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Abstract
Successful products at least precisely meet the customers’ expectations and, in the best case, exceed them. To develop
successful products, customer expectations must be translated into requirements. With the increasing functionalities of
products in recent years, the customers’ expectations regarding product interaction and its behavior in different environ-
mental conditions have also become more extensive. Current approaches of model-based systems engineering (MBSE)
enable developing complex mechatronic products seamlessly from requirements to functions and solutions on a parameter
level. However, there is a lack of approaches that systematically translate complex customer expectations into functional
and design requirements as a starting point for further development.
In this contribution we present a method and a corresponding meta-model that allows to systematically formalize the
dependencies of different stakeholders and their expectations as well as different environmental conditions and constraints.
From these dependencies, operating states are elicited that represent a set of simultaneously valid stakeholder expectations
with their corresponding constraints. From these operating states, functional and design requirements are systematically
derived as a basis for the model-based design of the system under development. Our meta-model is compatible to the es-
tablished modeling language SysML, thus, existing approaches for the function-oriented model-based system development
can benefit directly from these formally modeled requirements.
Our publication signposts the potential for systematic and formal translation of customer expectations into operating states
as well as requirements and thus enables a targeted, customer-centric and function-oriented development of mechatronic
systems. We applied our method in an interdisciplinary, industrial project using the example of a thermal management
system of a battery electric vehicle.
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Kundenzentrierte und funktionsorientierte Entwicklungmechatronischer Systeme

Zusammenfassung
Erfolgreiche Produkte erfüllen die Erwartungen der Kunden und übertreffen sie im besten Fall. Um erfolgreiche Produkte
zu entwickeln, müssen die Kundenerwartungen in Anforderungen umgesetzt werden. Mit der zunehmenden Funktionalität
von Produkten in den letzten Jahren sind auch die Erwartungen der Kunden an ihre Interaktion mit dem Produkt und des-
sen Verhalten in unterschiedlichen Umgebungsbedingungen umfangreicher geworden. Aktuelle Ansätze des Model-based
Systems Engineering (MBSE) ermöglichen es, komplexe mechatronische Produkte nahtlos von den Anforderungen zu den
Funktionen und Lösungen bis auf Parameterebene zu entwickeln. Es fehlt jedoch an Ansätzen, die komplexe Kundener-
wartungen systematisch in funktionale und gestalterische Anforderungen als Ausgangspunkt für die weitere Entwicklung
übersetzen.
In diesem Beitrag stellen wir eine Methode und ein entsprechendes Metamodell vor, das es erlaubt, die Abhängigkeiten
zwischen verschiedenen Stakeholdern und deren Erwartungen sowie unterschiedlichen Umweltbedingungen und Rand-
bedingungen systematisch zu formalisieren. Aus diesen Abhängigkeiten werden Betriebszustände abgeleitet, die eine
Menge gleichzeitig gültiger Stakeholder-Erwartungen mit den entsprechenden Einschränkungen darstellen. Aus diesen
Betriebszuständen werden systematisch funktionale und gestalterische Anforderungen abgeleitet, die die Grundlage für
den modellbasierten Entwurf des zu entwickelnden Systems bilden. Das Metamodell ist kompatibel zu der etablierten
Modellierungssprache SysML, so dass bestehende Ansätze zur funktionsorientierten modellbasierten Systementwicklung
direkt von diesen formal modellierten Anforderungen profitieren können.
Diese Veröffentlichung zeigt das Potenzial für eine systematische und formale Übersetzung von Kundenerwartungen in
Betriebszustände sowie Anforderungen auf und ermöglicht so eine zielgerichtete, kundenzentrierte und funktionsorientierte
Entwicklung mechatronischer Systeme. Die Methode wurde in einem interdisziplinären, industriellen Projekt am Beispiel
des Thermomanagementsystems eines batterieelektrischen Fahrzeugs angewendet.

1 Introduction

The key objective of product development is to precisely
transfer the customers’ expectations into a product that re-
liably fulfills these expectations. To do this, the first step
is to fully elicit and formalize the customers’ expectations
and to transform them without losses into requirements and
specifications for the following development of functions,
solutions and components [1]. Any (aspect of a) customer
expectation that is not elicited or translated into require-
ments is at risk of not being considered in subsequent devel-
opment resulting in a suboptimal product. On the one hand,
the growing international competition and the need to de-
velop more energy-efficient products increase the necessity
to fulfill customer expectations as precisely and loss-free
as possible and to avoid over-specification. On the other
hand, the increased complexity and networking of mecha-
tronic products with many operating states [2, 3] makes it
increasingly difficult for developers to elicit and formalize
requirements completely and adequately. Typically, stake-
holders and customers have different expectations of the
system to be developed. However, these expectations and
the associated requirements typically do not always have to
be met, but only those that are simultaneously present in an
operating state. Therefore, in this paper an operating state is
defined as a set of simultaneously relevant expectations of
stakeholders and context systems as well as their associated
requirements.

