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Abstract

The development of a new motor can be a high effort. In this paper, Model-based Systems
Engineering (MBSE) is applied to model the second generation of an electronic compact actuator
(ECA). This paper focuses on the traceability between model elements from previous product
generations. By integrating the approach of the PGE - Product Generation Engineering in MBSE,
developers can store more relevant information in the model; they can accomplish automatic
calculations of derived factors and build models more efficiently in further product developments.

Keywords: systems engineering (SE), model-based engineering, product generation engineering
(PGE), traceability

1. Introduction

Even if the components of a newly developed system are working well, this might not apply to the
system as a whole. To handle system complexity, like a national telephone network, the company Bell
Telephone Laboratories used the term “systems engineering”. (Schlager, 1956; Hall, 1962; Fagen, 1978)
With this approach, engineers can develop interdisciplinary systems. Model-based systems engineering
(MBSE) focuses on models to handle interdisciplinary complexity over the entire product development
process and further lifecycle phases (International Council on Systems Engineering, 2007). Different
stakeholders take part in the product development and need to be addressed in system models. Potential
benefits are impactor risk analysis, modelling of interfaces and dynamic behaviour and linking
components to requirements and tests. A disadvantage is the initial effort to create the model.

In this paper, an approach is presented to include PGE - Product Generation Engineering in MBSE.
MBSE uses the three pillars language, method and tool. We use the language Systems Modeling
Language (SysML) in the tool Rational Rhapsody by IBM and methods based on SYSMOD and SPES.

1.1. C&C2-Approach

For Stachowiak, the advantage of modelling is the pragmatic reduction of complex facts to make them
more usable (Stachowiak, 1973). The C&C2-Approach helps to visualize functional and effect
relationships on different levels. It has its origin in the embodiment of analysis and synthesis (Albers
and Matthiesen, 2002). Considering the visualization and formal description, it is suitable for MBSE.
The C&C?-Approach uses three key elements to describe functionalities (see Figure 1). It contains

SYSTEMS ENGINEERING AND DESIGN 2425



working surfaces (WS), channels & support structures (CSS) and connectors (C) (Albers and
Matthiesen, 2002; Albers and Wintergerst, 2014). WS are surfaces of bodies or boundary surfaces of
liquids, gases or fields. They are in continuous or occasional contact to other WS to form a working
surface pair (WSP) and can exchange energy, material and information (Albers and Wintergerst,
2014). Channels and support structures can connect the WS and transport matter, energy and
information. Wiedner describes CSS as volumes of solid bodies, liquids, gases or fields (Wiedner,
2013). Connectors integrate relevant properties for the function, which are located outside the design
area (Albers and Wintergerst, 2014). “A wirk-net is the sum of the WSP, C and CSS for executing a
function in a specific operating state. (Albers and Wintergerst, 2014)”. The approach is based on three
hypothesis (Albers and Matthiesen, 2002):

1. Every basic element of a technical system has its function only in contact with another basic
element.

2. The function of a technical (sub-) system is realised by two WSP, which are connected by a
CSS.

3. Every system, which fulfils a function, contains the basic elements WS and CSS in any shape,
number and order.

A working surface can be a component surface like a front surface of a gear wheel. At the front
surface, the wheels are in contact and transmit energy. Therefore, the wheel transmits torque to
another wheel. Figure 1 shows a rendered CAD cross section. The CSS is the gear wheel itself, which
conducts the energy flow. The connectors are the plain bearings of the wheels. From the basic
elements, the parameters relevant for the function are identified, as for example the length of the shaft.
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Figure 1. Components of the C&C2-Approach and their usage to create a C&C2-Model
(Matthiesen et al., 2018)

1.2. PGE - Product Generation Engineering

According to classical construction methods, the design can be separated in corrective and generative
procedures (Ehrlenspiel, 2009). Pahl et al. (2007) extend the design by the classification of new,
adaption and variation construction (Pahl et al., 2007). According to Albers, a product is always based
on reference products (Albers et al., 2015). Reference products are part of a reference system, which is
a system with elements of already existing or planned socio-technical systems (Albers et al., 2019). It
is the basis and the starting point for the development of a new product generation (Albers et al.,
2019). This can be achieved through variations of principles (PV), embodiment (EV) and carry-over
variations (CV) (Albers et al., 2015). Reference system elements can be among other things a mindset,
predecessor products or a competitor’s product (Albers et al., 2015). For example a bulb, where the
E27 plinth does not change from the current generation in development n to the next generation n+1.
The parameters of the glass of the bulb changed to enhance the light effect, which would be an
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embodiment variation. The principle of how to transform electrical energy in light changed for
example from Thomas Edison’s patent by using carbon filament to tungsten, which has different
chemical characteristics. These result in a description model called Product Generation Engineering to
calculate new products according to different variation shares of reference products.

