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Abstract

This thesis explores the use of Model-Based System Engineering (MBSE) in the
design and development of Power Management Integrated Circuits. PMICs
are critical components in modern electronic systems, responsible for manag-
ing and regulating power supply to various components of a system; the use
of MBSE can greatly improve the efficiency and reliability of systems design,
by providing a systematic and hierarchical approach to the development and
description of the system. The thesis work begins with a study of the princi-
ples and advantages of MBSE, followed by a detailed overview of sysML, the
model description language chosen for the project, intending to be a prelimi-
nary approach to SysML and Enteprise Architect modeling tool for the reader.
Proceeding further, the case study is presented, where MBSE is applied to the
design of a first set of modules of PMIC, demonstrating the effectiveness of this
technique and the quality of the final design, including the set of simulations
performed on the model and final results.





Sommario

Questa lavoro di tesi esplora l’utilizzo dell’approccio MBSE, Model-Based Sys-
tems Engineering, nella progettazione elettronica, in particolare nel design di
un PMIC. I PMIC sono componenti fondamentali nei moderni sistemi elettron-
ici, responsabili della gestione e regolazione dell’alimentazione per le diverse
componenti di un sistema; questa tecnica ha le potenzialità per notevolmente
migliorare l’efficienza e l’affidabilità del sistema, fornendo un approccio sis-
tematico e gerarchico allo sviluppo e alla descrizione del sistema.
Il lavoro di tesi inizia con uno studio dei principi e dei vantaggi del MBSE,
seguito da una panoramica dettagliata di SysML, il linguaggio di modeling
scelto per il progetto, che mira ad essere un approccio preliminare per il let-
tore all’utilizzo di SysML e di Enterprise Architect come ambiente di sviluppo.
Successivamente viene presentato il case-study, dove l’approccio MBSE è appli-
cato nello sviluppo di un set di moduli per un PMIC, dimostrando l’efficacia di
questa tecnica e la qualità del design finale, compreso l’insieme di simulazioni
eseguite sul modello e i risultati delle analisi condotte.
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1
Introduction

This thesis is based on my internship experience at Infineon Technologies
s.r.l. ¹ The focus of this work is the exploration of the model based systems en-
gineering (MBSE) approach in developing a conceptual prototype of a power
management integrated circuit (PMIC) and performing a first set of significant
analyses. By doing so, this research aims to contribute to the transition from
a standard document based system engineering approach to a model based
method for the design of complex systems.
The second chapter will provide the driving factor behind the adoption of the
MBSE approach in system development, it delves into the challenges faced by
traditional document-centric approach, such as inconsistency, ambiguity and
difficulty in managing complexity; highlighting the benefits of MBSE.
The third chapter will go through the technical part of the MBSE approach,
providing the understanding of the sysML fundamentals, the modeling lan-
guage employed, and how it can be implemented using Enterprise Architect
(EA from now on), a Sparx Systems software ² designed specifically for model-
ing purposes.
The fourth chapter will set the focus on the PMIC model design, providing
a road-map of the MBSE methodology applied to the PMIC case study, this
chapter will go through the creation of the set of sysML diagrams which will
constitute the model. Simultaneously the step-by-step process will enable the
reader to quickly grasp the modeling tool’s functionality and gain proficiency
in applying the MBSE approach.
The fifth and sixth chapter will focus on conducting analysis on the developed

¹https://www.infineon.com/cms/en/
²https://sparxsystems.com/
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1.1. INFINEON TECHNOLOGIES

model, integration between EA and external solvers will be investigated, along
with all the problematics involved in the process of conducting dynamic anal-
yses on a descriptive model, together with the consequent change of trajectory.
Target of this two chapter is to evaluate the system behavior to external stimuli,
in order to refine the model and simultaneously mastering the MBSE technique.

1.1 INFINEON TECHNOLOGIES

This chapter offers an overview of Infineon Technologies, the framework
within which this thesis was developed, its guiding principles, market position
and key factors driving its growth.
Infineon Technologies is a world leader in semiconductor solutions and counts
about 56200 employees worldwide and ranks in the 10 percent most sustainable
companies in the world.
The company has its headquarter in Munich, but as of 30 September 2021 has
19 manufacturing locations and 59 R&D locations spread all over Americas,
EMEA and Asia/Pacific region. Business growth in the semiconductor market
is driven by the following segments:

Figure 1.1: Driving market areas

Infineon today encompasses four business areas:
Power & Sensor Systems (PSS) drives leading-edge power management, sens-
ing, and data transfer capabilities, main applications are audio amplifiers, BLDC
motor, cellular communications infrastructure, charging stations for electric ve-
hicles, human-machine-interaction, Internet of Things, LED and conventional
lighting systems, mobile devices and power management.
Connected Secure Systems (CSS) is at the heart of the IoT, core applications are
Authentication, automotive, consumer electronics, government identification
documents, IoT, Mobile communications, payment systems, ticketing, access
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CHAPTER 1. INTRODUCTION

control and trusted computing.
Industrial Power Control (IPC) empowers a world of unlimited green energy,
fields of application are energy generation, energy storage, energy transmis-
sion, home appliances, industrial drives, industrial power supplies, industrial
robotics, industrial vehicles, traction.
Automotive (ATV) shapes the future of mobility with microelectronics, mov-
ing towards clean, safe, and smart car. The core applications are: Assistance
systems and safety systems, comfort electronics, infotainment, power-train, se-
curity.

In the 2021 fiscal year the company reported sales of around €11.06 billion
divided on the business areas as seen in Figure 1.2

Figure 1.2: Revenue split by segment.

Infineon holds a prominent position in the industry as a leading provider of au-
tomotive semiconductors, power discrete modules, Microcontroller suppliers,
Security ICs, MEMS die market share, and NOR Flash solutions. The company
prides itself on establishing strong and enduring customer relationships built
upon comprehensive system knowledge and deep understanding of various
applications.
Infineon demonstrates its commitment to technological advancement through
substantial investments in research and development (R&D). Approximately
13% of the company’s annual revenues are dedicated to R&D activities. In the
fiscal year 2021, Infineon invested 1.4 billion euros in this department, enabling
continuous expansion of its extensive patent portfolio, which currently com-
prises nearly 30,000 patents. Such investments strengthen the company’s abil-
ity to innovate and deliver cutting-edge solutions to meet the evolving needs
of the market.
Infineon Italy comprehend a team of over 300 highly skilled professionals who
are based in the research centers of Padua, Milan, and Pavia. These experts fos-
ter strong and mutually beneficial collaborations with renowned universities,
facilitating a continuous knowledge sharing, vital in an industry where tech-
nological innovation serves as the cornerstone of achieving business success.

