold c (Red = unaccepted; blue = accepted; orange: re-evaluation) [HUB22]. 
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Figure 89: Depiction of the pareto-front for a multi-objective optimization problem [HUB22]. 

using lower fidelity models for the exploration phase and a high fidelity model in the exploitation 
phase. There are many options to distinguish between low and high fidelity models: when using FEM 
it can refer to the number of elements for example, or in case of yield optimization, it can refer to the 
size of the MC sample set. The basis procedure is sketched in Algorithm 2 (Fig. Figure ) [HUB22]. 

3. Application for electrical machines 

In the literature, different aspects of electrical machines have been subject to optimization, e.g., the 
shape of the rotor [GAN15], the permanent magnets (PMs) [LAS18], [BON18], or the stator slots 
[ARJ21]. Consequently, for the uncertainty quantification, the magnitude 𝐵  and the direction 𝜑  of 
the magnetic field of the PMs are assumed uncertain (i.e., modeled as uniformly distributed random 
variables with given mean values). As deterministic design parameters we consider the geometric 
parameters describing the rotor geometry as depicted in Fig. Figure 87, i.e., 𝑥 =

 [𝑑 , 𝑑 , 𝑑 , 𝑠] =[19 mm, 7 mm, 7 mm, 0 °] with the initial costs of 𝐶  = 133mm2. For the 
mathematical problem formulation of the electrical machine, the Maxwell’s equations are used and 
by bridging Python and CST Studio Suite (Fig. Figure ) a solution in the computational domain is 
calculated in the FEM tool. This allows to calculate the QoI, i.e. the average torque 𝜏  over one 

electrical period and equip it with a lower bound to derive the performance feature specification. 

𝑄(𝑥, 𝑝) ∶=  𝜏 (𝐴(𝑥, 𝑝)) ≥ 𝜏     Eq. 4

 

Figure 90: Algorithm for the multi-start optimization method [HUB22]. 
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In the next step, the GPR-Hybrid surrogate model is validated against the simulation solely in the 
FEM simulation tool. Therefore, NMC = 2500 simulation runs are conducted in the tool resulting in a 

yield for the initial design of the PMSM of 𝑌 (𝑥, 𝑝) = 0.0428, meaning that only 4.28 % samples 
satisfy the performance feature specifications under uncertainty. The same simulation is conducted 
with the GPR-Hybrid method (Algorithm 1). As a result, only 60 FEM simulations were needed to 

calculate the NMC = 2500 Monte Carlo samples. The resulting yield is 𝑌 (𝑥, 𝑝) = 0.0436, thus 
classifying only two sample points wrong. This is a significant decrease in the number of actual FEM 
simulations by 97.6 %. For the optimization, we now introduce the MOO problem as follows [HUB22]: 

max
 ∈ ℝ   

𝑌(𝑥, �̅�)  ≈ 𝑌 (𝑥, 𝑝)  =  ∑ 𝟏 (𝑝(𝒊))  

min
 ∈ ℝ   

𝐶(𝑥)      ≔ 𝑑  𝑑  

   s. t.   𝒙                 ≥ 𝒙            

     𝑑                ≤ 𝑑 ,  

𝑑 + 𝑑      ≤ 15 

3𝑑 − 2𝑑 ≤ 50 

  𝑠                 ≤ 𝑠  

Eq.. 2

 

 5

 

Figure 91: Illustration of the connection for the simulation framework including Python, Visual 
Basic for Applications (VBA) and CST Studio Suite. 

 

Figure 92: 2D view of the used Permanent Magnet Synchronous Machine (PMSM) [HUB22]. 
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This MOO aims to maximize the yield by simultaneously decreasing the PM surface dimensions 𝐶(𝑥) 
under the given geometric constraints. In order to solve the stated MOO problem, the 
aforementioned optimization methods will be applied. 

4. Optimization results 

As a reference, the whole optimization is first run without uncertainty considerations by only 
minimizing the surface dimension of the PMs such that the constraints of the MOO hold and 
additionally the constraint 𝜏  ≥ 10.8 Nm is fulfilled. We achieve the reference solution with an 

optimal value for the PM surface dimensions of 𝐶(𝑥)  = 93.7759 mm2. Estimating the yield in this 
optimal solution under consideration of the specified uncertainties, we obtain a yield of  
𝑌 ,  =  0.4696. In the following we investigate the optimization results considering the 

uncertainties during the optimization procedure. For the 𝜀-constraint method the yield function 
remains the objective, while the function of the surface of the PM becomes a constraint, bounded by 
a maximum value of the costs 𝐶(𝑥). The resulting optimization problem is then solved with the 
COBYLA solver of the PDFO framework [ZHA20]. The results can be seen in Table 6. The best trade-

off is achieved for 𝐶  = 108 mm2 with an optimal yield value of 𝑌 ,  = 0.996. While compared 

to the reference solution, we can see that the surface dimension of the PMs (costs) is reduced less 
(108 mm2 vs. < 94 mm2), but the design is much more reliable (> 0.99 vs. < 0.47). In contrary to the 

