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Abstract

Today, companies have a great attention to their product’s cost and time-to-

market, to become more competitive in the global market. Reliability engineering

as one of the most important topics in system engineering is employed by compa-

nies to not only assess the value of the product, but also to identify, prevent, and

reduce the risks of potential failures associated with design and manufacture of a

product.

This study is conducted to implement reliability systems engineering in DNVGLFF

2015 as a partial preparation of DNVGL prototype to participate in SEM 2015.

The author’s objective is to investigate the effect of reliability engineering on

DNVGL prototype system. The scope of this thesis is mainly focused on the

initial three stages of the system life-cycle.

The former DNVGL team have been faced with problems in the prototype’s brak-

ing system during the completion. As a result, the author decided to apply design

for reliability (DFR) techniques on braking sub-system with the aim of identifying

potential failures and propose possible solutions to mitigate their risks. In doing

so, the reliability methods including RBD, FMECA, and FTA are employed in

this thesis.
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Chapter 1

Introduction

1.1 Background

This thesis is conducted to apply design for reliability techniques as a part of

principles of systems engineering in order to contribute to the DNVGLFF team

to better acquire requirements specification, plan, and increase reliability of the

legacy system. The main concentration of this thesis is on design for reliability

in the first stages of the system development. Also, assigned systems engineer of

this project endeavors to make a reliability plan not only for this year project, but

also for next future contest driven projects. In order to obtain better insight of

the thesis, a brief story of the competition is given in the next section.

Systems engineering is considered as a technique that gathers various engineer-

ing and science disciplines and uses their knowledge to achieve a goal through

the planning and development stages of a system. Systems engineering mostly is

employed to solve a complex engineering problem in an effective and efficient man-

ner. There is a saying that system engineering is mainly involved in development

of new technological possibilities with the aim of putting them to use as rapidly

as economic, and with considering all constraints [Online, 2014].

There is no industry that can continue effectively without the application of reli-

ability engineering. Today, this discipline as one of the most important topics in

1



Chapter 1 Introduction

systems engineering has been developed to the high degree as the need for that is

much felt than before [Clausing and Frey, 2005]. The reason behind that is the

growth of products with high complexity in their life cycle. According to [Kece-

cioglu, 2002, P. 2], reliability engineering is a set of techniques which ”...provides

theoretical and practical tools whereby the probability and capability of parts,

components, equipment, products, subsystems, and system to perform their re-

quired function without failure for desired period and specified environment,...”.

Although, reliability engineering can be used for development, manufacturing,

testing, and delivering of the system, however, design is the most critical stage

in system development that the reliability engineering must be integrated into it

[Yang, 2007a]. The reason behind is that any changes in the system in design

phase is considerably less expensive than the next phases [Avontuur and van der

Werff, 2001, Soleimani and Pourgol-Mohammad, 2014].

In designing and developing of vehicles, reliability play a significant role to describe

their level of performance and quality [Popovic et al., 2011]. Today, reliability

methods and robust engineering techniques help engineers to identify potential

failures and reduce their impact on the whole system. This needs detailed infor-

mation about vehicle parts and components, and the potential failure modes that

must be recognized as early as possible in the system lifecycle [Popovic et al.,

2011]. According to [Zhang and Liu, 2002], the primary objective of vehicle design

is to increase the reliability and safety of the vehicle components. For example,

damage to a critical component of a vehicle, might be at the cost of the accident.

For this reason, it is important to analysis the reliability of the critical subsystems

such as braking subsystem, wheels, etc., to avoid such a significant event.

1.1.1 History

Shell Eco-Marathon (SEM) is a unique race that gathers students around the world

and challenges them to design, produce and drive the most energy consumption

efficient vehicle. This completion is held as three events in different cities in Asia,

Page 2



Chapter 1 Introduction

Americas and Europe to observe the student’s performances, and track that team

drives further with minimum usage of energy [She, 2014]. The energy sources

can be diesel, petrol, liquid fuel made from natural gas, and electricity supplied

from batteries and solar panel. SEM 2015 takes place in Manila, the Philippine,

Detroit, Michigan, and Rotterdam, the Netherlands. Shell Oil’s Wood River Lab-

oratory was the first place that the Shell mileage marathon was started by an

argumentation among engineers about efficient usage of fuel. Today, the primary

goal of Shell with the competition is to spark debate about the future of mobility

and inspires young engineers to push the boundaries of fuel efficiency [W.S.Afleck,

2013]. During the last years, this goal has been achieved and at time goes by

significant result will be achieved. For instance, some of the pioneer vehicles have

managed to go 3000 Km per litter of fuel. Although, it is not fair to compare these

vehicles with ordinary cars, however, this is a beginning of having the future with

low usage of energy among typical cars.

1.1.2 Vehicles Classes

According to the SEM rules, six propulsion systems categories are allowed to

participate in the competition. Bio-fuel, hydrogen, fuel made from natural gas

(GTL), diesel, and conventional petrol and electricity are organized into the cate-

gories. Also, solar panel, as supporting energy source, can be used into all classes.

Two different classes participate in this competition: the Urban concept and the

Prototype class. The propulsion systems mentioned previously can be applied to

both classes that based on their propulsion system, and they can participate in

twelve different races. Competitors, who intend to participate with prototype,

need to achieve the best possible mileage. They have full freedom in terms of

designing and developing of the Prototype. The prototype class is considered as

most remarkable class and oldest one to participate. The main aim of the Proto-

type is to minimize the usage of energy consumption. This class is a little smaller

than the Urban concept, and it has different shape and features such as three

wheels, droplet shaped body and the horizontal driving position. Another class is
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Chapter 1 Introduction

the Urban concept that completely inspired from the conventional cars. Designer

and developer of the Urban concept must following more restrictive rules than

Prototype. For example, some of this rules point out that every Urban concept

must have doors, head and tail light, windshield wiper, and luggage compartment

[Johannes Aalberg, 2014].

1.1.3 NTNU and Shell Eco-marathon

The DNV GL Fuel Fighter team is organized by NTNU to participate in the Shell

Eco-marathon on behalf of Norway. The team is usually formed by fourth and fifth-

grade student from different educational background to construct a new vehicle or

improve the legacy one in order to take part in the race. Since 2008, DNVFF has

competed in the SEM races and has got different awards. They also couldn’t raise

many of the SEM’s cups due to failure in testing, and so on. 2011 was the first

year that the team decided to recruit a systems engineer to have better insight of

the system and sub-systems and tried systematically to find the solution for their

potential problems. Despite it is not fair to believe that the systems engineer was

the only reason of winning of the team in year 2012, however, systems engineer

has contributed very well to achieve this goal. The assigned systems engineer of

DNVGLFF 2015, with inspiration from the former systems engineers, tended to

apply the SE principles into the development process of vehicle. Also, he tried to

have more focus on design for reliability of the system that also is considered as

the main aim of this thesis.

