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ABSTRACT

Eero Talus: Structured Methods for the Design and Optimization of Modular Embedded System
Platforms

Master’s Thesis

Tampere University

Electrical Engineering

October 2024

Interest towards electric mobility is on the increase due to global climate targets and the
development of electric vehicle (EV) technologies. While EVs were not a satisfactory alternative
to internal combustion engine (ICE) vehicles before, most problems have already been solved.
Consequently, design and implementation of large-scale charging infrastructure is the next step
in supporting the growing fleet of EVs around the world. Such infrastructure requires complex
systems composed of mechanics, electronics and software, and suitable design methods
are therefore needed. Methods which solve complex design problems generally deal with
multiple-criteria decision making (MCDM).

In this thesis, the architectural design of modular embedded system platforms is studied. The
thesis consists of three parts. In the first part, the concepts of design, architecture and modularity
are introduced and a selection of existing design methods is shown. Based on a comparison
between these methods, axiomatic design and design structure system are selected for further
analysis. Subsequently, the theoretical bases for axiomatic design and design structure system
are introduced and an integrated design flow is shown. Novel methods for design parameter
utilization and modularity cost analysis are also developed. In the second part, the common
properties and functionalities of public EV charging devices are introduced. In the third part, an
exemplary EV charging platform architecture is designed using the introduced methods. Five
different architectural options are evaluated and a single one is selected based on developed
optimization indicators. Finally, an overview of the effects, risks and advantages of structured
design methods and modularity is given.

Architectures can be categorized in two ways: Based on the level of modularity and
based on production paradigm. There is also a mapping between these two views: Modular
architectures are most suitable for mass customization and mass individualization, whereas
integral architectures are most suitable for mass production. While many design methods
for modular architectures exist, axiomatic design and design structure system represent
strong contendants. In general, using axiomatic design tends to result in modular functional
architectures, but it does not impose restrictions on physical modularity. Therefore, physical
design must be done using another method such as design structure system. These methods and
the novel cluster utilization and cost-analysis methods are also used successfully in the thesis
to design and optimize an exemplary EV charging system platform. While structured design
methods and modularity offer many advantages, implementing them in an R&D organization also
poses some risks and implementation must therefore be carefully planned in advance.

Keywords: architecure, design, modularity, axiomatic, dss, dsm, electric, vehicle, charging
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TIVISTELMA

Eero Talus: Strukturoidut menetelméat modulaaristen sulautettujen jarjestelmaalustojen suunnitte-
lussa ja optimoinnissa
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Lokakuu 2024

Kiinnostus séhkoista liikennettd kohtaan on kasvussa maailmanlaajuisten paastétavoitteiden
seka sahkdautojen teknologisen kehityksen vuoksi. Vaikka sahkbautot eivat olleet aiemmin jarke-
véa vaihtoehto polttomoottoriautoille, useimmat niihin liittyvat ongelmat on jo ratkaistu. Seuraava
askel sadhkdisen liikenteen mahdollistamiseksi onkin latausinfrastruktuurin suunnittelu ja raken-
taminen. S&hkdautojen latausjarjestelmat koostuvat esimerkiksi mekaniikasta, elektroniikasta ja
erilaisista ohjelmistoista. Tallaisten monimutkaisten jarjestelmien suunnittelu vaatii myds sopivia
suunnittelumenetelmid, joita kutsutaan yleisesti usean kriteerin paatdéksentekomenetelmiksi (engl.
multiple-criteria decision making, MCDM).

Téassé diplomitydssa tutkitaan modulaaristen sulautettujen jarjestelmaalustojen arkkitehtuuri-
suunnittelua. Ty koostuu kolmesta osasta. Ensimmaisessé osassa esitelldadn suunnittelun, ark-
kitehtuurin ja modulaarisuuden peruskasitteitd seka valikoima suunnittelumenetelmia. Jatkotutki-
mukseen valitaan esitellyistd menetelmistd aksiomaattinen suunnittelu (engl. axiomatic design,
AD) seka suunnittelun rakennejérjestelma (engl. design structure system, DSS). Ensimmaisesséa
osassa esitelldan liséksi valittujen menetelmien teoriapohja sekd menetelmia yhdisteleva suunnit-
teluvuo ja kehitetdédn kaksi uutta menetelmaa suunnitteluparametrien hyédyntamisasteen ja mo-
dulaarisuuden kustannusvaikutusten analysointiin. Tydn toisessa osassa esitelladan séhkéauto-
jen latausjarjestelmien yleisia ominaisuuksia. Tyén kolmannessa osassa suunnitellaan esimerkin-
omainen arkkitehtuuri sdhkdautojen latausjarjestelman sulautetulle jarjestelmaalustalle. Suunnit-
telun kohteena on viisi arkkitehtuurivaihtoehtoa, joista valitaan ty6ssa kehitettyjen menetelmien
perusteella paras. Lisaksi kolmannessa osassa esitellaan tutkimuksessa havaitut strukturoituihin
suunnittelumenetelmiin ja modulaarisuuteen liittyvat riskit ja hyddyt.

Arkkitehtuureja voidaan luokitella joko modulaarisuuden tai valitun tuotantosuuntauksen pe-
rusteella. Luokittelutapojen valilla on kuitenkin myds yhteys: Modulaariset arkkitehtuurit soveltu-
vat parhaiten massakustoimointiin tai massayksiléllistdmiseen, kun taas integraaliset arkkitehtuu-
rit soveltuvat parhaiten massatuotantoon. Aksiomaattinen suunnittelu ja suunnittelun rakennejar-
jestelma ovat tydn tulosten perusteella hyvia vaihtoehtoja modulaarisen jarjestelmasuunnittelun
tueksi. Aksiomaattinen suunnittelu johtaa kuitenkin vain funktionaalisen arkkitehtuurin modulaari-
suuteen, joten fyysisen arkkitehtuurin suunnittelussa on kaytettava esimerkiksi suunnittelun raken-
nejarjestelmad. Naitd menetelmid seka tydssa kehitettyja uusia analysointimenetelmid hyédynne-
tdan onnistuneesti tydn kolmannessa osassa. Tydn tulosten perusteella strukturoituihin suunnit-
telumenetelmiin ja modulaarisuuteen liittyy kuitenkin myds joitakin riskeja, mink& vuoksi menetel-
mien kayttédnottoa suunnitteluorganisaatiossa pitda suunnitella ja harkita tarkoin.

Avainsanat: arkkitehtuuri, suunnittelu, modulaarisuus, aksiomaattinen, dss, dsm, sahkd, auto, la-
taus
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PREFACE

The topic of this thesis came to life as a sidetrack from work projects | was working on
at Kempower at the turn of 2023 and 2024. It was already well known at the time that
modularity is often a preferred property of systems, and my team already had extensive
knowledge about modularity in embedded systems aswell. However, there was a lack of
theoretical understanding on aspects such as how to arrive at an optimal module division
for a modular system and what are the fundamental laws concerning modular design.
As a consequence, | started researching the subject as the topic of my master’s thesis
beginning February 2024. Even though the journey from a topic idea to a complete thesis
included some bumps along the way, | am joyful that | managed to push through. | am
similarly glad about my fantastic work colleagues who | got to work with during the times
| was writing my thesis.

Now, it is time to finish my studies at Tampere University. What a fantastic five and a half
years it has been! It has been a great journey. It has also been a difficult journey. It has
been a journey with a lot of ups and downs. It has been a journey with a lot of joy, but also
some sadness. It has been a journey during which | have grown immensely as a person.
Since | was just a kid, it had always been a dream of mine to be an electronics engineer.
Now | can say, with confidence, that | am one, and | am sure the kid to whom a career in
electronics was only a distant dream somewhere far, far away, would be extremely proud
of the accomplishments he would come to make. Now it is time to start chasing new
dreams, and let me tell you, | am thrilled about it! But there is still an important thing to
remember! As Albert Einstein once said:

"The important thing is not to stop questioning. Curiosity has its own reason
for existence. One cannot help but be in awe when he contemplates the
mysteries of eternity, of life, of the marvelous structure of reality. It is enough
if one tries merely to comprehend a little of this mystery each day." -Albert
Einstein in Old Man’s Advice to Youth: "Never Lose a Holy Curiosity", LIFE
Magazine (2 May 1955)

In Tampere, 17th October 2024

Eero Talus
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1. INTRODUCTION

Mobility is turning electric. According to the International Energy Agency (IEA), 14% of
cars sold in the year 2023 were electric, when the share was 9% and 5% in the years 2021
and 2020 respectively. Additionally, IEA forecasts that in 2030 at least 10% of the total
vehicle fleet in the world, excluding two and three wheel vehicles, is electric with an annual
growth rate of approximately 30% in 2023. [2] It is therefore clear that there is a large
interest in moving towards electric mobility which also means appropriate large-scale
charging infrastructure will be necessary in the coming years. According to IEA, the total
light-duty and heavy-duty vehicle charging capacity in the world were approximately 200
GW and 75 GW respectively in 2022 with the forecasted capacities in 2030 being 1.9 TW
and 420 GW [2].

The reasons behind the interest towards electric mobility are multifaceted. On one hand,
the mobility transformation ties into the green transformation of the 21st century. For
example, the European Union tries to achieve climate neutrality by 2050 by implementing
their European Green Deal policy [21]. China, having emitted 35% of the world’s CO,
emissions in 2023 [1], has also been actively promoting the green transformation of its
industrial sector [14] and was a leading contributor to the global green energy economy in
2023 [1]. Overall, electric mobility is a major factor in all countries’ green transformation
aspirations [1]. On the other hand, new developments in technology have made electric
vehicles (EV) a viable alternative to traditional fossil fuel based internal combustion engine
(ICE) vehicles. For example, range anxiety, caused by the lack of electric vehicle range,
has traditionally been a major barrier to EV adoption. With recent developments in EV
and battery technology, however, battery-electric vehicles (BEV) are already suitable for
the vast majority of trips. [3]

The electric vehicle charging industry is a key enabler of the electric mobility
transformation.  Without a solid charging infrastructure in place, an ever-growing
fleet of electric vehicles cannot be sustained. In addition to the increasing demand for
electric vehicles and chargers, the technologies related to EV charging are constantly
being improved with better batteries, improved charging protocols, new charging plugs
and increased charging power just to name a few [19]. This puts even more pressure
onto charging system manufacturers to provide customers with the latest technology in
order to advance the growth of the electric vehicle fleet around the world.



The constant technological improvements require charging system manufacturers
to adapt which poses challenges for charging system design. These kind of
large-scale systems can be extremely complex and designing them requires a mix
of cross-disciplinary knowledge from mechanics, power grid integration, high-power
electronics design, embedded systems design, software design and cloud technologies
just to name a few. A common issue with all of these fields is architecture, that is the
high-level specification of how a system is built and how different parts of the system
interface with each other. A well-designed architecture is a key element in building a
successful and maintainable system which stands the test of time.

In this thesis, | study the structured architectural design of embedded system platforms
from the electronics design viewpoint with an emphasis on the effects of modularity and
integrality on system design. The thesis is roughly divided into three parts. In the first part,
I introduce the principles of system engineering and a selection of system design methods
used in existing literature. | also introduce the concepts of architecture, modularity and
product families and how the architecture of a product relates to the product strategy of
an R&D organization. In the second part, | give a more in-depth introduction to axiomatic
design and design structure system in order to build a theoretical basis for applying these
methods in product design. Building on axiomatic design, | introduce a novel method for
analyzing the material utilization of a product platform and a novel method for analyzing
the cost-effects of product modularity. In the third part of the thesis, | introduce the key
functionalities of EV charging systems based on existing literature. Using this information,
| apply the principles of axiomatic design and design structure system as well as the novel
platform analysis methods to design and analyze an exemplary embedded platform for
an EV charging device. Finally, | give an overview of the effects, risks and advantages of
using structured design methods in system design.

The aim of this thesis is to give answers to and motivate further research on four research
questions related to the architectural design of systems:

1. What structured methods for architectural system design can be found in existing
literature and how do these methods compare with each other?

2. What are the main differences between integral and modular product architectures
and on what basis should the level of modularity be chosen for a new product or
product platform?

3. What are the production cost-effects of different levels of modularity and can the
cost of a product be modeled as a function of modularity?

4. What technological and organizational effects, risks and advantages are there in
implementing a structured system design method in an R&D organization when the
aim is to modularize product architectures?



2. PRINCIPLES OF SYSTEM DESIGN: A LITERATURE
REVIEW

This chapter introduces the main principles for designing engineered systems in a
structured manner. The chapter discusses the theoretical basis for different design
methods and includes a review and some examples of widely used frameworks for
successful product design.

2.1  What is Design?

The concept of design depends heavily on the context of the word. For example, the
Oxford Dictionary of English [64] defines the noun design as

1. "a plan or drawing produced to show the look and function or workings of a building,
garment, or other object before it is made",
2. "a decorative pattern" and
3. "purpose or planning that exists behind an action, fact, or object".
These definitions capture the essence of the word quite well in an everyday context; a
design can be, for example, a plan for a building, a piece of art, or the design of a piece of
fabric. However, these definitions also leave some ambiguities in a broader context. For
example, questions such as the following may arise.
» Does a design need to have an artistic purpose?
* Does a design need to have a physical form?
* What commonalities do all designs share?
+ What are the main principles behind creating a successful design?
In the engineering context, we must assign the word a more strict but generic definition
in order to build a theoretical framework for applying design principles to real-world

problems. Therefore, when defining the meaning of the word design, we must think of
the commonalities between all kinds of designs regardless of the field in question.

Benavides [27] proposes that motivation and design are always inherently linked together.
A design is something that’s created in response to a motivation in order to fulfill a need.



The motivation and need are also related to eachother, because the need or the list of
needs defines the motivation. Between the motivation and the design is the actual design
process. The design process is the work of a designer who consumes some resources
in order to fulfill the need. However, even though a motivation for a particular design may
exist, this does not mean that a satisfactory design exists. This is because during the
design process, there are always some restrictions and limits to what is possible. For
example, a person may have the motivation to travel to the Moon, and while a design that
satisfies this need has been proven to be possible, an ordinary person most likely will not
be able to afford the design process. This is a constraint imposed on the need. While it is
not a part of the original motivation or need, it is still an integral part of the design process.
Other constraints might be, for example, the laws of physics, ie. there’s an upper limit to
how fast a person could travel to the moon without breaking the speed of light.

2.1.1 System Design Methods

The process of transforming a motivation into a design which satisfies a need is a
complex issue which many people have tried to address by developing design methods
with varying levels of theoretical rigour. Some of these methods are introduced in the
following sections. The motivation behind developing new and better design methods
consists of many things. For example, better design methods may be needed in order to

* maximize the odds of satisfying a need,
* maximize value,
* minimize cost of change and

* minimize resource consumption.

According to the earlier definition of design, success to satisfy a need is the ultimate goal
of any design process. However, the degree to how well a design actually satisfies the
need can vary. Assuming the motivation and needs are clearly defined, a successful
design process is a necessary condition for a successful design [27]. The design process
therefore has a major impact on the creation of a satisfactory design and good design
methods are a necessity.

Cost of change, ie. the cost of making changes to an original plan when the plan is
already being implemented, is a traditional problem in engineering design. The cost of
making changes is generally fairly low early in the design and implementation process
but grows rapidly as the design and implementation process progresses. [33] Therefore,
designers should strive to make correct design decisions early in the design process to
avoid changes later. The design method used for designing a system should therefore be
built to minimize incorrect design decisions to being with.



Maximizing the value of a design refers to creating the best design possible, where
value is the measure of perfection. Although value is difficult to define exactly, it often
includes qualities such as functionality, performance and cost. [56] Value is tightly linked
to business incentives which makes it an important parameter in product design. After all,
one of the main reasons for a business to exist is to create something that provides value
to customers.

It is clear that there is a need for design methods which try to achieve these and various
other important goals in product design. The general problem of making design decisions
based on a complex set of criteria while trying to satisfy the needs of various stakeholders
is called multiple-criteria decision-making (MCDM). In the end, this is the essence of
engineering design: Engineers need to make satisfactory design decisions based on
various design criteria so that the initial pool of possible solutions is reduced to one
solution that is implemented. The following sections introduce some tools and methods
which help engineers make these decisions. The set of introduced methods is not a
comprehensive set of all methods in existence. It is merely a selection of methods with
widespread appearence in existing literature and suitability for, but not limited to, the
design of embedded systems in particular.

2.1.2 Pugh Controlled Convergence

The traditional way to design a system is somewhat heuristic and empirical: Experts use
their existing knowledge to design a system which is tested and refined until it satisfies
the original need. During initial phases of design, the design decisions made by experts
are mainly based on empirical and practical knowledge. This way experts extrapolate
previous knowledge to fill in gaps where there is no data to support a particular design
decision. The issue with such an approach is that it has a large risk of failure to satisfy
the original need. [67] Heuristic design methods have been researched and formalized
in order to adress these issues. While still lacking some theoretical rigour, such methods
have been seen to work well in practice. [28]

A widely used heuristic framework for making design decisions is the Pugh controlled
convergence (PuCC) process [6, 4]. The PuCC process is based on creating a set of
concept designs and coming up with a list of judgement criteria for comparing the designs.
One of the concept designs, usually a known strong contendant, is first chosen as a
datum design, and the other ones are compared to it in matrix form. The result of each
comparison is marked with the symbols S (same), + (better) or - (worse) in the cells of
the comparison matrix. Finally, the number of S, + and - symbols is calculated for each
concept design and the net score is calculated by subtracting the number of - symbols
from the number of + symbols. The net scores can be used to rank the concept designs
from best to worst. [6] Figure 2.1 shows an example of a single PuCC run.



Concept| 4 2 3 4 5 6
Criterion

Battery Life + - S 5 +
Weight S - + + -
Size = + + S + +

—

=
Lifetime S + - + S
Usability - - + - +
Manufacturing Cost - S S 5 S
I+ 0 2 2 2 3 3
I- 0 2 3 1 1 1
IS 0 2 1 3 2 2
Net Score 0 0 -1 1 2 2

Figure 2.1. A hypothetical example of a single-run PuCC matrix for a battery powered
product.

The end result of the PUCC process is a ranking between the different concept designs.
A key thing to note is that the ranking of the first PuCC run is not necessarily grounds for
selecting any particular design. Instead, the ranking can be used to select a subset of
the designs for further development and subsequent PuCC runs. This is the convergence
process in Pugh controlled convergence as illustrated in figure 2.2. [6]

CONTROLLED CONVERGENCE >

Choose best
» designs based
on scores

Select design
Yes for
development

Only one
design left?

Create concept .| Select datum PucC
designs design evaluation

Refine
designs

Figure 2.2. Pugh Controlled Convergence process flow. [6]

It is clear that this process is not very theoretically rigorous. Problems may arise, for
example, if multiple experts disagree on whether a particular concept is better than



another in regards to a specific judgement criteria. In this case, experts must discuss
their opinions and the judgement criteria to arrive at a consensus. If no consensus is
found, an S symbol should be marked into the comparison matrix. [6]

2.1.3 Analytic Hierarchy Process

Another heuristic framework for making design decisions is the analytic hierarchy process
(AHP) [62, 28, 4]. AHP is based on constructing a multi-level hierarchical representation
of a complex decision making process as illustrated in figure 2.3 for a hypothetical battery
powered product. First, the main objective of the decision process, ie. the first level of the
AHP hierarchy is identified. Next, the objective is broken down into a set of judgement
criteria onto consecutive layers of the hierarchy. Finally, alternative decision outcomes
are identified and collected into the last level of the hierarchy. Pairwise comparison of
all criteria within the hierarchical levels and hierarchic synthesis between levels is then
done to figure out the relative importance of each criterion. This process is illustrated in
a simplified manner in figure 2.4. The end result of the process is a relative ranking for
all of the judgement criteria for the different decision outcomes. The AHP process is also
somewhat subjective, since the pairwise comparisons are subjective in nature. Therefore,
the AHP process includes a consistency verification step which aims to ensure that the
comparisons are consistent with each other. [62, 45]

Product Success

Battery i i I - Manufacturing
Life Weight Size Lifetime Usability Cost
Design Design Design Design Design Design
1 2 3 4 5 6

Figure 2.3. A hypothetical example of an AHP hierarchy for a battery powered product.
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Figure 2.4. Analytic hierarchy process flow.

PuCC and AHP have been used successfully in making design decisions. Nevertheless,
some researchers, such as Hazelrigg [44] and Dyer [41], argue that they are conceptually
flawed and may lead to suboptimal design decisions. There have also been proposals of
more rigorous decision making frameworks that use mathematical, logical or axiomatic
approaches, or combinations of them, in making design decisions. The premise in these
approaches is that by following a logically sound chain of inference while making design
decisions, the most optimal decisions are always made. Such design methods are
introduced next.