A principle variation results in a change of the numbers of WSP and CSS. In a study conducted by
Albers et al., the use of PV resulted in a highly challenging development process. In contrast, the
principle solutions stay the same for EV, which is a variation of parameters, but the existing WSP and
CSS are not deleted or supplemented. For CV, no changes in WSP and CSS are made besides changes
to the connectors as the boundaries of the system in focus. (Albers et al., 2017)

1.3. Methodical approach

The SysML model of the actuator is based on the modeling methods SYSMOD and SPES. SYSMOD
is a tool-independent method to model the requirements and the functional and physical architecture of
complex systems using SysML (Weilkiens and Soley, 2014). SPES was developed by 21 partners
from industry and research with the goal to professionalize software development for embedded
systems across industries by an integrating and powerful method (Pohl et al., 2012). Hereby, the
analysis and architecture processes are based on SYSMOD. The structure of the model is based on the
SPES method, by using different model views with different levels of abstraction. Like the SPES
method, the model is constructed from different model parts allowing different views of the model and
different levels of abstraction. When modelling the system, the first step is to create the context
diagram and the basic architecture from the stakeholder requirements.

Both describe the basic system environment as well as the system architecture specified at the beginning.
Similar to the SYSMOD modeling process, the use cases can be derived. The analysis of the resulting
Conceptual Model can be used to formulate requirements for the system. During this process, the initial
business requirements are transformed into technical requirements. These provide a certain solution
principle. A functional architecture is then built using the use cases and system requirements. With the
Logical Model, subsystems and interfaces are defined. Further requirements are formulated in the
requirements model through a subsequent analysis. This cycle continues and the system is further
modelled on different abstraction levels. A new requirement leads to an expansion of the system
architecture that fulfils the requirement. New requirements can be derived from the analysis of the
architecture, which in turn produce new architectural elements. (Weilkiens and Soley, 2014)

1.4. Electronic Compact Actuators

The Electronic Compact Actuators (ECA) of Robert Bosch GmbH’s are electronically commutated (EC)
motors and used as mechatronic actuators for powertrain and chassis applications. The ECA product
family consists of three types (ECA-M, -E & -S), which differ mainly in the functional scope of the
integrated electronics. The ECA-S2 is operated by a higher-level control unit and sends the current shaft
position to this control unit. Therefore, a precise position sensor is integrated in ECA-S2. Potential
applications for the ECA-S2 are e.g. gear-select-functions or clutch actuation in transmissions. For the
methodical approach presented in this paper, the ECA-S2 is divided in following subsystems: Electrical
Machine (elements needed to convert electrical into mechanical power), Sensor System (elements needed
to detect and communicate shaft position) and Connector Body Assembly (elements needed to connect
Electrical Machine and Sensor System with higher-level control unit. (Robert Bosch GmbH, 2019)

Figure 2. ECA-Type S with position sensor (Robert Bosch GmbH, 2019)
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1.5. Further research

Further research focuses on how information in MBSE should be presented to create measurable
values to reduce the effects of complexity implications. (Muller et al., 2017). A first idea of how to
model the C&C?-Approach in MBSE can be found in (Zingel et al., 2012).

They focus on function systems modeling by using activity diagrams to transport material, energy and
information (Zingel et al., 2012). These functions are assigned to components (Zingel et al., 2012).
Albers et al. focus on the support of PGE in calculations of the effort of variations to develop a new
product for a camshaft. First, the FIT-condition identifies valid variants. The NEAREST-FIT-parameter
shows how much invalid variants need to change to satisfy the FIT-condition. (Albers et al., 2016)

So far, research has treated variants, function modeling and effort. Our aim is it to present a holistic
approach for modeling mechatronic systems with the focus on product generation engineering.

2. Main part

The goal is to contribute to the support of MBSE by using the PGE-Approach. The research
questions this paper aims to provide answers to:

1. How can a type of variation based on the PGE-Approach characterize (sub-) systems in a
SysML model?
2. How can different variation shares of a (sub-) system be deduced from the SysML model?

First, we focus on modeling the ECA-S2 in SysML in order to answer research question one. We are
using the C&C2?-Approach for the interconnection of system elements. Finally, we describe the
calculation of variation shares for the ECA-S2 system.