1.2 Motivation

Despite, the design of the prototype class of the previous team was very attractive,

and it was selected as one of the ten most exciting newcomers, the design award

went to another team. Also, it had lost the safety award to its competitor, due to

not testing the car before the competition. These problems of the Prototype class
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Chapter 1 Introduction

along with other reasons, caused that the team couldn’t stand on their real place

in the contest, although they put a lot of effort on it.

An analysis of the prototype system in a knowledge-transfer meeting with the

previous members of the DNVGL team revealed that they had been facing a major

problem: having failures in the system. It is true that even the most advanced

systems have failures. But, the central issue is: to what extent failures must

be tolerable? For example, in an aerospace, as long as a system with a failed

component can function at least for the length of the mission and the potential

failure risk will be mitigated prior to the next mission, the failure can be bearable.

In order to do so, reliability engineers besides the designers must foresee the critical

failures during the requirement analysis and incorporate them into the design.

The primary motivation of this thesis is to apply reliability engineering for one

of the vulnerable subsystems: prototype braking system. Also, the reliability

engineering and safety analysis of the system are carried out for the first time in

the DNVGLFF projects. At the beginning, it was decided to examine the whole

prototype system in terms of the reliability. However, due to lack of time, it was

recommended by the safety engineer of the DNVGL to select one of the systems

that expected to not work very well. As a result, since the previous team was

faced a couple of problems with the braking system during the competition, it is

wise to make a reliability plan for this critical system. Some of these problems are

explained in [Johannes Aalberg, 2014].

1.3 Problem Statement

In the current state of the prototype braking system, number of concerns related

to the reliability of the system arise. Some of these concerns are as follow:

1. How reliability engineering can be valuable for the DNVGLFF system?

2. How the Prototype braking system can be designed to be reliable?
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3. To what extent the potential failures can be tolerable?

This thesis is conducted in response to the questions raised above. In order to

do so, first all requirements of the prototype system were organized into a docu-

ment. Then, the whole structure of the system(prototype) was designed with its

subsystems and components. Finally, all steps needed for design for reliability of

the system was carried out. These steps including reliability block diagram(RBD),

failure mode effect and critically analysis(FMECA), fault tree analysis (FTA), and

failures analysis.

1.4 Scope

In reality, a couple of different failures in braking system can be pointed out. These

potential failures might be from the components such as actuator, friction lining,

seals, bearing, and hydraulic [CARDEROCKDIV, 2010]. Failure in one of these

components might have an adverse effect on functioning of the braking system.

Also, the failure might be due to not well-design of the system. In this project, all

these concerns are analyzed. In order to perform the said analysis, following steps

are carried out:

1. Develop literature review in systems engineering and design for X.

2. Develop literature review in reliability theory and reliability engineering.

3. Conduct qualitative analysis of braking system through RBD, FMECA, and

FTA.

4. Discuss about the contribution of the reliability systems engineering in DNVGLFF

project.
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Chapter 2

Research Methodology

The research method of this thesis is based on 1)reviewing literature and 2)case

study. A method is designed to qualitative analyze the reliability of the prototype

braking system based on the literature to propose potential solution for the men-

tioned research problem. This model is adopted from [Yang, 2007b]. This chapter

explains the research methodology in details.

2.1 Literature Study

One of the important parts of this thesis is to review the proper literature to

identify the existing body of knowledge. In this thesis, the literature study aims

to response to the research question of how to implement design for reliability plan

for DNVGLFF prototype vehicle.

In this thesis, it has been tried to use the reliable literature including book, journals

paper, thesis, and so on through valid databases such as NTNU library, ScienceDi-

rect portal, SAGE journal, and other online sources. Also, the author tried to pay

more attention to IEEE Reliability Society, Reliability Engineering and System

Safety journal from Elsevier portal in order to gather proper information in the

field of reliability. The keywords used in this thesis were systems engineering,

reliability engineering, and design for reliability. Also the other keyword about

7



Chapter 2 Research Methodology

concurrent engineering and design for X are used as well. Although, the concept

of concurrent engineering and design for X were not related to this thesis, but they

were discussed to better show the aim of this thesis. One of the limitations of this

thesis was the lack of information in reliability of the particular braking system

used in prototype. Despite, there are number of available articles regarding general

braking system, but limited number of those articles could be used in the context

of this thesis. The couple of these article which relatively are related to this thesis

are listed in table 2.1. Also, the reliability study is done for the first time in such

projects and there is no information regarding reliability of the system from the

former teams.

Type of Brakes References

Motorcycle [Boniardi et al., 2006]

Automobile [Sharvia and Papadopoulos, 2015, Sinha, 2011]

Truck [Zhifa et al., 2011]

Train [Cheng et al., 2009, Kohda and Fujihara, 2008, Min

et al., 2010, Tan et al., 2012]

Airplane [Al-Garni et al., 1997]

Table 2.1: Related work references

2.2 Case Study

Generally, cases studies are used when questions such as ”WHY”, or ”WHAT” are

being raised [Yin, 2014]. Same reference also has mentioned three different re-

search purpose- exploratory, descriptive, or explanatory. Exploratory researches

are those in which the problem has clearly been defined, and the potential solu-

tion(s) is(are) consequently proposed. By assuming that the problem statement

in this thesis regarding reliability engineering in braking system of DNVGL pro-

totype class is defined, and a solution for reaching this goal is specified, this study

can be considered as an exploratory research.
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This thesis is conducted based on real life case study where the author endeavored

to apply his finding in reliability. Also, these findings have been assessed through

analyzing the result. According to [Jung et al., 2012] reliability blocks diagram

(RBD), failure mode effect, and critically analysis (FMECA), and fault tree anal-

ysis (FTA) are the most proper reliability tools to analyze the level of the system

reliability. The outcomes from the mentioned tools are analyzed and the possible

solution are proposed. All these processes are well-explained in this thesis.

The reliability and validity of the gathered information are the key concerns of the

research at this stage. Many researchers ”go to great lengths”to make sure that the

interpreted information is both valid and reliable [Bronwyn Becker and Palmquist,

2012]. All gathered information in this project are gained through cross-functional

meeting with all responsible engineers. Particularly, the information regarding the

braking system has been checked with its assigned engineer in the form of expert

judgment. Expert judgment is an alternative way to elicit information from expert

person, when the statistical information doesn’t exist or it is not available [Vatn,

2013]. Also, regularly feedback from the responsible supervisor, added many value

to validity of this project.

2.3 Research Model

Figure 2.1 is illustrated to better show the process of the research in this thesis.

This model consists of three phases. The assigned system engineer has concurrently

perused two goals. First, doing the system engineering process which including

requirements acquisition, high level design architecture, and the other tasks that

are presented in this model. Second, following the design for reliability process.

The main focus of reliability engineering in this project is at the phase 2 which is

design and development. All tasks are discussed comprehensively in the body of

this study.