2.1.4 Taguchi Method

Structured design methods may focus on optimizing designs or processes in order to
make products insensitive to, for example, environmental and manufacturing variables.
This way, the quality of products can be improved. One such method is the Taguchi
method which aims to increase the quality of goods by applying statistical methods. In
particular, the method proposed by Taguchi minimizes a set of loss functions, where the
loss function associated with a particular design objective may be one of

* larger-the-better,

» smaller-the-better or

+ on-target.
The larger-the-better loss function maximizes the value of the design objective, the
smaller-the-better loss function minimizes the value of the design objective and the

on-target loss function aims to keep the value of the design objective at an exact value.
[15]



The Taguchi method has been used successfully for optimization tasks, but a limitation
of the method is that it is most suited to optimizing existing designs instead of creating
new ones. Because the Taguchi method uses statistical methods extensively, applying it
during the conceptual design of a system may be difficult. Other methods must therefore
be applied to arrive at a conceptual design before the Taguchi method can be applied for
optimization.

2.1.5 Design Structure System

Design structure system (DSS) is a tool which can be used to plan the engineering design
process and to represent and analyze dependencies between design variables. In DSS,
dependencies between variables are represented in a square matrix. [42, 65] This is
illustrated in figure 2.5 for a hypotethical battery powered product.

BatteryLife 1 | X
Weight 2 x & X
Size 3 X X
Lifetime 4 X
Usability 5 X X X x &

Meanufacturing Cost 6 X X (X

Figure 2.5. A hypothetical example of a design structure matrix for a battery powered
product.

A mark in a cell in the design structure matrix (DSM) indicates that there is a dependency
between two variables [65]. For example, the marks on row 2 of figure 2.5 indicate that the
variable weight is dependent on the variables battery life and size. The marks in column
2, on the other hand, indicate that the variable weight is a dependency of the variable
usability.

DSS is a flexible tool for representing the structure of systems and the interactions
between system variables. A DSM can represent, for example, product architectures,
organizations or processes. System variables can be, for example, components, people
or activities and interactions can represent interfaces, communications or information
flows respectively. During system design, a DSM can be used to analyze, cluster and
sequence a system. [42]

If a DSM of a system is lower triangular, each variable is only dependent on variables
preceding it in the DSM. Therefore, the values of the variables can be determined in the
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order specified in the DSM. [65] In the DSM of figure 2.5, there is one mark above the
diagonal making the matrix non-triangular. However, by reordering the DSM we can make
it lower triangular. This operation is called sequencing. Reordering the DSM is allowed
as long as the same reordering is applied to its rows and columns [65]. Figure 2.6 shows
the previous DSM with variables 2 and 3 swapped. Now the DSM is lower triangular and
the values of all variables can be determined.

BatteryLife 1 | X
Size 3 X X
Weight 2 X x (X
Lifetime 4 x
Usability 5 X X X x X

MeanufacturingCost 6 X X (X

Figure 2.6. Reordered example of a DSM matrix.

The kind of reordering applied to this DSM is not always possible in the general case
because real-world designs often contain feedback loops called circuits. In case a
design contains circuits, its DSM can be partitioned into smaller blocks and the values of
variables within the blocks can be determined by iteration. [65]

DSM sequencing mostly applies to DSMs which represent system variables that can be
thought to exist in a sequence. However, if a DSM represents a non-orderable structure,
such as a product architecture, clustering is a more useful operation. In clustering, the
DSM rows and columns are ordered so that system variables are grouped into clusters
according to a particular design objective. In practice, clustering is often used to minimize
inter-cluster interactions and maximize intra-cluster interactions to partition a system into
independent modules. [42] Figure 2.7 shows hypothetical DSMs representing product
architectures and their clustering.
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1 2 3 4 5 6 1 2 3 4 6 5
Battery 1 | 30 «x 1 |® | x
PowerSupply 2 | x & | x x X 2 | x [® x  x  x
Display 3 X | x 3 X X x
Processor 4 X x X X 4 X x X0 x
Speaker 5 X x 6 X X | x
Audio Amplifier 6 X X x X 5 x | G
(a) (b)

Figure 2.7. (a) An example of an architectural DSM and (b) a reclustered architectural
DSM where rows 5 and 6 are switched and cluster boundaries are changed in order to
reduce inter-cluster interactions.

In addition to modelling interactions within a single domain, DSS can also be extended to
model interactions between domains using domain mapping matrices (DMM). A domain is
arealm of system variables that form a DSM. Because DSMs can represent different kinds
of systems, different DSM types can be thought to exist in different domains. For example,
an R&D organization and a product architecture can be represented as two DSMs in
different domains. The interactions between variables in different domains can in turn be
represented using DMMs. The DSMs and DMMs of a system can also be combined to
form a larger Multiple-Domain Matrix (MDM) which is a concise way of representing the
intra-domain and inter-domain interactions in a single matrix. [42] The form of such a
matrix is illustrated in figure 2.8.
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1 2 3
User Interface Design 1 | (2 X
Electronics Design 2 X x |

MechanicalDesign 3 [ x x &

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 9 8
User Interface Design 1 | (X X XK X 1| & X XX
Electronics Design 2 [ X X X X X X 2 x  x X X XX
Mechanical Design 3 X X X ox X X 3 X ¥ @] x X
Battery 4 X x X x 4 X x x| x
PowerSupply 5 X x & | x x X 5 X x | & x x  x
Display 6 " " " x| X ox 6 X X " X X x
Processor 7 X X X X X X 7 X X X X
Audio Amplifier 8 | X x 9 X x & | x
Speaker 9 3 X x| x X 8 x | &
(b) (c)

Organizational DSM
Architectural DSM

Organization-Architecture DMM

Figure 2.8. (a) An example of an organizational DSM, (b) an MDM based on the original
architectural DSM from figure 2.7 and (c) an MDM based on the reclustered architectural
DSM from figure 2.7. Combining an organizational DSM and an architectural DSM via a
DMM forms an MDM.

Design structure system brings much needed rigour into parts of the conceptual design
process and offers a concise way of analysing interactions between design variables.
However, it does not guide the designer in selecting the proper design variables in order to
arrive at a satisfying conceptual design. A solution to this problem is offered by axiomatic
design introduced in the next section.

2.1.6 Axiomatic Design

Although the previously discussed methods have successfully formalized parts of the
engineering design process, they all suffer from a major issue in the context of this thesis:
The set of concept designs and judgement criteria is simply expected to exist before
the design process begins. Although these methods provide great ways to select the
best design or optimize a design, they do not even attempt to provide insight into how a
concept design should be devised. Another issue in some of the previously introduced
design frameworks is their apparent lack of formalism. While all frameworks are based on
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rules and guidelines, the origin of these rules is often heuristic which may mean that they
should not be considered the best practice. After all, there is no formal proof that these
methods always result in good designs.

Many people argue that the field of engineering design cannot be adequately described
using formal methods, and therefore using methods based on heuristics or expert
knowledge is the only way forward. As a result, an abundance of formal frameworks for
engineering design is not available. Nevertheless, one proposal of a formalized take
into engineering design is axiomatic design (AD) proposed by Suh [69]. Suh identified
the need for a formal description of engineering design, just as the ones which exist for
other fields of science such as mathematics and physics, and created axiomatic design
in response.

Axiomatic design is based on identifying the needs of customers, formulating functional
requirements based on these needs, creating physical solutions that satisfy the
requirements and coming up with processes to realize the physical solutions. Axiomatic
design uses a domain-based approach where a product design is hierarchically
divided into four domains: The customer domain, functional domain, physical domain
and process domain. These domains consist of customer needs (CN), functional
requirements (FR), design parameters (DP) and process variables (PV) respectively. [67]
What these terms mean is not immediately obvious and they are therefore introduced in
more detail in chapter 3. However, their relation to each other is illustrated in figure 2.9.

Customer Domain Functional Domain Physical Domain Process Domain
Customer Need .+ | Functional Requirement || ! Design Parameter . Process Variable
(CN) i B (FR) : (BP) P (PV)

Constraint
(Cs)
What does the customer need? What design objectives satisfy the What physical properties can realize How are the physical properties

customer needs and constraints? the design objectives? realized?

Figure 2.9. Domain hierarchy in axiomatic design. [67]

Axiomatic design is based on two core axioms: The independence axiom and the
information axiom. The aim of the independence axiom is to ensure each FR can be
satisfied independently of other FRs. The aim of the information axiom, on the other
hand, is to minimize the information content of the system in order to maximize the
probability of creating a system which satisfies its FRs. [67] These are the only pieces of
information taken without proof, and the rest of the framework is built on top. While the
axioms are taken without proof, the beauty of the axiomatic approach is that axioms can
be considered to hold unless a counterexample is found. [69]
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AXIOMATIC DESIGN
| >
—
Identify Formulate || Formulate Create design Select design
Customer »  Functional [ Design > matrices for
Needs Requirements lg&— Parameters development
]

A

Figure 2.10. Axiomatic design process flow. [67]

The flow of the axiomatic design process is illustrated in figure 2.10. The axiomatic
design process begins with identifying customer needs and then proceeds to formulating
a comprehensive set of functional requirements and design parameters to satisfy these
functional requirements. Formulating the FRs and DPs is a zigzagging process between
the functional and physical domains. After a functional requirement is selected for a
particular hierarchical level, the corresponding design parameter must be selected before
considering the lower levels of the hierarchy. This zigzagging must be done because the
selection of higher-level DPs affects the FRs on the lower levels of the hierarchy. [68]
After selecting the FRs and DPs, the independence axiom and the information axiom
must be applied to make sure that the design is not coupled and is robust enough in
terms of the probability of satisfying the FRs of the design. At this point the selected FRs
and DPs can still be changed to remove coupling and improve robustness. As hinted in
the figure, axiomatic design uses matrix methods to describe the relationships between
different domains and as a tool to analyze a design.

A shortcoming of axiomatic design also identified in existing literature is that axiomatic
design only proposes how the functional architecture of a system should be designed
and does not provide information on how the design parameters of a system should be
composed to physical objects to create the design. [47] Other tools must therefore be
used to obtain a physical architecture based on a functional architecture designed with
axiomatic design. The design structure system is one such tool, and its application in
conjunction with axiomatic design is covered in chapter 3.
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2.1.7 Modular Function Deployment

Modular function deployment (MFD) is a holistic, structured system design method

developed in the 1990s for the conceptual design and optimization of modular systems.

MFD places strong emphasis on the business perspectives of design, and is therefore

well suited to practical design problems. The MFD method is composed of a five-step

process: [18, 55]

1.

2.
3.
4.
5.

Clarify customer requirements
Select technical solutions
Generate concepts

Evaluate concepts

Optimize modules

While MFD is a complete framework on its own, it uses other structured design methods

in its different steps:

1.

MFD

Quality function deployment (QFD) is used to capture customer requirements and
map them against product properties in the first step. [18, 55, 22]

A form of functional decomposition, such as axiomatic design, is used to define the
functional requirements and technical solutions of the system in the second step.
Pugh controlled convergence can be used for solution evaluation if needed. [18,
55, 22]

Module drivers are applied to technical solutions in the module indication matrix
(MIM) to impose a company strategy onto the system in the third step. Clustering
the MIM generates module concepts. [18, 55, 22]

Module concepts are evaluated based on their physical interfaces in the fourth step.
[18, 55, 22]

Modules are optimized with design for excellence (DFX) methods in the fifth step.
Aspects such as design for manufacturing (DFM) and design for assembly (DFA)
may be optimized. In this step, specifications for all modules are also created. [18,
55, 22]

can therefore be considered an extension and amalgamation of other design

methods. Because of its holistic nature, it is a good candidate for the design of

practical modular systems. However, in the context of this thesis, the scope of MFD is

unnecessarily large.
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2.2 What is Architecture?

With some of the design methods for engineering design introduced, it is still necessary to
introduce the term architecture. This word is in common use in the engineering discipline,
but just like for the word design, an accurate definition is needed. Following the same
path as previously, the Oxford Dictionary of English [64] defines the word architecture as

1. "the art or practice of designing and constructing buildings" and

2. "the complex or carefully designed structure of something".

In the context of this thesis the former definition can be dismissed, but the latter
one is quite suitable. Architecture is the structure of something. Buede [29] separates
architecture into three different categories: Physical, functional and allocated architecture.
In engineering design, physical architecture describes the physical structure of a system,
the parts comprising the system and the relationships between the parts of the system.
The functional or logical architecture of the system, on the other hand, describes the
functional modules and information flow in the system. These two types of architecture
are distinct from each other, but do not exist in isolation. They must always be developed
side by side to ensure that they fit together seamlessly. In practice these architectures are
hierarchical in nature. The third type of architecture, the allocated architecture, describes
the integration between the requirements of the system, the physical architecture and
the functional architecture. To this end, the allocated architecture describes how the
functional architecture fulfills the requirements of the system by utilizing the physical
architecture and what is the mapping between these two domains.

Less formally, architecture can be understood as a high-level description of a system or a
plan that is created before any detailed design of the physical reality of the system takes
place. The architecture of a system can be used as a planning tool and documentation for
the detailed implementation of the system. After implementation, the system architecture
can be used to document the structure of a system, for example to aid in maintenance
tasks. It is therefore clear that the system architecture is a critical piece of information in
all stages of system design. Nevertheless, creating a well-planned system architecture
is a step in engineering design that is often overlooked, maybe due to hurry, ignorance
or neglect. Especially in complex and large-scale systems, such neglect may lead to
problems later on. Luckily, design methods such as the ones presented earlier can
be used to aid in architectural design of systems. In the field of embedded systems,
architectural design is often the job of system, software and hardware architects who
work in conjunction with other design engineers. This group of people is also the main
audience of this thesis.
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2.2.1 Integrality and Modularity

Product architectures are traditionally categorized into two different types: integral and
modular. Integral architectures are characterized by a high degree of functional and
spatial cohesion which means that changes in one part of a system have many side
effects in other parts of the system. Modular architectures, on the other hand, are
comprised of modules with low spatial cohesion, loose coupling and therefore also a
low degree of functional cohesion. [61, 46, 16]. However, the categorization into integral
and modular architectures is not this clear-cut in reality. Instead, it should be treated as a
spectrum from integral to modular with many variants in between. The measure of where
an architecture lies on the integral-modular spectrum may then be called the modularity
of the architecture.

A modular architecture can also be defined as having a one-to-one mapping between
the elements of its functional and physical domains. This definition also agrees with the
Independence Axiom of axiomatic design, because an architecture with a one-to-one
mapping between its functional and physical domains constitutes an uncoupled design
[46, 67, 11]. In axiomatic design terms, such a design is ideal because it contains
minimal coupling. In other words, such a design may be considered to be completely
modular. A completely integral architecture, on the other hand, is an architecture where
all functionality is accomplised by a single physical module [11].

At this point, it is perhaps important to distinguish between functional and physical
modularity. Because architecture can be divided into separate functional and physical
architectures, modularity should also be handled in a similar manner. This means that the
level of modularity of a design may be different in the functional and physical domains.
Because designs created using axiomatic design must adhere to the Independence
Axiom, functional modularity is always maximized in such designs. Physical modularity,
on the other hand, depends on how design parameters are mapped into physical
realities. Therefore, the physical modularity of a design may be varied quite freely. For
example, a single electrical module may contain multiple design parameters while all
functional requirements must always be independent. In this thesis, when a reference
to the integrality or modularity of an architecture is made without specifying the domain
explicitly, physical modularity is implied.

Integral and modular architectures are characterized by some advantages and
disadvantages which are summarized in table 2.1. A particularly interesting concern is
that there is a distinct lack of methods to determine whether a product should use a
modular or an integral architecture. [46] This issue is approached in the next sections
from a business perspective instead of using purely technical reasoning.
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Table 2.1. Advantages and disadvantages of modular systems compared to integral

systems. [46]

Category

Advantage

Disadvantage

Commonality

Modularity enables greater
product variety through
common components.

Design re-use

Modular designs can
utilize existing components
which may reduce
time-to-market and
increase revenue.

Product modification

Existing modular products
can easily be modified
post-manufacture.

Project management

Design of well-defined and
loosely-coupled modules
is easy to manage in
projects.

Product architecture

Modularity reduces the
complexity of system
architectures.

Assembly and
disassembly

Assembly and
disassembly of modular
products is easier.

Design process

Clear guidelines on
deciding on the degree of
modularity are not readily
available.

Performance

Designers may need to
compromise on
performance due to
commonality between
products.

Mechanical properties

Modular designs tend to
be mechanically larger
and heavier due to more

parts and more interfaces.
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2.2.2 Production Paradigms

In order to serve customers, manufacturing companies must create products which
satisfy customer needs. An obvious way to satisfy customer needs is to produce fully
customized products, that is involve the customer in the design process. This way
of designing products is, however, usually characterized by low production volumes.
Another approach is to figure out a set of product attributes that appeal to a wider group
of possible customers and to make products based on these attributes. While such
products may not satisfy the needs of any particular customer exactly, they may satisfy
the needs of many customers well enough to elicit buying decisions. The target in this
kind of product design is therefore to achieve economy of scale. [20]

According to Hu [49], the manufacturing paradigms of products can be roughly divided
into three categories: mass production, mass customization and personalization
or personalized production. Rincon-Guevara et. al. [16] call the third type mass
individualization or mass personalization. The terms mass production (MP), mass
customization (MC) and mass individualization (MI) are used in this thesis.

Mass production is the production paradigm introduced by Henry Ford for manufacturing
the world’s first mass produced car, the Ford Model T. Mass production is typically
characterized by little customizability in products, large volumes and good productivity.
The ultimate target of mass production is economy of scale, that is reducing cost by
increasing efficiency and production volumes. Nevertheless, mass production may lead
to decreased profits because of issues such as neglected customer needs and quality
issues. [49]

Mass customization was introduced as a response to increased demands for product
variety. In mass customization, the manufacturer of a product defines the product family
architecture (PFA) while the customer is free to select a product within the limits set
by the product family. A PFA defines the common and specialized modules used in
products, and by combining these, high variety can be obtained. [49, 16, 71, 52] Mass
customization is therefore a middle-ground between mass production and completely
customized products. The goal of mass customization is to offer a large variety of products
with efficiency that closely matches that of mass production [24, 70, 10]. This is done by
utilizing economy of scope [49]. Nevertheless, mass customization comes with its own
set of problems. For example, the complexity of manufacturing a product is increased with
high product variety [49]. In addition, properly implementing mass customization requires
wider consideration in company operation and strategy [24]. While mass customization
aims to fulfill customer needs better than mass production, it still does not necessarily
satisfy all customer needs as well as fully customized products [49]. In extreme cases,
too many product variants can even lead to a phenomenon called mass confusion where
too many options deter customers from making purchases [70].
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Mass individualization is the newest production paradigm made possible by advances in
technology. Mass individualization is similar to mass customization in terms of a shared
architecture between products, however in addition to manufacturer-defined modules,
a mass individualized product may also contain personalized modules at least partly
designed by the customer. This enables the product to suit the customer’s needs more
accurately. A mass individualized product is characterized by an open architecture with
a set of common modules included in all products and a set of customized and fully
personalized modules added on top. Mass individualization brings in more challenges
compared to mass customization because now the customer is also a designer with
possibly little experience in practical product design. In addition to design challenges,
mass individualization also requires flexible manufacturing systems which are able to
produce the personalized modules. [49, 16]

The integral-modular and MP-MC-MI spectra provide two different views into product
architecting. The integral-modular spectrum is mostly defined in the technological
domain, while the MP-MC-MI spectrum is mostly defined in the business and production
domains. Nevertheless, there clearly exists a mapping between these spectra: A specific
product architecture is inherently suited to a specific production paradigm. It is clear that
a product with a very integral physical architecture cannot be easily modified according
to a customer’s specific requirements unless the design is based on customer input
from the beginning. On the other hand, modules of a modular physical architecture can
potentially be reordered and combined in new ways to arrive at a completely new product
variant without redesigning the modules themselves. According to a taxonomy proposed
by Rincon-Guevara et. al. [16], an integral product architecture always leads to a product
that’s suitable for mass production. A product with a modular architecture, on the other
hand, always leads to a product that’s suitable for either mass customization or mass
individualization.

Because the modularity and production paradigm of a product are inherentely related to
each other, product architectures should be designed such that they are compatible with
the chosen production paradigm from the beginning. The choice of production paradigm,
on the other hand, is largely a business decision affected by factors such as market
demands, customer value creation and shareholder value creation [49].

2.2.3 Product Families, Platforms and Family Architectures

A product family can be defined as a set of products which share common technology and
functionality. A product platform, on the other hand, is the technological basis and physical
implementation on which a product family is built. A product platform is described by a
product family architecture which describes the structure of products and commonality
between product variants. [52] As discussed in section 2.2.2, the concept of product
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family architecture is especially important in a mass customization context because it
enables customization, variety and commonality between different products of the same
family.