𝜀-constraint method, the weighted sum method combines both objectives into a weighted sum with 

the weight 𝜔 that is consequently minimized. The optimization problem is solved  

𝐶  𝑌
( ) 𝐶(𝑥) Total FE evaluations 

120 1.0 119.938 20 + 350 = 370 

110 0.998 110.000 20 + 362 = 382 

108 0.996 108.000 20 + 315 = 335 

100 0.0 99.092 20 + 162 = 182 
 

Table 6: Results of the optimization conducted with the ε-constraint method for various values for 

the constraint 𝐶  [HUB22]. 

𝜔 𝑌
( ) 𝐶(𝑥) Total FE evaluations 

1 x 10-3 0.999 128.963 20 + 259 = 279 

2 x 10-3 0.996 114.594 20 + 230 = 250 

3 x 10-3 0.995 109.702 20 + 262 = 282 

5 x 10-3 0.978 105.174 20 + 734 = 754 
 

Table 7: Results of the optimization conducted with the weighted-sum method for various values 

for the weight 𝜔 [HUB22]. 

Multi-start 𝑌
( ) 𝐶(𝑥) 𝑛  Total FE evaluations 

No 0.999 128.963 31 20 + 259 = 279 

Yes 0.998 111.203 135 20 + 394 = 414 
 

Table 8: Results of the optimization conducted with the weighted-sum with the multistart procedure 
in comparison to the optimization without multistart [HUB22]. 
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with the LINCOA solver of the PDFO framework [ZHA20]. The weighted sum approach also proves 
to  significantly increase the yield estimate YMC of the optimization problem. It is evident that the 

simulation needs more function evaluations when the weight 𝜔 is increased and, consequently, the 

surface dimensions 𝐶(𝑥) have an increased influence on the objective function (see number of 
function evaluations 𝑛  in Table 7). In general, the two described methods of the 𝜀-constraint and 

weighted sum method have the disadvantage that a degree of freedom needs to be set, that has a 
significant influence on the outcome of the optimization. Especially, the latter has difficulties with 
nonconvex objectives and is prone to run into suboptimal local minima. Therefore the multistart 
procedure is applied with the weighted sum method. After the exploration phase with 𝑁  = 100 is 

completed, the exploitation phase for that starting point is continued with high-fidelity (𝑁 =2500). 
The comparison of the weighted sum method with and without the multistart procedure can be seen 
in Table 8. We see that by including the multistart procedure, the PM surface dimensions were further 
decreased by 14 %. This shows, that the disadvantage of scalarization methods to converge into 
suboptimal local optima can be compensated by the multistart procedure. Furthermore,  
Figure Figure  shows the direct comparison of the weighted sum method with and without the 
multistart procedure by the propagation of the PM surface dimensions. It can be seen that the setting 
of the weighted sum approach without the multistart procedure runs into the local optimum with 
surface dimensions of 128.963 mm2 , whereas the application of the multistart procedure leads to a 

 

Figure 93: Comparison of the optimization with and without the multistart procedure. The 
multistart procedure overcomes the local optimum in the 30th function evaluation 
[HUB22]. 

 

Figure 94: Illustration of the initial PM design and the optimized PM design with the multistart 
procedure achieving the best cost and yield tradeoff [HUB22]. 
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further reduction to 𝐶(𝑥) = 111.203 mm2 . An exemplary design optimization for the multistart method 
is shown in Figure Figure . 

5. Conclusion and outlook 

This work introduces the application of the GPR-Hybrid method to electrical machines. We show that 
by using machine learning, the computational effort of yield estimation and yield optimization can be 