A striking example of complex mechatronic products
with many operating states are thermal management sys-
tems (TMS) of battery electric vehicles (BEVs), which have
become the focus of research due to political objectives for
greenhouse gas reduction (Fig. 1; [4, 5]). TMS are char-
acterized by the customers’ expectation for a comfortable
way of traveling in different driving situations. In terms of
comfort, the customer expects, among other things, that the
cabin is always at a pleasant temperature, i.e. independent
of the ambient temperature and the respective driving situ-
ation (e.g. city or highway). Due to the shift from internal
combustion engines to more efficient, electric drive trains,
one challenge within BEV TMS is the insufficient usable
heat within the BEV drive train for optimal temperature
conditioning of the cabin in multiple usage states [6].

For example, in winter during slow city driving, not
enough waste heat is generated in the drive train to heat
the cabin comfortably [7]. In this case, the thermal power
for the cabin must be generated using the stored electrical
energy of the battery. If the heat is generated from electrical
energy by resistive heating elements, it can reduce the BEV
driving range by up to 40% [8–10] and thus negatively im-
pact one of the most important purchase criteria from the
customers’ point of view [11]. For this reason, many BEV
TMS now have heat pumps that can provide the necessary
heat much more efficiently using ambient heat [9].

This example shows that operating states (e.g. city driv-
ing in winter) are characterized by three dimensions: the
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Fig. 1 Simplified example of
a battery electric vehicle ther-
mal management system with
customer expectations that are
partially not satisfied
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stakeholder expectation of the customer (e.g. comfortable
city driving), the environmental state (e.g. winter 0°C) and
the context system behavior (e.g. drive train does not gen-
erate enough waste heat). Context systems are systems (or
subsystems thereof) that are not part of the system of inter-
est but interact functionally with it and/or impose require-
ments on the SOI. The combinatorics of stakeholder expec-
tations, environmental states and context system behaviors
results typically in a high number of operating states, which
need to be considered in design and test of mechatronic sys-
tems. Due to stakeholder expectations and context system
behavior TMS operating states are characterized by heat
demands and heat surpluses of the individual components.
These demands and surpluses need to be served as energy-
efficiently as possible in specific environmental states.

Analyzing the state of research, it is important to distin-
guish between elicitation and formalization of information.
While elicitation refers to the act of obtaining an infor-
mation in terms of its content regardless of its form, the
term formalization describes the transformation process of
an existing and unchanged content into a certain form. So
far, the literature has mainly focused on approaches for the
elicitation and formalization of stakeholder expectations,
environmental conditions and context system requirements.
However, there is no modeling method that allows the sys-
tematic elicitation and formalization of operating states and

their resulting requirements based on stakeholder expecta-
tions, environmental conditions and context system require-
ments.

Therefore, the contribution of this paper is a MBSE mod-
eling method, that enables

� the formalization of stakeholder expectations, environ-
mental states and context systems,

� the systematic elicitation of relevant operating states, and
� the derivation of requirements from operating states for

the customer-centric and function-oriented design of
mechatronic systems.

This contribution builds on the premise of a complete
elicitation of stakeholder expectations, environmental con-
ditions and context system requirements and starts with
their formalization.

The paper is structured as follows: Chap. 2 includes a de-
tailed description of the problem resulting in six challenges.
Chapter 3 provides an overview of the state of research on
identifying and modeling operating states. Chapter 4 defines
the research question and hypotheses of this paper. Chap-
ter 5 presents a modeling method for the customer-centric
and function-oriented elicitation and formalization of op-
erating states for the development of mechatronic products
and illustrates the application of the method using a BEV
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TMS as an example. The results are discussed and con-
cluded in Chap. 6 and an outlook is given.