Design for mass production has been the traditional way to design products, but if an
organization aims to use a mass customization strategy instead, a product family and
platform based approach should be used. This also means that instead of developing
individual product architectures, the organization should aim to develop a product family
architecture which encompasses all products sharing a common technology basis.
This way economies of scale and scope can be achieved. [52] While a product family
architecture is by nature more complex than the architecture of a single product, similar
design methods can be used for its design. For example, Tseng and Jiao propose a
design method based on axiomatic design [71]. A product family can also be considered
a large flexible system as described by Suh [67], because a platform implies constant
reconfiguration of products as a function of time and according to different customer
needs. Design of time-variant architectures and PFAs using axiomatic design is covered
in chapter 3.3.

2.3 Conclusions of the Literature Review

In this chapter, the concepts of engineering design and product architecture were
introduced along with the basic principles governing the process of successful product
design. Various design methods were also introduced and compared in order to give
practical examples of how a design process may be organized. The set of introduced
design methods is by no means a complete list. Many other methods exist, but the
covered methods were chosen due to their widespread occurrence in existing literature.

Of the introduced design methods, axiomatic design was determined to be the most
complete framework for designing new product architectures. While the other design
methods are also good tools for multiple-criteria decision-making, product optimization
and product structure analysis, axiomatic design additionally offers insight into how
the architecture of a product should be designed beginning from customer needs and
functional requirements. This way axiomatic design guides the design process from start
to finish in order to arrive at a satisfying design solution. However, even axiomatic design
is not a complete solution because it mostly gives guidance for designing the functional
architecture of a product. The physical architecture must therefore be designed by other
means while still keeping the axioms of axiomatic design in mind. To this end, design
structure system may be used. How axiomatic design can be applied in conjunction with
design structure system is covered in chapter 3.
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3. AXIOMATIC DESIGN AND DESIGN STRUCTURE
SYSTEM

In this chapter, a complete design flow incorporating axiomatic design and design
structure system is introduced. Additionally, a method for optimizing the physical
architecture of a design is developed. Because axiomatic design is often introduced in
existing literature on a rather theoretical level, the approach taken in this thesis is more
pragmatic in order to give the reader a good understanding of the framework. To this end,
the chapter begins with an introduction to the theoretical basis of axiomatic design and
steadily progresses towards a complete design flow which may be applied in practice.

3.1 Theoretical Basis of Axiomatic Design

Axiomatic design begins the conceptual design process by identifying what a customer
needs which is nothing out of the ordinary for any design process. Customer needs are
defined in the customer domain.

Definition 1 Customer Need, CN
A customer need (CN) is a need which a customer wants satisfied. A CN describes
what a customer is seeking in a product. [27] For example, a CN for a battery-powered

device could be long battery life.

Because customer needs may be somewhat vague or unspecific, they must be turned
into a more exact specification of what is required from the design. In axiomatic design,
such a specification is called a set of functional requirements in the functional domain.

Definition 2 Functional Requirement, FR
A functional requirement (FR) is a characterization of a single design goal based on a
CN. The set of FRs used in an axiomatic design process must be the minimum set of
independent functional requirements that completely characterizes all of the intended
design goals. [67, 27] For example, an FR for the battery powered device could be a

large enough battery capacity.

In addition to functional requirements, a design process usually has to deal with
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requirements that do not originate from the customer, but are nevertheless limitations
that affect the conceptual design. In axiomatic design, such limitations are called
constraints (CS).

Definition 3 Constraint, CS
A constraint (CS) is an external limitation imposed on a design. A CS is something
which must be included in the set of functional requirements, but which is not explicitly

required by the customer.

After the requirements of the design are well specified, the next task is to figure out how
these requirements can be fulfilled. Because fulfilling the requirements deals with the
physical reality of a design, it is linked to the physical domain where design parameters
are defined.

Definition 4 Design Parameter, DP
A design parameter (DP) is a physical variable related to a design [67, 27].
For example, a DP for the battery-powered device could be the battery capacity

specification in watt-hours.

The last part of any design process is to figure out how the physical realities of a design
can be produced. In axiomatic design, this is linked to the process domain where process
variables are defined.

Definition 5 Process Variable, PV
A process variable (PV) is a process which can generate a DP [67, 27]. For example,
a PV for the battery-powered device could be the resources needed to obtain the
battery.

The different domains used in axiomatic design are organized into a hierarchy as
previously illustrated in figure 2.9. The CNs, FRs, DPs and PVs are inherently related to
each other. FRs describe how CNs are achieved, DPs describe how FRs are achieved
and PVs describe how DPs are achieved. By beginning the design process by analyzing
what the customer needs and then moving between the different design domains, a
designer can create a design which satisfies the original needs. The CNs, FRs, DPs and
PVs of a particular product are also organized in a hierarchical manner. For example,
the top-level FRs are decomposed onto lower levels of the hierarchy until they cannot
be decomposed any further. Such a hierarchical representation is in fact also one
representation of the system architecture. [67]

Axiomatic design uses matrix methods to analyze the relationships between different
domains. For example, FRs and DPs are related to each other by the design equation
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FR = A -DP, (3.1)

where FR is a vector of functional requirements, A is a design matrix and DP is a vector
of design parameters. [67] A similar transformation can also be formulated between other
successive domains.

3.1.1 The Independence Axiom

As indicated by its name, axiomatic design is based on two core axioms. The first one is
the independence axiom which ensures all FRs can be satisfied independently of each
other. [67]

Axiom 1 The Independence Axiom
The independence of the functional requirements of a design must be maintained. [67]

In practice, the independence axiom is applied when creating the design matrix A,
because the FRs of a design are independent when the design matrix is either diagonal
or triangular. [67] Selecting the proper design matrix is therefore a crucial step in applying
axiomatic design. The elements of the matrix can be constants or functions of DPs, but
in practice, during conceptual design phases, the elements are often simply marked with
X or 0 symbols to indicate relationships between FRs and DPs on a conceptual level.

For example, assuming three FRs and three DPs, the matrix

X X X
Acoupled = |0 X X (3.2)
X X 0

is an example of an unsatisfactory design. Substituting it into equation 3.1 gives

FR, X1 X2 Xi3| |DPy X11DP1+ X19DPy + X13DP3
FRy| = | 0 Xop Xog| |DP2| = XogDPy + Xo3DP3 . (3.3)
FRs X3 X3 0 DPs X31DPq + X33DP,

We can see that all FRs depend on multiple DPs which means that changing one DP
affects multiple FRs and therefore the independence axiom is violated. A design with a
design matrix that is neither diagonal nor triangular is called a coupled design.
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Definition 6 Coupled Design
A coupled design is a design whose design matrix is neither diagonal nor triangular.
Such a design is not satisfactory because it violates the independence axiom, ie. FRs
cannot be satisfied independently. [67]

The matrix

X 0 0
Auncoupled =10 X O (34)
0 0 X

is an example of a design with a diagonal design matrix. Substituting it into equation 3.1
gives

FRy X1 0 0 DP, X11DPq
FRy| =1 0 Xo 0 DPy| = | X99DP5 | - (3.5)
FRs 0 0 Xs3| |DP3 X33DP3

It is clear that in this case, each FR is satisfied by exactly one DP. This design does

not violate the independence axiom and may therefore be satisfactory. A design with a
diagonal design matrix is called an uncoupled design.

Definition 7 Uncoupled Design
An uncoupled design is a design whose design matrix is diagonal. Such a design may
be satisfactory because each FR can be satisfied independently of others. [67]

The matrix

X 0 0
Adecoupled =1X X 0 (36)
0 X X

is an example of a design with a triangular design matrix. In this case, the design equation
3.1 gives
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FR, X1 0 0 DP, XuDP,
FRy| = [ X1 X9 O DPy| = | X901 DP1 + X992 DPo | - (3.7)
FRs 0 Xz Xs3| |DPs X39DPy + X33 DPs

The functional requirements FR, ... F'R3 depend on multiple DPs. However, as long as
the values for the DPs are determined in order from first to last, the FRs can be satisfied.
The design does not violate the independence axiom and may therefore be satisfactory.
A design with a triangular design matrix is called a decoupled design.

Definition 8 Decoupled Design
A decoupled design is a design whose design matrix is triangular. Such a design may
be satisfactory because the FRs can be satisfied if the DPs are changed in the correct
order. [67]

What if the design matrix is not square? If the number of FRs is greater than the number
of DPs, the design is coupled or some FRs are not satisfied. If the number of DPs is
greater than the number of FRs, the design is coupled or there are redundant DPs. [67]
The designer should therefore always try to arrive at a square design matrix where the
number of FRs and DPs is equal, and ideally try to make the design matrix diagonal.

3.1.2 The Information Axiom

The second axiom used in axiomatic design is the information axiom which aims to
minimize the total information content of the design, where information is defined in
the information theoretical sense. The information content I of an FR depends on the
probability p of satisfying the FR: [67]

I = —logs(p). (3.8)

This definition of information also agrees with Shannon’s [63] famous definition of
information content and entropy. By minimizing the information content of a design, the
probability of satisfying the FRs of the design is maximized.

Axiom 2 The Information Axiom
The information content of a design must be minimized. [67]

It can be shown that the information content of a system can be minimized by minimizing
the information content of the lowest-level FRs in the FR hierarchy. This means that
in order to satisfy the information axiom, the designer should make the probability of
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satisfying each lowest-level FR equal to one. [67] In practice, the information axiom is not
widely used during conceptual design because calculating the probabilities associated
with functional requirements may be extremely difficult when accurate design choices
have not been made yet. It is therefore simpler to only apply the independence axiom
during conceptual design.

3.2 Integration Analysis

The independence axiom of axiomatic design imposes a structure on the architecture
of a system in the functional domain by mandating that functional requirements be
independent. If the functional requirements of a system are not independent, they can
be made independent by selecting new functional requirements. The information axiom,
on the other hand, mandates that the information content of a system be minimized to
maximize the probability of satisfying FRs. Even if the information content of a system is
minimized on the module-level, assembling modules together may increase information.
[67] A consequence of the information axiom is therefore that the information that results
from assembling modules together should also be minimized. This is not an issue in the
functional domain, because in the functional domain the interactions between modules
are somewhat idealistic in nature and assembling functional modules together does not
introduce additional uncertainty. This is not the case in the physical domain, however.
Physical modules assembled into a system may have, for example, functional, spatial or
information flow interactions. The information axiom therefore also imposes a structure
on the system architecture in the physical domain by mandating that the physical
architecture be designed such that its information content is minimized. However,
axiomatic design does not give concrete methods for devising a physical architecture that
satisfies this goal. This limitation of axiomatic design has also been identified in existing
research [48, 7].

An obvious way to design a physical architecture based on a modular functional
architecture is to use a one-to-one mapping between the functional and physical
domains, but this may result in suboptimal results due to a large number of interfaces,
increased complexity and increased physical size [46]. A better way to arrive at a modular
physical architecture is therefore needed. If we consider a design where all functionality
is accomplised by a single module to be the least modular and a design resulting from
a one-to-one mapping between the functional and physical domains to be the most
modular [11], the task is to move a modular architecture towards the integral end of the
integral-modular spectrum. This is called integration analysis [66]. While the target of
integration analysis is to make a system more integral, this is does not directly contradict
the goals of axiomatic design which embraces modularity. The information axiom of
axiomatic design states that the information content of a system should be minimized,
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and integration analysis aligns with this goal: A system with less interaction between
physical modules contains less information.

According to the independence axiom, the elements of the functional architecture of
a design, the functional requirements, must always be independent [67]. Therefore,
a completely modular design with a one-to-one mapping between its functional and
physical architectures should not be made less modular by introducing coupling in the
functional domain because it may make the design unsatisfactory. Instead, coupling
should be increased in the physical domain, that is the one-to-one mapping should be
converted into a many-to-one mapping. In practice, this means that multiple design
parameters are combined into a single physical module. This is also allowed by the
independence axiom which only mandates the independence of functional requirements
and not design parameters. Therefore, axiomatic design only enforces a high level
of functional modularity but it does not impose restrictions on the level of physical
modularity.

Design structure matrices are commonly used for integration analysis. DSMs have
been used, for example, by Stiassnie and Shpitalni [66], Hong and Park [48], Cheng
and Chen [32] and Tang et. al. [7] to derive a modular physical architecture from a
modular functional architecture conceptualized using axiomatic design. In their research,
axiomatic design was used to arrive at a set of design matrices which were converted
into DSMs. The DSMs were clustered using either visual inspection or by specialized
clustering algorithms for more complex designs [66]. The ultimate objective of DSM
clustering was to minimize interactions between different clusters which represent
different modules in the physical architecture. Hong and Park [47] also suggested an
alternative integrated approach, where DSM decomposition and the independence
axiom of axiomatic design were applied iteratively to arrive at optimized functional and
physical architectures in a single design process. This approach was inverted compared
to the others in the sense that DSM decomposition was used first and axiomatic
design principles were applied afterwards to check whether the functional independence
requirements of axiomatic design were satisfied.

The aforementioned approaches for integration analysis differ mainly by their method of
creating the DSM based on the conceptual design created with axiomatic design. The
methods are compared in table 3.1
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Table 3.1. DM to DSM transformation according to existing literature.

# | Reference | Description Analysis

1 [66] Analyze spatial, process, Holistic analysis based on all
material, information and energy | interaction types.
interactions between DPs
graphically. Create DSMs for all
interaction types based on

analysis.

2 [48] Analyze functional relationships | A simple method but only takes
between DPs from the function functional interactions into
structure of the conceptual account. This shortcoming is
design. also demonstrated in the

publication.

3 [32] Use a mathematical A mathematically rigorous
transformation to convert a DM approach.
into a DSM.

4 [7] Use a mathematical A mathematically rigorous

transformation to convert a DM approach.
into a DSM.

In table 3.1, approaches 1 and 2 are based on analyzing the interactions between DPs
based on knowledge about the DPs. Approach 1 can be treated as an extension of
approach 2 because in addition to functional interactions, it also takes into account other
types of interactions. Approaches 3 and 4 are based on transforming the design matrices
of axiomatic design into DSMs using a mathematical transformation which appears to be
very similar in both cases. Any of these methods could be used to create DSMs, but a
method similar to approaches 1 and 2 is used in this thesis.

3.3 Time-variant and Configurable Architectures

Product architectures can be time-variant and configurable. For example, product
upgrades or product configuration may cause changes in a product architecture so that
FRs of a new product architecture differ from the FRs of an older one. However, changing
the FRs of an existing design has a large risk of introducing coupling into the design or
making it unsatisfactory. Provided that the original design is not coupled, modifying the
set of FRs of a design may be divided into three cases: [69]

Add FR: Adding an FR either introduces coupling or leaves the added FR
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unsatisfied. To fix this, a new DP must also be added. Adding a new DP may
introduce coupling unless the added DP only affects the newly added FR.

Remove FR: Removing an FR makes a design redundant, ie. there are more DPs
than FRs. Unless redundancy is of use in the application, extra DPs may add
unnecessary materials and cost to the design.

Change FR: Changing an FR may leave FRs of the design unsatisfied, although in
some special cases the new set of FRs may be satisfied by the old set of DPs.

It can be concluded that modifying the FRs of an existing design is not a straightforward
task in the general case. It is therefore often easier to redesign the entire FR-DP-PV
hierarchy than try to modify an existing one to remove coupling [69, 67]. If modifying an
existing design is necessary, it is easiest to add an FR-DP pair where the newly added
DP only affects the newly added FR, because such an addition cannot introduce coupling
into the system. The second type of modification, ie. removing FRs, is also interesting.
Provided that the original design is uncoupled or decoupled, removing an FR from the
design cannot introduce new coupling because the independence axiom guarantees
independence of FRs. However, removing an FR means that now the design contains
more DPs than FRs, ie. it contains redundancy. Physically, having redundant DPs means
that the design may contain, for example, unnecessary physical components. In order
to optimize aspects such as material usage and cost, such DPs should be eliminated.
This can only be done if the redundant DP does not affect any of the remaining FRs.
Considering that a satisfactory design is either uncoupled, ie. its design matrix is the
identity matrix, or decoupled, ie. its design matrix is triangular, this problem can be divided
into two cases.

Uncoupled Case: Any unused DP can be removed, because a single DP only
affects a single FR.

Decoupled Case: In the general case, redundant DPs must be removed in the
reverse-order indicated by the design matrix. In special cases where a DP does not
affect any FRs, it may be removed regardless of order.

The first case is self-explanatory. However, consider a decoupled design

FR, X 0 0 0 DP,
FR, _ Xop Xoo 0 0 DPs 3.9)
FR3 X311 X3z X33 0 DP3
| FRy | | Xt Xgp Xyz Xug| | DPy]

If we remove F'R,, we get the design equation



31

DP,
FR, X1 0 0 0
DP,
FRy| = | Xo1 Xos 0 0 : (3.10)
DPs
FRs X311 X3 X33 0
DP,

It can be seen that DP, does not affect any FR and can be removed. However, if we
remove F'R, instead, we get the design equation

DP,
FR, X; 0 0 0
DP,
FRy| = [ X9y Xoo O 0 . (8.11)
DPs
FR4 X41 X42 X43 X44
DP,

Unless X3 is zero, we cannot remove DP3 from the design. We also cannot remove DP 4
because X4 cannot be zero. Otherwise the original design would have been coupled.
Therefore, the design cannot be made non-redundant unless FR, is also removed.

FR removal is related to creating product variants by product configuration from a
common product family architecture. Product variants are effectively created by removing
unnecessary FRs from a complete product family architecture instead of adding new FRs
to an existing architecture. In order to optimize the design, unused DPs should also be
eliminated after FR removal. According to the earlier reasoning, removal of unused DPs
can be done even without redesigning the entire FR-DP-PV hierarchy.

Removing FRs and unused DPs from a design is theoretically simple. However, taking
into account the integration applied onto the physical architecture, such arbitrary removal
of FRs and DPs is not always possible. In a physical architecture which is not completely
modular, a single physical module may contain multiple DPs which means the module
can only be removed if all of its DPs are unused. Otherwise, the physical module must
be assembled into the final product even if some unused DPs remain. It is therefore
crucial to consider the product variant portfolio early when deciding how integral a physical
architecture is made.

3.4 Designing Module Interfaces

In the context of modular system design, another type of FR-DP modification is also of
particular interest: Adding interfaces between physical modules. Obviously, interfaces are
an integral part of the system architecture and should therefore be represented by FRs
and DPs just like the rest of the system. However, specifying interfacial FRs and DPs



32

early in the design may lock the design to a particular module division prematurely before
proper integration analysis is done. Therefore, it is better to leave out the exact interface
definitions in early design stages. However, the question is, can interface additions cause
coupling in the design? Let’s model an interface between two physical modules as a
bidirectional interface consisting of two FR-DP pairs, one output pair and one input pair.
In the worst case, all existing FRs of the design depend on the input interface DP and the
output interface FR depends on all existing DPs of the design. This can also be expressed
as the design equation

FRi, Xowm 0 ... 0 0 DPy,
FR, Xigm Xiq ... 0 0 pp,

=1 S : L. (3.12)
FRy Xxam Xni ... Xyny O DPy
FRow| | Xowin Xows --- Xowz Xowour| |DPout

It is clear that even in the worst case, the design stays decoupled even if interfaces are
added, provided that the original design was uncoupled or decoupled to begin with. It is
therefore acceptable to leave out interfacial FR-DP pairs from the initial design and add
them after integration analysis.

3.5 Domain Based Product Configuration

According to axiomatic design, the design matrix A is a transformation from DPs to FRs.
In early stages of design, A often refers to a design matrix related to a single parent
FR. However, we can also construct a composite design matrix which includes all FRs
and DPs of the entire design. Only the leaf nodes of the FR-DP hierarchy need to be
considered in the composite design matrix because only such nodes appear in the design
explicitly [67]. Higher-level nodes are obtained as combinations of lower-level nodes. The
composite design matrix is useful because it can be used to analyze and optimize the
complete system instead of working only on a single hierarchical level.
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DP1 DP2 DP3
DP21 DP22
DP221

DP11
DP12
DP13
DP211
DP212
DP213
DP214
DP2211
DP2212
DP2213
DP222
DP223
DP31
DP32
DP33
DP34
DP35

FR11
FR12
FR13
FR211
FR212
FR213
FR214
FR2211
FR2212
FR2213
FR222
FR223
FR31
FR32
FR33
FR34
FR35

FR1

FR21

FR2

FR221

FR22

FR3

Figure 3.1. An example of the form of a composite DM.

FRs can only depend on DPs on the same hierarchical level which is depicted by the
larger off-diagonal cells in the composite DM. Design matrices related to leaf nodes are
located on the diagonal.