3





2
Model-Based systems engineering

Model-based systems engineering is a formalized methodology that is used
to support the requirements, design, analysis, verification, and validation stages
associated with the development of complex systems. In contrast to document-
centric engineering, MBSE puts models at the center of system design. The in-
creased adoption of digital-modeling environments during the past few years
has led to increased adoption of MBSE. [6] Even though MBSE does not dictate
specific procedures, essentially any specific design process should cover four
systems-engineering domains:

• Requirements/capabilities

• Behavior
• Structure/architecture
• Verification/validation
Descriptions of these domains are well documented and discussed by, among

others, Defense Acquisition University (DAU) ¹ and NASA ². The difference that
MBSE makes is that these fundamental systems-engineering domains are not
defined as a set of documents, but by the model itself, i.e., in a formal way using
a modeling language. The advantages of this technique will be covered in the
following sections.

2.1 MOTIVATION

In a traditional document-centric approach, systems are described and de-
signed through textual documents such as requirements and design specifica-

¹https://www.dau.edu/
²https://tinyurl.com/mrxx4stx
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tions, however, this method faces challenges such as inconsistency, and ambi-
guity. Complex systems are difficult to represent accurately using text alone,
making it harder to understand and communicate all their features and intrica-
cies. On the other hand MBSE embraces a visual and graphical approach to sys-
tem description. Instead of relying solely on text, MBSE employs models, con-
stituted of different kinds of diagrams, to represent system requirements and
elements, their relationships, and behaviors. The diagrams (or views) and ele-
ments of the model are hierarchically organized in a central model repository
(see chapter 3). This allows for clearer communication, improved collabora-
tion, and early issue detection. The unified nature of the models enhances con-
sistency, and traceability, overcoming the limitations of document-centric sys-
tems. Traditional documents obviously lack built-in simulation, often requir-
ing manual calculations or separate tools, whereas MBSE tools like Enterprise
Architect enables various types of model verification features. In document-
based systems, coordination among teams working on different documents
can be challenging, leading to errors and delays, instead MBSE, together with
modeling tools, provides a shared model environment where teams can work
concurrently, enhancing collaboration, reducing errors, and streamlining the
development process.

2.2 BENEFITS OF MBSE

The MBSE approach, in combination with an efficient modeling tool, can
drastically improve the design and description performances in systems engi-
neering. This section will go through some major advantages of this method-
ology, comparing it with the standard approach.
MBSE is based on a standardized and visual representation of the system with
a collection of different types of diagram, reducing ambiguity and enhancing
communication among stakeholders and designer. This clarity and consistency
in communication streamline decision-making processes and reduce the poten-
tial for misunderstandings that can lead to costly errors or delays.
Through the use of MBSE systems engineer can obtain a better understanding
of the system needs and implications allowing to proceed more quickly and ef-
ficiently since the way design elements move together is explicitly shown. The
model thus becomes an effective prototype, leading to significant gains in pro-
ductivity and product quality.
In some situations, identifying stakeholder needs and priorities is a major chal-
lenge and the resulting ambiguity often delays decision making. MBSE method-
ologies and tools facilitate the elucidation of these requirements and priori-
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CHAPTER 2. MODEL-BASED SYSTEMS ENGINEERING

ties,so that risks and uncertainties can be more accurately captured and re-
duced. Issues can be discovered early through the enforced consistency and
relationship visibility between model elements; as a result, the early discovery
of errors can reduce the cost and duration of the expensive integration and test
phase.
One of the key benefits of Model-Based Systems Engineering (MBSE) is its abil-
ity to provide robust error checking and design validation capabilities. In tra-
ditional document-centric systems engineering approaches, these activities of-
ten rely on manual processes and are prone to human error, MBSE leverages
the power of models and simulations to automate these processes, resulting in
more reliable and efficient error checking and validation.
System models capture the structure, behavior, and requirements of the system
in a unified representation, which allows to perform automated consistency
checks within the model, so that all elements are properly connected and that
there are no conflicting or inconsistent specifications. Early detection of flaws
in the development process prevents potential downstream issues and rework.
Error detection is also supported through simulations, that provide insight into
system performance and enables design optimization before committing to a
physical prototype.
Reuse of model elements is another major advantage of the MBSE methodol-
ogy. Multiple consistent views can be produced from a single repository to
communicate and analyze designs. By leveraging existing models, engineers
avoid redundant work and utilize designs and especially elements of models
that have already been validated. This accelerates the development process and
ensures consistency between parts of the model.
Reuse of data items and elements allows the efficient creation and refinement
of data dictionaries or Interface Control Documents., as these are refined they
can be reused across different programs by creating element libraries, domain
specific constructs, and generic conceptual patterns. This has been shown to
greatly reduce the time needed to develop similar system models and docu-
mentation [2]. The reusing concept is similar to what lies behind electronic
CAD tools, that contains libraries of electronic components, differentiated by
levels of abstraction, with customizable and specified properties.
Documents still remain the primary means for most stakeholders to examine
model contents, as it is unlikely that many non-specialist reviewers will be able
to navigate a systems engineering model, therefore, document generation will
continue to be important to support information exchange, reviews, and con-
tractual obligations. Here MBSE tools can play an important role, allowing
for the development of templates that automatically generate formatted doc-
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uments from the repository. Using templates, developers can automatically
generate updated documentation based on the current design status, regularly
created with very little effort. [1].