2.1. Modeling in SysML

This approach focuses on interfaces between system elements. Considering the fractal character of an
element, this element consists of subsystem elements and connection to one another. Therefore, it is
possible to describe every system element with interfaces and basic elements in subsystem levels.
These basic elements are not worth modeling in more detail, because no additional information can be
gained. In the C&C2-Approach, interfaces are working surface pairs between two elements and result
in a specific effect. In SysML, connections and ports can realise interfaces. “Ports are points at which
external entities can connect to and interact with a block in different or more limited ways than
connecting directly to the block itself. They are properties with a type that specifies features available
to the external entities via connectors to the ports. (Object Management Group) ” We are using the
Internal Block Definition Diagram (IBD) in SysML to model the interconnections of (sub) systems. In
the ECA-S2 model, interfaces are visualized by proxy ports in an IBD. Proxy ports, which represent
interfaces in the structural architecture, are assigned to respective interface as a type. These interfaces
are previously created as interface blocks in the System Interface Model. A proxy port takes over the
behaviour and properties of its owning system module (Weilkiens and Soley, 2014). In contrast, a full
port is characterized by its own behaviour and properties (Weilkiens and Soley, 2014). WS and proxy
ports are comparable in that regard that they both symbolize the border of the system. For this reason,
we decided to use proxy ports for our modeling.

The advantage of SysML is the possibility to customize the views depending on the stakeholder or
topic. With the focus on PGE, the ports and the elementary blocks are coloured according to the three
different variation types. The colours seeing highlights critical interfaces and WSP respectively to the
developer.

2.2. Top-down approach

Each system can be divided into subsystems and the division can be continued until the desired model
granularity is achieved. This is the case when further decomposition would no longer lead to a gain in
knowledge or would entail a disproportionate modelling effort. The developer can characterize the
remaining “residual subsystem” as an elementary block, as a carry-over, an embodiment- or a
principle variation.
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A (sub) system in one level is a CSS. If you increase the granularity by one level, the (sub) system
again has connections/WSP and CSS. Therefore, the level of the model shows this levels’ specific
elements. MBSE’s various diagrams providing different views of the model levels. One example
would be a polycrystalline metal, which transmits electrical energy and forces. If you look deeper
inside, the material grain boundaries are there. Each grain boundary is a WSP to transmit this energy.
With the functional architecture, functional assemblies can be characterized by the PGE-Approach, as well.
In the C&C2-Approach, developers can model formalized functions by WSP and CSS. Therefore, the
shown approach is extendable for modeling, connection and characterize functions according to PGE.

The idea of different variation shares in systems is extendable to functions. By using swim lanes in the
tool Rhapsody, it is possible to link different functions together. System components, which are
responsible for the function, can be linked to this function. Depending on the desired granularity, high-
level functions are linked to high-level components. Consequently, each layer defines the system
components for specific granularity functions.

2.3. Application of the C&C2-Approach

By analysing the system with the C&C2-Apporach, new effects and therefore principle variation results
from new working surfaces and/or omitting WSP. If the geometry or parameters change, the channels &
support structures can change or the WSP. No change in an element results in a carry-over variation.
(Albers et al., 2017) Therefore, by analysing a reference system element the differences in the wirk-net
show the variation shares for the product generation in focus. For instance, by using the previous
generation (n-1) of an ECA- motor as the reference system element, the connections/ports show the
variation shares of the generation currently under development (n). In the future, an algorithm could pre-
calculate these variation shares of new generations automatically depending on the connections.

A special consideration is necessary, if a WSP is omitted in a new generation, this results in a PV. In
order to notice these omitted elements, we propose a “grey box” in generation n to notice the change of
the generation n-1 reference system element (Figure 3). For example, the subsystem spring is using in
the new generation n one spring instead of two. The second spring is omitted. Therefore, a “grey box” is
necessary in generation n to show the PV. This box is not taken into account in following generations.

Product generation n-1 Product generation n Product generation n+1

interface —

. 2] B =

Figure 3. “Grey box” for the characterization of omitting elements

2.4, Approach for characterization and calculation of variation shares

For the characterization of a variation and for the calculation of the variation share calculation, a
distinction is made between an internal and an external part of a system. The internal and external
parts always refer to the current system and thereby to the system boundaries. The external part covers
all interfaces of a subsystem to adjacent subsystems within the parent system, while the internal part
covers all interfaces within the subsystem.

The external part covers all interfaces of a subsystem to adjacent subsystems within the parent system,
while the internal part covers all interfaces within the subsystem.
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The following example of “System Subsystem 1” is used to present the approach for characterization
and variation share calculation. The internal part consists of the elementary blocks “Component A”
and “Spring” as well as the red dashed interface between the two elementary blocks. All other
interfaces are external interfaces and will not be considered for the moment. The characterization is
done by assigning a stereotype and the associated colour, see legend in Figure 4.