During product configuration, we are initially interested in the mapping between product
variants and FRs, ie. what features are included in product variants. To this end, let's
introduce a new binary product configuration matrix C which is a transformation from the
functional domain to a new product family domain. Let V be a product variant vector in
the product family domain. V can now be expressed as

V =C-FR. (3.13)

Substituting equation 3.1 gives

V=C A -DP. (3.14)

The matrix CA is a transformation from the physical domain to the product family domain,
ie. it describes which DPs are included in which product variants. This matrix can be
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called the product assembly matrix, because it effectively indicates which DPs must be
assembled in the final product based on its set of FRs. Each non-zero cell of CA indicates
that a DP is in some way included in a variant. The importance of this matrix is discussed
more in section 3.6. It is evident that the transformation matrices A and C are effectively
DMMs as defined by DSS. Therefore, we can also represent a product family as an MDM
by relating the DSMs of the system via the matrices A and C. In order to construct the
MDM, some auxiliary matrices are introduced next.

Let P be a W x W binary DSM describing the 1/ product variants included in a product
family. This matrix can be called a product variant matrix. The interactions between
product variants could be used to analyze, for example, product subgroups within the
product family. However, in this case, let's assume the matrix P is an identity matrix.

Let F be a N x N binary DSM describing the N FRs of a product platform. By the
independence axiom, this matrix must always be an identity matrix because FRs must be
independent.

Let D be a N x N binary DSM describing the N DPs of a product platform designed
for the product family. The interactions between DPs may describe, for example, energy
flows, information flows, spatial proximity or mechanical interfaces among other aspects.

During product family planning, the FRs included in product variants are selected on the
columns of C by marking ones for used FRs and zeros or empty spaces for unused FRs.
The form of a product configuration matrix is illustrated in figure 3.2.

o o Z =

(3 3 (-4 o

(' L. L L

Variant 1 1 1 1 1
1 . 1

Variant W 1 1

Figure 3.2. An example of a product configuration matrix which maps N functional
requirements into W product variants.

Once the DMM is filled according to the required product portfolio, an MDM is created by
placing P, F and D on the diagonal of a new matrix and connecting them with C and A
on the off-diagonal positions. The form of the MDM matrix is illustrated in figure 3.3.
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P C CA
cT F A
(cA)T AT D

Figure 3.3. The form of a product family MDM which is a block matrix consisting of DSMs
and DMMs.

The methods introduced in this section can be used during integration analysis to optimize
the design for design objectives such as:

1. Optimal clustering based on criteria such as minimum inter-cluster interactions and
maximum intra-cluster interactions.

2. Maximum utilization of DPs within physical modules across all product variants.
This design objective is elaborated in section 3.6.

3. Cost optimization based on maximum utilization of DPs within physical modules.
This design objective is elaborated in chapter 4.

3.6 Cluster Utilization

The product assembly matrix can be used to analyze the cluster utilization of a physical
architecture in terms of the amount of used and unused DPs per cluster, ie. physical
module. Suppose a design is clustered into K clusters and the cluster boundaries are
defined as ordered pairs of the form

where a; is the index of the first DP included in cluster ¢ and b; is the index of the last
DP included in cluster 7. While clustering is originally performed on the binary design
parameter DSM D introduced in section 3.3, it is illustrated in terms of the matrix CA in
figure 3.4.
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Variant1 | X X EX X X EX EX X
Variant2 | X X i X X i X i X
Variant3 | X X X i X X X i X Xi X
Variant4 | X X Xi X X EX Xi X X
Variant5 | X EX X X X i X EX X X X
Variant6 | X X i X X X i X i X

Figure 3.4. An example of cluster boundaries in a product assembly matrix CA.

The cluster utilization of cluster 7 in product variant v can be defined as

num. of used DPsini Zfi:ai|sgn ([CAL,)I (3.16)

mi(v) = num. of total DPsini b —a; +1 ’

where sgn(z) is the sign function

-1, =<0, 0 0
bl x = )
sgn(z) =<0, x=0, = [sgn(z)= (8.17)
1, otherwise.
1, x>0

Because the dependency between a product variant and a DP can be a non-binary value,
the absolute value of the sign function is used to convert the factors in CA into binary
values before summation. The cluster utilizations of a product family can be expressed

as a cluster utilization matrix

m(l) ... k(1)
H=| + - | (3.18)

mW) ... nx(W)

This can also be converted into a binary cluster utilization matrix
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sgn(m (1))} ... |sgn(nk(1))]
Hp = ; 5 (3.19)

sen(mW)] .. [sgn(nx(W))|

which can be used to analyze which physical modules of a product platform must be
assembled into a product variant. The binary cluster utilization matrix is used in chapter
4 for modelling the cost-effects of product variants.

The average cluster utilizations across all product variants can be written in vector form
as

H=1"H - diag' (1THp), (3.20)

where 1 is a column vector of ones, 17 is its transpose and diag™ (X) denotes the inverse
of a matrix whose diagonal elements are the elements of vector X. The matrix diag(X)
is invertible if and only if det (diag [X]) # 0. The determinant of a diagonal matrix is the
product of its diagonal elements. Therefore,

K
det (dlag 1THB H 1THB (3.21)
=1

The product is zero if and only if at least one element of the vector 1THp is zero, ie. a
sum of a column of Hg is zero. A sum of a column of Hg is zero precisely when the
corresponding cluster is completely unused in all product variants. Therefore, assuming
that a design does not contain unused clusters, the average cluster utilization vector H
always exists.

The values of H only take into account product variants in which the cluster is utilized, ie.
product variants which do not utilize a particular cluster do not affect the average cluster
utilization for that cluster. Analyzing H further yields two cases:

(@ H;=1 < n(v) €{0,1}Vo=1...W,
(b) otherwise H; €0, 1].

A value of H; = 1 is the ideal case, because it indicates the capabilities of the cluster are
utilized to its fullest across all product variants. A value of H; € ]0, 1] indicates that the
level of clustering lies somewhere between poor and ideal with values closer to 0 being
poorer and values closer to 1 being more ideal. A value approaching zero indicates the
cluster is not utilized in any product variant. This may mean that the cluster is redundant
and should be removed or it may mean that the cluster is not used in the current set of
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product variants but is reserved for future use. However, it is important to note that adding
new product variants after the physical architecture clustering is decided may lead to a
suboptimal cluster utilization for new variants because clustering cannot be changed after
the fact.

Cluster utilization can be used as an optimization target during integration analysis. The
cluster utilization of each physical module should be optimized to be as close to unity as
possible. The closer the utilizations are to unity, the better is the DP utilization in each
physical module. An optimised cluster utilization also translates to reduced cost, because
product variants include fewer unused DPs in an optimized design.

3.7 A Practical Integrated Design Flow

In practice, axiomatic design is often implemented only partially because during
conceptual design, there is little information available to support the design process. A
good example of this is the convention of marking FR-DP interactions with X symbols
instead of mathematical functions and only applying the independence axiom instead of
applying the information axiom aswell. A practical high-level design flow incorporating
axiomatic design and design structure system may be outlined as follows:
1. Collect customer needs from the customer and identify constraints.
. ldentify top-level functional requirements based on customer needs.

2
3. Select top-level design parameters which satisfy top-level functional requirements.
4

. Move onto the next lower hierarchical level. @ Decompose each functional
requirement on the parent hierarchical level into new functional requirements.

5. Select design parameters which satisfy the set of functional requirements on the
current hierarchical level.

6. If the last hierarchical level has been reached, go to step 7. Otherwise go to step 4.
7. Compose design matrices for all hierarchical levels.

8. Verify that all design matrices are uncoupled or decoupled. If not, revise functional
requirements and design parameters starting from step 2.

9. Compose a product portfolio and define product variants using the product
configuration matrix introduced in section 3.3.

10. Create a composite design matrix which covers all individual design matrices.

11. Compose a binary design structure matrix which describes interactions between
design parameters.

12. Cluster the DSM by visual inspection or by applying a clustering algorithm.

(a) Optimize inter-cluster and intra-cluster interactions.
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(b) Optimize cluster utilization based on the novel method from section 3.3.
(c) Optimize variant costs based on the novel method from chapter 4.

13. Verify feasibility of physical modules. If some modules are not feasible, go to step
11 and revise the design structure matrix.

14. Begin detailed design of modules based on the designed functional and physical
architectures.

This combination of axiomatic design for conceptual design and design structure system
for integration analysis is applied in chapter 6 to design an exemplary system architecture
for a public EV charging system platform.

3.8 On Design Framework Selection

The selection of design framework for this thesis was based on a set of requirements
which were chosen to help in answering the research questions declared in chapter 1.
The requirements were formulated as a set of four criteria: The selected framework must

(a) have a sound, non-heuristic theoretical basis,

(b) provide a mathematical formulation of the design problem,

(c) provide a convenient basis for measuring the level of modularity of a design and

(d) provide clear, non-ambiguous laws governing the creation of satisfactory designs.
Based on these requirements, axiomatic design was selected because it

(a) is based on design axioms,
(b) uses a mathematical mapping process to describe a design problem,
(c) formulates a structure which can be used as a basis to measure modularity and

(d) provides design axioms and corollaries which can be considered the laws of design.

Additionally, it was concluded that axiomatic design combined with design structure
system for integration analysis represents one of the most complete and rigorous design
frameworks for engineering design. In particular, axiomatic design is also well suited for
designing embedded systems.

Even with its theoretical and mathematical rigor, researchers have identified possible
issues with axiomatic design. For example, the axioms of axiomatic design may impose a
preference structure on the designer [58]. As discussed in section 3.2, axiomatic design
may also result in overly complex or mechanically large designs in some cases. However,
in order to refute the logic used in axiomatic design, a counterexample disproving one
or both axioms would be needed. While examples validating the axioms are numerous,
counterexamples have not been found. [69, 59]
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4. MODELLING THE COST-EFFECTS OF MODULAR
ARCHITECTURES

As discussed in chapter 2, the target of designing modular architectures is to enable
mass customization or mass individualization which in turn enable large variety with
good efficiency. A major factor in reaching the efficiency improvements offered by mass
customization or mass individualization is the choice of modularity level. As discussed in
chapter 3, the naive way to design an architecture is to make it as modular as possible
using a one-to-one mapping between the functional and physical domains. In this case, it
may be detrimental or even impossible to try to make the architecture even more modular.
On the other hand, it may be reasonable to make the architecture more integral if it
enables cost optimization. Therefore, modularity versus cost is an important factor when
designing architectures. Another situation in which analyzing the modularity versus cost
of an architecture may be of interest is when trying to determine whether an existing
product should be made more modular. In this case, the modularity and cost structure of
the product are already known and the effects of varying its modularity may be studied. In
this chapter, a novel mathematical model for describing the production costs of modular
products is introduced. The model is also used as the basis for a cost-analysis method
for assessing the cost-effects of varying the level of product modularity.

4.1 Qualitative Model

Traditionally, the cost structure of a product depends on production volume and it
contains two types of costs. Variable costs depend on the number of units manufactured
whereas fixed costs are independent of the number of units manufactured. When
analyzing product architectures, modularity must also be taken into account. This can be
done by considering that some costs are dependent on modularity while other costs are
independent of modularity. The total cost is then a function of both volume and modularity.
[11] If we assume that modularity and volume are independent, we can focus only on the
cost versus modularity dimension. This is a simplification, of course, because changing
product modularity may indirectly affect production volumes aswell. Nevertheless, this is
a reasonable assumption when only studying the effects of modularity in isolation.
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Although modular architectures are considered advantageous in the industry, there is little
research on the cost-effects of modularization. [13] Existing research mostly concludes
that the extremes of the integral-modular spectrum are detrimental in terms of cost and
that there is an optimum degree of modularity somewhere in between which results in
a U-shaped cost versus modularity graph [23]. Highly integrated products tend to be
unsuitable for high variety because oversized modules may contain unused features
in some product variants. Highly modular products, on the other hand, may contain
unnecessary parts which increase development and assembly costs. [13, 10]

Skirde et. al. [11] propose a method for analyzing the cost-effects of modularization
by determining current product modularity and cost structure and estimating the cost
structure of different modularity levels by extrapolating from available data. Hohnen
et. al. [23] propose an indirect method for analyzing the manufacturing cost-effects of
modularization. Their method is based on identifying modularity-dependent intermediate
variables and then identifying the relationships between the intermediate variables and
manufacturing costs to arrive at the total cost-effects. The two presented approaches are
similar, but inverted in the sense that Skirde et. al. begin by identifying the parts of an
existing cost structure, whereas Hohnen et. al. begin by identifying variables which affect
the cost structure in order to describe the cost structure mathematically. The former
method is therefore better suited for situations where a product already exists and the
cost-effects of changing its modularity are of interest. The latter method is better suited
for situations where a completely new product is being designed and its cost-structure
is not known a priori. An apparent problem of the approach of Hohnen et. al. is that it
may be difficult to identify the intermediate variables affecting costs without knowing what
the elements of the total cost-structure of a product are first. However, neither of these
methods are completely satisfactory because they are based on estimating an unknown
cost by making assumptions about its relationship to the level of modularity.

The issue of cost versus modularity can also be approached by way of comparison.
Let’s compare a completely integral product | to a completely modular product M. The
physical architecture of product | is characterized by a large main module performing
all functionality whereas product M contains multiple smaller modules which together
perform the same functionality as the main module of product I. To aid in analysis, the
term design parameter as defined by axiomatic design is used. A design parameter of a
product is a physical attribute which exists in the product to satisfy a particular functional
requirement. Design parameters may sometimes correspond to physical modules, but not
necessarily. The difference between them is that physical modules are joined together by
well-defined interfaces, whereas design parameters are simply attributes of the product
combined in one way or another. A completely integral product therefore consists of a set
of design parameters contained in one module, whereas a completely modular product
contains one physical module per design parameter.
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It is reasonable to assume that the design parameters of | are the same as those of M,
excluding design parameters related to interface implementation, because both products
share the same core functionality and therefore require similar design parameters. The
difference between the products | and M is therefore only in interface implementation
details. A key thing to note is that two design parameters which satisfy a shared functional
requirement always include an interface between the design parameters, because they
must be combined in one way or another to arrive at the functional requirement. In an
integral product, this interface may not be clearly separable from the design parameters
themselves. In a modular product, on the other hand, interfaces are visible between
design parameters located in different physical modules but not necessarily between
design parameters which share the same physical module. Based on this model, the
differences between integral and modular architectures are illustrated in figure 4.1.

DP A DPB DPC
DPA DPB DFC
DPA DPB DPC
DPD DPE DPF
DPD DPE DPF DPD DPE DPF
DP G DP H DP1
DPG DP H DPI
DPG DP H DRI
(a) Completely Integral (b) Partially Modular (c) Completely Modular

Design Parameter Boundary

————— Module Boundary

I:l Module interface

Figure 4.1. Structure of architectures with different levels of modularity.

In this figure, interfaces are simplified into a layer of glue between physical modules,
whereas in reality not all physical modules are necessarily connected to each other.

4.2 Cost of Modularity

The cost of a completely integral and a completely modular product can be analyzed
based on the qualitative model. Let’s first analyze the cost structure of a completely
integral product and later generalize the analysis to modular products.

Let x; denote physical module 7 and x; ; denote design parameter j in physical module :.
The cost of adding x; ; to a product can be written as pp(x; ;). Focusing on a completely
integral product, the architecture only contains a single physical main module in which the
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design parameters x; ; are all contained which means we can set 7« = 1. The total cost of
N design parameters in an integral product can therefore be expressed as

N
Pintegral - Z PbD (xl,j)- (41)
7j=1

The cost of the product also contains some cost related to manufacturing. This
manufacturing cost is often dependent on the mechanical size and complexity of the
physical main module, because larger physical modules require larger machines, more
manufacturing chemicals, more storage space etc. Complex physical modules also
require more sophisticated manufacturing equipment and generally have a lower yield
compared to simple physical modules. The manufacturing cost of physical module 7 can
be written as pys(x;) and in the case of a completely integral product, the manufacturing
cost is simply py/(z1). The total cost of the completely integral product can now be
written as

N

Pintegral = pM(x1> + ZPD (xl,j)- (42)
=1

As mentioned previously, there is always an interface between two design parameters
which satisfy a shared functional requirement. In a completely integral product, these
interfaces exist within a single physical module and are generally simple or a part of the
design parameters and therefore incur no additional cost. The cost of the integral product
is therefore completely described by equation 4.2.

In order to extend this analysis to modular products, the interface costs between modules
must be included because interfaces in a modular product are more complex compared
to the completely integral case. To this end, let’s analyze a completely modular product
with a one-to-one mapping between design parameters and physical modules. Let the
cost of adding an interface y; x, from physical module z; to physical module =, be p;(y; )
and let p;(y.x) = 0 when physical modules x; and z;, do not share an interface. The
manufacturing cost is now also different compared to the integral case, because the
product is not handled as a single physical module during manufacturing. Instead, smaller
physical modules are handled individually, and the manufacturing costs are therefore
associated with these physical modules. The total cost of the completely modular product
can be expressed as

N

Prodular = Z(pM<xz> + pp(wi1)) + Z Zpl(yl,k)- (4.3)

i=1 =1 k=1
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In the general case, the assumption of a one-to-one mapping between design parameters
and physical modules must be dropped. Instead, design parameters may be clustered so
that individual physical modules contain multiple design parameters. The manufacturing
costs must therefore take into account the different numbers of design parameters
included in each physical module. The interfaces between design parameters are also
significantly affected by clustering. A clustered architecture may contain two types of
interfaces. The first type is the same as in an integral product, ie. interfaces between
design parameters which share a physical module. These interfaces do not incur
additional cost, so their cost can be assumed zero. The second type are interfaces
between design parameters in different physical modules. Because these interfaces are
more complex, their cost must be accounted for in the total product cost. In the general
case, the total cost of the modular product is

K N; K
Prodular = Z (PM(%‘) + ZPD(xi,j)> + Z Zpl<yl,k); (4.4)

j=1 k=

i=1 =1 1

where K is the number of physical modules and N; is the number of design parameters
in physical module 7. This can be simplified to

K N; K
Prodular = Z <pM(5Ui> + ZPD(%‘,J’) + Zpl(yi,k)> . (4.5)

i=1 j=1 k=1

By setting K = 1 which implies N; = N, this equation is equal to the completely integral
case of equation 4.2. By setting K = N which implies N; = 1, this equation is equal to
the completely modular case of equation 4.3. This equation is therefore general enough
to describe the cost of a product anywhere on the integral-to-modular spectrum. The total
cost structure of the product can also be seen from the equation: Itis a sum of the physical
module costs where the cost of each physical module comprises of its manufacturing cost,
design parameter cost and interface cost.

Another aspect which should be taken into account is product configuration. As discussed
in chapter 3.3, whether an unused design parameter can be removed from a product
depends on which functional requirements depend on the design parameter and how the
physical architecture is clustered into physical modules. A completely integral architecture
offers no possibility of such configuration, because all design parameters are included in
a single physical module. A completely modular architecture, on the other hand, offers the
most configurability because there is a one-to-one mapping between design parameters
and physical modules. Removing unused physical modules has a direct effect on the cost
of a product and it should therefore be included in the cost equation. To this end, the
binary cluster utilization matrix Hg introduced in chapter 3.3 can be used.
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Taking product configuration into account, the cost of product variant v can be expressed
as

Produtar (V) = Z Hsg],, <pM<5Ui) + ZZPD(mi,j) + ZPI(Qi,k)) . (4.6)

=1 ]:1 k=1

This can also be expressed for all variants in vector form as

P modutar = Hp - (Pyvivt + Pom + Pim) (4.7)
where
(1)
PvMm = : (4.8)
pM(SCK)

is a vector composed of the manufacturing costs of each physical module,

N
Zj:ll pD<$1,j)
PoMm = : (4.9)

N
> 21 Pp(TK ;)

is a vector composed of the design parameter costs of each physical module and

Sy pr(yie)
P = : (4.10)

S 21 (i)

is a vector composed of the interface costs of each physical module.

The costs Piptegral @Nd Prodular(v) €an now be compared. Let's use symbol a for physical
modules and design parameters of the integral architecture, b for the physical modules
and design parameters of the modular architecture and c for the interfaces of the modular
architecture. The cost difference when moving from the integral architecture to the
modular architecture is
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Pmodular(v) - Rntegral — Z [HB]M‘ ' pM(bz> - pM(a1)>
+( > [Hsg],, ‘ bi;) Z p(ar > (4.11)
+ Z [HB]M'ZP (Czk)) .

The ultimate question is, can this difference be made negative to achieve the cost savings

offered by modularization? The equation consists of three parts: (a) The manufacturing

cost difference (b) the design parameter cost difference and (c) the interface cost

difference. It can therefore be expressed as the sum of these components as

Pmodular(”) - Pintegral = APM + APD + API (412)

Many variables affect the individual components of the cost difference equation:

(@)

Manufacturing Cost Difference A P,;: The cost function p,, is heavily technology
dependent. In general, cost optimization may be possible by increasing modularity
if it is cheaper to manufacture multiple smaller physical modules instead of
manufacturing one large and complex physical module. This is likely often the
case, because increasing the number of design parameters, the size and the
complexity of a physical module tends to increase the difficulty of handling the
physical module. Manufacturing costs may also be optimized with modularity
if the architecture is clustered so that design parameters requiring expensive
manufacturing technologies are separated from less expensive design parameters.
This way only the physical modules with demanding design parameters may be
manufactured using expensive technologies and cheaper technologies may be
used for other physical modules which makes the manufacturing cost difference
negative.