8



3
SysML language and Enterprise

Architect modeling

The choice of a modeling language is a major decision in Model-Based Sys-
tems Engineering (MBSE) since complex systems require a language that is
both clear and unambiguous. Several modeling languages are available, Ob-
ject Process Methodology (OPM), the Unified Modeling Language (UML), En-
hanced Functional Flow Block Diagrams (EFFBD), and the Systems Modeling
Language (SysML). These languages consist of both semantics and syntax, with
semantics referring to the meaning behind words and symbols, and syntax rep-
resenting the rules for expressing semantics and their relationships. It should
provide formal and unambiguous semantics and syntax to prevent miscommu-
nication and should support the complete characterization of static and time-
dependent system characteristics, their hierarchy, and usage. Explicit repre-
sentation of relationships between elements ensures traceability. Another im-
portant aspect is that an effective language is clear, intuitive, and easily teach-
able and understandable, facilitating efficient communication.

9
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3.1 OMG SYSTEMS MODELING LANGUAGE

Figure 3.1: OMG SysML logo.

The language adopted for this project is SysML, a modeling language that
extends the capabilities of UML with a focus on systems engineering, which is
the main reason behind this choice.
UML (Unified Modeling Language) is a general-purpose modeling language
that is intended to provide a standard way to visualize the design of a system
[4]. The creation of UML was originally motivated by the desire to standard-
ize the disparate notational systems and approaches to software design and to
provide a common notation for visualizing, specifying, constructing, and doc-
umenting systems. It was developed at Rational Software in 1994–1995, with
further development led by them through 1996.
In 1997, UML was adopted as a standard by the Object Management Group
(OMG), and has been managed by this organization ever since. In 2005, UML
was also published by the International Organization for Standardization (ISO)
as an approved ISO standard [5].
UML encompasses a rich set of graphical notations and diagram types, each
serving specific purposes in representing different aspects of a system. This
versatility allows UML to be applied to various domains, ranging from soft-
ware development to business processes and system architectures. SysML is
an extension of UML that specializes in systems engineering. Derived from
UML, it preserves the foundational principles and notation of UML while in-
corporating additional constructs, diagrams and notations specifically tailored
to address the unique challenges of systems engineering. SysML provides en-
hanced support for capturing system architectures, requirements, behaviors,
and interfaces, enabling a more comprehensive representation of complex sys-
tems. In fact, unlike other modeling languages that have broader applications,
SysML provides a tailored set of concepts, constructs, and diagrams that align
with systems engineering practices, providing an efficient modeling solution.
To this days, SysML has gained widespread recognition as an industry stan-

10



CHAPTER 3. SYSML LANGUAGE AND ENTERPRISE ARCHITECT MODELING

dard¹ for systems engineering modeling.
The diagram shown in Fig. 3.2, realized in Enterprise Architect, illustrates

the diagram types that SysML defines for modeling system requirements, be-
havior, structure, and interactions.

Figure 3.2: Diagram types available in SysML.

The SysML language is designed to ease the description and knowledge
capture of the four systems-engineering domains described in chapter 1, to do
that SysML embed different kind of diagrams and specific constructs for each
of this domains.Considering the extensive variety of diagrams and constructs
within SysML, the focus will primarily be on the specific constructs that are
relevant to the case study’s implementation and analysis.

¹https://www.omg.org/spec/SysML/1.6/About-SysML/
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3.2 STRUCTURAL MODELING

Structural modeling focuses on capturing the static aspects of a system. It
involves modeling system components, their relationships, properties and con-
straints. By defining the system structure, SysML enables a clear understand-
ing of its composition and organization.

A Block is the basic unit of structure in SysML. It can be used to model any
type of entity in the system or in the environment that surrounds it. In the next
chapter the components of the PMIC will all be represented by blocks.

Figure 3.3: Block with parts and ports.

Ports are connection points through which a block interacts with the external
world. They represents gateways of information flows, enabling the block to
send or receive information to or from other blocks or external entities. It is

Figure 3.4: An instance of block with two ports.

important to mention that port should always be associated with appropriate
interfaces, allowing the block to conform to specific sets of operations, signals,
or properties defined by the interface.
An Interface is a set of specific properties embraced by the port that imple-
ments it, this enables blocks to interact with other entities whose ports imple-
ment the same interface.

Figure 3.5: Interface block.

12
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For the structural aspect of a system, two main diagrams are employed: the
Block Definition Diagram (BDD) and the Internal Block Diagram (IBD).
The Block Definition Diagram depicts the blocks or components of a system
and their relationships. It provides an overview of system structure by illustrat-
ing the major components and their connections.Most importantly it captures
the hierarchical relationships among blocks. There are a variety of relationship
to better suit the type of connection needed between two blocks, but hierarchy
is displayed by the composition relationship.
There are no rigid rules for defining Block Definition Diagrams (BDDs), but it
is crucial to create an appropriate number of BDDs for the model. Each BDD
should effectively portray the functional details of a part or component, ensur-
ing the best representation of its functionality.

Figure 3.6: Hierarchical BDD structure with composition relationship.

13
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The Internal Block Diagram captures the internal structure of a Block ele-
ment, in terms of its properties (Ports and Parts) and the connections between
those properties. It shows the interaction between the block, his components
and other blocks. It’s worth noting that a block can have multiple Internal Block
Diagrams (IBDs). Each IBD can specifically represent and highlight different
interactions and relationships of the same block.

Figure 3.7: IBD of a block.

3.3 BEHAVIORAL MODELING

The purpose of behavioral modeling in SysML is to capture and represent
the dynamic aspects of a system. It focuses on describing system behavior,
interactions, and the flow of activities over time. Behavioral modeling allows
to analyze, design, and verify the system functionality. Given the variety of
modeling possibilities, for the purpose of this work, behavioral modeling can
be captured using two types of diagram, a high level use case diagram, that
represents the interactions between the system and external users, and, most
importantly, a series of state machine diagrams capturing every aspect of the
system event-driven behavior.
Actors are the entities interacting with a system, namely users (represented
as stick-man), external systems (represented as three-dimensional blocks), or
other entities.
Use Case Diagrams are used to depict different high-level use-cases of the sys-
tem, capturing the interactions between actors and the system under consid-
eration. UC diagrams helps in understanding system functional requirements

14
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and the various ways in which users and external entities interact with it. It is
worth noting there are no restrictions on how many use case diagrams should
be created, and in the same way no specific rules on the detail level of every sin-
gle use case. The UC diagram can be hierarchical as well, to meet the desired
level of detail.