significantly reduced, while maintaining high accuracy. Furthermore, the scalarization methods 𝜀-
constraint and weighted sum are applied to the MOO and compared. Both lead to overall high values 
for the yield estimate, while the rate of decrease of the PM surface dimensions depends on the 
choice of the scalarization parameters, which is a drawback in practice. On the other hand, the 
weighted sum method is extended with a multistart procedure that further improves the optimization 
performance of the utilized methods. Although scalarization parameters still have to be chosen, their 
impact on the optimization result is greatly reduced. For future research, however, multiple advanced 
concepts can be applied. These are, for example, the addition of multiple QoIs for the electrical 
machine such as the total harmonic distortion, adaptive weight selection for the weighted sum 
method, or adaptive numbers of the MC sample points. Additionally, the application of further 
heuristic concepts such as Genetic Algorithms (GA) but also Particle Swarm Optimization (PSO) are 
of great interest. 
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Abstract: Roller bearings are used for a wide range of applications. Under severe conditions, the 
roller-race contacts within a bearing are subject to high-temperature rise. Smearing is a type of 
surface damage associated with high contact temperatures. In this paper, we propose an approach 
for a meta model predicting the maximum temperature within line contacts in mixed lubrication. A 
meta model approximates a high-fidelity model that is used when time, cost, or computational effort 
must be reduced. 

A literature review is conducted and current state-of-the-art analytical models are implemented. The 
results are compared with the results from a thermo-elastohydrodynamic lubrication (TEHL) solver. 
The TEHL solver is used to generate training data and evaluate the meta-model. The training data 
of the meta-model covers a wide range of parameters. 

TEHL simulation enables detailed modeling of flash temperature. However, the computational cost 
is high. The developed ANN model can predict the temperature with higher accuracy than the 
existing analytical models. The correlation coefficient (R) for the trained model is higher than 0.997. 
The influence of different network architectures on the accuracy is shown. Furthermore, the impact 
of feature engineering on the prediction accuracy with limited data sets is presented. 

1. Introduction 

One of the main tasks in tribology is to extend the wear lifetime and prevent premature failures of 
technical systems [CZI15]. This is particularly challenging for highly-loaded elastohydrodynamic 
lubricated (EHL) contacts, such as cams, rolling element bearings and gears. Contact surfaces are 
frequently subjected to high stresses which may result in damage and failures. The friction between 
the contacting surfaces generate high temperatures which increase the risk of damage and sudden 
failure due to adhesive wear such as smearing and scuffing. 

From a tribological point of view, both scuffing and smearing are caused by local adhesive wear. 
Due to the local adhesive mechanisms, the so-called flash temperature is commonly used as a 
criterion regarding smearing and scuffing [PEN19]. Numerical simulations based on the thermo 
elastohydrodynamic lubrication (TEHL) theory have shown that the local temperature can be much 
higher than the bulk temperature. For gear contacts, TEHL simulations showed a local temperature 
increase up to 50 K due to frictional heating, which is caused by viscous shearing of lubricant 
[LOH16]. These effects can be further enhanced by local asperity friction on rough surfaces [LIU20]. 

Consequently, a local temperature rise depends on a wide range of parameters and sub-models, 
which makes the numerical prediction of a local temperature rise computationally expensive. Recent 
advancements show the potential of machine learning methods for tribological applications [MAR21]. 
After a successful training, these models can predict the desired output with a high accuracy within 
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much shorter calculation times than the original physical simulation approaches. However, as of 
today, there is no NN model to predict the maximum temperature within a contact. 

2. Methods and parameters 

2.1 Methodology 

Firstly, a thermo-elastohydrodynamic lubrication (TEHL) simulation model was used to calculate the 
maximum temperature within a lubricated line contact. An internally developed multilevel TEHL 
solver analogous to the work of Venner [VEN92] was used. It solves the Reynolds equation on the 
micro- and macroscale including the law of energy conservation for non-isothermal simulation.  

Furthermore, the results from the state-of-the-art analytical models were compared with results from 
the TEHL model. Masjedi et al. [MAS15] and Otero et al. [OTE17] developed empirical equations for 
calculating flash temperature in the mixed lubrication regime. In the mixed approach, Masjedi et al.'s 
flash temperature equation was combined with Otero et al.'s iterative scheme to update fluid viscosity 
with change in temperature, for each iteration. For different operating parameters, the results of the 
analytical methods and the TEHL model were compared. 

A neural network model was developed for a wide range of input parameters. The MATLAB neural 
network toolbox was used and different network architectures were compared [MAR22]. The input 
data set was divided into training, validation and testing data. The neural network model was 
optimized using feature engineering. Instead of using all the input parameters directly to train the 
neural network, various features were developed using the physics and domain knowledge from the 
TEHL model. These features were used to train the neural network and the results were compared 
with the original model. 