Design Parameter Cost Difference APy: The cost difference associated with
design parameters depends heavily on product configuration. If the integral and
modular products share the same design parameter set, the cost difference is
zero because the design parameter costs of the integral and modular architectures
cancel out. On the other hand, if some design parameters are unused in some
product variants and consequently removed from a modular product, there can be
large cost savings. The cost difference is nevertheless always negative or zero
which favors a modular architecture.
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(c) Interface Cost Difference AP;: The cost difference associated with interfaces is
always positive and should therefore be minimized. The cost function p;(c; ) is
technology dependent, but it is also likely to be dependent on the complexity and
number of interfaces of a module.

This model forms a basis for analyzing the cost-effects of varying product modularity,
however it does not attempt to account for supply chain costs, final assembly costs,
logistics costs, product lifetime costs and various other costs associated with bringing
a product to market. It is nevertheless suitable for analyzing the modularity associated
costs from the product design viewpoint. An example application of this model is provided
in chapter 6.
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5. ELECTRIC VEHICLE CHARGING TECHNOLOGY

Electric vehicle charging technology is cutting edge. It is characterized by a fast
developing market where customer needs, standards, regulations and technologies are
constantly evolving. An embedded system of an electric vehicle charging device contains
a complex mix of technologies related to applications processing, power supplies,
communication, networking, cloud technologies, user interfaces, safety features, wireless
interfaces, vehicle communication among others. The implemetation of many of these
technologies are governed by standards of varying maturity level. An especially important
part of any EV charger is the vehicle communication interface. At the moment, the market
has not converged to any particular vehicle communication standard. Instead, there
are different standards in use around the world. In addition, the existing standards are
constantly being improved as more practical experience is gathered from real-world
charging systems. The evolving nature of the EV charging market puts pressure on
vehicle and charger manufacturers to keep up with the latest technologies available.

In this chapter, the main design aspects related to electric vehicle charging and
embedded systems are introduced. While the introduced selection of design aspects
is not a comprehensive list, it gives a good basis for defining the customer needs of an
exemplary electric vehicle charging system later in the thesis.

5.1 Applications Processing

At the core of any embedded system is computing which always requires some kind of
computing hardware. In practice, this means that an embedded system always contains
a processor and related components such as power supplies, memories and various
interfaces. The choice of processor is tightly linked to functionality within the embedded
system. Some key selection criteria are processing power, amount of memory, power
consumption and supported interfaces among others. These criteria narrow down the
processor selection considerably.

Processor types can generally be divided into two categories: microcontrollers
(MCU) with relatively little processing power but a lot of integrated peripherals and
microprocessors (MPU) with high processing power but minimal integrated peripherals.
A processor chip with a lot of integrated peripherals can also be called a System on Chip
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(SoC) if it can be used on its own to implement a complete electronic system. [40] An
electric vehicle charger intended for public charging often requires heavy applications
processing due to user interfaces, connectivity and real-time charge control. Therefore,
an MPU or SoC is most likely suitable as the main applications processor. Smaller
low-power MCUs may be useful as auxiliary processors for low-level tasks which require,
for example, functional separation from the rest of the system or hard real-time operation
for safety critical tasks.

5.2 Charging Standards

The EV market is fragmented in terms of charging technology. Electric vehicles can
be charged with either alternating current (AC) or direct current (DC) depending on
vehicle support. AC charging is generally simpler since it uses charging electronics
located on-board the vehicle whereas DC chargers bypass the on-board charger and
use external charger hardware instead. This also means that DC chargers can use
larger charging power because they are not limited by the on-board vehicle charger
[8]. A second difference between charging technologies is the method of vehicle
communication which can be implemented using various protocols [54]. A third difference
is the choice of physical interface, ie. the charging plug used for the charging device.
[8, 54] Although the market is currently fragmented, standardization bodies work to
create national and international standards to ensure compatibility between vehicles
and chargers. Standarization bodies related to electric vehicle charging include the
International Electrotechnical Commission (IEC) internationally, Society of Automotive
Engineers (SAE) in the USA and the Standardization Administration of China (SAC)
in China. This thesis focuses on IEC and SAE standards due to their widespread use
internationally.

In practice, charging technologies are developed by automotive manufacturers and other
parties either on their own or as a part of an initiative such as CharIN. An example
of a work in progress standard is the Megawatt Charging System (MCS) that is being
developed by CharIN [31]. Development of the technical details is ongoing by the
members of the initiative and once the technology is finalized, standardization bodies
such as IEC and SAE publish standards for the technology. To this end, IEC and SAE
have already prepared the standards IEC 63379 [39] and SAE J3271 [25] respectively.

The main charging standards in use today are summarized in table 5.1.
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Table 5.1. Important IEC and SAE standards for EV charging. [43]

Standard Region Status Contents

IEC 61851 | International Active AC and DC charging, physical

connection and communication

IEC 62196 | International Active AC and DC charging, charging

connector and communication

IEC 63379 | International Work in Progress | Megawatt Charging System, work

in progress

SAE J1772 | North America | Active AC charging, charging connector

and communication

SAE J3068 | North America | Active DC charging, charging connector

and communication

SAE J3400 | North America | Active North American Charging

Standard

SAE J3271 | North America | Work in Progress | Megawatt Charging System, work

in progress

According to SAE J1772, electric vehicle chargers are categorized into three levels [54,

17].

Level 1: Slow AC charging from 120V outlets. Typically used for home charging.

Level 2: Slow and fast AC charging from 240V outlets. Typically used for home and
public charging.

Level 3: Fast DC charging. Typically used for public and fleet charging.

IEC 61851-1:2019, on the other hand, categorizes charging devices into four modes [34,

43].

Mode 1: AC charging from standard outlets. Implements no communication
features. Typically used for home charging.

Mode 2: AC charging from standard outlets with a dedicated charging device.
Implements communication between the charger and EV. Typically used for home
charging.

Mode 3: AC charging from a charging device permanently connected to an AC
supply. Implements communication features between the charger and EV. Typically
used for public and fleet charging.
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Mode 4: DC charging from a dedicated charging device. Implements
communication features between the charger and EV. Typically used for public and
fleet charging.

This thesis focuses on charging devices intended for public charging infrastructure for
which SAE J1772 level 3 or IEC 61851 modes 3 and 4 are of interest. Such devices are
based on electric vehicle charging equipment (EVSE) where an external charging system
controls the charging process as opposed to a charger that is internal to the vehicle.

Because there are many modes of charging, there are also many different requirements
for charging connectors. Examples of some commonly used charging connectors are
shown in figure 5.1.

IEC 62916 Type FF
CCS2
IEC 62196 Type 2
Mennekes

IEC 62916 Type AA
CHAdeMO

Figure 5.1. Examples of commonly used EV charging connectors.

IEC 62196-2:2022 defines three connector types for mode 1-3 charging [37].

Type 1: Connector for single phase AC charging. This connector type is identical
to the connector used in SAE J1772 [54] and also known as the Yazaki connector.

Type 2: Connector for single phase or three phase AC charging. This connector
type is identical to the connector used in SAE J3068 and is also known as the
Mennekes connector. This connector is shown in figure 5.1.

Type 3: Connector for single phase or three phase AC charging. This connector is
also known as the Scame connector.

In the type 1-3 connectors, communication between the charger and the electric vehicle
uses the proximity pilot (PP) and control pilot (CP) signals present on the connector.
Proximity pilot is used for cable connection detection and control pilot is used for
post-connection communication between the charger and the electric vehicle [34]. This
form of communication is also called basic communication [35].
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IEC 62196-3:2022 defines four connector types for mode 4 charging [38].

Type AA: This connector is used for DC charging and is also known as the
CHAdeMO connector. The type AA connector is used for chargers implementing
system A as specified in IEC 61851-23:2023 [35]. System A uses Controller Area
Network (CAN) for digital communication between the charger and the electric
vehicle. This connector is shown in figure 5.1.

Type BB: This connector is used for DC charging mostly in China and is also
known as the GB/T connector [54]. The type BB connector is used for chargers
implementing system B as specified in IEC 61851-23:2023 [35]. System B also
uses CAN for digital communication between the charger and the electric vehicle.

Type EE: This connector is used for combined AC and DC charging and it extends
the type 1 connector defined in IEC 62196-2:2022 to add DC charging support.
It is used for the combined charging system (CCS) and also known as the CCS1
connector. The type EE connector is used for chargers implementing system C as
specified in IEC 61851-23:2023 [35]. In addition to basic communication, system
C uses Internet protocol (IP) based power-line communication (PLC) for digital
communication between the charger and the electric vehicle [36].

Type FF: This connector is used for combined AC and DC charging and it extends
the type 2 connector defined in IEC 62196-2:2022 to add DC charging support.
It is used for the combined charging system (CCS) and also known as the CCS2
connector. Similar to type EE, the type FF connector is used for system C chargers
and it also uses the same communication technologies. This connector is shown in
figure 5.1.

Another widely used charger type is the AC and DC capable North American charging
standard (NACS) developed by Tesla, Inc. [50] which is commonly used on Tesla
vehicles. Tesla has also opened the connector specification for use by other automotive
manufacturers [50] and it is consequently standardized in SAE J3400 [26].

The large number of different charging technologies poses challenges for charging device
manufacturers due to the need to support as many vehicle models as possible. Interface
selection and implementation is therefore a crucial step in designing a charging system.

5.3 Networking and the Internet of Things

Many electric vehicle charging devices can be considered a part of the Internet of things
(loT) because loT technologies are often used in networked embedded systems which
are geographically distributed. Internet of things refers to networked devices which
communicate with each other to perform a particular task [57]. loT technologies can
be used, for example, to monitor devices, update software, perform management and
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maintenance tasks and collect analytics among other things. Cloud applications also
go hand in hand with IoT. However, these functionalities require some form of network
connectivity which requires hardware and software support from the embedded system.
Some connectivity options are illustrated in figure 5.2.

Wired Connection

Device

Wired

WPAN

Wireless

Wireless

Wired Connection

WLAN

Wireless
Base Station

Wireless

Mobile

Internet

Wired Connection

Mobile
Base Station

WMN

Wireless
@ Wired Connection
Gateway

Node
Figure 5.2. Different types of network connectivity.

The most traditional way to provide network connectivity is via a wired interface such as
Ethernet or fiber-optics. A wired connection is especially suited for stationary systems
which are rarely or never moved physically. However, wired connectivity may not always
be available in remote or rural installation locations. Other options for connectivity are
wireless radio interfaces such as Bluetooth, ZigBee, WiFi, LTE, 5G [12] or mesh networks

[5].

Bluetooth is a wireless personal area network (WPAN) technology suitable for short range
communications with a maximum range of 100 m. It uses a carrier frequency between
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2.402 GHz and 2.480 GHz. Because the traditional versions of Bluetooth consume
relatively large amounts of energy, Bluetooth low energy (BLE) has been introduced for
low power systems such as loT devices. The maximum data rate of Bluetooth version
5.0 is 2 Mbps. ZigBee is another WPAN technology suitable for 10T use cases with a
maximum range of up to 100 m. It uses a 2.4 GHz, 868 MHz or 915 MHz carrier. The
maximum data rate of ZigBee is 250 kbps. [12] Bluetooth and ZigBee do not offer Internet
connectivity by default which means a gateway device is required if Internet connectivity
is needed. These technologies are generally best suited for short range communication
between devices.

WiFi is a wireless local area network (WLAN) which provides last mile Internet
connectivity via a wireless base station. WiFi has a larger range and higher data rates
compared to WPAN technologies. It uses a 2.4 GHz or 5 GHz carrier and modern
versions can achieve data rates as high as 7 Gbps. [12] WiFi networks are suitable for
installations where devices can be placed so that they are in fairly close proximity to a
WiFi base station.

Another option for Internet connectivity are mobile networks such as LTE and 5G. These
networks are characterized by good worldwide availability and large data transfer rates.
LTE and 5G networks operate at various carrier frequencies and theoretically offer up to
1 Gbps and 20 Gbps data rates respectively. [12] Mobile networks are especially suited
for devices in locations where no other network connectivity is available or for movable
devices.

Wireless mesh networks (WMN) provide connectivity via a mesh of wireless nodes where
network traffic is routed from node to another until an Internet gateway node is reached.
Compared to WiFi networks where the physical link always exists directly between the
wireless client and the base station, in mesh networks the link is split into multiple smaller
hops between mesh nodes. The strengths of mesh networks are the possibility to cover a
large area and no line of sight (LOS) connectivity. Weaknesses of mesh networks include
their low maturity level and the need for a wired connection for the Internet gateway node
[5]. WMNs may be a viable option when network connectivity is required for multiple
physically separate systems which are still in fairly close proximity to each other but too
far apart from a centralized Internet gateway.

5.4 User Interfaces

A human-machine interface (HMI) or a user interface is an integral part of most embedded
systems. An HMI can mean many things. Although a traditional keyboard and mouse
is also an HMI, such an interface is rarely used in an embedded system in practice. It
is instead much more commong to include HMI elements such as graphical displays,
buttons or switches and other purpose-designed interactive components. [57] Nowadays,
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even a mobile application connected to an embedded system via a cloud might be
considered a form of HMI of the embedded system itself.

An HMI requires support from the underlying embedded hardware. For example, a
display requires, in addition to the display hardware itself, at least a power supply and a
graphics bus such as MIPI DSI, LVDS or HDMI. Especially the choice of graphics bus
depends on the capabilities of the system processor, because not all processors support
all graphics buses. The choice of display resolution is also dependent on the capabilities
of the processor, because a high resolution such as 4K demands more processing
power compared to a lower resolution. Even simpler user interfaces such as buttons and
switches require some support from the processor, such as a simple communication bus
like 12C or SPI, or general purpose I/O pins.

5.5 Payment Solutions

Payment of goods is a fundamental part of any public electric vehicle charger. After
all, there is always a cost associated with electricity and a customer charging their
electric vehicle must be able to pay for the transferred electric energy. The two
main forms of payment at charge points are contract-based payment and pay as you
go (PAYG). Contract-based payment refers to payment using mobile applications or
RFID cards provided by charge point operators (CPO). PAYG payment, on the other
hand, is typically based on credit cards and does not require a contract between the
customer and CPO. While the PAYG method would be the most preferable for many
customers, contract-based payment is the most common in practice. [30] The issue with
contract-based payment is that it makes ad hoc charging difficult for customers who do
not already have a contract with a particular CPO and taking an application into use
forces the customer into a contract with the CPO. Such issues hinder the adoption of
electric vehicles in general and therefore contradict the green transformation aspirations
of many countries. The European union has taken action to solve these issues by
creating the alternative fuels infrastructure (AFIR) regulation which mandates that all
new electric vehicle charging points must implement payment via widely used payment
methods such as payment cards starting from the 13th of April 2024. [60]

Complying with payment related regulations also poses requirements on electric vehicle
charging hardware. Supporting contactless payment and payment cards as mandated by
the AFIR regulation requires specialized hardware designed to deal with such payment
methods. Although the AFIR regulation does not mandate that existing installations are
equipped with payment terminals, all new installations must include them. Payment
terminals must therefore be integrated into all new public chargers either as a builtin
feature or as a 3rd party module starting from the 13th of April 2024.
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5.6 Modular Connectivity

Implementing a complex embedded system necessarily means implementing interfaces
between different parts of the system such as between the processor and its peripherals.
These interfaces can consist of simple I/O, but they can also be more complex parallel or
serial interfaces such as USB, SPI, 12C or Ethernet among many others. [40] Choosing
interfaces between pre-made components such as integrated circuits (IC) of a system is
primarily governed by what is available on the market, unless manufacturing application
specific integrated circuits (ASIC) is viable. Therefore, low-level interface selection is
mostly a matter of selecting compatible ICs.

While the low-level interfaces between ICs of an embedded system usually cannot be
chosen completely freely, clustering and modularity can be used as discussed in chapter
3 to abstract low-level interfaces behind higher-level ones. This means that a product
may use an arbitrary interface, such as a serial bus, between its modules, while the
modules themselves contain other interfaces for internal communication. In practice
this also means that each module connecting via the common interface must include
a processor which handles handles intra-module communication and acts as a gateway
on the module boundary. Such abstraction is perhaps more familiar from software design
where abstractions and modularity are routinely combined to hide complexity in order to
keep software more manageable [72]. Nevertheless, similar concepts can also be applied
in hardware system design to achieve similar goals.

5.7 Safety Requirements

Electric vehicle charging deals with high voltage, current and power which means
safety of charging systems is a number one priority. The safety of such systems is
mainly governed by electrical safety standards and regulation as well as charging
system standards. Electrical safety standards apply to all electrical devices and are
not discussed in this thesis. Safety requirements of charging standards, on the other
hand, are specific to electric vehicle charging devices. Because this thesis is mostly
concerned with the architecture of embedded systems and not implementation details
of any particular device, the safety aspects of electric vehicle charging systems are not
covered in detail. Nevertheless, the safety of such systems should also be taken into
account early in the architecture design stage.
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6. EMBEDDED SYSTEM ARCHITECTURE FOR AN EV
CHARGING SYSTEM PLATFORM

In this chapter, the process outlined in 3.7 is used to design a product family and a product
platform for a public electric vehicle charging system. The functionality of such devices
identified in chapter 5 is used as a basis for the CNs of the product family.

6.1 Methods

Architectures were designed using axiomatic design and design structure system in
conjuncation with the novel cluster utilization and cost analysis methods. The design
was done in Microsoft Excel, because it provides a concise way of representing data in
tabular and matrix forms as well as support for mathematical operations on real numbers
and matrices. For calculations, the matrix forms of equations introduced in chapters 3
and 4 were used. Calculations were automated using Microsoft Excel formulas.

6.2 Architecture Design

As discussed in chapter 5, a public electric vehicle charging device must fulfill many CNs,
some of which are more important to the customer and others more important to the
CPO. Based on the common charger functionality identified in chapter 5, the following
CNs were selected for this example.

CN1: Control the electric vehicle charging process.
CN2a: Compatible with CCS2 charging.

CN2b: Compatible with CHAdeMO charging.

CN3: Support payment with credit and debit cards.
CN4: Use a 24V input power supply.

CNb5a: Include a visual user interface.

CN5b: Use a mobile application as a user interface.

CNé: Support loT applications.
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Customer needs and constraints are listed in Table 1 and Table 2 of appendix A. For
this example, some CNs were considered optional. These CNs are marked with a and b
symbols. In the case of CN2, they relate to the following customer groups.

Group 1:  This group requires that the device is compatible with CCS2 charging
only. (CN2a)

Group 2:  This group requires that the device is compatible with CHAdeMO
charging only. (CN2b)

Group 3: This group requires that the device is compatible with CCS2 and
CHAdeMO charging. (CN2a & CN2b)

For CN5, they relate to the following customer groups.

Group 1:  This group requires that the device includes a visual display where the
charging status is visible as well as support for a mobile application.
(CN5a & CN5b)

Group 2:  This group requires that the charging event is controllable using a
mobile application only. (CN5b)

With the CNs identified, the next step was to translate the CNs into an FR-DP hierarchy
which satisfies the CNs. To this end, the zigzagging process of axiomatic design was
used. The complete FR-DP hierarchy is included in Table 3 of appendix A. A visual
representation of the FR hierarchy is shown in figure 6.1. The matching DP hierarchy is
shown in figure 6.2.
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Figure 6.1. The FR hierarchy of the designed EV charging system architecture.
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Figure 6.2. The DP hierarchy of the designed EV charging system architecture.
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After the FR-DP hierarchy was created, the independence axiom was applied to check
that the design was satisfactory, ie. that all design matrices were either uncoupled or
decoupled. The results of this analysis are included in appendix B. All design matrices
turned out to be triangular which means the design is decoupled, although some matrices
required reordering of their rows and columns to arrive at triangular matrices. In the
end, all matrices were reordered to be upper triangular to help in later analysis. After
the design was deemed satisfactory in terms of the independence axiom, the composite
design matrix A described in section 3.3 was constructed. This matrix is included in
Matrix 1 of appendix D. The matrix was constructed to take into account the functional
dependencies on all hierarchical levels. In practice, this means that if FRx depends
on DPx on a particular hierarchical level, then FRx also depends on all DPxy on the
hierarchical level below DPx. In the composite design matrix, the high-level functional
dependencies can be seen as large blocks of X symbols on the off-diagonal positions of
the matrix while the dependencies for leaf nodes are seen closer to the diagonal.