2 Problem statement

BEV TMS are characterized by a multitude of component
specific heat demands and heat surpluses depending on en-
vironmental conditions, context systems as well as the cus-
tomer behavior. Therefore, distributing heat from compo-
nents with cooling demand to components with heat de-
mand and generating lacking thermal power as efficiently
as possible is one key challenge in the design of BEV TMS
[7]. To enable this efficient heat distribution in all relevant
operating states, modern TMS are highly integrated, mecha-
tronic systems that connect heat exchangers of each context
system to be tempered (Fig. 1). The context systems pri-
marily include the vehicle cabin as well as the drive train
consisting of the high-voltage storage (HVS), the power
electronics (PE) and the electric motor (EM). Thermal en-
ergy is transported between the heat exchangers of these
context systems by coolant or refrigerant of the system of
interest (TMS) via various pipes, valves and pumps as well
as other supporting components (e.g. reservoir, accumula-
tor). Controllable elements such as valves and pumps al-
low the TMS to adapt its system architecture and behav-
ior to specific operating states in order to provide the best
possible heat distribution. If certain switching conditions,
components, coolants, or pipes are missing or incorrectly
designed, the TMS will not be able to create a requirement-
fulfilling behavior in certain operating states. The simpli-
fied BEV TMS depicted in Fig. 1 can for instance fulfill
customer expectation 2 by preheating the cabin with am-
bient heat from the chiller via the heat pump (evaporator,
compressor, condenser, expansion valve). Customer expec-
tation 2, on the other hand, is not fulfilled, since the TMS
shown does not provide a technical solution for absorbing
heat from the cabin and dissipating it to the environment.

The optimal system architecture depends strongly on the
operating states [7, 12]. This is why TMS can rarely be
reused in their entirety and almost always have to be devel-
oped anew for each vehicle project, which is also reflected
in the high variance of TMS on the market [13]. The exam-
ple of the TMS shows that it is inherently important for the
design of integrated and efficient mechatronic systems to
know all operating states [14]. To elicit all operating states,
especially the stakeholder expectations from the customers
representing the product usage must first be known (chal-
lenge 1). Since all mechatronic products are in use some-
where in the world after their manufacture and are subject
to the laws of nature [14], it is important to capture all rel-
evant environmental conditions (challenge 2). In addition,
mechatronic systems are becoming increasingly physically

interconnected with other (sub) systems in their context
[3]. Therefore, these context systems, including their influ-
ence on the system of interest (SOI), must also be fully
considered (challenge 3). As shown in the example, it is
not sufficient to design mechatronic systems by treating the
three dimensions separately—the simultaneous considera-
tion of stakeholder expectations, environmental state and
context system behavior is decisive. Therefore, an operat-
ing state describes multiple stakeholder expectations and
context system requirements as well as one environmen-
tal state. For the precise design of mechatronic systems all
relevant operating states must be elicited [12] (challenge 4).

In addition to the premise that operating states must be
completely known, it is also necessary that operating states
are comprehensible for humans, processable for machines
and compatible to development artefacts of subsequent de-
velopment stages. Due to the size, complexity, and interact-
ing domains of mechanical, electrical, and software, TMS
are increasingly being developed using Model-based Sys-
tems Engineering (MBSE) approaches.MBSE describes the
formalized modeling of technical systems to support system
requirements, design, analysis, verification, and validation
activities in all lifecycle phases [15].

In order to be able to leverage the operating states for the
model-based design and test of mechatronic systems with
common methods concrete functional and design require-
ments must be derived [16]. In particular, the simultaneous
validity of requirements must be considered. For example,
a BEV TMS must be designed for simultaneous cooling of
all drive components during a summer highway trip, but
never for simultaneous defrosting of the windshield and
cooling of the cabin. Therefore, when deriving requirements
from operating states, it is critical to determine which re-
quirements really need to be met simultaneously and which
do not, in order to avoid over-specification (challenge 5).

Finally, the potential of MBSEmethods for the integrated
simulatability of a system architecture can only be utilized
if all development artifacts and models are seamlessly con-
nected via uniform parametric interfaces. Therefore, it is es-
sential that stakeholder expectations, environmental states
and context systems as well as the elicited operating states
and requirements are available in a formalization that is
perfectly aligned with the corresponding MBSE modeling
method (challenge 6). Up to now, the operating states as
well as the requirements are partly stored in documents [6],
so that they are not directly usable for MBSE.

3 State of research

In the problem statement (cf. Chapter 2), six challenges
were derived that arise in the development of mechatronic
systems with multiple operational states. In the following,
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Table 1 Review of the state of the art

Challenge [17, 18] [19] [20, 21] [1, 22, 23] [24, 25]

1 Representation of stakeholder ex-
pectation (e.g. customer)

� � � � �
2 Representation of environmental

conditions
� � � � �

3 Representation of context system
requirements

�� � � � �
4 Complete derivation and formaliza-

tion of operating states
� � � � ��

5 Derivation and formalization of
requirements for the system design

� � � � ��
6 Formalization of operating states

must be compatible with model-
based system design

� � � � �

relevant publications from the state of the art are presented
that at least partially address these challenges and provide
methods for requirements elicitation for model-based sys-
tem design.