Subsystem 1 & Component A Spring
Component A 100% CV 100% PV
_____ Spring 100% E
Component A :
! 1% Component A Spring
I Component A 1 1
I Spring 1
:’ Carry-over variation (CV) ! I /
l:l Embodiment variation (E\ Internal variation share: 33,3% CV; 33,3% EV; 33,3% PV

- Principle variation (PV)
Figure 4. SysML modeling and PGE calculation

Variation shares of subsystems are calculated starting at the lowest model level, followed by the
variation shares for superordinate subsystems until the calculation for the system is completed. The
calculation of the variation shares for the internal part is based on the formula shown below. Two
matrices are used to visualize the calculation. The first matrix shows the variation shares. On the main
diagonal, we list the internal variation shares of the respective subsystem. In the example from Figure
4, 6 (Component A)=100% carry-over variation (CV) is assigned to ,,Component A” and
& Spring=100% embodiment variation (EV) is assigned to “spring”. The cell, which is the interface
between the two components, receives & IF=100% principle variation (PV). The second matrix
assigns a weight variable to each elementary block and the internal interfaces. This allows the
weighting of the variation share for the respective subsystem. With this weighting, we assign a factor
to a subsystem based on the number of its elementary blocks and the number of its internal interfaces.
The calculation of the variation share is carried out according to the Equation (1). XV is a placeholder
for either CV, EV or PV.

n m
LimaOxvrsyet Vxvdt Ej=1(6xv.sys i VxV.j)

1)

GXV’Sy Sint i pvitYevitVEv,)+E i (VPv j+Yev,j+VEY,))

i € N, running variable; n € N, # of internal systems; m € N, # of internal interfaces;
SySint » internal system

SYsirine » internal system interfaces

y € N\{0}, weighing variable

6 ER|0% <6 <100%, share of variation

XV € {CV, EV, PV}, variation {carry-over parts, embodiment variation, principle variation}

After determining the internal variation share of “Subsystem 17, we calculate the variation share of the
entire “Subsystem 1” by also considering the interfaces to neighbouring systems. In the first line of
both matrices from Figure 4, we transfer the internal values for the internal variation parts and the
weight variable of “Subsystem 17, which we have already determined in the previous calculation. The
internal weighting is the sum of all weight variables of subsystems internal parts. In order to calculate
the variation shares of the entire ,,Subsystem 1, we use the formula (2) and get 40% CV, 40% EV and
20% PV as the result, see Figure 4.

Ry n .. .
5XV,Sysint Vlnt+21:1(5XV,SysIF ext’, Yxv,i)

O]

o =
XV.SYsges Yine+Xie1 Yxv,i
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Subsystem 1 Subsystem X

Internal variation share: ;‘ =17
33,3% CV; 33,3% EV; 333% PV | 1,

Internal weighting: 3

1 [ Subsystem 1 | Subsystem X | Subsystem Y
Subsystem 1 | 33,3% CV 100% CV 100% EV
L 33,3% EV
33,3% PV
Subsystem Y
y Subsystem 1 | Subsystem X | Subsystem Y

I:l Carry-over variation (CV)
\:’ Embodiment variation (EV)

Bl Frinciple variation (PV) I

»Subsystem 1" total variation share:
40% CV; 40% EV; 20% PV

Subsystem 1 3 1 1

Figure 5. Calculation of variation share of total “Subsystem 1”

In the following, we will demonstrate a calculation of the variation shares using the example of the
sensor system and the entire ECA-S2 system. The sensor system contains the following components,
which are not divided into further subsystems and thus represent elementary blocks. The magnetic disk
is a complete carry over from the previous generation and without changes. A new magnetic sensor with
the same functional principle but higher resolution replaces the sensor. This leads to an embodiment
variation. The additional capacitor is also of the same type as the previous generation with an adapted
capacitance. There is also an embodiment variation. The only internal interface between magnet disk and
magnet sensor, which defines the distance between these two components, has been adapted in
comparison to the previous generation. Therefore, it is an embodiment variation. All elementary blocks
and the interface are weighted with one and the variation shares are calculated according to formula (1).