As it shown in figure 2.1, in the first phase the requirements analysis has been

done. This process including specifying all necessary system requirements as well
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as specifying reliability needs, is performed to achieve the goal. In the phase

2, based on specified requirements, the system architecture was designed. This

process including designing the high-level of system architecture. Also, designed

system architecture was reviewed in the form of iterative process to see whether

the specified requirements will be met. Concurrently, the reliability techniques

for designing the system has been performed. As it can be seen in the picture,

the reliability tools which have been applied in this phase are reliability modeling

(RBD), reliability allocation, FMECA, FTA, and failure analysis. Finally, in in

phase 3 the system has been tested regarding meeting the reliability requirements.

Figure 2.1: Research model used in this thesis adopted from [Raheja and
Gullo, 2012]
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Chapter 3

Background and Literature

Review

This chapter is built based on literature and aims to give a proper explanation of

systems engineering principles, design for X, and specially design for reliability in

order to address the research questions.

3.1 Systems Engineering

”A system is an assemblage or combination of functionally related elements or

parts forming a unitary whole, such as a river system or a transportation system”

[Blanchard and Fabrycky, 1990, P. 17]. A system is not each set of facts, items,

or method. Some connection can be found between a set of elements in a box,

however, due to lack of functional relationships, it is not considered as a system.

Also, interrelated components should functioning together to achieve common and

specified purposes or objectives [Blanchard and Fabrycky, 1990].

Although, a system might have sub-systems, components, parts and its interfaces,

however, each sub-system or even components might be a system per se. As

a result, when a system is going to be developed, all purposes and objectives

of each sub-system and components must be defined and understood explicitly.
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Considering all these characteristics of a system under development, especially a

complex one, is not an easy task. Therefore, systems engineering methodology

is required, in order to consider all customer requirements into the system with

specified outcome(s).

”To this day, there is no commonly accepted definition of systems engineering in the

literature” [Blanchard and Fabrycky, 1990, P. 31]. There are a lot of definitions of

systems engineering that are written based on its author or particular organization

approach. One of the comprehensive definition of systems engineering belongs to

International Council on Systems Engineering (INCOSE). According to [Haskins,

2010, P. 7], Systems engineering is ”an interdisciplinary approach and means to en-

able the realization of successful systems. It focuses on defining customer needs and

required functionality early in the development cycle, documenting requirements,

and then proceeding with design synthesis and system validation while considering

the complete problem: operations, cost and schedule, performance, training and

support, test, manufacturing, and disposal. SE considers both the business and the

technical needs of all customers with the goal of providing a quality product that

meets the user needs”.

3.1.1 Need for Systems Engineering

One of the main reasons that the need for systems engineering is felt is the am-

biguity in requirements acquisition and the absence of proper planning. Usually,

the process of developing a system, can be divided into four phases [Kamrani and

Azimi, 2012];

• conceptual design

• preliminary design

• detailed design

• development and operation and management
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Studies show that the current methods can only cover the last two phases. These

last two phases comprise 75 percent of total project cost. However, through apply-

ing systems engineering techniques to the initial concept design and preliminary

architect, the expenditure of next phases can drastically be reduced. This con-

tribution is done not in a direct way. Systems engineering principles through

improving the quality of the design, reducing failures and defects, reducing devel-

opment time period, and improving the relation between component and process

can lead to lower total cost of the project [Kamrani and Azimi, 2012].

Many projects are facing with problems and challenges such as lag behind the

schedule, run over the expected expenditures, or poor functionality as planned.

Systems engineering is more about design and integration of the proposed sys-

tem(s) with requirements acquisition and broad outlook. The main concentration

of systems engineer is to identify and evaluate requirements, alternatives, un-

certainties and risks, and manage the technical activities of the project. In the

initial phase that is called identification phase, systems engineer aims to determine

the different trade-offs and then continues with selected design(s). Analyzing the

trade-offs, and then formulation of the methodology techniques are done in the

second phase. Finally, the assigned systems engineer decides on the best choice

[Gonzalez, 2002].

Sometimes the boundary of systems engineering and project management is not

clear. For this reason, it is necessary to give an insight to the reader about the

differences between systems engineering and project management responsibility

and tasks.

3.1.2 Project Management and Systems Engineering

According to [Pyster et al., 2012], effective communication between the system

engineer(SE) and project manager(PM) leads to mission accomplishment. The

link between the project manager and system engineer must be established as

early as possible.
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Management issues are the primary concern of PM, while, technical problems

are the main concern of SE. PM leading the project management team, but the

systems engineering team is run by an experienced and trained SE, who has good

knowledge in technical fields. PM aims to lead the project to success with respect

to the limitations while SE aims to lead the system to success. According to

[Kamrani and Azimi, 2012] lack of effective systems engineering causes failures

in projects. Some of the held on common issues that have an impact on the

whole project such as schedule changes, resource reallocation, risk changes, and

system changes [Pyster et al., 2012]. An example of SE and PM interaction is well

illustrated in figure 3.1.

Figure 3.1: SE and PM overlap [Kossiakoff and Sweet, 2003]

3.1.3 Systems Engineering Roles

Before systems engineering roles are discussed, it is better to clarify the difference

between systems engineering and systems engineers. There has been much discus-

sion about the difference between Systems Engineering and Systems Engineers.

The question is, whether all of the engineers in a project must be involved as
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”systems engineer” or the title of systems engineering is for specific engineers with

particular skills. [Sheard, 1996], categorized systems engineering roles into twelve

parts that can be seen in figure 3.2. In the following, only those roles that are

relevant to this project are described.

Figure 3.2: Systems Engineering Roles [Sheard, 1996]

• Requirements Owner : Several requirements-related tasks are set together by

this role. Translation of customer needs into technical requirements, and

which system and subsystems must be architected and designed are defined

by this role.

• Systems Designer : After the requirements and functional architecture are

developed, a system designer makes the high-level architecture and selects

critical components. In this section, the important part is that the systems

designer makes sure that all requirements incorporated into designed system.

• Systems Analyst : In this role the systems analyst confirms whether the de-

signed systems will meet specified requirements. Conventional analyzes in-

cluding systems power, weight, input, and output, interface traffic, and so

on.
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• Validation and Verification(VV): The systems verification is planned and

implemented by VV engineers to ensure the systems will meet specified re-

quirements as designed. VV engineers are responsible to respond to un-

expected and unwanted events with the best possible understanding of the

system design. Also, they must be aware which experts need to be called

when needed.

• Glue: This role also is called system integrator in which the systems engineer

acts as a ”proactive troubleshooter”, tries to find problems and plans to

prevent them.

• Coordinator : The broad viewpoint of the system engineer makes him/her

capable of coordinating the groups and resolving the system issues. Engi-

neering of the complex system needs coordination.

Thus far, general aspects of systems engineering have been discussed. In the

following, systems engineering process are presented.