Czriharz et al. and Wölkl et al. propose methods for re-
quirements elicitation involving relevant stakeholders and
to some extent context systems [17, 18]. In the contri-
bution of Gausemeier, the influences of the environment
and context systems on the developed system are consid-
ered extensively, but stakeholder expectations and use cases
are not considered. Furthermore, the environment is not
represented by a standardized variable set that can be in-
stantiated as specific environmental states [19]. Pohl et al.
and Weilkiens et al. both present a detailed approach for
modeling stakeholders, context systems and use cases us-
ing SysML [20, 21]. However, both concepts are rather
designed for software products and only partially transfer-
able to mechatronic products. Glinz et al., Bender et al.
and Robertson et al. contribute methods and procedures for
identifying potential stakeholders and context systems as
well as provide a guide for requirements elicitation [1, 22,
23]. Though, environmental influences are not included in
the process. In addition, the processes presented are only
partially suitable for model-based design of systems. The
approaches of Lamm and Zingel [24, 25] completely in-
clude the representation of stakeholder expectations, envi-
ronmental conditions and context systems in a model-based
framework. But Lamm sets the main focus after determin-
ing the requirements on linking them to the functional level
[25]. Zingel represents operating states as test cases with-
out detailed explanation of their derivation and composition
[24].

Overall, no approach can be identified, that systemati-
cally composes operating states and derives verifiable re-
quirements for model-based system design, thus fulfilling
all challenges derived in the introduction (cf. Chapter 1;
Table 1).

Challenge 6 states that the approach to formalize operat-
ing states must be compatible with an MBSE development
method, since one of the goals is to use the operating states
for the simulation of mechatronic systems. According to
the analysis in [26], the motego method is characterized
by a deep parametric integration of simulation models into
system models [16, 27]. Therefore, the motego method is
selected as a foundation for the meta-model elaborated in
this contribution.

Nowadays, information on operating states is mainly
found in company-specific guidelines or technical standards
[6]. Standards typically describe specific test procedures
that must be followed for safety reasons, such as defrosting
and demisting of windscreens [28]. Customer expectations
regarding their mobility behavior are at most implicitly in-
cluded, so it is difficult to create a genuine added value for
the customer. As a result, customer expectations concern-
ing the mobility behavior, environmental states and context
system behavior are in some cases only partially taken into
account [6, 29]. It is to be expected that the increasing use
of sensors in vehicles and data collection by manufacturers
will provide a better picture of operating states in the future.
However, it should be noted that the usage data collected
does not necessarily provide a clear indication of the cus-
tomers’ original expectations (e.g., if the customer prefers
to use his second car with an internal combustion engine in
winter and leaves the BEV at home).

4 Research question and hypothesis

In the problem statement, six current challenges in the
model-based and function-oriented development of mecha-
tronic products on the basis of customer-centric operat-
ing states were derived (cf. Chapter 2). While the state of
research provides multiple solutions for the formalization
of stakeholder expectations, environmental conditions and
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context system requirements (challenge 1–3) the complete
derivation of operating states and corresponding require-
ments from this information (challenge 4–5) remains un-
solved (cf. Chapter 2). Therefore, we first elaborate a suit-
able formalization for challenge 1–3, which is the basis for
overcoming challenge 4–6 as a focus of this publication.
Hence, the research question of this publication is:

How can operating states and requirements be elicited in
a systematic and customer-centric manner as well as for-
malized for function-oriented, model-based system design?

To answer this question, three research hypotheses are
formulated:

1. Operating states of mechatronic systems can be system-
atically derived from the combination of stakeholder ex-
pectations, environmental states and context systems.

2. Operating states of mechatronic systems can be com-
posed into sequences of operating states that represent
mobility behavior.

3. Relevant requirements for the system design can be de-
rived from the dependencies of the stakeholder expecta-
tions, environmental states and context systems occurring
simultaneously within an operating state.

5 Method and meta-model for the
determination of operating states for
mechatronic products

In this chapter a method is presented, that enables the sys-
tematic derivation of customer-centric operating states for
the model-based development of mechatronic systems from
stakeholder and context system requirements. In parallel,
a meta-model is introduced that supports the application of
the method through a suitable formalization. The method
consists of four main steps (Fig. 2) which are explained in
the following subsections. The method begins with the for-
malization of use cases as well as their derived requirements
from stakeholders and context systems. In the next step, log-
ical relations between the use cases are specified in order
to elicit all possible operating states. In the third method
step, environmental states relevant for the SOI are elicited
and formalized with their respective variables. The final step
involves sequencing operating states, defining a specific en-

Fig. 2 Overview of the method
steps Definition of the system of interest as well as its stakeholders and context systems1

Systematic derivation of operating states2

Definition of environmental states and variables3

Creation of relevant sequences of operating states and derivation of new requirements4

vironmental state and deriving emerging requirements. For
each method step we describe the methodological proce-
dure and the formalization of the development artifacts in
the meta-model as well as illustrate the application using
the example of a simplified BEV TMS.