Figure 3.8: Snapshot of a Use Case Diagram.

The State Machine Diagram is designed to capture and represent the dy-
namic behavior and state transitions of a system or component. State Ma-
chine Diagrams provide a visual representation of the system behavioral states,
events, and state transitions, illustrating how the system or component responds
to stimuli and changes its internal state over time. For embedded systems, it is
often advantageous to describe behavior in terms of operating states, triggering
events and system actions. State machines diagram relate operating states of a
system (or block) to triggering events [3]. The key constructs required to create
an effective State Machine Diagram are essentially the same used to develop a
standard state diagram in engineering fields, namely:
The Initial State, indicates the starting point of the state machine diagram. It
represents the initial condition or state of the system or component before any
event or action occurs.

States represent specific conditions or modes in which the system or compo-
nent can be. They depict the different operational states of the system, such as
idle, active, error or any other relevant state.

Events are the stimuli or occurrences that initiate state transitions. Events can
be internal events (generated within the system) or external events (received
from external sources).

15
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A Transition defines the change of state in response to specific events or con-
ditions. Transitions depict the triggers and actions that cause the system to
transition from one state to another. E.g, an enable event could trigger a transi-
tion from the idle state to the active state.

Actions represent the activities or operations performed during state transi-
tions. Actions specify the behavior or tasks that occur when the system moves
from one state to another, e.g, monitoring an output signal when toggling to
another load.

Guards specify the constraints or requirements that must be satisfied for a tran-
sition to take place. They are conditions associated with transitions that deter-
mine if a particular transition should occur.

Figure 3.9: Example of a high level state diagram. The label on the transition
represents the trigger.
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3.4 REQUIREMENT MODELING

Requirements are statements that define the desired characteristics, func-
tionalities, and constraints of the system. With sysML they can be effectively
captured and managed using requirements blocks and requirement diagrams,
in order to provide a clear representation fulfilling the needs of ensuring a com-
prehensive understanding of the characteristic expected from the system.
Requirement Blocks allows to define requirements as specialized blocks, en-
capsulating the attributes, relationships, and behaviors associated with each
requirement.
Requirement diagrams enable the visual representation of requirements and
their relationships. These diagrams allows to depict the hierarchy, dependen-
cies, and traceability among requirements, using the satisfy and connector rela-
tionship to illustrate how requirements are related to each other and to other
system elements.

Figure 3.10: Partial high level requirement diagram.

17
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3.5 ENTERPRISE ARCHITECT

Enterprise Architect is the tool employed to effectively model the case study
of this work.
EA is based on the Unified Modeling Language (UML), but the software can
be set in a system modeling perspective that includes all the sysML diagram
structures and stereotypes, providing a complete environment for creating and
managing complex systems.

The modeling workspace is presented as in Fig. 3.11:

Figure 3.11: Enterprise Architect starting page.

The first of the two workspace key components is the project browser, it
serves as a hierarchical representation of the model structure. It presents a tree-
like view of the project’s packages, diagrams and elements and allows to navi-
gate through the model and access elements and diagrams within the project. It
provides essential functionalities such as search capabilities, filtering options,
and customizable views, enabling users to locate specific elements or focus on
relevant parts of the model. Packages and blocks in the Project Browser can
be expanded or collapsed to reveal or hide contents, facilitating a clear and
structured view of the model, promoting easy traceability and maintenance of
a coherent representation of the system. The other workspace element is the di-
agramming area, occupying the majority of the main page, provides a canvas
for creating and editing diagrams within the system model. with the adjacent
Toolbox, all the set of sysML diagrams, blocks and connections are available
through drag-and-drop operations, allowing to visually represent system ele-
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ments and their relationships in a clear and customizable way.

3.5.1 MODEL ORGANIZATION

Model organization is the key to create a navigable and maintainable model;
it can be achieved by exploiting packages in an effective manner. Packages
serve as containers for grouping related model elements, providing a logical
structure and facilitating the management of the system’s complexity.
Dividing the model views into packages and sub-packages allows for a clear,
hierarchical and focused representation of system. Each package should be
dedicated to a specific viewpoint or domain, such as structural, behavioral, re-
quirements as the main packages, which further specialize in subsystem pack-
ages containing every concept and element that has to be modeled. This en-
ables to focus on specific aspects without being overwhelmed by unnecessary
details.

Figure 3.12: Part of the model browser of a package organized model.

A hierarchical package subdivision allows for scalability and flexibility in
development.
As complexity increases, packages can be nested to represent subsystems, mod-
ules, or functional areas, enabling a flexible and adaptable structure that can
evolve with the system while maintaining the consistency of the whole model.
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4
Model realization

During the initial stage of the study, analyses were conducted to evaluate
and identify relevant modules of the PMIC to start the modeling process.

In order to facilitate a thorough understanding of the modeling process, it
was deemed essential to begin with a focused approach that involved a limited
number of modules. This approach allowed for a detailed exploration of the se-
lected modules, but most importantly it enabled to gain proficiency in the use
of the modeling tool and the modeling techniques, without over-committing
in complexity.

It was determined that particular emphasis should be placed on three spe-
cific modules: the digital control section, the step-down DC-DC converter (Buck),
and the voltage monitor module.

The decision to prioritize these modules was based on several factors, dig-
ital control plays a crucial role in governing the overall operation, modeling
this module means it would be possible to analyze and optimize the control
algorithms and other digital functionalities, furthermore it allowed to explore
the state machine modeling and to gain knowledge about finite state machines
in digital electronics.
The step-down DC-DC converter module is the core of the IC, responsible for
the voltage regulation. By modeling this module, it is possible to assess its
working dynamics and performances and how the interactions with the rest of
the system works. This understanding can be valuable in refining the design
and enhancing the converter capabilities.
The voltage monitor module was chosen as it provides critical monitoring and
protection functions within the PMIC. By including this module in the model-
ing process, it allows for the examination and knowledge development of fault
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detection mechanisms, and the interaction between the monitoring circuitry
and other modules.

By focusing on these selected modules, the modeling effort can be started
with a clear direction, leading to valuable insights and improvements in the
overall modeling knowledge and in the concept development of the case study.