3.1.4 Systems Engineering Process

Despite there is a consensus concerns about systems engineering principles and

objectives, the process of implementation of its principles varies from a project to

the next. The steps of implementing process and its approach are highly depend-

ing on the nature of the system application and the experience of the experts on

the team [Blanchard and Fabrycky, 1990]. Developing a complex system funda-

mentally needs great commitments of resources in entire systems lifecycle. Also,

the risks that might jeopardize the whole system must be identified and resolve as

early as possible. In order to consider these factors, systems engineering methods

must be conducted in a step-by-step manner. In this way, not only the success of

each step is demonstrated, but also before making a decision to continue to the

next phase, the basis for the next one is validated [Kossiakoff et al., 2011].
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3.1.5 System Life-Cycle

According to [Haskins, 2010, P. 21], ”Every man-made system has a life cycle, even

if it is not formally defined”. In system development, with respect to environmental

issues, the life cycle must including development, production, and utilization as

well as retirement stage when disposal of the system will happen. The role of the

system engineer is crucial to the entire systems life cycle. System engineer does

the organization of a system development from requirements acquisition through

production process and systems disposal. System engineer must rest assured that

all experts are adequately involved in their specified domain, and the significant

risks are recognized and mitigated [Haskins, 2010].

A simple sequential development approach is shown in figure 3.3. The subsequent

life-cycle begins with user requirement to the completion of the operation. This

model shows a set of process from user requirements, through system requirements,

architectural design, and development of the component to the testing phases of

integration, installation and operation. By reviewing and monitoring each process

boundary, a commitment is made to the next step. The information must be pro-

duced in a defined order in which the users, developer and designer are responsible

for separate parts of the information. The components are produced and consid-

ered as an entity that must be fitting inside the overall system framework. Then,

in order to complete the system, the components must be integrated [Stevens and

Arnold, 1998].

Figure 3.3: Simple System Life Cycle [Stevens and Arnold, 1998]

There are a large number of system life cycle models. One of the well-known

system life cycle models is Vee model. Figure 3.4 shows a Vee model in which the
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verification process is happening across the parallel links as well as defining the

phases. In this model, the process of systems engineering starts from the left-hand

side by describing what exactly must be produced. Then it continues by building

the system from the components, and finally will end with the right-hand side by

verifying the built system based on the left-hand side specification. The testing

of the components during the integration phase is done based on the information

produced to specify those components. The process of acceptance, integration, and

verification of the components will continue until they are formed into a tested and

completed system. In order to make works on the right-hand side easy, the hard

work must be done on the left-hand side [Stevens and Arnold, 1998].

Figure 3.4: The Vee model from the simple life cycle [Stevens and Arnold,
1998]

3.1.5.1 User Requirements

In order to avoid misunderstanding regarding the actual meaning of the require-

ment in a system, one of the useful definitions of requirement is chosen and followed

in this project. According to [Sage and Rouse, 2009, P. 209], ”a requirement is a

statement that identifies a capability or function needed by a system in order to

satisfy a customer need”.

The first step of defining a system is user requirements. In order to move toward

success of the system, the primary users of the systems and their needs must

be identified and satisfied respectively. The entire customer needs define how

the process of system development will be. Requirements acquisition stage is
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different from the other phases of the life-cycle and must be short and precise, and

highly interactive. All requirements must be understood, even those that are not

practical. Poor acquisition of user needs might leads to irreparable consequences

later [Stevens and Arnold, 1998].

The process of user requirements acquisition must be carried out in the concept

development stage of the system life-cycle. In many projects the views of the user

might be considered, even those that are not necessary, that can causes confusion in

decision-making. SE process translates the user’s views of the desired system to a

standard top-level program, which all participants can understand it. This process

is called requirement analysis process [Haskins, 2010]. According to [Haskins,

2010, P. 72], ”The purpose of the Requirements Analysis Process is to transform

the stakeholder, requirement-driven view of desired services into a technical view

of a required product that could deliver those services”.

There are many tools and techniques that can be used to specify user requirements.

Some of these tools are technical questionnaires and marketing, prototypes, and

beta release of the system. Besides these techniques, trade-off analysis and simula-

tion are very useful to select desired mission alternative by evaluating the project

operational alternatives [Haskins, 2010].

The definition of the user requirements must be in the terminology of the prob-

lem domain that precisely specifies what the users intent to do with the system.

In other words, definition of the user requirement should be from an operational

viewpoint, instead of system functionality or equipment. It is important to dis-

tinguish between user and system requirements. In fact, system requirements are

driven by user demand, and they must be kept separate. Unfortunately, this usu-

ally not happen in many project that leads to confusion and misunderstanding

later [Stevens and Arnold, 1998].

The process of user requirements acquisition is well shown in figure 3.5. In this

model, the process starting with defining user type, and capturing requirement

from them. The gathered requirements must be reviewed and agreed by user, and

updated into user requirement document (URD).
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Figure 3.5: Capturing user requirements [Stevens and Arnold, 1998]

Given information from the user usually is short, general and might not be correct

that lead to scattering the whole design decision. It is the system engineer’s re-

sponsibility to turn this noisy information into measurable, testable requirements

that are proper for moving the project toward success [Stevens and Arnold, 1998].

In order to do so, the requirements must be specified accurately. According to

[Young, 2002, 2006], the characteristics of a good requirement are necessary, veri-

fiable, attainable, complete, unambiguous, traceable, consistent, implementation-

free, concise, and have a unique identifier.

3.1.5.2 System Requirements

In order to design an item in a system, first its requirements must be defined.

Setting of the system requirements is a creative process. The primary focus of

systems requirements analysis is to show what the system will do. In fact, system

requirement analysis looks for a set of resources to meet a system needs. A system

is formed based on system requirements, which is acting as linkage between user

requirement and design. In other word, customer’s system needs are translated into

a design model through system requirements [Grady, 2014, Stevens and Arnold,

1998].

System requirements encompass both descriptive information and formal require-

ments. They are very conducive in several way such as, showing a short view of

the system, allowing to conduct trade-offs and optimization before committing to

the planned design, providing a good basis for design, and so on. Designers, test

engineers, system engineers who are working on a smaller assigned part, and the
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planner are individuals who use the systems requirements document. It is neces-

sary to mention that the utilization of the word ”document” does not mean that

the information of a project is kept in a paper form [Stevens and Arnold, 1998].

Although, systems engineers are those who own system requirements, but the user

also must be aware of the systems requirement to be sure that their needs will

be met. In this way, the users can check their needs are being met, or at least

observe which one will or will not be achieved. Also, the systems requirement gives

an insight to the users to find out those that they didn’t think through correctly.

This is a good way to control the user requirements during the project period

[Stevens and Arnold, 1998].

3.1.5.3 Architectural Design

Architecture process of a large-scale complex system is the heart of systems engi-

neering. Such a architecture process is expected to be insufficient and disorganized

if it is done without systems engineering process [Eisner, 2008].