5.1 Definition of the system of interest as well as its
stakeholders and context systems

Method The method begins with the definition of the sys-
tem of interest (SOI), for whose development relevant op-
erating states and requirements are to be determined. The
SOI can be a completely newly developed system or a newly
developed subsystem within a surrounding super system. In
the latter case, the super system and the context systems in-
teracting with the SOI are also defined at the beginning. Su-
per system, SOI and context systems are all represented as
functions according to the function-oriented development
[16]. In the next step, all potential stakeholders that can
influence the SOI or that are influenced by the SOI are
identified. Here, stakeholders are understood to include all
(groups of) natural and legal persons as well as relevant
organizations in contrast to context systems representing
all technical systems that interact physically or logically
with the SOI. The approaches of [1, 22, 23] can provide
assistance in the identification of stakeholders and in the
derivation of use cases. Subsequently, use cases regarding
the SOI are defined for all stakeholders and context systems
and broken down into further sub use cases when necessary,
as in [17, 25]. From these use cases, functional requirements
(FR) are derived, which describe the functional behavior
that needs to be implemented to realize these use cases [16,
26]. In order to further specify the parametric boundary
conditions for the implementation of the functionality de-
sign requirements (DR) can refine the respective FRs. This
results in a set of FRs and DRs for each stakeholder and
context system. Further information regarding the formu-
lation of requirements and different attributes describing
requirements can be found in [18, 21, 23].

Meta-model To formalize and link the development arti-
facts of the first method step, the following meta-model is
proposed (Fig. 3). In order for the modeling method devel-
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Fig. 3 Meta-model for the defi-
nition of the SOI with its stake-
holders and context systems (cf.
Chapter 5.1) and for the com-
bination of operating states (cf.
Chapter 5.2)
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oped here to be a meaningful addition to the motego profile
[27], the meta-model consists of already existing or com-
patible language elements and relationships. Artifacts that
can be implemented with existing language elements of the
motego profile are shown shaded. Artifacts that require an
extension of motego, but are implementable with SysML,
are drawn with white filling. The stakeholders and use cases
are modeled at the requirements level. Use cases can be de-
rived from both stakeholders and context systems and are
treated in the same way. Functional requirements that are
derived from use cases are satisfied by the SOI function or
its decomposed sub functions [16, 26]. This further func-
tional decomposition of the SOI as well as the associated
technical solutions are deliberately not shown here, as they
will be developed based on operating states and require-
ments resulting from the method described here.

Exemplary application Fig. 4 depicts the application of the
method based on the meta-model to the exemplary BEV
TMS. The customer as most important stakeholder is shown
here with three use cases in relation to the SOI, represent-
ing “driving”, “charging”, and “parking” the vehicle. The
driving use case is refined into two further use cases, be-
tween which only one can be selected at a time. Therefore,
it is formalized as an abstract element, which is illustrated
in italics. Several FRs for “country” and “city trip” can be
derived from these further use cases as well as DRs that
refine the FRs more specific, like for example the DR for
the maximum speed. A possible implementation of FRs is

shown on the right side of Fig. 4 and contains attributes to
describe the requirement textually, as well as its source and
corresponding use case.

After this method step, all stakeholders and context sys-
tems are modeled systematically, and relevant use cases
with FRs and DRs are derived.

5.2 Systematic derivation of operating states

Method One challenge in the development of mechatronic
systems is the collection and consideration of simultane-
ously relevant requirements (cf. Chapter 1). Therefore, the
FRs and DRs previously derived from the use cases of the
stakeholders and context systems are combined into so-
called operating states (OS). An operating state is defined
as a set of use cases and FRs of the stakeholders and con-
text systems that can be required simultaneously by the
SOI. Since several use cases can exist simultaneously for
each stakeholder (e.g. parking and charging), the operating
state can contain several FRs for each stakeholder.

As a basis for the elicitation of operating states the re-
lationships between the previously collected use cases are
modeled first. Using the UML relationships include, extend
and the generalization relationship, the logical dependen-
cies between all use cases can be formalized in the use
case diagram so that all possible operating states can be
derived. If a use case is selected as active and has an out-
going include relationship, the use case at the other end of
the relationship arrow must also be selected. If an extend
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FunctionalRequirement
City trip

+source: customer
+use case: city trip
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Fig. 4 Example use cases and requirements of stakeholders and context systems

arrow points to an active use case, it is optional whether the
use case at the beginning of the extend arrow is also active.
An extension point can be used to automatically activate an
extend relationship as soon as the condition of the exten-
sion point is met [18, 20]. As explained in Chap. 5.1, all
FRs derived from a certain use case are associated with the
respective OS as soon as the particular use case is selected
as active for the OS.