4.1 CONTEXT AND USE CASES

Prior to structural modeling, it is good practice to establish an overview of
the entities that our system needs to interact with and, most importantly, the
use cases it has to fulfill. This is accomplished by constructing a context dia-
gram, which depicts the system’s external entities and their connections, and a
high-level use case diagram, which outlines the system’s major functionalities
and interactions with actors.
Especially in the early stages of new concept development, it is often not im-
mediately clear how the system should be designed. In such cases, these ini-
tial steps help in refining the subsequent diagrams and models by providing a
clearer understanding of the system desired functionalities and interactions.
The main context diagram is shown in Fig. 4.1:

Figure 4.1: Model context diagram.
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One of the use case diagram is shown in Fig. 4.2, it is a high level diagram,
and it is further specialized into a set of more specific diagrams for every op-
erating state of the system.

Figure 4.2: High level Use Case diagram.
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4.2 STRUCTURE

Structural modeling constitutes the core aspect of the model, as it captures
the system’s composition and organization at the desired level of abstraction.
This section of the model showcases the system’s architecture, the hierarchi-
cal arrangement of components, their properties, and the connections between
them.
Given the objective of effectively modeling complex systems, it was recognized
as essential to adopt a high-level approach rather than delving into every minute
physical detail of the prototype. This approach enables a comprehensive un-
derstanding of the system’s structure while maintaining a conceptual level of
abstraction. By focusing on the overall architecture, relationships, and essential
components, the emphasis is placed on capturing the fundamental elements
and their connections. This approach facilitates analysis, design, and commu-
nication by providing a manageable representation of the system, more impor-
tantly, it allows fast scalability of the project.
The buck converter module is responsible for the voltage regulation in the
PMIC circuits, from the supply voltage it produces an output at the desired
voltage level. It can be modeled as a block with three components:

• Control logic: it provides dynamic duty cycle control for the power stage
switches, in order to maintain the output voltage at the desired voltage.

• Power stage: this part of the buck converter is controlled by the control
logic, it is usually constituted by two transistors that provide the pulsed
output voltage wave with the desired duty cycle.

• Output filter: it provides a smooth final output voltage from the pulsed
output provided by the switching power stage.

These three entities will be the final specialization of this block, meaning
they will represent the leaves of the hierarchy tree structure.
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Ports and connections are defined in the Fig. 4.3 internal block diagram:

Figure 4.3: Buck Internal Block Diagram.
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In the BDD the hierarchical structure of the buck is created, combining the
different hierarchy level elements with the composition relationship, the results
is reported in Fig. 4.4.

Figure 4.4: Buck block definition diagram.
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Due to space constraints and prioritization of the simulation aspects, the
development of the voltage monitor and digital modules will not be further
pursued in this thesis; these two block will represent the final specialization.

Going on to a higher level in the hierarchy, the top-level structure BDD is
created as in Fig. 4.5, representing the PMIC components with the usual hier-
archical fashion:

Figure 4.5: PMIC block definition diagram.
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The Internal Block Diagram is key in understanding the operational dynam-
ics of the system, facilitating subsequent model enhancement and integration.
Upon defining all the necessary ports, the outcome is as follows in Fig. 4.6:

Figure 4.6: PMIC internal block diagram.

These are the main structural representations created for the project.
It is noteworthy to emphasize the adaptability of EA in diagram management.
As the project gains momentum and progresses, additional types of diagrams
and different BDD’s can be defined within various packages. For instance, a
variety of IBD’s in the PMIC block can be utilized to represent only the volt-
age supply connections or only the communication bus, other BDD’s can be
employed to define the communication protocols employed within the system
and so on.
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4.3 BEHAVIOR

This section primarily centers on the digital module, which best aligns with
a state machine representation in terms of the various states the PMIC can as-
sume.
The primary state machine diagram presented below depicts the principal states
that the PMIC can assume during its operation. This state machine diagram
adheres to the formal notation and conventions of state machine modeling in
sysML, where each state within the diagram is composed by three sections:

• Entry action: optional behavior associated with a state. It specifies the
actions that are executed when a transition occurs into the state. It is typ-
ically used to initialize the state or set up necessary resources.

• Do action: represents the behavior that is continuously executed while
the system remains in the given state. It defines the actions or operations
that are performed during the state’s active period.

• Exit action: defines the actions that are executed when a transition occurs
out of the state. It is used to perform any necessary actions before leaving
the state

Figure 4.7: PMIC main state machine diagram.

Notably, active state is further specialized using a sub-state machine, which
depicts the interactions and transitions among the sub-states of the active state.
This subdivision allows for a more detailed representation of the different op-
erational modes.
While not explicitly studied in this thesis, it is worth noting that Enterprise Ar-
chitect provides the capability of efficient HDL code generation, specifically
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for VHDL, SystemVerilog, and SystemC, if the state machine diagram adheres
to a certain set of rules. This feature enables transition from the graphical rep-
resentation of the state machine diagram to the corresponding HDL constructs,
enhancing the effectiveness of the code generation process. The specific rules
and guidelines for ensuring successful code generation should be consulted
within the Enterprise Architect documentation or user guide. ¹

4.4 REQUIREMENT

The requirement section, although it may not appear useful for relatively
simple models, becomes essential when dealing with more complex systems
and utilizing the model for effective design purposes. It serves the purpose of
ensuring consistency throughout the development process and acts as a guid-
ing framework to ensure that the ultimate objectives of the system are suc-
cessfully achieved. By explicitly defining and documenting the requirements,
stakeholders can align their expectations and verify that the model faithfully
represents the intended functionality and performance of the system. As the
complexity of the model increases, the requirement section becomes increas-
ingly valuable in managing system specifications, validating design decisions,
and facilitating effective communication among project participants.
Two of the requirement diagrams are reported, created to explore the capabili-
ties of the tool, drawing inspiration from real IC requirements. These diagrams
represent the overall functional requirements of the PMIC, including the de-
sired tolerances for the output voltage, as well as the electrical characteristics
of the voltage regulator, highlighting the acceptable input and output voltage
ranges, along with the current consumption specifications.
These visual representations serve as instrumental tools in system design. Un-
like traditional tabular formats found in documentation, the visual representa-
tions provided by EA enhance navigability and facilitate ease of understanding,
providing a holistic view of the requirements.
EA offers a diverse range of features specific for requirement tracking and val-
idation. These features provide a systematic and rigorous approach to man-
aging and monitoring life cycle of requirements, ensuring their completeness,
consistency, and adherence to project objectives. With traceability capabilities,
stakeholders can easily track the origin and evolution of requirements, facili-
tating impact analysis and decision-making.
The tool’s requirement validation features empower users to verify the accuracy

¹https://tinyurl.com/statemachineHDLgeneration
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and feasibility of requirements through rule-based checks, cross-referencing,
and other validation techniques. This systematic validation process helps iden-
tify any gaps, conflicts, or inconsistencies within the requirements, enabling
timely rectification and alignment with project goals, and allowing automatic
generation of requirements tables.