Architectural design process aims to synchronize a solution that fulfills systems

requirements. The process of architectural design is iterative. The systems en-

gineers joined by related and significant experts in the system domain need to

participate in this process. One of their responsibilities in this stage is to present

the alternative solution. Once the alternative solution is given, technical analysis

and decisions must be made as part of architectural design process to find a set of

system elements and components [Haskins, 2010].

The simple process of architectural design is shown in figure 3.6. As it presented,

architectural design determines what must be built, but not how. This process is

highly creative and differs from project to project. Usually, in this stage the large

cost of the project is fixed and it is hard to be changed. As a result, it must be

done very carefully as well as the other system engineering process. This process

through assigning functions to software, hardware, or people, transforms systems

requirement into more explicit form.
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Figure 3.6: Architectural design process [Stevens and Arnold, 1998]

3.1.5.4 Verification, Validation, Test (VVT)

Verification, validation, and test (VVT) process aim to identify and correct the

failures in the whole system. This process is done through a set of tools, and

analytic methods to make sure the potential risks are reduced, and finally all

customer requirements are fulfilled. As detecting the possible failures late leads to

increase risk and cost, the VVT process must be performed in the first stages of

the life-cycle as well as its final phases. The process of VVT can be complex, and

its complexity depends on the complexity of the system [Pineda and Kilicay-Ergin,

2012].

The term of verification means to ”evaluate realized product against specified re-

quirements”. The purpose of verification is to determine whether the final system

met the planned customer requirements. In addition, the verification process tries

to answer this question: Was the system produced correctly? [Engel, 2010, P.

16]. On the other hand, validation confirms whether the built (or will be built)

system, meet the stakeholders needs. System validation ensures that the solution

provided by the requirements and the system implementation is right for the cus-

tomer problem. In addition, the validation tries to answer this question: was the

right system produced? [Haskins, 2010]. The final term of VVT acronym is test,

and it suffice to say, ”testing is operating or activating a realized product or sys-

tem under specified conditions and observing or recording the exhibited behavior”

[Engel, 2010, P. 17].
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3.1.6 Design for X

The following section will give a brief introduction to concurrent engineering, de-

sign for X. Also the other solution in product design such as design for manufac-

turing, design for maintenance, design for safety, and the design for reliability that

is the main topic this thesis.

In today’s dynamic market, the companies must response to the customer demand

as fast as possible. Also, they should provide the products with a reasonable price,

good quality, and prompt availability. In order to do so, they need to produce their

products in an efficient way. Success stories show this can be achieved by using a

manufacturing method that is called concurrent engineering (CE). In this method,

all aspect of product’s life cycle, at the design stage, are considered simultaneously.

The CE approach is different from the traditional manufacturing process where

after design phase products get noticed regarding their manufacturability, quality,

safety, reliability, and so on, [Fohn et al., 1995].

In the traditional production method, product design was carried out serially. In

this way, after completion of the design stage, the communication occurs only after

completion of the specific phase. For example, designers define a product usually

without consulting with manufacturing engineers. As the design is verified through

simulation, prototype, etc., it goes directly to manufacturing department. Then,

the manufacturing department defines the production process and determines the

time and cost estimation. Then purchasing and quality departments are involved

to propose their plan based on their responsibility. If any defect or error are

discovered, it would directly pass back to the responsible department. This method

was very costly as the whole process must be stopped for fixing any potential

problem happened at any stage of the production process. However, CE prevents

any bottleneck and rework in the production process, through collaboration of

many people from different departments with the different point of view [Fohn

et al., 1995].
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One of the most practical approaches to apply CE is Design for X (DFX). The

primary focus of DFX is on vital business elements of CE [Maskell, 1991]. DFX

techniques and methods are considered as a part of detail design and are very

conducive to improve the cost and quality of the product life cycle. Also, they

increase productivity and efficiency using the concept of concurrent engineering

[Maskell, 1991]. DFX techniques through systematic approaches try to analyzes

design from different perspectives. [Holt and Barnes, 2010].

The letter ”X” in DFX can be replaced by the performance ability of the design

such as manufacture and assembly, maintainability, safety, reliability, or even the

environment. There are a lot of design purposes including the serviceability, life

cycle cost, and so on, which due to being irrelevant to this project, they are not

described. In order to achieve the particular purpose, some of these abilities can be

combined. For example, in order to develop an airplane, and due to the sensitivity

of this product, a couple of design for safety, reliability, manufacturability, etc.,

must be taken into account.

3.1.6.1 Design for Manufacturing and Assembly

Traditionally, manufacturing process makes design and production been imple-

mented independently. This kind of process usually resulted in poor manufactur-

ing, assembly, safety, maintenance, and finally increases in time and cost. Design

for manufacturing and assembly (DFMA) is one of the DFX family, and new

technique to cope with these kinds of problems. The combination of design for

manufacturing (DFM) and design for assembly (DFA) makes DFMA that they are

discussed below respectively.

DFM and DFA, not always work very well, and might create a conflict. For

instance, DFM mainly focuses on simplifying components while DFA emphasis on

simplifying the structure of the product by combination of parts. Implementation

of one of these techniques per se might result to false economics. For example, a

minor decrease in production cost is equivalent to increase in assembly cost and
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vice versa. For this reason, both of these methodologies must be applied together,

under the heading DFMA [Holt and Barnes, 2010, P. 124].

This recognition, which the cost of producing a product is mainly defined by its

design, develops DFMA. If the manufacture and assembly are not considered in the

design, some products are either impossible to produce or much less profitable than

they could be. By employing these techniques, through minimizing manufacturing

and assembly cost and avoiding unnecessary design iteration, the time and cost of

product development will be drastically reduced [Holt and Barnes, 2010].

Design for Manufacturing DFM is a set of techniques that determines the

features of a product that helps to have an efficient and high-quality manufacture.

The primary goals of these methods are minimization of cost and time. In fact,

each product can be made by many production processes with different character-

istics that must be considered during the design stage. DFM tools and methods

are defined based on what aspects of product development should be focused.

For example, the type of product, its size, the separate or continuous production

process, and many other issues define these aspects [Filippi and Cristofolini, 2009].

Design for Assembly DFA is a design method that can be applied in two

ways, 1) a tool for analyzing the assembly, 2) a guide for developing the assembly

process. In tradition form of assembly planning, after designing the product, the

engineers estimate the possibility of assembly through analyzing all the factors that

might affect the process of assembly, and suggest the best solution. On the other

hand, in the DFA methods, the knowledge and experiences of the assembly expert

are incorporated into the design stage [Xie, 2003]. In the process of assembly, there

are two factors that affect the assembly cost of a product. 1) ”the total number

of parts and 2) the ease of handling, insertion, and fastening of the parts”. The

evidences show that DFA methods provide many guidelines to reach this goal [Kuo

et al., 2001, P. 244].
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3.1.6.2 Design for Maintainability

Designing and developing a system that can be maintained effectively, with mini-

mum time and cost, and with minimum usage of the resource is one of the impor-

tant objectives of systems engineering. Maintainability can be defined as ”ability

of a system to be maintained, whereas maintenance constitutes a series of actions

to be taken to restore or retain a system in an effective operational state” [Blan-

chard and Fabrycky, 1990, P. 425]. Maintainability is parameter that is dependent

on the design, while maintenance is achieved after design.