Next, a simple product family specification was formulated. The specification is included
in Table 1 of appendix C. The product family includes all possible variants which can be
realized from the set of CNs. The total number of product variants is 23 = 8, because
three optional CNs were specified in appendix A and the rest are mandatory. A visual
illustration of the product family is shown in figure 6.3. The product configuration matrix
C introduced in section 3.3 was formulated based on the variant configuration table in
appendix C by selecting the FRs corresponding to selected CNs for each variant on the
rows of the matrix. The mapping between CNs and FRs was obtained from the FR-DP
hierarchy table in appendix A. The final product configuration matrix is included in Matrix
1 of appendix C.

Optional CHAdeMO CCSs2 Graphical
Features Charging Charging Display

Base Platform

Figure 6.3. An illustration of the product family for the designed EV charging device.
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The last step of the architecture design process was physical clustering. First, the
composite design parameter DSM included in Matrix 1 of appendix E was constructured.
The DSM was constructed by taking the leaf-nodes of the DP hierarchy and assembling
them on the rows and columns of the matrix. Different types of interactions between DPs
were then identified by inspection. The interaction types identified in this design were:

Data (D): A data flow between DPs, for example via a serial data bus.
Power (P): An energy flow between DPs, for example via a power cable.

Mechanical (M): A mechanical interaction between DPs, for example a
mounting interface.

Diagonal (X): Diagonal elements of the matrix were marked with X symbols
to represent the interaction of a DP with itself.

Although there can be multiple types of interactions between two DPs, in this case only
the most major interactions were recorded for each DP pair.

After the initial DP DSM was constructed, the architecture was optimized using the
integration analysis methods introduced in chapter 3. The main optimization method was
DSM clustering based on the previously recorded DP interactions, ie. the aim was to
minimize interactions between clusters and consequently maximize interactions within
clusters. The clustering was done by inspection. In order to get insight into the effects
of different levels of physical modularity on cluster utilization and cost, five different
clustering strategies were selected for analysis. These strategies are listed in table 6.1.

Table 6.1. Physical clustering strategies.

Option | Strategy Results
A DP hierarchy based modular Appendix F
B Constant cluster size based modular | Appendix G
C DP interaction based modular Appendix H
D DP interaction based semi-modular | Appendix |
E Completely integral Appendix J

The calculations and results for each respective architecture option are included in the
appendix indicated by the results column in table 6.1. The clustering strategies are
ordered from roughly most modular to most integral, although option A is not completely
modular in the sense that it does not use a one-to-one mapping between DPs and
physical modules. Such a clustering was not analyzed because it would be impractical
in the real world. The clustered DP DSMs are included in Matrix 1 of each architecture
appendix.
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After the DP clustering was done, DSMs were constructed on the level of physical
modules for each architecture option. These are included in Matrix 2 of each architecture
appendix. In the module DSMs, different types of physical interfaces were selected
to satisfy the interactions between physical modules. In total, nine different physical
interfaces were selected. These interface types were encoded with the letters A-l and
their descriptions are included in table 6.2. The DSMs were constructed so that up to
four interfaces can be recorded between each physical module.

Table 6.2. Interface types between physical modules.

Type | Description

A CAN interface
UART interface

SPI interface
MIPI-DSI interface
5V power supply
3V3 power supply
PMIC power supply

I & m m O O W

24V power supply

[ Heatsink mount

The resulting five different physical architectures were analyzed and compared using
the novel cluster utilization method introduced in section 3.3 and the novel cost analysis
method introduced in chapter 4. In order to apply the cost analysis method, price data
for DPs and interfaces was acquired from two different electronic component distributors’
catalogs. This data is included in appendix L. Design parameter cost data is included
in Table 1 and interface cost data is included in Table 2. The price data was selected
as an estimate only. While it does also give estimates of tota product cost, the relative
differences between costs using different architectures are the main point of interest.
Therefore, the absolute accuracy of the cost estimates does not play a significant role in
the analysis.

The design parameter and interface cost data can be used to estimate the DP cost and
interface cost components of the total product cost equation introduced in chapter 4. The
third cost component, the manufacturing cost, must be estimated based on other factors.
In this analysis, the manufacturing cost was estimated at 30% of DP cost for the module
which includes the multicore SoC, ie. DP51, and 20% of DP cost for other modules. This
estimate is based on two assumptions.
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1. The module which includes DP51 requires more intricate manufacturing technology
because the multicore SoC is a complex part. Therefore, a higher manufacturing
cost is justified for this module.

2. Increasing the number and complexity of DPs included in a module increases
the manufacturing cost of the module because more labor and more intricate
manufacturing technology is required. Therefore, the manufacturing cost of a
module may be estimated as a linear function of total module DP cost.

Again, the absolute values of manufacturing costs do not play a significant role in this
analysis, because the main point of interest is in analyzing the cost differences between
different architectures.

6.3 Cluster Utilization Analysis

The novel cluster utilization analysis method introduced in section 3.3 was applied
on all physical architecture options A-E. The results are included in the appendix of
each respective architecture option. In practice, the analysis method was applied by
calculating the product assembly matrix CA (Matrix 3) and applying the same reordering
and clustering onto its columns as used in the respective DP DSM (Matrix 1). Because
the entries of the design matrix A were originally entered as X symbols, they were
interpreted as binary values for calculating CA, ie. each cell with an X symbol was
interpreted as 1 and empty cells were interpreted as zeros. Next, the per cluster
utilizations were calculated for each variant using equation 3.16 and these individual
results were assembled into matrix form (Matrix 4) as shown in equation 3.18. The binary
cluster utilization matrix (Matrix 5) was also calculated based on equation 3.19. Finally,
the average cluster utilization vector (Vector 1) was calculated according to equation
3.20.

The calculated average cluster utilizations were collected into table 6.3 for comparison.
Note that the cluster numbers do not correspond to the same clusters across all
architecture options because each architecture is clustered differently.
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Table 6.3. Average cluster utilization comparison.

Cluster
Option
1 2 3 4 5 5 7 8
A 1.00 | 1.00|1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
B 1.00 | 0.67 | 0.80 | 0.70 | 1.00 | 1.00 | N/A | N/A
C 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0.67 | N/A | N/A
D 0.67 | 1.00 | 0.79 | N/A | N/A | N/A | N/A | N/A
E 0.75 | N/A | NJA | N/A | NJA | N/A | N/A | N/A

According to this comparison, option A is best in terms of cluster utilization. This result
was expected, because in option A, DPs are clustered based on the DP hierarchy which
also matches the FR hierarchy. This means that removing FRs from the design maps
directly into removing DPs from the system and therefore no unused DPs remain and all
modules are completely utilized. However, this does not necessarily mean that option A is
optimal in all other aspects such as cost. Options A-E, on the other hand, all contain some
non-unity cluster utilizations. This indicates that some physical modules in the system are
not completely utilized across all product variants. This directly translates to increased DP
cost, because at least some product variants contain unused DPs.

6.4 Modularity Cost Analysis

The novel cost analysis method introduced in chapter 4 was applied on all physical
architecture options A-E. The results are included in the appendix of each respective
option. While the cluster utilizations of different options can be used to get insight into
how well a product family utilizes the DPs of a product platform, it is also important to
consider how the cluster utilizations affect the total cost of product variants. While an
architecture may be optimal in terms of cluster utilization, it may still not be optimal in
terms of cost, because an extremely modular or poorly designed system may increase
cost due to additional interfaces. The novel cost analysis method also takes the interface
cost into account to give a more complete picture of the total cost effects of modularity.

The cost analysis method was applied by first arranging the individual DP costs into
a vector (Vector 2) and applying the same reordering and clustering onto its rows as
applied onto the DP DSM (Matrix 1). Where DP merging possibilities were identified
while clustering, DP costs were merged by setting the cost of all but one of the merged
DPs to zero. This is also visualized in the appendices. Next, the per-cluster DP costs
were calculated by calculating the sums of DP costs included in each cluster according
to equation 4.9. These costs were assembled into the vector ppys (Vector 3). Next, the
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module manufacturing costs were estimated based on the module DP costs by assuming
30% of DP costs as the manufacturing cost for the module containing DP51 and 20%
of DP costs for other modules as discussed earlier. The manufacturing costs were
then assembled into the vector py\ (Vector 3) according to equation 4.8. Next, the
interface costs were calculated based on the physical module DSM (Matrix 2). For each
module-to-module interface cell, the total cost associated with the cell was calculated by
adding up the costs of individual interfaces within that cell. A cluster interface cost matrix
was constructed from these results (Matrix 6). The variant interface cost vector pyn
(Vector 3) was then calculated by taking the sum of each row of the cluster interface cost
matrix according to equation 4.10. With all of the individual cost components calculated,
the sum vector pyiv + Pom + P (Vector 3) was calculated. Finally, the variant cost
vector Poodular (Vector 4) was calculated according to equation 4.7. All of the calculated
vectors and matrices are included in appendices F-J for each respective architecture
option.

The cost-effects of different architecture options were then compared according to
equation 4.11. It is noteworthy that representing the cost effects of different architecture
options as a function of modularity is not a trivial problem, because the scale used
to measure modularity has to be defined first. It could be argued that, for example,
the number of physical modules could be used as a scale to describe the level of
modularity. However, such a scale is not necessarily a good choice, because two
different architectures with an equal number of modules may have completely different
module boundaries. In an extreme case, an architecture with many physical modules
may be clustered so that interdependencies between physical modules effectively make
the system completely integral. The number of physical modules is therefore not a
good way to describe modularity. To avoid having to define a scale of modularity only
for representing analysis results, the architectures A-E were roughly ordered based on
intuition as E, D, C, B, A with E being the most integral and A being the most modular.
Such an ordering is acceptable in this case because it only affects how the analysis
results are visually presented and not the results themselves. When analyzing the effects
of changing the level of modularity, it was natural to consider the cost difference when
moving from the most integral architecture, ie. option E, to any other option. The results
of this comparison are included in Table 1 and Figure 1-3 of appendix K. In addition to
absolute cost differences, relative cost differences were calculated to give better insight
into the effects of different levels of modularity. These relative results are included in
figure 6.4 for all product variants and all architecture change scenarios.
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Figure 6.4. Relative cost differences per product variant with different architecture
change scenatrios.

From this figure, it is evident that the physical architecture of a product platform may have
a considerable positive or negative effect on product cost. The cost-effects of modularity
are also variant-dependent. While a particular architecture option may decrease the
cost of one variant, it may increase the cost of another variant. For example, in figure
6.4, moving from architecture E to architecture D increases the cost of variants 1-6
and decreases the cost of variants 7-8. In some cases, a particular architecture option
may even increase the cost of all variants such as when moving from architecture E
to B in figure 6.4. Selecting the most optimal physical architecture therefore requires
knowledge about the variants included in the product family. In addition, if some variants
are considered more important than others, for example due to larger sales volumes, it
may be acceptable to decrease the cost of the more important variants with the expense
of making less important variants more costly.

To give an overview of the results, the minimum, maximum and average relative cost
differences across all product variants were calculated. These results were collected into
table 6.4.

Table 6.4. Relative cost differences with different architecture change scenarios.

Relative Cost Difference
Type
A(E—=D) | A(E—=C) | A(E—=B) | A(E—A)
Minimum -8.9% -55.8% +0.6% -48.0%
Maximum +10.4% +19.3% +30.2% +33.2%
Average +5.6% -18.2% +17.9% -7.4%
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According to the results, moving from architecture E to C lowers product costs by 18.2%
on average. Moving from architecture option E to A, on the other hand, lowers product
costs by 7.4% on average. The other analyzed change scenarios result in a cost increase
on average.

In the product platform analyzed in this thesis, the physical display module is particularly
expensive and variants where it is not needed show the most potential for cost
optimization by removing it. Other physical modules are not as expensive, and therefore
their effect on total variant cost is not as great. It can be concluded, in general, that
extra attention should be paid to the clustering of the most expensive DPs, because they
also offer the most potential for cost optimization. Clustering less costly DPs into their
own modules, on the other hand, may increase total cost due to greater interface costs.
These conclusions can also be made by analyzing the cost difference equation 4.11.

The accuracy of the cost estimates given by the cost analysis method used in this thesis
is heavily dependent on the accuracy of the DP cost data. In general, the cost estimates
should be made as accurate as possible with the information available at any given time
during the design process. In the conceptual design stage, accurate cost information is
usually not available and therefore designers must rely on DP cost estimates. As the
design process progresses and final design choices are made, the results of the cost
analysis method also converge to more accurate variant cost vectors.

6.5 Results

Based on the independence axiom, all architectural options A-E are satisfactory because
all of them are based on the same satisfactory design characterized by triangular design
matrices. However, the physical architectures are different in each case. An optimal
physical architecture is characterized by loosely interconnected modules. Architecture
option B can therefore be considered suboptimal because its module DSM (Matrix 2)
indicates it contains a complex set of interfaces. The other architectures also contain
many interfaces, but they are mostly related to processor communication or power
supplies. In general, the interfaces in other options are better organized than in option B.

Based on the average cluster utilization results from table 6.3, architecture option A is the
most optimal and C is the second most optimal. In these options, most DP clusters are
completely utilized. Based on the cost analysis results from table 6.4, architecture option
C is the most optimal and A is the second most optimal. On average, these options reduce
the costs of product variants compared to the integral architecture option. Architecture
options B and D, on the other hand, are not satisfactory because they exhibit poor cluster
utilizations and they also increase costs. The integral architecture option E was used as
the reference architecture. Because architectures A and C are more optimal based on
the cluster utilization and cost analyses, it can be considered non-satisfactory aswell.
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There is a conflict between the options recommended by the cluster utilization analysis
and the cost analysis. According to cluster utilization, option A should be selected, and
according to cost, option C should be selected. While cluster utilization is also important
in terms of material usage and consequently, for example, environmental concerns, cost
is likely to have the largest role in the decision making in a business. Therefore, option
C may be selected as the most optimal of the five physical architectures compared in
this thesis. Because cluster utilization is also used as a parameter in the cost analysis
method, the most cost-optimized architecture also optimizes cluster utilization to some
degree. Option C is also one of the satisfactory options according to physical integration
analysis. Therefore, it can be concluded that the integration analysis, cluster utilization
analysis and cost analysis methods all give similar indicators for architecture selection.
However, each of these indicators gives a different view into architecture selection, and
joint application of them is therefore necessary.
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7. EFFECTS, RISKS AND ADVANTAGES OF
STRUCTURED DESIGN METHODS

To take a structured design method into use is a big leap for an R&D organization and
such a transition needs solid justification. In this chapter, | summarize the effects, risks
and advantages of structured design methods and modularity based on the findings of
this thesis.

7.1  Evaluating Product Architectures

Increasing modularity offers many advantages in product design. However, the
advantages of modularity are mostly obtained when an optimal level of modularity is
used, and too little or too much modularity may even make a design suboptimal in various
ways. Therefore, modularity of a product should not be considered to be of intrinsic value.
Instead, modularity should be treated as a byproduct of applying a structured design
method, such as axiomatic design, in order to achieve a satisfactory design. Whether
the satisfactory design is integral, modular or something in between, is mostly a curiosity.
What is important is that the design is suitable for its intended use case and intended
production paradigm.

According to the findings of this thesis, a set of criteria for gauging whether a design is
satisfactory may be formulated:

Criterion A: (Based on ch. 3) Does the design fulfill its set of functional
requirements, formulated from customer needs?

Criterion B: (Based on ch. 3) Does the design obey the independence axiom, ie.
is it uncoupled or decoupled?

Criterion C: (Based on ch. 3) Does the design obey the information axiom, ie. is
its information content minimized?

Criterion D: (Based on ch. 2) Does the chosen level of physical modularity fit either
mass production, mass customization or mass individualization?

Criterion E: (Based on ch. 4) Is the level of physical modularity optimal based on
a cluster utilization analysis and modularity versus cost analysis?
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7.2 Risks of Structured Design Methods

Applying a structured design method such as axiomatic design comes with its own set of
risks. This section is a summary of the risks identified in this thesis.

7.2.1 Cost of Modularity

As discussed in chapter 4, too little or too much modularity can increase the cost of a
product. It is therefore crucial to analyze the cost-effects of modularity already when
designing the physical architecture of a product. To this end, the novel cost analysis
method introduced in chapter 4 may be used.

7.2.2 Total Complexity

As discussed in chapter 2.2, a side-effect of increased physical modularity is necessarily
an increase in interfaces and an increase in complexity. To avoid unnecessary complexity,
a good balance between physical modularity, complexity and other factors summarized in
this chapter should be pursued.

7.2.3 Organizational Fit

Applying the design methods introduced in chapter 2 is a matter organizing the product
design process within a design organization. Aligning the design methods and proposed
product architecture to the design organization is therefore of crucial importance to keep
R&D efficiency at a good level [53].

7.2.4 Lack of Expertise

While chapter 3 serves as a good introduction to axiomatic design, applying axiomatic
design in practice requires a deep understanding of the fundamentals of the method to
guarantee success. Consequently, a lack of expertise can lead to a misapplication of the
method and cause a failure to satisfy customer needs. Training is therefore required if
axiomatic design is taken into use in an R&D organization.

7.2.5 Amount of Work

Suh’s axiomatic design has been accepted as one good solution by a large part of the
research community, but its application in practical design problems is still quite labor
intensive and understanding its nuances requires a lot of theoretical knowledge. In order
to reduce the required amount of labor, computer aided design software is needed. An
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example of such software is Acclaro DFSS [51], but software was not the topic of this
thesis. Therefore, further research is needed on the availability and practicality of design
software.

7.3 Advantages of Structured Design Methods

Applying a structured design method such as axiomatic design also offers many
advantages. This section is a summary of the advantages identified in this thesis.

7.3.1 Project Management

Modularity makes design tasks more decoupled, gives designers more freedom within
modules and simplifies complex products. This may ease the management of product
design. [46] For example, the design of different modules of a system can be handled
by separate small teams which are also managed separately. This may be easier than
managing a large team designing the entire product.

7.3.2 Theoretical Proof

As discussed in chapter 2, using a structured method such as axiomatic design has been
mathematically proven to yield well designed products. As long as a theoretically sound
design method is applied correctly, the results of a design project are guaranteed to be
satisfactory. This gives product designers confidence during the design process and
improves the odds of success.

7.3.3 Product Quality

As discussed in chapter 3, axiomatic design can improve the quality of products due
to its information axiom which tries to maximize the probability of satisfying functional
requirements. This means that products designed with the information axiom in mind
have a higher probability of operating as intended compared to products designed without
the information axiom.

7.3.4 Product Maintenance

A physically modular system simplifies maintenance, because products can be
maintained and repaired on the physical module level. For example, it may be more
cost effective to repair or swap out a single broken physical module of a product instead
of swapping out the entire product. [9] Implementing physical modularity in a product
architecture is therefore useful in terms of product maintenance.
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7.3.5 Product Configuration

As discussed in chapter 3.3, product architectures can be time-variant. For example,
reconfiguring a product by adding or removing functional requirements causes
time-variance. If existing functional requirements are removed from a product family
architecture, reconfiguration is only a matter of removing physical modules provided that
the physical architecture allows it. This means that implementing a modular product
family architecture enables product configuration.
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8. CONCLUSIONS

In this thesis, the principles of system architecting, modular system design and
architecture optimization were researched. Traditionally, systems have been designed
by applying practical expert knowledge acquired from successful projects. While such
knowledge is a necessary condition of successful system design, basing a design solely
on practical and empirical knowledge does not necessarily guarantee the satisfaction of
the needs of all stakeholders, such as all customers and business parties. In general,
the problem of creating system designs based on the needs of various stakeholders is
called multiple-criteria decision making. There exists of a vast spectrum of methods to
solve different kinds of MCDM problems. Some of these methods are based on heuristic
practices which have been formulated as design frameworks, while others are based on
more rigorous theoretical bases. Heuristic methods include Pugh controlled convergence
and analytic hierarchy process which are based on comparison of concepts. More
structured methods include the Taguchi method, design structure system, axiomatic
design and modular function deployment.

According to the findings of this thesis, architectures can be categorized in two ways:
Based on modularity and based on the chosen production paradigm. These two ways
are also related to each other, because modular architectures are inherently most suited
for mass customization or mass individualization, whereas integral architectures are most
suited for mass production. As a consequence, defining the required production paradigm
and product variant portfolio is of critical importance before the physical architecture of a
system is designed. Optimizing the architecture based on the required product variants is
only possible in early design stages. Defining product variants after integration analysis,
on the other hand, may result in a significant production cost increase.