Figure 4.8: PMIC functional requirements.
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Figure 4.9: Voltage regulator electrical characteristics.
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5
EA-Simulink integration

One of the objectives of this research is to identify a feasible approach for
conducting model simulations, aiming to evaluate the performance and verify
the overall functionality of the system. Initially, an attempt was made to imple-
ment a parametric simulation using parametric diagrams, unfortunately, it was
soon realized that this level of modeling was too low and exceedingly complex.
Parametric modeling consists in creating diagrams, constraints blocks and defin-
ing the physics equations and associated variables that govern the behavior of
the actual model. A few of the difficulties involved were the limited support
for parametric Modeling: Enterprise Architect primarily focuses on static and
behavioral modeling aspects and while it does provide some support for para-
metric modeling through its Parametric Diagrams, the capabilities in this area
are relatively limited compared to specialized tools specifically designed for
this simulation technique.
Parametric modeling involves defining and manipulating mathematical rela-
tionships and constraints between model elements and this can be complex,
especially for users who are not familiar with parametric modeling concepts
and techniques.
Another problem, which was not an imminent problem, but for sure it would
have been once the model increased in dimensions, is the lack of solver func-
tionality, in fact EA does not have built-in solver functionality for solving com-
plex mathematical equations and optimization problems. This limitation hin-
der the ability to perform parametric simulations and analysis within the tool
itself, and an external solver is needed.
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5.1 SYSPHS SIMULATIONS

The SysPhS standard ¹of the Object Management Group (OMG), is used to
integrate the EA model with the Simulink model. With the SysPhS Simulink
pattern, EA provides a wide range of Simulink components as blocks, making
it easy to model physical and electrical systems, and allows to model translation
to either of two simulation platforms, Modelica and MATLAB’s Simulink/Sim-
scape.
Multiple test cases were explored in an attempt to replicate and comprehend
the simulation capabilities. The primary objective was to ascertain the feasibil-
ity of constructing a model using the Simulink pattern within EA and subse-
quently generating a corresponding Simulink model for simulation purposes.
A notable result is the following realization of a DCDC converter by means of
this method.
The modeling process is the same as the previously seen model realization,
with the difference that the block used are the physical components of the sys-
tem itself. Elements are instantiated using the Simulink pattern and subse-
quently composed into the buck block, then the IBD is created to establish the
connections among the components.

¹https://tinyurl.com/sysphs
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Figure 5.1: SysPhS buck converter BDD.

Figure 5.2: SysPhS buck converter IBD.
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The simulation configuration is possible by mean of the EA sysMLsim con-
figuration artifact, which allows to select the model to generate and the prop-
erties to plot.

Figure 5.3: sysMLsim configuration artifact.

Due to encountering a series of technical issues, the functionality for plot-
ting properties was found to be non-functional. Interestingly, these issues were
not limited to this example but extended to the models provided by Sparx Sys-
tems as well.
However, with the code generation feature it is possible to generate a Simulink
(.slx) file and its corresponding MATLAB code from the SysMLsim artifact.

Figure 5.4: EA generated Simulink model.

Achieving a correct net-list representation in the form of a Simulink model,
derived from the Enterprise Architect model is a significant accomplishment,

36



CHAPTER 5. EA-SIMULINK INTEGRATION

Figure 5.5: Generated circuit test.

highlighting the possibility of integrating the modeling capabilities of EA
with the computational and solver capabilites of Simulink.
The current approach raises several challenges, first, the reliance on pre-existing
Simulink blocks restricts the modeling process to a very low physical detail,
where the goal is to enable high-level simulation, facilitating the conceptual
representation and analisys of large-scale systems. It becomes evident that
attempting to model an entire integrated circuit at this level of detail would
quickly lead to uncontrollable complexity.
Furthermore, the generated Simulink model, while functional, lacks readabil-
ity. The components are scattered throughout the workspace, and the connec-
tions between them are convoluted. This lack of organization and clarity would
significantly impede the understanding of larger systems, requiring substantial
effort to unravel and make the model more comprehensible.

5.2 MATLAB FUNCTIONS FOR HIGH-LEVEL SIMULATION

In the pursuit of a higher-level simulation, this section is dedicated to the
exploration of MATLAB functions.
Given the functionalities offered by the sysPhS pattern, it becomes possible to
create custom Simulink blocks within EA. These EA blocks are designed with
ports and parameters that align with their Simulink counterparts.
The underlying idea is to utilize MATLAB functions encapsulated within MAT-
LAB function blocks in Simulink. By doing so, the conceptual behavior of the
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PMIC can be reproduced, enabling testing of its functionalities under various
scenarios such as load steps, voltage reference variations, and other relevant
factors.
Simulink is purpose-built for simulation tasks, providing a comprehensive suite
of features for model creation and time-domain response analysis, and the
utilization of MATLAB function blocks simplifies the implementation of code
which emulates system behavior.
Leveraging this environment facilitates the simulation process and a high-level
perspective is maintained, enabling the replication of system functionality with-
out delving into physical details.
Simulink allows creating personalized libraries with custom blocks that can
only be modified by the library owner, the process involves creating MATLAB
function blocks to encapsulate the behavior of various model entities, then in
the EA model, a linkage is established between the block definition and the
corresponding Simulink custom block through the Simulink library path.
The modeling process remains unaffected, as all the modeling functionalities
are preserved, with the addition that the structural block definitions include a
designated section specifying the path of the associated Simulink block.
The adoption of MATLAB functions to simulate the system behavior repre-
sents a progressive step towards achieving a broader objective, which is not
addressed in this particular work. The aim is to eventually replace them with
VHDL behavioral models.