In addition to the FRs, their optional DRs are associated
with the operating state. In this way, all simultaneously
available use cases and requirements of all stakeholders and
context systems can be logically combined into an operating
state and made usable for further development. The SOI can
therefore only be in a single OS at any given time.

It is crucial for the system design to elicit all relevant op-
erating states (cf. Chapter 1). The difficulty of the method
step lies in the definition of all include and extend rela-
tionships. This requires additional know-how and a manual
work mode. Once these dependencies are all defined, the
subsequent derivation of the operating states can easily be
automated by external computational engines.

Meta-model The meta-model in Fig. 3shows the formal-
ization of the new operating state language element that is
created in the requirement level. It consists of an arbitrary
number of FRs and DRs that are simultaneously valid in
this state. Using this assignment, the operating states to be
considered can be formed from the finite set of all FRs and
DRs relevant for the SOI. If a use case and thus a FR of
a stakeholder changes, this change is automatically con-
sidered in all operating states that contain these FRs. This
eliminates maintenance and adaptation efforts in the current
document-based management of operating states [6]. There
are several possibilities for implementing the element of op-
erating states based on SysML in the motego profile [27],
which will be the subject of future research. An important

aspect is that the operating states can be used as directly
as possible and without avoidable modeling effort for the
functional validation of solution elements [26, 30].

Exemplary application Fig. 5 illustrates how operating
states can be generated from the customer’s point of view
based on the use cases of all stakeholders and context sys-
tems. The operating state shown as an example describes
the city trip of a customer at a certain maximum speed.
During this city trip the context system HVS requires
temperature regulation, because the use case “city trip”
includes the use case “regulate temperature during oper-
ation” and is therefore mandatory for the creation of the
OS. Furthermore, the derived FR and DR specify that the
desired temperature shall be reached within five minutes.
In addition, an example of an extension point is shown
in Fig. 5: If the parking time is longer than 30min, the
use case “store thermal energy” is activated, since it is
connected to “park vehicle” via the extend relationship.

By analyzing the use cases and their logical relation-
ships, all operating states can now be elicited. In our ex-
ample, the customer is modeled in such a way that one
customer use case is always active over the entire usage
time. Therefore, all operating states can be identified here
by systematically going through all include and extend re-
lationships starting from the customer. In this simplified
example, this results in six operating states (Fig. 5). For
other technical systems, it may be necessary to form the
operating states starting from all stakeholders and context
systems, e.g., if there is no customer as a human user of the
SOI.

After this step, all relevant operating states have been
defined by reusing the previously derived use cases and
requirements and can be used in Chap. 5.4 to realistically
represent the usage behavior with sequences of operating
states.
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Operating 
State

Active
Use Cases 

1 1.1 / 4.1 

2 1.2 / 4.1 

3 2 

4 2 / 4.3

5 2 / 3 / 4.2

6 2 / 3 / 4.2 / 4.3

Derivation of
operating states

1: Drive
vehicle

FR
Country trip

FR
City trip

DR
Maximum SpeedCustomer

4: Regulate
temperature

FR
Regulate

temperature

Specification
of stakeholder

and system

Specification of use cases
and their relations

Derivation of
requirements

3: Charge 

vehicle

<<includes>>

1.1: Country

trip

<<refines>>
DR

Time to reach temperature
shall be <= 5 min

4.1: Regulate temperature

during operation

4.2:Regulate temperature

during charging

<<extends>>
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If stay >= 30min

2: Park vehicle

<<includes>>

<<extends>>

<<refines>>

<<refines>>

<<inherits>>

<<inherits>>

21
<<includes>>

21
<<extends>>

If 1 is selected, 2 is also selected. If 1 is selected, 2 is optional.

<<includes>>

4.3: Store thermal energy

1.2: City trip

Operating State
OS 2

requirements
+City trip : FR

+Maximum Speed : DR
+Regulate Temperature : FR

+Time to reach temp. : DR

<<refines>>

<<refines>>

SystemSolution
HVS

Fig. 5 Example of the procedure of creating operating states from the customer’s perspective

5.3 Definition of environmental states and
variables

Method The environment is a crucial factor in the design
of mechatronic systems, since typically the SOI or context
systems interacting with it are also physically dependent
on the environment. For example, a BEV TMS dissipates
heat to the environment during highway travel in summer,
but at the same time needs ambient heat to warm the cabin
during travel in winter (cf. Chapter 1). In both cases, the
ambient temperature is a physical quantity that is relevant
for the interaction and can take different values at one lo-
cation during the course of the year as well as describe
completely different annual curves globally [6, 9]. There-
fore, in this step, environmental states relevant for the SOI
are systematically formalized, which can later be reused for
simulation. Each environmental state is described by a con-
sistent set of physical parameters. The elicitation of relevant
environmental conditions can be conducted based on stan-
dards and guidelines, expert surveys, specialized catalogues
or video data. In case of the thermal management system,
for instance, this could be data like driving cycles, weather
data or street data [31–33].