While any of the introduced design methods can be used to design modular architectures,
axiomatic design and design structure system were selected for further analysis in this
thesis to outline a complete method for designing systems beginning all the way from
customer needs and resulting in a product family architecture. Two novel methods for the
optimization of physical architectures were also developed based on the theoretical basis
provided by axiomatic design. These methods can be used to optimize the utilization of
design parameters in physical architectures and to optimize the cost-effects of modularity.
An exemplary product family architecture for a public electric vehicle charging system
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was developed using the introduced design methods. In order to base the design on
realistic customer needs, common properties and functionality of such systems were first
identified. Some of the most important customer needs were support for applications
processing, networking and standardized charging protocols. The two optimization
methods developed in the thesis were used to optimize the physical architecture of the
platform. The methods provided clear indicators on how optimal each architecture option
was. Based on these indicators, selecting the best option was straightforward.

Even though design problems validating axiomatic design are numerous, some
researchers are still skeptical. The method has been criticized, for example, because
it may impose a preference structure on the designer. A limitation of the developed
cost-analysis method, on the other hand, is that it only takes into account the immediate
production costs of products and factors such as supply chain costs, final assembly
costs, logistics costs or product lifetime costs are dismissed. Structured design methods,
in general, may also be difficult to apply in practice especially without a good level
of theoretical understanding of their application. In general, even though structured
design methods and modularity offer many advantages, implementing them in an R&D
organization requires careful planning in order to guarantee success.
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Title
Revision
Created By
Date

Design Matrices for an EV Charger

A
Eero Talus
22/09/2024

Matrix 1: Hierarchy level 1 Design Matrix.

Matrix 2: Hierarchy level 2 Design Matrix for FR1.

Decoupled design

- N M < W
[~ T - H - T - W -
o000 a
FR1| X X
FR2 X X
FR3| X X
FR4 X X
FR5 X

Matrix 3: Hierarchy level 2 Design Matrix for FR2.

Decoupled design

o N ®S oo
™ o e e e
[ S VW
=== =-=]
FR11] X X X X
FR12 X X
FR13| X X
FR14 X
FR15 X X
FR16 X

Matrix 4: Hierarchy level 2 Design Matrix for FR3.

Decoupled design

o N M T WO
N N NN AN
- - W - - M- W -
[~ -N-N---]
FR21] X X X X
FR22 X X
FR23 X X
FR24 X
FR25 X X
FR26 X

Matrix 5: Hierarchy level 2 Design Matrix for FR5.

Decoupled design

o N ™MW
[
- - V- - -
===~
FR31| X X X
FR32 X X X
FR33| X X
FR34 X X
FR35 X

Matrix 6: Hierarchy level 2 Design Matrix for FR5.

Decoupled design
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a o o o o o
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FR41| X FR43[X X
FR42| X X » FR42| X X
FR43|X X FR41 X
Reorder

Matrix 7: Hierarchy level 3 Design Matrix for FR53.

Decoupled design

- N M
0 1 1 0
[
[~ --]
FR51] X X X
FR52 X X
FR53 X
FR54 X

Matrix 8: Hierarchy level 2 Design Matrix for FR54.

Decoupled design

AN M < W
M M M 0 M
O W w0 w w
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iia) S X Reorder
FR535 X

s S B )
Mmoo
0 10 1 O 0
[
[~ - ==~
FR532| X X
FR534] X X
FR533| X X
FR531 X X
FR535 X
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FR543
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b
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Reorder
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Appendix C: Product Family Specification for an EV Charger

Title Product Family Specification for an EV Charger
Revision A

Created By Eero Talus

Date 22/09/2024

Table 1: Variant configurations.

X CCS2 CHAdeMO Display
Variant
(CN2a) (CN2b) (CN5a)
1
2
3
4
5
6
7
8
Matrix 1: Product configuration matrix
FR1 FR2 FR3 FR4 FR5
FR53 FR54
SeEe3223398838838838%93F88aynowand
FF R EEECEEEERR333333
£ o € € K
[Ty TE Py T T My T T8y
Variant 1 X

X
Variant 2 n
Variant 3 ﬂ

Variant4

Variant 5 ﬂﬂ

Variant 6 [ x [ x[xIxIx]x]x[x[x[x[x] x| x| x| x|
Variant7 [ x [ x| x| x|x|x]x]x[x[x[x]

Variant 8
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Composite Design Matrix for an EV Charger

Eero Talus

22/09/2024

Title

Revision

Created By

Date

Matrix 1: Composite Design Matrix.

DP5
DP53

DP4

DP3

DP2

DP1

DP54

XXX XXX XX XX
XX XX XXX XXX
XXX X XXX X XX

XX XX XXX XXX

XX XX X X X X XX
XX XX XX X X XX
XX XX XXX X XX

XX XX X XX X XX
XX XXX XXX XX

XXX XXX XX XX
XXX X XXX X X X
XX XX XXX X XX
XX XX XXX XXX
XX XX XXX X XX

XX XX XX X X XX

XX XX X X X X XX

XX XX XXX X X X
XX XXX XXX X XX
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Appendix E: Composite DP DSM for an EV Charger

Title Composite DP DSM for an EV Charger
Revision A

Created By Eero Talus

Date 22/09/2024

Matrix 1: Composite Design Parameter DSM.

ops1|5) D

n Data

X
nm Power
mn I\l Mechanical
b g Diagonal
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Title
Revision
Created By
Date

Naive Clustering Based on DP Hierarchy (Option A)
A

Eero Talus

22/09/2024

Matrix 1: Clustered Design Parameter DSM.

DCluster
Merge DPs
E Data

m Power
m X (Ul Mechanical
M| M b Diagonal

1 2 3 4 5 6 7 8

CCS2 CHAdeMO Payment Display Power Supply Cooling
SoC Ethernet
Matrix 2: Module DSM.
CAN PHY

4-pin UART connector

4-pin SPI data connector
20-pin MIPI-DSI connector

2-pin 5V power connector
2-pin 3V3 power connector

Cluster

8-pin PMIC power connector
2-pin 24V power connector
Heatsink mount

- I G mMmOoOO w >




Appendix F: Naive Clustering Based on DP Hierarchy (Option A)

Matrix 3: Clustered product assembly matrix CA.

87

Variant 1
Variant 2
Variant 3
Variant4
Variant5
Variant6
Variant7
Variant 8

Matrix 4: Cluster utilization matrix H.

© o o o » » » »|DP11
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o
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17 15
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17 15
14 12
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©
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N
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14
17
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7 8 8

Variant 1
Variant 2
Variant 3
Variant4
Variant5
Variant 6
Variant7
Variant 8

Matrix 5: Binary cluster utilization matrix Hg.

Variant 1
Variant 2
Variant 3
Variant4
Variant 5
Variant 6
Variant7
Variant 8

Cluster

Vector 1: Average cluster utilization vector.

Cluster
1 2 3 4 5 6 7

8



Appendix F: Naive Clustering Based on DP Hierarchy (Option A) 88

Vector 2: Individual DP costs. Vector 3: Ppy, Pyy and Py and their sum vector. Vector 4: Variant cost vector.
|:’DM PMM* PIM 2 Pmodular
DP11| 2.81 Merged Cluster1] 31.71 6.34 7.14 45.20 Variant1| 293.50
DP12| 0.00 Cluster2| 11.91 2.38 7.14 21.43 Variant2| 181.22
- DP13] 20.67 Cluster 3] 18.54 3.71 6.71 28.96 Variant3| 272.06
DP14] 2.57 Cluster4] 91.00 18.20 3.07 112.27 Variant4 159.79
DP15| 3.85 Cluster5] 13.50 4.05 22.40 39.95 Variant5| 248.30
DP16| 1.82 Cluster6] 5.20 1.04 6.71 12.95 Variant6| 136.02
DP21ff 2.81 Merged Cluster7| 8.86 1.77 18.68 29.31 Variant7| 226.86
DP22f 0.00 Cluster8] 2.85 0.57 0.00 3.42 Variant 8 114.59
« DP23| 0.43
DP24] 3.00 * Manufacturing cost is estimated at 30% of DP costs for the
DP25| 3.85 cluster containing the SoC and 20% for others.
DP26] 1.82
DP31] 4.86 Matrix 6: Total cluster interface cost matrix.
- DP32| 281
g DP33| 5.20 Cluster
3 pP34| 3.85 1 2 3 4 5 6 7 8
DP3S]_ 182 1] 0.00 0.00 0.00 0.00 4.44 0.00 2.71 0.00
DP43] 19.50
N Dp42| 19.50 2] 0.00 0.00 0.00 0.00 4.44 0.00 2.71 0.00
DP41] 52.00

0 DP51] 13.50
© DP52] 5.20
DP532| 3.20

3] 0.00 0.00 0.00 0.00 4.01 0.00 2.71 0.00

= 4] 0.00 000 0.00 000 037 000 271 0.00
DP534| 0.00 | Merged g
~ ] 3
DPS33|_0.00 O 5|444 444 401 037 000 4.01 515 0.00
pps31| 3.85
1.82
DPS35 6| 000 000 000 000 4.01 0.00 271 0.00
DP542| 0.71
© 0.00
DPS543 70271 271 271 271 515 271 0.00 0.00
DP541| 2.14

8] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

* Total cluster interface cost is the sum of the costs of individual
interfaces defined in Matrix 2.
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Title
Revision
Created By
Date

Naive Clustering Based on a Constant Cluster Size (Option B)
A

Eero Talus

22/09/2024

Matrix 1: Clustered Design Parameter DSM.

DP11
DP12
=~} DP13
DP15
DP16
DP21
DP22
DP23
DP24
DP25
DP26
DP31
DP32
DP33
DP34
DP35
DP43
DP42
DP41
DP51
DP52
DP532
DP534
DP533
DP531
DP535
DP542
DP543
DP541

DP11]
DP12
DP13
DP14
DP15
DP16
DP21
DP22
DP23
DP24
DP25
DP26
DP31
DP32
DP33
DP34
DP35
DP43
DP42
DP41
DP51
DP52
DP532
DP534
DP533
DP531
DP535
DP542
DP543
DP541

DCluster
Merge DPs
E Data

Power

'} Mechanical
) g Diagonal

1 2 3 4 5
Module A Module B Module C Module D Module F Module G

Matrix 2: Module DSM.

CAN PHY

4-pin UART connector
4-pin SPI data connector
20-pin MIPI-DSI connector
2-pin 5V power connector
2-pin 3V3 power connector

8-pin PMIC power connector
2-pin 24V power connector
Heatsink mount

Cluster

— I ®@mMmOUOO W >
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Matrix 3: Clustered product assembly matrix CA.
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Variant 1
Variant 2
Variant 3
Variant4
Variant5
Variant6
Variant7
Variant 8

©o ©o o o » » » »|[DP11
o ©o ©o o M v N NIDP1I2
© ©o ©o o d» M M NMIDP13
© o o o w w w w|DP14
© ©o ©o o v M N NIDP1IS
©o ©o ©o o v v M NIDP16

© o »m B o o » »rI|IDP21

& |DP532

[
©
=
©
N
5]
N
=)
N
S

12 12 14 14 14
15 15 17 17 17
12 12 14 14 14

© o N N © o v NIDP22
©o o M M © o nv NIDP23
o o w w o o w w|DP24
©o o M M © ©o M NIDP25
©o o M M © o M NIDP26
N NN ] X5
B BB e e e e =|[DP32
N M MMM NN NMIDP33
> > > » » » » »IDP34
w w w w w w w w|DP35
©roror o ~|DP43
o m o mnon o nlppPa2
o w o w o w o w|DP41

6 6 8 8 8

11

& R RX|DP535

15
18
15
12

N |DP542
& |DP543
& |DP541

=y
©

13
16
13
10

14
17
14
11

N
=]

14
17
14
11

9 7 8 8

Matrix 4: Cluster utilization matrix H.

Matrix 5: Binary cluster utilization matrix Hg.

Variant 1
Variant 2
Variant 3
Variant4
Variant 5
Variant 6
Variant7
Variant 8

Variant1
Variant 2
Variant 3
Variant4
Variant5
Variant6
Variant7
Variant 8

Vector 1: Average cluster utilization vector.

Cluster

Average excl. unused - 0.67 0.80

Cluster
1 2 3 4 5 6
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Vector 3: Individual DP costs.

Vector 3: Ppy, Pyy and Py and their sum vector.

Vector 4: Variant cost vector.

91

Cluster

PDM PMM* PIM 2
Cluster1] 29.90 5.98 7.14 43.02
Cluster2| 8.06 161 12.56 22.23
Cluster 3] 18.54 3.71 12.12 34.37
Cluster 4] 96.66 19.33 5.78 121.78
Cluster5] 21.89 6.57 15.95 44.41
Cluster6] 8.52 1.70 10.83 21.05

* Manufacturing cost is estimated at 30% of DP costs for the
cluster containing the SoC and 20% for others.

Matrix 6: Total cluster interface cost matrix.

DP11| 281
Merged
DP12|| 0.00
DP13] 20.67
DP14| 257
DP15| 3.85
DP16| 1.82
DP21| 2.81 Merged
DP22| 0.00
DP23| 0.43
DP24] 3.00
DP25| 3.85
DP26| 1.82
DP31] 4.86
DP32| 2.81
DP33| 5.20
DP34| 3.85
DP35| 1.82
DP43| 19.50
DP42| 19.50
DP41] 52.00
DP51| 13.50
DP52] 5.20
DP532| 3.20
DP534| 0.00 Merged
DP533| 0.00
DP531| 3.85
DP535| 1.82
DP542| 0.71
DP543| 0.00
DP541| 2.14

Cluster
1 2 3 4 5 6

1]10.00 271 0.00 0.00 4.44 0.00

21271 0.00 271 0.00 4.44 271

3]0.00 271 0.00 271 4.01 271

Cluster

410.00 0.00 2.71 0.00 0.37 271

5| 444 444 4.01 037 0.00 271

6000 271 271 271 271 0.00

* Total cluster interface cost is the sum of the costs of individual
interfaces defined in Matrix 2.

Variant 1
Variant 2
Variant 3
Variant 4
Variant 5
Variant 6
Variant7
Variant 8

Pmodular
286.86
286.86
286.86
286.86
243.84
243.84
221.60
221.60




Appendix H: Modular Clustering Based on DP Interactions (Option C)

92

Title
Revision
Created By
Date

Modular Clustering Based on DP Interactions (Option C)
A

Eero Talus

22/09/2024

Matrix 1: Clustered Design Parameter DSM.

[eADP11

2%
=
V|

B1

\=}IDP51

DCluster
Merge DPs
E Data

Power

'} Mechanical
) g Diagonal

1 2 3 4 5
CCS2 CHAdeMO Payment Display Processor

Matrix 2: Module DSM.

Power Supply

Cluster

Cluster

CAN PHY

4-pin UART connector

4-pin SPI data connector
20-pin MIPI-DSI connector
2-pin 5V power connector
2-pin 3V3 power connector
8-pin PMIC power connector
2-pin 24V power connector
Heatsink mount

— I @ mMmOUOO W >
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Matrix 3: Clustered product assembly matrix CA.

93

Variant 1
Variant 2
Variant 3
Variant4
Variant 5
Variant6
Variant7
Variant 8

oE EH H NN NN OO S ST 0w W00 W00 e NN W0
[ - R - -~ = - O - - o T - - T - O - O T - - e - O - - - - - O - - - - - - - -9
[~ - = - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 2 2 31 2 2 31 1 2 4 31 1 3[22 23 23 21 21 23 23 23)(26 2 2 2 2 24
1 2 2 31 2 2 31 1 2 4 3/{0 0 O0f19 20 20 18 18 20 20 20{(23 2 2 2 2 21
1 2 2 3,0 0 0 0)1 1 2 4 3f1 1 316 17 17 15 15 17 17 17420 2 0 0 2 18
1 2 2 3,0 0 0 0/j1 1 2 4 3/0 0 O0f13 14 14 12 12 14 14 14417 2 0 0 2 15
0 0 0 Of1 2 2 31 1 2 4 31 1 316 17 17 15 15 17 17 17{/20 0 2 2 0 18
0 0 0 01 2 2 3/1 1 2 4 30 0 013 14 14 12 12 14 14 14{17 0 2 2 0 15
0o 0o 0 04jo o 0 0f1 1 2 4 31 1 3§10 11 11 9 9 11 11 11f14 0 0 0 O 12
0O 0 0 04jo o 0 Oof1 12 2 4 30 0 Of7 8 8 6 6 8 8 811 0 0 0 O 9

Matrix 4: Cluster utilization matrix H.

Matrix 5: Binary cluster utilization matrix Hg.

Variant 1
Variant 2
Variant 3
Variant4
Variant 5
Variant 6
Variant7
Variant 8

Variant 1
Variant 2
Variant 3
Variant4
Variant5
Variant6
Variant7
Variant 8

Vector 1: Average cluster utilization vector.

Cluster

Average excl. unused



Appendix H: Modular Clustering Based on DP Interactions (Option C)

Vector 2: Individual DP costs. Vector 3: Ppy, Pyy and Py and their sum vector. Vector 4: Variant cost vector.
|:’DM PMM* PIM 2 Pmodular
DP11| 2.81 Merged Cluster1] 26.05 5.21 7.14 38.40 Variant1| 262.72
- DP12| 0.00 Cluster2| 6.25 1.25 7.14 14.64 Variant2| 150.45
DP13] 20.67 Cluster3] 18.54 3.71 6.71 28.96 Variant3| 248.08
DP14] 2.57 Cluster4] 91.00 18.20 3.07 112.27 Variant4 135.81
DP21ff 2.81 Merged Cluster5] 24.75 7.42 15.95 48.12 Variant5| 224.32
o DP22f 0.00 Cluster6] 5.66 1.13 13.53 20.33 Variant6| 112.04
DP23] 0.43 Variant7| 209.68
DP24] 3.00 * Manufacturing cost is estimated at 30% of DP costs for the Variant 8 97.41
DP31] 4.86 cluster containing the SoC and 20% for others.
DP32| 281
™ DP33] 5.20 Matrix 6: Total cluster interface cost matrix.
DP34| 3.85
DP35] 1.82 Cluster
DP43| 19.50 1 2 3 4 5 6
2 < DP42] 19.50
[ 1] 0.00 0.00 0.00 0.00 4.44 271
3 DP41] 52.00
DP542| 0.71
2| 0.00 0.00 0.00 0.00 4.44 271
DP543| 0.00
DP541| 2.14
5 3]0.00 0.00 0.00 0.00 4.01 271
o DP51| 13.50 2
DP52| 5.20 2
© 4]0.00 0.00 0.00 0.00 0.37 271
DP532| 3.20
DP534| 0.00 Merged
5| 4.44 4.44 4.01 037 0.00 2.71
DP533| 0.00
DP531| 3.85
6271 271 271 271 271 0.00
DP15| 0.00 Merged
© DP25( 0.00
DP26| 1.82 * Total cluster interface cost is the sum of the costs of individual
DP16| 0.00 Merged interfaces defined in Matrix 2.
DP535| 0.00




Appendix |: Semi-Modular Clustering Based on DP Interactions (Option D)
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Title Semi-Modular Clustering Based on DP Interactions (Option D)
Revision A

Created By Eero Talus

Date 22/09/2024

Matrix 1: Clustered Design Parameter DSM.

Matrix 2: Module DSM.

DCluster
Merge DPs
n Data

Power

'} Mechanical
) g Diagonal

1 2
EV Communication Payment Core Module

CAN PHY

4-pin UART connector
4-pin SPI data connector
20-pin MIPI-DSI connector
2-pin 5V power connector
2-pin 3V3 power connector

Cluster
N

8-pin PMIC power connector
2-pin 24V power connector

[
>
m

— I OGTmMmoOO w >

Heatsink mount
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Matrix 3: Clustered product assembly matrix CA.

96

HHYYeIeIEe838eYsadingB288usged
caca8cccccaocabac6ocoo0a0a0a60aaa8
Variant1 |1 1 2 2 2 3 2 301 1 2 4 3|1 1 3 222323 21212323232 2 2 2 2 24
Variant2 |1 1 2 2 2 3 2 301 1 2 4 3/0 0 0 19 20 20 18 18 20 20 20 23 2 2 2 2 21
Variant3 |1 o0 2 0o 2 3 0 0/1 1 2 4 3|1 1 3 16 17 17 15 15 17 17 17 20 2 0 0 2 18
Variant4 |1 0 2 0 2 3 0 0f1 1 2 4 3/0 0 0 13 14 14 12 12 14 14 14 17 2 0 0 2 15
Variant5 /0 1 0 2 0 0 2 3f1 1 2 4 3/1 1 3 16 17 17 15 15 17 17 17 20 0 2 2 0 18
Variant6 /|0 1 0 2 0 0 2 311 1 2 4 3/0 0 0 13 14 14 12 12 14 14 14 17 0 2 2 0 15
Variant7 o o o o o o0 0 0/1 1 2 4 3|1 1 3 10 11 11 9 9 11 11 11 14 0 0 0 0 12
Variant8 /{0 0 o0 0 0 0 0 Oof1 1 2 4 3|0 0 0 7 8 8 6 6 8 8 8 11 0 0 0 0 9
Matrix 4: Cluster utilization matrix H.
Variant 1
Variant 2
Variant 3
Variant4
Variant5
Variant 6
Variant7
Variant 8
Matrix 5: Binary cluster utilization matrix Hg.
Cluster
1 2 3
Variant 1
Variant 2
Variant 3
Variant4
Variant 5
Variant 6
Variant7
Variant 8

Vector 1: Average cluster utilization vector.