5.3 CUSTOM SIMULINK BLOCKS

Custom blocks development followed after series of feasibility tests, align-
ing with the buck EA model. Specifically, three sub blocks were created to
accurately represent the system’s functionality.
The output filter, designed as an LC filter transfer function incorporating a
damping resistance 𝑅:

Figure 5.6: Output Filter transfer function.
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For the control algorithm, decision was made to refrain from implement-
ing a specific controller, such as PI or PID controller. Instead, a more general
control logic was employed. It is important to acknowledge that this approach
will not yield exceptional performance results, however, it is an integral part of
the modeling process to refine and optimize these behaviors in order to attain
better performance and accurately reflect the specific target requirements.

Figure 5.7: Controller Block and Function.

The power stage is responsible for generating a square wave output that
operates at the level of the supply voltage, its duty cycle is determined by the
PWM controlling signal applied to it.

Figure 5.8: Power Stage Block and Function.

The voltage monitor block is implemented in the following code, which sets
the over-voltage flag or under-voltage flag to a high state based on the output
voltage exceeding the over-voltage threshold or falling below the under-voltage
threshold. When either of these flags goes high, it is responsibility of the digital
monitoring module to initiate the safety routine.

An important feature is that voltage monitoring must differentiate whether
the under-voltage is caused by a regulation issue or is a result of the initial
transient phase, during which the output of the buck converter is reaching its
steady regulating state. This discrimination is accomplished by introducing
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Figure 5.9: Power Stage Block and Function.

a fixed time interval delay after receiving the ”on” signal at the PMIC. PMIC
digital control is implemented within the following block. When the turn-on
external signal is activated, the control module enables the buck converter, al-
lowing active power regulation to occur. Additionally, in the event that an
over-voltage or under-voltage condition is detected by the voltage monitor, the
control module disables the voltage regulation.

Figure 5.10: Digital control Block and Function.
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6
Simulation analyses

This chapter is dedicated to the designed system verification, wherein var-
ious analyses will be conducted under different operational scenarios of the
PMIC. The simulation environment emulates the digital logic of the integrated
circuit, employing a fixed sampling time as the step size for the simulink solver
and for all the timings in the system. The following scheme is employed for
simulation and system debugging purposes:

Figure 6.1: PMIC Simulink scheme.

It comprises three subsystems: voltage monitor, buck, and digital control.
The voltage monitor and digital control blocks, which were previously created,
are encapsulated within these subsystems to achieve a more organized and co-
herent system representation. The buck subsystem, consisting of its three com-
ponents, is depicted in the figure below:
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Figure 6.2: Buck Simulink scheme.

6.1 STEP REFERENCE TEST

The aim of this analysis is to assess the regulatory performance of the sys-
tem under steady reference conditions. As stated in the requirements, the sys-
tem must maintain perfect regulation within the voltage interval of [3, 20]𝑉 ,
while operating within an input voltage range of [5.5, 40]𝑉 . To thoroughly eval-
uate the system’s capabilities, tests will be conducted at the extremes of these
operating range limits to subject the system to maximum stress.
Specifically, the following scenarios will be investigated:

• From 𝑉𝑖𝑛 = 5.5𝑉 to 𝑉𝑜𝑢𝑡 = 3𝑉 .
• From 𝑉𝑖𝑛 = 40𝑉 to 𝑉𝑜𝑢𝑡 = 3𝑉

The first test illustrates the step down from 𝑉𝑖𝑛 = 5.5𝑉 to 𝑉𝑜𝑢𝑡 = 3𝑉 , and
the results can be evaluated in Fig. 6.3:

Figure 6.3: PMIC step reference waveforms.

Observations of the test reveal that the overshoot exhibited by the system is con-
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siderably limited, measuring approximately 𝑀𝑃 ≈ 8.3%. This restrained over-
shoot is to be attributed to the bandwidth of the controller, complemented by
the small regulation step employed. Consequently, the step response demon-
strates a clean and controlled behavior.
Furthermore, the steady-state regulating ripple is depicted in Figure 6.4. In this
instance, the ripple settles at around 𝑉𝑅𝑃 ≈ 2.2𝑚𝑉 , falling well within the pre-
scribed range of𝑉𝑅𝑃𝑟𝑒𝑞 = 6𝑚𝑉 , which corresponds to a 2% deviation as per the
specified requirements.

Figure 6.4: 5.5 to 3 V Regulation Ripple.

The second test is the 𝑉𝑖𝑛 = 40𝑉 to 𝑉𝑜𝑢𝑡 = 3𝑉 regulation, which produces
the following results:

Figure 6.5: PMIC step reference waveforms.

In this scenario, it can be observed that the overshoot is significantly larger, ap-
proximately 𝑀𝑃 ≈ 80%. To address this issue, further adjustments need to be
made to the filter dynamics in order to slow down the transient response and
reduce the overshoot. Additionally, improvements in the controller dynamics
are required to enhance its speed. It may be beneficial to explore the imple-
mentation of known control strategies such as PI or PID controllers.
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In Figure 6.6 the switching waveform generated by the power stage is illus-
trated, the active duty cycle adjustments performed by the controller are clearly
visible in the waveform.

Figure 6.6: PMIC step reference switching waveform.

The steady-state ripple is higher, measuring around 𝑉𝑅𝑃 ≈ 36𝑚𝑉 as in Fig.
6.7, value that does not meet the specified requirements. To cover this issue,
two potential approaches can be considered, first, refining the output filter to
provide better smoothing of the output voltage or, alternatively, discussions
with stakeholders could be initiated to explore the possibility of relaxing the
imposed requirements.