Maintenance elements describe maintenance concepts and requirements for any

system. These elements including the analysis and verification customer needs.

The selection of each element is necessary and depends on specific requirements.

These elements, as well as their connection, are shown in figure 3.7. Before design-

ing the system, these elements must be studied to achieve effective maintenance.

During the system development, some other maintenance elements might be found

that need to be fully integrated into the whole system. It would be very time and

cost efficient if these elements be found as early as possible [Mital et al., 2014].

Figure 3.7: maintenance elements [Mital et al., 2014]
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3.1.6.3 Design for Safety

In this section, a brief introduction about design for safety is given. Despite,

the primary focus of this project is on design for reliability, it is necessary to

understand the concept of design for safety as ”design for safety and design for

reliability are inseparable” [Moriarty, 2012, P. 253].

Design for Safety (DFS), same as all design for Xs is a methodology, however with

different concentration. The main focus of DFS is to assure all potential hazards

associated with a system under development have been recognized , and those

hazards either mitigated or accepted for operation of the system. In order to do

so, the design team and safety team must work together to reach a consensus that

the design can be used reliably and the recognized hazards are acceptable for the

system [Bahr, 2000].

According to [Bahr, 2000] the process of system safety is a close-loop system in

which the hazards are identified, their potential risks are evaluated, a control

system to prevent the potential hazards and their effects is developed, and pe-

riodically this process is reviewed . This process is made through combination

of engineering analysis and management oversight. First, the objectives of the

system of interest must be defined. Second, the whole system including peoples,

software, equipment, the environment condition, etc., need to be reviewed [Bahr,

2000]. In this step, through various techniques the hazards are identified and eval-

uated. Safety experts should assess each hazard and its corresponding effect on

the whole system. If they realize that the identified risks are unacceptable, they

must develop a control system and implement it into the entire system to prevent

or mitigate the risks. The management part of this process is paramount as well.

Management must decide whether the risks are acceptable or not. If the risks are

not acceptable, the whole system must be modified through changes in the design

[Bahr, 2000].

A general model of integration of safety activities and systems engineering is shown

in figure 3.8. This model is proposed by [Teller, 2014] to show the incorporating
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safety principles into system development. The shaded blocks are safety activities

that must be done during each step of systems engineering.

Figure 3.8: Integrated scheme for system development and safety activities in
a project [Teller, 2014]

3.1.6.4 Design for Reliability

The comprehensive discussion of reliability theories, and the design for reliability

techniques and principles is explained in the next chapter.

Design for Reliability(DFR) as one of the design-for-requirements tends to incor-

porate the reliability techniques into system design with the aim of increasing the

reliability of the whole system. According to [Birolini, 2007, P. 2] ”Reliability is

a characteristic of an item, expressed by the probability that the item will perform

its required function under given conditions for a stated time interval”. Evidences

show that failures have consistently occurred in the systems that lead to high needs

for maintenance, and accordingly the cost of the entire system life cycle has been

increased [Birolini, 2007].

The reason of system failures can be sought in the design of the system from

beginning where the reliability and its characteristics have not been considered.

The conceptual design must adequately indicate reliability with respect to the

other specifications of the system Blanchard and Fabrycky [1990].

The process of the design must be well organized to make sure that the ”failure-

free” design principles are taken into consideration, and all potential failures are
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identified and mitigated. The primary focus of the designer must be on creating

a system that will not fail as specified. The designers through DFR process that

must be well-integrated into the system engineering process can reduce the failure

impact on the system [Liu].

According to [Liu], The process of DFR is conducted through various tools and

practices that an organization must employ them to integrate reliability principles

into the process of system development. The DFR process as a technical discipline

is still under development and needs to be improved. Depending on the type of

project, organization, or product/system, the process of DFR can vary. However,

the general form of its activity flow is shown in figure 3.9. In this model shows

the necessary activities to achieve a failure-free design. Also, this figure shows the

well-integrated of reliability engineering into the system engineering process from

concept design. A couple of analysis methods and tools must be applied at each

stage to accomplish the whole process.

Figure 3.9: Design for Reliability Activity Flow [O’Connor and Kleyner, 2011]
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Chapter 4

Design for Reliability

This chapter describes the ”Design for Reliability”principles, tools, and techniques

as the main focus of this thesis that has been implemented in DNVGL Prototype.

Before going through DFR in details, it is wise to discuss reliability theory.

4.1 Reliability Theory

Reliability has broad meaning and usually is defined as dependability. According

to [60050-191, 1990, Chapter: 191-02-06], reliability is defined as ”the ability of an

item to perform a required function under given conditions for a given time inter-

val”. This definition points out to three important elements: required function,

given condition and given time. There are four terms that clarify the concept of

reliability [Yang, 2007a, P. 10]:

• Binary state: the function of a product is either success or failure.

• Multistate: the product function can be the complete success, partial success

or failure. The special case of multistate is performance degradation.

• Hard failure: this failure is catastrophic that leads to complete cessation of

the function. Such a failure mode happens to a binary state product.
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• Soft failure: this failure is the partial loss of a function that occurs in a

multistate product.

Reliability is specified based on the intended function. The intended function for

a binary state is distinct. For instance, the function of a light bulb is lighting. If

the light bulb is blown out, it can be said that the failure occurs. The definition of

the intended function of a multistate product is usually subjective. For example, a

remote key to a car needs to be operated successfully at a distance up to 20 meters

(hypothetical). This threshold can be specified somehow subjectively; however it

mostly defines the level of the reliability. Assume, a product is a component that

must be mounted in a large system. So, its intended function must be specified by

system requirements. As a result, the same component, if installed in a different

system, may have different failure measures [Yang, 2007a].

Reliability is defined as the function of time. In the reliability, the period is

crucial. The warranty length, mission time, or other significant periods of time are

specified by the concept of time in the reliability. Durability of a product reflects

the customer expectations and can be a competitive advantage for a company.

For instance, in defining the most of the passenger automobile that are recently

produced, the durability of the car is ten years or 150,000 miles. On the other hand,

the reliability can be defined as a function of operating condition. The conditions

vary from product to product and may including usage rates, stress type and

levels, operation profiles, and so on. The frequency of operation of a condition is

imperative that have an impact on the system reliability. For example, there is a

study in [Tanner et al., 2002] shows that micro-engines can operate longer at the

high-speed condition than the low speed.