 

2.2 Input parameters 

The NN was trained for wide range of operating parameters and fluid parameters (Table 4). The 
input parameters for the NN model were same as the TEHL model. The range of fluid parameters 
were selected to include a variety of typical rheological properties. The material and geometry of the 
contacting bodies were kept constant to represent a fixed roller – race contact at the inner ring of 
cylindrical roller element bearings. Consequently, the following input parameters of the EHL model 
were kept constant:  

 Radius of the roller and inner ring of the bearing (𝑅  and 𝑅 ) 
 Mass density of steel  
 Heat capacity and thermal conductivity of steel  
 Young’s modulus and Poisson’s ratio of steel  
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 Parameter 
Minimum 
value 

Maximum 
value 

1  Load per unit length 0 N/mm 500 N/mm 

2 Contact velocity of body 1 𝑢  0 m/s 5 m/s 

3 Contact velocity of body 2 𝑢  0 m/s 5 m/s 

4 Base temperature 293.15 K 333.15 K 

5 Roughness 2e-8 m 2e-6 m 

6 Boundary friction coefficient 0.01 0.2 

7 Eyring shear stress 3e6 Pa 1.5e7 Pa 

8 Thermal conductivity of fluid 0.1 W/mK 0.2 W/mK 

9 
Viscosity-pressure parameter (𝑍 ) of Roeland’s equation 
(Eq. 3.31) 

0.5 0.8 

10 
Viscosity-temperature parameter coefficient (𝑆) of Roeland’s 
equation (Eq. 3.31) 

0.7 1.5 

11 Viscosity at 20 °C and ambient pressure 0.015 Pa∙s 0.4 Pa∙s 

 Table 4: Range of input parameters for NN meta model 

2.3 Feature Engineering 

The process of feature engineering is a potential method to increase the efficiency of training 
processes. This process includes use of physical or domain knowledge to define one or multiple 
features (properties, characteristics, attributes, etc.) from raw data [DAS22].  

In Table 5, different feature groups used to train the NN are shown. Feature group 1 represent the 
input parameters of the TEHL model which were also the input parameters of the NN model in 
previous section (see chapter 2.2). To investigate the impact of feature engineering, new features 
were introduced in feature groups 2-5 to train the NN model. The feature used in the feature groups 
(1-5) are marked by ‘X’. For example, in feature groups 2-5, shear rate and sum of the two velocities 
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(𝑢 ) were used instead of velocities 𝑢  and 𝑢 . In addition, lambda ratio (ratio of minimum film 
thickness to surface roughness) was used instead of surface roughness. 

 

 Feature Group 

Feature 1 2 3 4 5 

Load per unit length X X X X X 

𝑢  X     

𝑢  X     

𝑢   X X X X 

Shear rate  X X X X 

Heat flux     X 

Base temperature (Tbase) X X X X X 

Surface roughness X     

Lambda ratio (λ)  X X X X 

Boundary friction X X X X X 

Eyring shear stress X X X X X 

Thermal Conductivity of 
fluid 

X X X X X 

Viscosity-pressure 
coefficient  

Roeland’s (𝑍 ) α  α  α  α  

Viscosity-temperature 
coefficient  

Roeland’s (𝑆) 𝑆 𝑆 𝑆 𝑆 

Viscosity @ 
T=20 oC, 
p=1bar 

T=20 oC, 
p=1bar 

T=Tbase, 

p=1bar 
T=Tbase, 
p=pmean 

20 

oC 

Table 5: Feature groups used to train NN 

3. Results and discussion 

3.1 Comparison of analytical methods and TEHL model 

The variation of contact temperature with force for the analytical methods and TEHL model are shown 
in Figure 95 (a). The velocities of bodies 1 and 2 were kept constant at 1 m/s and 0.5 m/s, respectively. 
The normal load was varied from 100 N/mm to 500 N/mm and the corresponding contact temperatures 
were calculated. It can be observed that the results of the mixed approach are closer to the TEHL 
model results. Although all the methods show similar pattern of increase in temperature, the maximum 
contact temperature was much lower for analytical methods compared to TEHL model. 

Figure 95 (b) shows the variation of contact temperature with 𝒖𝟏. The normal load and 𝒖𝟐 were kept 
constant at 100 N/mm and 0 m/s, respectively. It can be observed that the contact temperature 
increases with the velocity for all the models. From the two graphs, it can be observed that the TEHL 
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model results differ significantly from the analytical models. The numerical solver uses the finite 
difference method, therefore flash temperature at each node was calculated and the maximum value 
of each nodes was considered. On the other hand, the analytical methods use the average heat flux, 
shear stress and pressure to calculate the flash temperature. Therefore, there is a large difference 
between the results of TEHL model and the analytical models. 

  

(a) (b) 

Figure 95: Variation of contact temperature. (a) with load (𝒖𝟏 and 𝒖𝟐 are constant). (b) with 

velocity 𝒖𝟏 (load and 𝒖𝟐 are constant). 