Figure 6.7: 40 to 3 V Regulation Ripple.
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6.2 DYNAMIC REFERENCE TEST

In this analysis, the PMIC is subject to a square wave voltage reference to
assess the controller’s ability in tracking a changing reference.
One important aspect to note about dynamic reference tracking in buck con-
verters is the ability of the system to accurately and quickly respond to changes
in the reference voltage. Buck converters are commonly used in applications
where the output voltage needs to be regulated and adjusted dynamically based
on varying operating conditions or load demands; achieving precise and fast
dynamic reference tracking is fundamental for ensuring stable and reliable op-
eration.
Reference voltage oscillate at fixed frequency 𝑓𝑟𝑒 𝑓 = 1

𝑇𝑟𝑒 𝑓
= 1

600·𝑇𝑠 ≈ 330𝐻𝑧,
where 𝑇𝑠 = 0.5 · 10−5𝑠 is the switching frequency of the system.
The regulating ranges tested are the same as before, with the maximum excur-
sion required for the output.

• From 𝑉𝑖𝑛 = 5.5𝑉 to square wave 𝑉𝑜𝑢𝑡 oscillating in the range [3, 5.5]𝑉 .

• From 𝑉𝑖𝑛 = 40𝑉 to square wave 𝑉𝑜𝑢𝑡 oscillating in the range [3, 20]𝑉 .

In the first test, the achieved outcomes can be summarized as follows: pre-
cise tracking, minimal ripple, and prompt settling of the 𝑀𝑝 ≈ 11.3% transition
undershoot, as in Fig. 6.8.

Figure 6.8: PMIC test 1 output.
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Switching waveform is reported in Fig. 6.9.

Figure 6.9: PMIC test 1 switching waveform.

The second test is performed at same switching frequency of test 1, except
for an increased reference excursion, thus increasing tracking effort.
Consequently, noticeable deviations become apparent, higher overshoot, reach-
ing approximately 𝑀𝑝 = 12.5%, and a discernible ripple effect at the 3V regu-
lation level, akin to the reference test conducted earlier.

Figure 6.10: PMIC test 2 output.
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As expected, the duration of the transient period is prolonged due to the
larger reference step.
Interestingly, in contrast to the previous test, no undershoot is observed during
the transition from 20𝑉 to 3𝑉 , while the overshoot measured during the tran-
sition from 3𝑉 to 20𝑉 stabilizes at approximately 𝑀𝑃 ≈ 16%. The switching
waveform provides closer insight to the regulation throughout the transitions.

Figure 6.11: PMIC test 2 switching waveforms.
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6.3 LOAD STEP TEST

A load step, specifically in the context of a purely resistive load, induces a
modification in the transfer function of the filter and consequently affects the
dynamics of the filter, altering the damping factor 𝜉 = 1

2·𝑅𝑙𝑜𝑎𝑑
·
√

𝐿
𝐶 of the system.

To modify the load resistance parameter 𝑅𝑙𝑜𝑎𝑑 is required to halt the simula-
tion, manually adjust the 𝑅𝑙𝑜𝑎𝑑 value, and then resume the simulation. How-
ever, a straightforward, yet effective, solution has been devised. As depicted in
the figure below, two filters with the intended difference in load resistance are
generated. At a specific time, the output of the power stage is switched from
the first filter to the second filter, effectively simulating a load variation.

Figure 6.12: Load Step Setup.
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The test is conducted in 40𝑉 to 3𝑉 regulation condition, the test load is
doubled from 𝑅1 = 1Ω to 𝑅2 = 2Ω, the corresponding output waveform is
reported below:

Figure 6.13: Load Doubling results.

The analysis reveals notable distinctions in the steady-state ripple between
loads due to the variation introduced in the filter transfer function. A note-
worthy observation is the spike that corresponds to the load variation, which
is directly proportional to the ratio 𝑅2

𝑅1
. Consequently, it is mandatory to guar-

antee adequate protection in situations with significant load value difference.
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The test next is conducted in the same regulation condition, now the test
load is halved from 𝑅1 = 2Ω to 𝑅2 = 1Ω, the corresponding output waveform
is reported blow:

Figure 6.14: Load Halving results.

In the general scenario of a decreased load, the spike will consistently be lower
than the reference voltage.
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Conclusions and future works

The aim of Model Based System Engineering (MBSE) is to manage the com-
plexity of present-day system design, by relying on formal structures defined
by a standardized modelling language. SysML is an adaptation of the Unified
Modelling Language (UML) standard to the requirements of system engineer-
ing, and in this thesis the use of a commercial tool based on it, called Enterprise
Architect, has been assessed. Through this work, study of sysML language re-
sulted in proficiency in the modeling technique, as well as a deeper compre-
hension of the objectives pursued by model-based systems engineering.
The multitude of benefits offered by this technique has been thoroughly ex-
plored, establishing foundation for the eventual embracement of this method-
ology in the development of extensive projects.
The main challenge during the course of this research pertained to the identi-
fication and utilization of appropriate sysML constructs and patterns for mod-
eling a mixed-signal integrated circuit, encompassing the interplay between
analog circuitry and digital modules, which necessitates distinct modeling ap-
proaches for each domain. It was fundamental to find a balance between the
level of abstraction employed and the precision required to accurately capture
essential details, all the while ensuring that the resultant complexity remained
manageable. Attainment of this balance proved critical, as an excessive level
of abstraction risked overlooking crucial interactions or phenomena, while a
higher level of detail could lead to an excessively detailed abstraction level
model, conducting to lengthy simulation duration and scalability problems. In
this regard, Enterprise Architect exhibited remarkable versatility, enabling the
practical actuation of the model-based systems engineering methodology and
facilitating the management of design requirements and the overall modeling
endeavors.
The verification phase of the model was also investigated, where it became ev-
ident a dedicated simulation tool was necessary to facilitate this aspect.
Simulink emerged as a suitable choice due to its robust solver capabilities, EA-
like block structure framework and libraries, key in organizing and reusing re-
fined blocks. This integration enabled simulations on the model, allowing for
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6.3. LOAD STEP TEST

the fine-tuning of behaviors, in parallel to the EA description, which lead to a
complete model across two integrated platforms.
Future research will focus on the exploration of advanced modeling tool fea-
tures, to enhance the design process in terms of efficiency and effectiveness,
and the integration of Enterprise Architect within the Infineon design work-
flow will be studied.
An important milestone entails investigating methods to integrate existing HDL
descriptions of blocks into the system model, facilitating the verification pro-
cess without the need for writing Matlab code, as was done in this study.
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