Average excl. unused

1

Cluster
2

3



Vector 2: Individual DP costs.

Appendix |: Semi-Modular Clustering Based on DP Interactions (Option D)

Vector 3: Ppy, Pyy and Py and their sum vector.

Vector 4: Variant cost vector.

97

Cluster

PDM PMM* PIM 2

DP11| 2.81 Cluster1] 29.48 5.90 7.14 42.52
DP21| 0.00 Merged Cluster2| 18.54 3.71 6.71 28.96
DP12|| 0.00 Cluster 3] 121.41 36.42 13.86 171.69
DP22|| 0.00
DP13] 20.67 * Manufacturing cost is estimated at 30% of DP costs for the
DP14] 2.57 cluster containing the SoC and 20% for others.
DP23| 0.43
DP24] 3.00 Matrix 6: Total cluster interface cost matrix.
DP31] 4.86
DP32| 2.81 Cluster
DP33| 5.20 1 2 3
DP34|  3.85 1]0.00 0.00 7.14
DP35| 1.82 N
DP43) 1950 ‘z 2]0.00 0.00 6.71
DP42| 19.50 5
DP41) 52.00 3|7.14 6.71 0.00
DP542| 0.71
DP543| 0.00
DP541| 2.14 * Total cluster interface cost is the sum of the costs of individual
DP51| 13.50 interfaces defined in Matrix 2.
DP52] 5.20
DP532| 3.20
DP534| 0.00 Merged
DP533| 0.00
DP531| 3.85
DP15| 0.00 Merged
DP25( 0.00
DP26| 1.82
DP16| 0.00 Merged
DP535( 0.00

Variant 1
Variant 2
Variant 3
Variant 4
Variant 5
Variant 6
Variant7
Variant 8

Pmodular
243.17
243.17
243.17
243.17
243.17
243.17
200.64
200.64




Appendix J: Completely Integral Clustering (Option E)
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Title Completely Integral Clustering (Option E)
Revision A

Created By Eero Talus

Date 22/09/2024

Matrix 1: Clustered Design Parameter DSM.

DCluster
Merge DPs
n Data

Power

'} Mechanical
) g Diagonal

Matrix 2: Module DSM.

1
Main Module

CL

CL

CAN PHY

4-pin UART connector

4-pin SPI data connector
20-pin MIPI-DSI connector
2-pin 5V power connector
2-pin 3V3 power connector
8-pin PMIC power connector
2-pin 24V power connector
Heatsink mount

- I OGQmMmOoOO w >



Appendix J: Completely Integral Clustering (Option E)

Matrix 3: Clustered product assembly matrix CA.

99

SHYNOeYeISSS3s9ss33isag3g8asged
Soccccacococooocaoacoooaocacacan
Variant1 |1 1 2 2 2 3 2 3 1 1 2 4 3 1 1 3 222323 212123232326 2 2 2 2 24
Variant2 /|1 1 2 2 2 3 2 3 1 1 2 4 3 0 0 0 19 20 20 18 18 20 20 20 23 2 2 2 2 21
Variant3 /1 0 2 0 2 3 0 0 1 1 2 4 3 1 1 3 16 17 17 15 15 17 17 17 20 2 0 0 2 18
Variant4 |1 o0 2 0 2 3 0 0 1 1 2 4 3 0 0 0 13 14 14 12 12 14 14 14 17 2 0 0 2 15
Variant5 /0 1 0 2 0 0 2 3 1 1 2 4 3 1 1 3 16 17 17 15 15 17 17 17 20 0 2 2 0 18
Varianté /|0 1 0 2 0 0 2 3 1 1 2 4 3 0 0 0 13 14 14 12 12 14 14 14 17 0 2 2 0 15
Variant7 fo o0 o o0 0 0 0 0 1 1 2 4 3 1 1 3 10 11 11 9 9 11 11 11 14 0 0 0 0 12
Variant8 /{0 o0 o0 o0 0 0 0 0 1 1 2 4 3 0 0 0 7 8 8 6 6 8 8 8 11 0 0 0 0 9
Matrix 4: Cluster utilization matrix H.
Cluster
1
Variant 1 1.00
Variant 2 0.90
Variant 3 0.80
Variant4 0.70
Variant 5 0.80
Variant 6 0.70
Variant7 0.60
Variant 8 0.50
Matrix 5: Binary cluster utilization matrix Hg.
Cluster
1
Variant 1 1
Variant 2 1
Variant 3 1
Variant 4 1
Variant5 1
Variant 6 1
Variant 7 1
Variant 8 1
Vector 1: Average cluster utilization vector.
Cluster
1

Average excl. unused



Vector 2: Individual DP costs.

Appendix J: Completely Integral Clustering (Option E)

Vector 3: Ppy, Pyy and Py and their sum vector.

Vector 4: Variant cost vector.
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Cluster

PDM PMM* PIM 2
pP11| 2.81 Cluster1| 169.43 | 50.83 | 0.00 | 220.26 |
DP21| 0.00

Merged . . .
DP12ff 0.00 * Manufacturing cost is estimated at 30% of DP costs for the
DP22f 0.00 cluster containing the SoC and 20% for others.
DP13| 20.67
DP14] 2.57 Matrix 6: Total cluster interface cost matrix.
DP23| 0.43
DP24| 3.00 CL
DP31| 4.86 1
DP32| 2.81 g 1| 0.00
DP33| 5.20
DP34| 3.85
DP35] 1.82 * Total cluster interface cost is the sum of the costs of individual
DP43| 19.50 interfaces defined in Matrix 2.
DP42| 19.50
DP41| 52.00
DP542| 0.71
DP543| 0.00
DP541| 2.14
DP51| 13.50
DP52| 5.20
DP532| 3.20
DP534| 0.00 Merged
DP533| 0.00
DP531| 3.85
DP15| 0.00 Merged
DP25| 0.00
DP26| 1.82
DP16| 0.00 Merged
DP535| 0.00

Variant 1
Variant 2
Variant 3
Variant 4
Variant 5
Variant 6
Variant7
Variant 8

Pmodular
220.26
220.26
220.26
220.26
220.26
220.26
220.26
220.26
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Title Architecture Cost Comparison
Revision A

Created By Eero Talus

Date 22/09/2024

Table 1: Variant cost vector comparison between architectures.

Product Cost
Integral Modular
Architecture E D A(E>D) A% C A(E>C) A% B A(E~>B) A% A A(E>A) A%
Variant1 | 220.26 | 243.17 2291 +10.4 | 262.72  42.46 +19.3 | 286.86 66.59 +30.2 | 293.50 73.24

Variant2 | 220.26 | 243.17 22.91 +10.4 | 150.45 -69.81 -31.7 | 286.86 66.59 +30.2 | 181.22 -39.04 -17.7
Variant3 | 220.26 | 243.17 22.91 +10.4 | 248.08  27.82 +12.6 | 286.86 66.59 +30.2 | 272.06 51.80 +23.5
Variant4 | 220.26 | 243.17 2291 +10.4 | 135.81 -84.45 -38.3 | 286.86 66.59 +30.2 | 159.79 -60.47 -27.5
Variant5 | 220.26 | 243.17 2291 +10.4 | 224.32 4.06 +1.8 243.84  23.58 +10.7 | 248.30  28.03 +12.7
Variant6 | 220.26 | 243.17 2291 +10.4 | 112.04 -108.22 | -49.1 243.84  23.58 +10.7 | 136.02 -84.24 -38.2
Variant7 | 220.26 | 200.64 -19.62 -8.9 209.68 -10.58 -4.8 221.60 1.34 +0.6 226.86 6.60 +3.0
Variant8 | 220.26 | 200.64 -19.62 -8.9 97.41  -122.85 | -55.8 | 221.60 1.34 +0.6 114.59 -105.67 | -48.0
Minimum | 220.26 | 200.64 -19.62 -8.9 97.41 -122.85 | -55.8 | 221.60 1.34 +0.6 114.59 -105.67 | -48.0
Maximum | 220.26 | 243.17 2291 +10.4 | 262.72 42.46 +19.3 | 286.86 66.59 +30.2 | 293.50 73.24
Average | 220.26 | 232.54 12.28 +5.6 180.06  -40.20 -18.2 | 259.79  39.53 +17.9 | 204.04 -16.22 -7.4

Figure 1: Absolute cost differences with different architecture change scenarios.

200.00

150.00

100.00

50.00
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-50.00
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-200.00
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Figure 2: Relative cost differences with different architecture change scenarios.

75.0

50.0

25.0

Relative Cost Difference (%)

-25.0
W Minimum
-50.0 H
m Maximum
Average
-75.0
A(E>D) A(E>C) A(E>B) A(E>A)

Architecture Change Scenario

Figure 3: Relative cost differences per variant with different architecture change scenarios.
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Appendix L: Design Parameter and Interface Cost Data
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Title Design Parameter and Interface Cost Data
Revision A

Created By Eero Talus

Date 22/09/2024

Notes

The selected components are for cost estimation only and they include only the largest cost contributors. Component selections were done based on
manufacturer specifications, but compatibility of the components was not thoroughly checked. Cost data was obtained from the online catalogs of
distributors between 22/08/2024 and 06/09/2024. Where data was not availble, costs were estimated. In addition, the cost of supportive components
required for the correct operation of the main cost contributors was estimated at 30% of main component cost.

DigiKey:
Codico:

https://www.digikey.com
https://www.codico.com

Table 1: Design Parameter Costs.

DP{MPN Unit Price @ 1000 Qty Distributor |Notes

DP11({CPU 2.8116 € N/A

STM32L431CBT6 2.1628 € DigiKey

Support components 0.6488 € N/A Est. 30% of main component cost.
DP12|Digital 10 0.0000 € N/A Built-in processor 10.

Support components 0.0000 € N/A
DP13(PLC PHY 20.6700 € N/A

RED-BEET-E 2.0 SPI (EVSE) Module 15.9000 € Codico

Support components 4.7700 € N/A Est. 30% of main component cost.
DP14|4-pin Molex Micro-Fit connector 2.5688 € N/A

Molex 0430450410 1.9760 € DigiKey

Support components 0.5928 € N/A Est. 30% of main component cost.
DP15|Buck converter 3.8453 € N/A

Texas Intruments TPS563300DRLR 0.3485 € DigiKey

Wiirth Elektronik 74439346068 Inductor 2.0755 € DigiKey

2x TDK C3216X5R1V226M160AC Output Capacitor 0.2402 € DigiKey

2x TDK CGA5L1X7R1H106K160AC Input Capacitor 0.2938 € DigiKey

Support components 0.8874 € N/A Est. 30% of main component cost.
DP16(2-pin Molex Micro-Fit connector 1.8188 € N/A

Molex 0430450210 1.3991 € DigiKey

Support components 0.4197 € N/A Est. 30% of main component cost.
DP21(CPU 2.8116 € N/A

STM32L431CBT6 2.1628 € DigiKey

Support components 0.6488 € N/A Est. 30% of main component cost.
DP22|Digital 10 0.0000 € N/A Built-in processor 10.

Support components 0.0000 € N/A
DP23(CAN PHY 0.4306 € N/A

Microchip ATA6561-GAQW-N 0.3312 € DigiKey

Support components 0.0994 € N/A Est. 30% of main component cost.
DP24(8-pin Molex Micro-Fit connector 3.0035 € N/A

Molex 0430450809 2.3104 € DigiKey

Support components 0.6931 € N/A Est. 30% of main component cost.
DP25|Buck converter 3.8453 € N/A

Texas Intruments TPS563300DRLR 0.3485 € DigiKey

Wiirth Elektronik 74439346068 Inductor 2.0755 € DigiKey

2x TDK C3216X5R1V226M160AC Output Capacitor 0.2402 € DigiKey

2x TDK CGA5L1X7R1H106K160AC Input Capacitor 0.2938 € DigiKey

Support components 0.8874 € N/A Est. 30% of main component cost.
DP26(2-pin Molex Micro-Fit connector 1.8188 € N/A

Molex 0430450210 1.3991 € DigiKey

Support components 0.4197 € N/A Est. 30% of main component cost.
DP31(RFID interface 4.8599 € N/A

ST Microelectronics ST25R3916B-AQWT 3.7384 € DigiKey

Support components 1.1215 € N/A Est. 30% of main component cost.
DP32|Secure CPU 2.8116 € N/A

STM32L431CBT6 2.1628 € DigiKey

Support components 0.6488 € N/A Est. 30% of main component cost.




DP33

DP34

DP35

DP43

DP42

DP41

DP51

DP52

DP532

DP534

DP533

DP531

DP535

DP542

DP543

DP541
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Ethernet hardware
Microchip KSZ8851SNL-TR
Support components

Buck converter
Texas Intruments TPS563300DRLR
Wiirth Elektronik 74439346068 Inductor
2x TDK C3216X5R1V226M160AC Output Capacitor
2x TDK CGA5L1X7R1H106K160AC Input Capacitor
Support components

2-pin Molex Micro-Fit connector
Molex 0430450210
Support components

Tempered cover glass
Glass
Support components

Mechanical mounting frame
Frame
Support components

1920x1080 LCD panel unit with 24V power input
LCD
Support components

Multicore SoC
ST Microelectronics STM32MP157FAD1
Support components

Ethernet hardware
Microchip KSZ8851SNL-TR
Support components

PMIC buck converter
ST Microelectronics STPMIC1APQR
Support components

PMIC buck converter
ST Microelectronics STPMIC1APQR
Support components

PMIC buck converter
ST Microelectronics STPMIC1APQR
Support components

Buck converter
Texas Intruments TPS563300DRLR
Wiirth Elektronik 74439346068 Inductor
2x TDK C3216X5R1V226M160AC Output Capacitor
2x TDK CGA5L1X7R1H106K160AC Input Capacitor
Support components

2-pin Molex Micro-Fit connector
Molex 0430450210
Support components

Thermal interface material
Chip Quick TC3-1G
Support components

CPU mounting solution
N/A
Support components

Metal heatsink
CUI Devices HSB41-303014P
Support components

5.2000 €
4.0000 €
1.2000 €
3.8453 €
0.3485 €
2.0755 €
0.2402 €
0.2938 €
0.8874 €
1.8188 €
1.3991 €
0.4197 €
19.5000 €
15.0000 €
4.5000 €
19.5000 €
15.0000 €
4.5000 €
52.0000 €
40.0000 €
12.0000 €
13.4980 €
10.3830 €
3.1149 €
5.2000 €
4.0000 €
1.2000 €
3.1959 €
2.4584 €
0.7375 €
3.1959 €
2.4584 €
0.7375 €
3.1959 €
2.4584 €
0.7375 €
3.8453 €
0.3485 €
2.0755 €
0.2402 €
0.2938 €
0.8874 €
1.8188 €
1.3991 €
0.4197 €
0.7111 €
0.5470 €
0.1641 €
0.0000 €
0.0000 €
0.0000 €
2.1421 €
1.6478 €
0.4943 €

N/A
DigiKey
N/A
N/A
DigiKey
DigiKey
DigiKey
DigiKey
N/A
N/A
DigiKey
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
DigiKey
N/A
N/A
DigiKey
N/A
N/A
DigiKey
N/A
N/A
DigiKey
N/A
N/A
DigiKey
N/A
N/A
DigiKey
DigiKey
DigiKey
DigiKey
N/A
N/A
DigiKey
N/A
N/A
DigiKey
N/A
N/A
N/A
N/A
N/A
DigiKey
N/A

Est. 30% of main component cost.

Est. 30% of main component cost.

Est. 30% of main component cost.

Estimated cost.

Est. 30% of main component cost.

Estimated cost.

Est. 30% of main component cost.

Estimated cost.

Est. 30% of main component cost.

Est. 30% of main component cost.

Est. 30% of main component cost.

Est. 30% of main component cost.

Est. 30% of main component cost.

Est. 30% of main component cost.

Est. 30% of main component cost.

Est. 30% of main component cost.

Est. 10 uses per 5.47€ syringe.

Est. 30% of main component cost.

Integrated in heatsink.

Est. 30% of main component cost.

Est. 30% of main component cost.
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Table 2: Interface costs.
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InterfaceMPN Unit Price @ 1000 Qty Distributor |Notes

A[CAN PHY 4.4366 € N/A

Microchip ATA6561-GAQW-N 0.3312 € DigiKey

Molex 0430450410 1.9760 € DigiKey

Molex 2147551042 1.1055 € DigiKey Costx0.5 to split between modules.

Support components 1.0238 € N/A Est. 30% of main component cost.
B|4-pin UART connector 4.0060 € N/A

Molex 0430450410 1.9760 € DigiKey

Molex 2147551042 1.1055 € DigiKey Cost x0.5 to split between modules.

Support components 0.9245 € N/A Est. 30% of main component cost.
C|4-pin SPI data connector 4.0060 € N/A

Molex 0430450410 1.9760 € DigiKey

Molex 2147551042 1.1055 € DigiKey Cost x0.5 to split between modules.

Support components 0.9245 € N/A Est. 30% of main component cost.
D(20-pin MIPI-DSI connector 0.3672 € N/A

Amphenol SFV20R-4STE1HLF 0.2824 € DigiKey

Support components 0.0847 € N/A Est. 30% of main component cost.
E|2-pin 5V power connector 2.7063 € N/A

Molex 0430450210 1.3991 € DigiKey

Molex 2147551022 0.6827 € DigiKey Cost x0.5 to split between modules.

Support components 0.6245 € N/A Est. 30% of main component cost.
F|2-pin 3V3 power connector 2.7063 € N/A

Molex 0430450210 1.3991 € DigiKey

Molex 2147551022 0.6827 € DigiKey Cost x0.5 to split between modules.

Support components 0.6245 € N/A Est. 30% of main component cost.
G|8-pin PMIC power connector 5.1466 € N/A

Molex 0430450809 2.3104 € DigiKey

Molex 2147551082 1.6485 € Digikey Cost x0.5 to split between modules.

Support components 1.1877 € N/A Est. 30% of main component cost.
H|2-pin 24V power connector 2.7063 € N/A

Molex 0430450210 1.3991 € DigiKey

Molex 2147551022 0.6827 € DigiKey Cost x0.5 to split between modules.

Support components 0.6245 € N/A Est. 30% of main component cost.
I{Heatsink mount 0.0000 € N/A

Mounting geometry 0.0000 € N/A Integrated in heatsink.

Support components 0.0000 € N/A Est. 30% of main component cost.




	Introduction
	Principles of System Design: A Literature Review
	What is Design?
	System Design Methods
	Pugh Controlled Convergence
	Analytic Hierarchy Process
	Taguchi Method
	Design Structure System
	Axiomatic Design
	Modular Function Deployment

	What is Architecture?
	Integrality and Modularity
	Production Paradigms
	Product Families, Platforms and Family Architectures

	Conclusions of the Literature Review

	Axiomatic Design and Design Structure System
	Theoretical Basis of Axiomatic Design
	The Independence Axiom
	The Information Axiom

	Integration Analysis
	Time-variant and Configurable Architectures
	Designing Module Interfaces
	Domain Based Product Configuration
	Cluster Utilization
	A Practical Integrated Design Flow
	On Design Framework Selection

	Modelling the Cost-effects of Modular Architectures
	Qualitative Model
	Cost of Modularity

	Electric Vehicle Charging Technology
	Applications Processing
	Charging Standards
	Networking and the Internet of Things
	User Interfaces
	Payment Solutions
	Modular Connectivity
	Safety Requirements

	Embedded System Architecture for an EV Charging System Platform
	Methods
	Architecture Design
	Cluster Utilization Analysis
	Modularity Cost Analysis
	Results

	Effects, Risks and Advantages of Structured Design Methods
	Evaluating Product Architectures
	Risks of Structured Design Methods
	Cost of Modularity
	Total Complexity
	Organizational Fit
	Lack of Expertise
	Amount of Work

	Advantages of Structured Design Methods
	Project Management
	Theoretical Proof
	Product Quality
	Product Maintenance
	Product Configuration


	Conclusions
	References
	FR-DP Hierarchy for an EV Charger
	Design Matrices for an EV Charger
	Product Family Specification for an EV Charger
	Composite Design Matrix for an EV Charger
	Composite DP DSM for an EV Charger
	Naive Clustering Based on DP Hierarchy (Option A)
	Naive Clustering Based on a Constant Cluster Size (Option B)
	Modular Clustering Based on DP Interactions (Option C)
	Semi-Modular Clustering Based on DP Interactions (Option D)
	Completely Integral Clustering (Option E)
	Architecture Cost Comparison
	Design Parameter and Interface Cost Data