3.2 Comparison of neural network architectures 

Figure 96 shows the variation of coefficient of determination (R2) with number of neurons for single 
hidden layer (a) and two hidden layers (b). In Figure 96 (a), R2 initially increases with the number of 
neurons. For number of neurons greater than 60, it can be observed that the result for training set is 
improved but value of R2 decreases for the test set, which is an evidence of model overfitting. 
Generally, overfitting during training can be identified when the error on training data decreases to a 
very small value but the error on the new data or test data increases to a large value. Figure 96 (b) 
shows the variation of R2 with number of neurons for NNs with two hidden layers. It can be observed 
that the results improve with the increase in number of neurons. A significant improvement can be 
observed until 12 neurons, after which no further improvement can be observed.  

(a) (b) 
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Figure 96: Comparison of R2 with number of neurons. (a) single hidden layer network. (b) two 
hidden layers. 

The NN with two hidden layers with 12 neurons in each layer was selected as the best network 
architecture for the NN model to predict temperature.The predicted output vs target temperature 
values for NN with two hidden layers with 12 neurons in each layer are shown in Figure 97. The 
linear regression coefficients (R) with predicted output versus target temperature values for training, 
validation, testing, and the entire data set are shown. It can be observed that the NN model have 
high accuracy with overall R value close to 0.998.  

 
 Figure 97: Predicted ‘Output’ versus EHL-calculated values (‘Target’) for training, validation, test and 

overall data set for 2 hidden layers with 12 neurons. 

3.3 Impact of feature engineering on performance 

As discussed in previous sections, the NN model was highly accurate and was able to capture all 
the complexities of the TEHL model. This was due to the availability of large data set (9187 data 
points) for the NN training. However, more complex problems, such as point contacts, which require 
to switch from a 2D- to a 3D-simulation, lead to significantly higher simulation time. Therefore, 
generating thousands of data sets for NN-based surrogate model is computationally expensive. 

To deal with this problem, feature engineering can be a viable tool. For this purpose, the number of 
data points were reduced from 9187 to 6000 and divided into training, validation and test sets (10%, 
10% and 80% respectively). Consequently, the amount of training data was reduced from 5512 to 
only 600 to simulate sparsely available data. To improve the accuracy of the new model trained on 
reduced data, a feature engineering approach was employed. 

In this section, the NN model trained with different features (Table 5) were compared with each other. 
The number of neurons and hidden layers used in the NN depend on the size of the training data 
and number of input parameters. Since the number of training data was reduced considerably, the 
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network with two hidden layers or single hidden layer with large number of neurons would result in 
overfitting. Therefore, for reduced data set, single hidden layer network with 15 neurons was used 
for the training. Figure 98 shows the mean error and R2 for different feature groups respectively. 
There was significant improvement in mean error and R2 between feature group 1 and feature groups 
2-5. 

  

(a) (b) 

 Figure 98: Comparison of results of the test set for different feature groups. (a) absolute mean error. 
(b) R2 

Training with feature groups 2-5 produced better results than training with feature group 1. In the 
feature groups 2-5,  𝑢  and shear rate were used as features instead of individual velocities (𝑢  
and 𝑢 ). The shear rate and 𝑢  were calculated from 𝑢  and 𝑢  and their direct use in the training 
reduce the complexity of input-output relation. In addition, lambda ratio (λ) as the ratio of lubricant 
film thickness to the composite surface roughness was used instead of surface roughness. The 
lubrication regime defines the contact condition (hydrodynamic lubricant films or rough surface 
asperity contact). The improved results of feature group 5 can be attributed to the addition of heat 
flux, which is directly related to flash temperature [MAS15]. 

4. Conclusion 

In this work various approaches to calculate the flash temperature in thermal-elastohydrodynamic 
line contacts are discussed. Multilevel EHL simulation allows for a detailed modeling of the flash 
temperature. However, due to the high computational cost, it is only suitable for modeling of single 
contacts and not for modeling of entire machine parts, such as gears or roller bearings. Analytical 
methods exist for the calculation of flash temperatures in tribological contacts. They were critically 
benchmarked within this study and significant deviations to results of EHL simulations were 
observed. 

The application of artificial neural networks is a powerful simulation tool in tribology. With a NN 
architecture with two hidden layers and 12 neurons per layer a high accuracy (R=0.998) for the 
predicted flash temperature of EHL line contacts was reached. Furthermore, it was demonstrated 
that feature engineering is a viable method when a limited amount of training data is available, for 
example due to high computational cost of physics-based numerical solutions. Hence, the 
application of physical knowledge within a NN can significantly reduce the size of the training data 
required to train an efficient NN model. 
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