Reliability study mainly aims to provide information for decision-making. In the

past, decision makers should specify the problem, and then the boundary condition

and the objectives should be clarified. As a result, this information is considered

as inputs for making a decision. However, by reliability study this process is

conducted efficiently in the short period and with minimum cost.
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Reliability technology can be applied in wide range areas including risk analysis,

environmental protection, quality analysis, optimization of maintenance and op-

eration, and so on. One of these fields is engineering design. In the technical

products, reliability plays an important role. This means that reliability must

be integrated into design process of a system/product. According to Blanchard

and Fabrycky [1990], reliability is considered as an inherent characteristic of the

design that must be integrated in the overall system engineering process. Many

companies have realized the importance of reliability engineering, and they have

employed it in their system/product development from beginning in the conceptual

design. This is true especially for industries such as nuclear power, the aerospace,

the aviation, the automobile, and offshore that a little failure can cause irreparable

damage.

4.1.1 Measures of Reliability

In this section, reliability measures and terms are discussed. Before discussing the

main topic of this thesis, some basic knowledge of these terms and measures are

required as they will be used in this chapter. Reliability function, failure rate, mean

time to failure(MTTF) and component relationship are depicted in this section.

4.1.1.1 The Reliability Function

The reliability function which is also known as the survival function shows the

probability that an item operates successfully at least during the specific time.

The t and the R(t) representing the time and the reliability function respectively.

Therefore, the reliability function is defined as [Blanchard and Fabrycky, 1990]

R(t) = 1 − F (t) (4.1)
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Here, the F(t) shows the probability that the item will be failed by time t. F(t)

generally is considered as unreliability function. R(t) is also called survivor func-

tion that can shown as follow if the t has a probability density function of f(t),

then R(t) can be shown as

R(t) = 1 − F (t) =
∫ ∞
t

f(t)dt (4.2)

4.1.1.2 Failure Rate

According to [60050-191, 1990, Chapter: 191-04-01], failure is defined as ”the ter-

mination of the ability of an item to perform a required function ”. Failure rate is

a rate that shows the occurrence of the failures in a specified time interval. The

failure rate per hours is shown as

λ = number of failures

total operating hours
(4.3)

Failure rate might be considered in terms of failures per hour, per 1,000 hours or

even million hours. The following example from Blanchard and Fabrycky [1990]

clarifies the concept of failure rate. Suppose that 15 component from an extensive

system has been tested for 700 hours under particular operating condition. The

components that were unreliable, failed as follow: component 1 failed after 85

hours, components 2 after 135, component 3 after 145, components 4 after 350,

and finally component 5 was failed after 155 hours. Hence, five components were

failed, and the total operating hours was 3,830. By using equation (4.3), the failure

rate per hour is

λ = 5
3830 = 0.001305 (4.4)
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4.1.1.3 Mean Time To Failure (MTTF)

According to Rausand and Høyland [2004], mean time to failure of an item is

described as

MTTF =
∫ ∞

0
tf(t) dt (4.5)

MTTF can be representative of mean time between failure (MTBF), if the re-

quired time to replace or repair of a failed item is very short. For the exponential

distribution, MTTF also can be written as [Yang, 2007b]

MTTF =
∫ ∞

0
exp(−λt)dt = 1

λ
(4.6)

4.2 Reliability Engineering

Today, the expectation of the customers is to purchase a high-reliable product at

low price at minimum time. This is the responsibility of the manufacturers to de-

sign, develop, test, and produce such products. In other words, the critical factors

that determine whether a product is successful in the market are reliability, time to

market, and cost. Many companies have been making every effort to increase their

market shares, and improve the competitiveness in terms of the mentioned factors.

Reliability techniques are considered as powerful tools to meet these challenges.

Many large-scale companies such as Ford Motor Company, General Electric, and

IBM through recognizing the benefits of these techniques, have employed them to

enhance their reliability program proper to their products. Even small-medium

enterprises (SEM’s) have tried to implement reliability techniques in their program

as its benefits are inevitable [Yang, 2007a].

According to [Yang, 2007a], Reliability engineering is the discipline to ensure that

a product (system) is operated reliably at a specified time and condition. In other

word, reliability engineering tries to avoid failures. In reality, a system will be
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failed sooner or later which means the failures in systems are inevitable. In fact,

reliability engineering aim to minimize the effects of the failures, through planned

and feasible actions, and consequently maximizing the reliability. The process of

reliability engineering is carried out through three steps. First, during the de-

sign and development stage the system must be created with maximum reliability.

There is a consensus among engineers that this step is most critical step. Next

step is to reduce production process variation. This step is for certainty that the

production process doesn’t have any impact on the planned reliability. Finally,

the third step starts once the system is deployed. In this step, proper maintenance

operations must be used to increase durability of the system. These three steps

are performed through various reliability techniques including reliability planning

and specification, allocation, prediction, robust design, reliability modeling, failure

mode, effect, and criticality analysis (FMECA), fault tree analysis (FTA), acceler-

ated life testing, degradation test, verification and testing, and warranty analysis.

The application of these techniques are various from system to system, and they

must be employed appropriately based on the system specification. In subsequent

sections, those reliability methods that are employed in this project are described

in details.

The decisions made during the design process have an enormous impact on the

reliability of the system [Avontuur and van der Werff, 2001]. As development pro-

ceeds, it is more expensive to correct those items that are affected by deficiencies

in the design. In figure 4.1 , shows the cost of failures that are increased dur-

ing the system development life-cycle. For this reason, designing discipline plays

a significant role in minimizing the failures through detection and correction of

them as early as possible. Besides this important responsibility, designers also

must consider all other factors that can affect the reliability of the system, in-

cluding production methods, maintenance, and failures not caused by load. As a

result, designers should design a system that will not be failed if used as intended

[O’Connor and Kleyner, 2011].
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Figure 4.1: Cost of design change [O’Connor and Kleyner, 2011]

The old design process ”test-analyze-and-fix”(TAAF) in which the reliability prob-

lems is shown up in the test stage, no longer is used in modern design and produc-

tion. The reason is shorter design cycle, cost reduction, warranty cost issues, and

many other concerns. For this reason, the reliability must be incorporated into

the design through best available science-based techniques. This process is called

Design for Reliability (DFR). This process begins from the first stages of system

development and must be well integrated into the other stages. DFR process can

change the role of engineers in the design process. For example, the role of the

reliability engineer is changed to the mentor, who is responsible for finding best

design techniques and method for reliability as well as training the designers to

use them. In order to do so, the reliability and design teams must be integrated

with the first step of DFR process [O’Connor and Kleyner, 2011].

4.2.1 Life Cycle Reliability Engineering

One of the ways in which companies can gain a competitive advantage is mini-

mizing the product life cycle with respect to time and cost. Also, once they find

their position in the market, they need to keep the customer satisfied by producing

reliable products. These concerns have motivated companies to incorporate their
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reliability program into the product life-cycle. Integration of product life cycle

and reliability techniques can add value to the product. In the product realization

process, each stage has its reliability tools that must be well-implemented. When

the reliability methods are considered in design phase, they make engineers able

to choose proper among available technology options and to assess the impact of

design changes on system life-cycles [Pecht and Dasgupta, 1995]. Although a com-

prehensive reliability program adds more value to the product, due to lack of time

and budget, this project only covers the first three steps of the system life cycle.