1 «CV_ECAELs 1 <V ECA ELs
| E———— :MagnetDisk :magSensor
"M adhesivesurface_Positon

«SpeedOfitotations

«Position Definition

face_Foaton  [HE u
elfowernput  GND
«SupplyCurment_Sensars A A
" «PositisriDefiritions
magnet magnet
o "
% Magnet Disk| oo o Capacitor Gew. Magnet Disk| oo o Capacitor <D et [ s
100 7005 :Capacitor .
Magnet Disk C Magnet Disk 1 1 :_Foation  [MC
0% 0%
magnet O magnet 1
sensor o Sensor
o
o
Capacitor 0 Capacitor 1
o GND_LeadFrame GND_EMC_Spring
ov 50%
Sensor System GV 50% intem <GND_Currents - .
5NG_Current
Y

Figure 6. Calculation matrix

The higher-level system ECA-S2 is then examined. The internal variation shares and the weightings of
the subsystems Electrical Machine, Connector Body Assembly and Sensor System have already been
calculated and are inserted into the matrix as internal values on the main diagonal. In the next step, we
focus on the interfaces between these subsystems and external systems and characterize them according
to the C&C?-Approach. The interface between the sensor system and Connector Body Assembly, which
is responsible for positioning and fixing the sensor system, is presented as an example. For the first time
an adhesive bond is used, whereby WSP change and a principle variation can be derived. The calculation
of the variation shares for the entire system ECA-S2 is based on the formula (2).
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Figure 7. Highest level of the ECA-S2 System

The final calculation of the variation shares for the system ECA-S2 shows that in this system the
newly developed share is 63% and the carry-over share 37%. These values are particularly interesting
in comparison with the variation shares of other development projects and can support the assessment
of the risks of a development project.

3. Initial assessments

The presented approaches for characterization and variation share calculation will be evaluated during a
PGE research discussion at the Institute of Product Engineering (IPEK) at the Karlsruhe Institute of
Technology supported by expert interviews at Robert Bosch GmbH. Six scientific staff members attend
the research discussion. The approach presented is assessed positively, with two aspects with potential
for improvement. One of the points concerns the way interfaces are modelled. The approach does not
clearly show whether an elementary block with two further interfaces could be used for the modeling of
an interface and thus change the calculation of the variation percentage. A guideline is necessary in order
to model interfaces uniformly and thus to be able to calculate comparable variation proportion
calculations. The definition of a guideline is part of future research. Moreover, the removal of
components or interfaces cannot be registered in the model. This means that possible principle variations
are not considered. The “grey box” approach suggests a possible solution to this problem (see section
2.3). Further comments consider the modeling of state transitions in specific systems and that features
like the length of a shaft must be broken down to one subsystem, which changes its features.

In the expert interviews at Robert Bosch GmbH, system engineers, group leaders, designers and
bachelor students, took part. From the interviews, it turns out that most of the participants see it as
useful to characterize subsystems according to the PGE-Approach in the system architecture and to
recognize critical points in the system. A potential for this approach exists according to the evaluation.

4. Summary and outlook

4.1. Summary

By applying the C&C?-Approach and considering connection with ports, this paper answers the
question of how types of variations can be represented in SysML. We also showed how a
characterization and the calculation of variation shares could be used in SysML. Furthermore, the
approach shows how to include the idea of PGE in MBSE. This results in more information for the
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development of by developing a new product generation. The variation share of the new elements and
the considered reference system elements become visible to the developer.

The approach is based on the methods SPES and SYSMOD. SPES describes the usage of different
model views with different levels of abstraction. We are using the analysis and architecture processes
of SYSMOD.

An initial assessment of the approach was conducted at a company and a research institution. It
shows the potential of this approach and some comments e.g. the elimination of an elementary
subsystem and the calculation and weighting of variation shares should be part of future research.

4.2. Outlook

In order to decide how deep to model systems, developers need to define guidelines and provide basic
elements. One main advantage of using combining MBSE and PGE together is the possibility to use
different reference system elements in MBSE. With links, the developer can connect the reference
system to the system in focus. An approach to distinguish between different references systems
elements especially if the many system elements refer to the next generation must be developed in
future work.

Finally, the aim of calculating the risk of developing of a (sub-) system must be analysed by defining
weighing factors and key performance indicators. Reference systems can be modelled in MBSE
according to construction kit approach in a separate folder. In this folder, the reference system is
linked to the referenced (sub-) system. A specific ID in the reference system element shows the link to
the port, which shows the variation share referenced to this element. As a result, changes in the
reference system elements can result in immediate changes in the ports.

Moreover, the influence of the PGE-Approach on the selection of solution variants within a SysML
model could be investigated by the assessment of the technical development risk based on the
proportions of variation in comparison to the original reference system.

The integration of mechanical and electrical domain are modelled, the software domain is not
achieved in this example, because the motor does not have a control unit. Consequently, the software
domain should be considered in future research.

This approach consists of a retrospective analysis of a system, which has already been developed.
Future work should focus on the system analysis during the development of a new product generation.
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