For companies such as automotive manufacturers that
develop several subsystems of a vehicle in parallel, it can
be advantageous to define these environmental states not
individually for each subsystem, but for the entire system
or even company-wide. This would ensure, in the sense of
a single source of truth, that the same environmental states
are used for the design of all subsystems. Since in this

case a very large number of physical parameters relevant
for the overall system is to be expected, it is necessary to
define which parameters are relevant for which subsystem.
For example, the road surface is initially irrelevant for the
development of the TMS, but it is certainly decisive for the
development of the chassis.

Meta-model To support the reusable definition of consis-
tent environmental states we propose the meta-model de-
picted in Fig. 6. We extend the previous meta-model (Fig. 3)
by the artifact environment constituting the global world
with the super solution. The environment is characterized
by one to an infinite number of environmental state vari-
ables. These physical quantities can be characterized by
a description, physical quantity, unit, value, or range of
validity, analogous to [34]. Creating instances of the envi-
ronment allows to define specific environmental states with
quantified variables that can be passed to simulation mod-
els integrated into the system architecture during functional
validation according to [16, 35].

Exemplary application The right side of Fig. 6 shows an
exemplary modeling of the environmental state “Munich
winter” as an instance of the environment. The instance
contains a standardized set of environmental state variables,
which are specified with values representative for the town
Munich in the winter season during the instantiation pro-
cess, e.g. an ambient temperature of –5°C or a high traffic
level.
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Functions

Meta model

Solutions

Implementable with the motego profile Implementable with SysML

Super Function

Context System 
Function

SOI Function

Global World

consists of

consists of

Environmental
State Variable 

1..*

1..*

Super Solution

Context System 
Solution Context

SOI Solution

inherits

consists of

Instance
Munich winter : Environment
environmental state variables

T = -5 C : Temperature

Traffic = high : Trafficlevel

Qsun = 10 W/m2 : Solar radiation

consists of 1..*

consists of

1..*1 1..*1

Environment

Fig. 6 Meta-model of environment and its state variables as well as an exemplary instance of the environment

Through this methodological step, all environmental
states relevant for the SOI can be elicited based on differ-
ent data sources, but incorporated in a formalized and uni-
form way. Thus, the environmental states can be efficiently
reused in the following step to specify the environment at
certain sequences of operating states.

5.4 Creation of relevant sequences of operating
states and derivation of new requirements

Method Mechatronic systems can increasingly no longer
be designed and validated on the basis of stationary ex-
treme cases [6]. For BEV TMS, for example, it is crucial to
know how long a car will be parked before it is used again.
Only this way, it can be estimated how much heat is lost to
the environment via the cabin and whether it is worthwhile
to store it. Therefore, it is not sufficient to consider only in-
dividual operating states with their simultaneously existing
requirements of the stakeholders and the context systems,
but their processes in particular. Thus, a sequence of oper-
ating states (SOOS) defines the consecutive and temporal
sequence in which operating states occur with a specific du-
ration and in a specific environmental state. An OS can be
reused in several SOOSs and thus occur several times and
in different order. To determine relevant sequences of op-
erating states, it is important to use reliable data (Chap. 3).
This can include either publicly available sources, such as
WLTP cycles [36] or statistics, or usage data collected or
purchased by the developing companies [37].

The sequences of operating states determined in this way
are the basis for simulating realistic uses of the SOI by the
stakeholders, on the basis of which the SOI can be designed
and validated. In addition, the sequences of operating states

are the first development artifact that combines the func-
tional requirements of stakeholders and context systems
with an environmental state. This combination gives rise
to new requirements that can only be derived in this step
and provide helpful restrictions for the further development
of the SOI.

Meta-model Figure 7 shows the meta-model that we pro-
pose to formalize the sequence of operating states. In or-
der to be able to reuse an operating state (e.g. slow city
drive) in several sequences of operating states with differ-
ent durations (e.g. 5min drive to the bakery, 50min drive
through rush hour traffic), the language element operating
state with time is inserted here as an intermediate stage. This
element adds a time duration to an operating state and is
used to define sequences of operating states. The sequence
is also linked to an environmental state, which is valid for
the entire sequence of operating states. This simplification
avoids a high variance, which would result from the com-
plete combination of all operating states with all relevant
environmental states. Depending on the developed system it
could be beneficial to assign multiple environment instances
to an SOOS or to extend the formalization by a time-vary-
ing behavior which will be part of our future research. As
described above, the definition of a sequence leads to new
requirements that can be implemented via existing motego
language elements and are linked to the sequence via a de-
rived relationship.

Exemplary application Figure 8 shows an example se-
quence of operating states defined for our BEV TMS:
The customer parks his vehicle at home overnight, drives
through wintry city traffic in Munich morning, and then
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Fig. 7 Meta model for the se-
quence of operating states

FunctionsRequirements

Operating State 

with Time
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Functional 

Requirement

Design 
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Solutions
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Meta model

Implementable with the motego profile Implementable with SysML

1

Fig. 8 Example of a Sequence
of Operating States with derived
requirements

Derived Requirements

Sequence of Operating States
SOOF 1: Commute to work with subsequent 

charging in Munich during winter season

Environment
Munich winter

+ -5 : Temperature [degrees celsius]

+ high : Trafficlevel [categorial]

+ 10 : Solar radiation [W / m2]

Operating State with Time
OS 1.3: Vehicle parked over night

+ Parked vehicle : Operating State
+ 60 : Time [minutes]

Operating State with Time
OS 3.2: Commute to work

+ City Trip : Operating State
+ 30 : Time [minutes]

Operating State with Time
OS 9.5: Charging without stay

+ Charging without stay : Operating State
+ 120 : Time [minutes]

FunctionalRequirement
Preheating the cabin

+source: SOOS 1 / OS 1.3+3.2

+target: cabin, chiller

+text: The cabin must be 

preheated with ambient heat.

DesignRequirement
Heat dissipation

+source: SOOS 1 / OS 9.5

+target: Chiller

+text: A heat surplus of 1 kW 

must be dissipated to the 

environment.
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charges the BEVwhile he is in the office. This sequence was
modeled by reusing the previously defined environmental
states and operating states, each of which is assigned a spe-
cific duration. This allows the same operating state “park
vehicle” to be reused in other sequences with a shorter
duration or at another location with a different ambient
temperature.

The example also shows that new requirements relevant
for the development arise through the creation of sequences.
The operating state “park vehicle” does not imply alone that
the cabin must be pre-tempered, but only if it is followed
by a stay in the vehicle. Through the environmental state
“Munich winter” with an ambient temperature below the
freezing point, the functional requirement can then be fur-
ther specified that the cabin must be heated, not cooled.
Likewise, only the combination of the last operating state
“charge vehicle” with the environmental state determines
how much thermal power must be dissipated from the TMS
in total.

The sequences of operating states formed in this way
can be used in their entirety for the model-based test and
design of mechatronic systems across all relevant usage
scenarios of the stakeholders and environmental states. The
derived requirements are the basis for the further detailing
of the functional architecture and the selection of solutions
according to [16, 26].

6 Conclusion

In this paper, a method and a corresponding meta-model
were presented that enable the customer-centric identifica-
tion and function-oriented formalization of operating states
for mechatronic systems. The method is based on the idea
that the stakeholders and context systems of the system of
interest are first modeled separately with respect to their
use cases and requirements in relation to the SOI. Then,
the logical dependencies between the use cases are for-
malized as a foundation for the systematic elicitation of
operating states, which are linked to sequences according
to relevant usage scenarios with specific durations. These
sequences of operating states are extended by a concrete
environmental state, which can be selected from a set of
previously uniformly modeled states. This linking of stake-
holder and context system requirements with environmental
states results in new requirements that ensure the fulfilment
of customer requirements in the subsequent development
and at the same time represent a justified restriction of the
solution space.

This contribution marks the first step towards the system-
atic collection and formalization of operational states. The
set of sequences of operating states generated in this way
contains relevant information for designing and function-

ally validating complex mechatronic systems with multiple
operational states (such as thermal management systems for
battery-electric vehicles).

An important boundary condition in the development of
the meta-model presented here was compatibility with suit-
able MBSE development methods. Therefore, in the follow-
ing research it makes sense to test and implement the exten-
sion of the SysML-based motego profile [27] by the meta-
model developed here. The newly introduced elements have
to be implemented in the motego profile and the method has
to be reasonable adapted using the language elements, rela-
tions and diagrams available in the SysML. As part of the
motego profile, the results of this paper can be efficiently
modeled and used to extend the approach of Jacobs et al.
[16] in practice.

Moreover, it is important to conduct further research on
the usage of the sequences of operating states and derived
requirements for the synthesis of system models [16, 26],
for the rule-based design of system architectures [7] or by
integrating simulation models [34, 35] for functional testing
with workflows [30, 38].
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