The figure 4.2 shows the reliability program used for analyzing DNVGL prototype

braking system. In this model, the suitable reliability techniques are allocated to

each stage of product life cycle.

Figure 4.2: Reliability Tasks for DNVGL prototype braking system adopted
from [O’Connor and Kleyner, 2011]

In the first stage, product planning, a team including multidisciplinary members

must be organized to determines a proper reliability program for the particular

product. The team must have a reliability target, translate customer needs into

engineering requirements, and propose a reliability plan. As it has been repeated,

the decisions made in terms of reliability have a tremendous impact on the next

stages. For example, the reliability target must be feasible to meet the planned

time and cost. An overly ambitious goal might jeopardize the whole project in

which the design and development will be unaffordable, and the product realization

process will be extended. On the contrary, if the reliability target will be weak, lack

of meeting the planned reliability requirements merely undermines competitiveness

[O’Connor and Kleyner, 2011].

Design and development is a critical phase in which the role of reliability tasks is

significant so that they can add more value to the product in this phase than the
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other ones. In this stage, reliability activities aim to ”design-in”the reliability of the

product while ”designing-out” the potential failure modes. This might be achieved

by assigning the target of reliability to the internal subsystem or components, as

well as applying reliability design techniques including RBD, FMECA, and FTA

to assure achievement of the respective reliability goals. These proactive reliability

activities are developed to create things right at the first time. Undoubtedly, a

reliability program can save the cost by accelerating the design and development

cycle [O’Connor and Kleyner, 2011].

In the verification and testing phase, reliability tasks are vital elements. In this

stage, reliability verification testing is carried out to show that the reliability re-

quirements are met. For example, reliability data analysis is often necessary to

achieve a meaningful result regarding the reliability of the product under function-

ing. The reader can find more discussion about integration of reliability activities

and product life-cycle in [O’Connor and Kleyner, 2011].

4.2.2 Reliability Requirements

Reliability requirement specification is considered as one of the system require-

ments specification (SRS) tasks. General process of SRS is explained in 3.1.5.1

and 3.1.5.2. Sometimes the reliability requirements are precisely specified by cus-

tomer. Usually, the producer must determine whether the stated requirements is

feasible and realistic and translate them into the design specification form. Com-

monly, it is difficult for the consumer to define the desired reliability requirement.

For example, how the specification of ten years operation or 150,000 miles can be

translated into the reliability terms?

The process of developing reliability requirements is shown in figure 4.3. In order

to meet customer reliability expectation, each step is important in selecting the

level of reliability that determine the scope of design. In the following, each step

is discussed.
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Figure 4.3: Reliability Requirements Development Process [Norman B, 2005]

Determine Customer’s System Needs In order to develop operational per-

formance reliability requirement and subsequent design requirements, it is essential

to determine customer needs as early as possible in the system planning phase.

Several approaches are used to determine the customer needs. One of these ap-

proaches is Market Surveys. This approach tries to find best attributes of the

system from basic functionality and general appearance. It is very helpful to de-

fine customer needs by asking them. Despite, this approach can lead to bias and

sampling error, but with well-planned effort this effect can be minimized [Nor-

man B, 2005]. Another approach is Benchmarking. ”Benchmarking is a proactive

process for making organizational improvements” [Crowe and Feinberg, 2010, Ch.

2-P. 3] . In benchmarking, the manufacturing process, product, and service are

comparing with a pioneer industry. This process aims to find the success factors of

competitor(s) and to benchmark them [Crowe and Feinberg, 2010]. Environmen-

tal characteristic, also, is an important approach to determining environmental

conditions that the system will experience when it put into use. Temperatures,

shock, vibration, humidity, pressure, and so forth are the examples of environmen-

tal conditions that need to be assessed. For example, if a system expected to have

MTTF of 500 hours in an average state, it might experience MTTF of 200 hours

under pressure [Crowe and Feinberg, 2010, O’Connor and Kleyner, 2011].

Customer Reliability Requirements It is important to elicit the perfor-

mance reliability requirements of the customer from the general customer needs.

Sometimes the needs might be defined as qualitative requirements (e.g., good reli-

ability). Reliability needs, also, might be hidden in the other stated requirements.

For example, reliability can be defined as the availability of the system, or as a
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safety concern. If the reliability performance requirements are defined as quan-

titative (e.g., MTTF), there is no need to further actions. However, usually the

reliability requirements are ”hidden”and it is necessary to conduct a needs analysis

to derive the reliability requirements. In order to do so, two ways are introduced

into this project. Modeling and Simulation can be used as an effective technique

to find the level of the system reliability, or at least the range of reliability. Infor-

mation gained from modeling and simulation can be used to conduct a trade-off

among various solution to select the best one for meeting the customer require-

ments [Crowe and Feinberg, 2010]. According to [O’Connor and Kleyner, 2011],

FMECA, also can be used to derive customer reliability requirements. Traditional

FMECA was implemented to check the whole system for a post-engineering activ-

ity. However, performing the FMECA process in the concept design stage makes

the engineers able to incorporate the customer needs into the system capabilities.

In this way, the engineers collect the proper information through customer needs

while ranking each requirement based on their importance. As a result, the rank-

ing system makes the engineers able to make a trade-off between customer needs

and design capability.

Figure 4.4: System Performance Failures
[Crowe and Feinberg, 2010]

System Level Design Reliability

Requirements In order to develop

design reliability requirements, a cou-

ple of factors needs to be considered.

As it shown in figure 4.4, the failures

in a system can be caused by the men-

tioned factors from below to above of

the pyramid. Despite some factors are

not under producer’s control, but they

must be taken into account in estab-

lishing design reliability requirements. Design reliability requirements must be

derived before design and development phase. This process sometimes referred as

translating customer reliability expectation to produce design reliability. There

Page 40



Chapter 4 Design for Reliability

are a number of reliability oriented methods such as quality function deployment

(QFD), or reliability design requirements from analysis that can be useful to de-

velop design reliability requirements from customer reliability expectation. QFD

is a tool for translating customer expectations to the to proper design require-

ment in the design stage. Another technique is reliability design requirement from

analysis in which number of various analysis are employed to develop reliability

design requirements. These analysis methods include thermal analysis, durability

assessments, prediction, fault tolerance, dormancy analysis, and derating Crowe

and Feinberg [2010]. However, application of these analyzes is very costly and

time consuming that many projects can not deal with them. Also, these analysis

need some technological equipment that is hard to be provided. The provision of

this information is one of the supplier’s responsibilities.

When a product(system) is purchased, the information regarding its reliability

must be provided by supplier. IEEE Reliability Program Standard 1332 [720,

1998], classes the supplier’s responsibilities into three objectives: 1) supplier that

working with the customer must understand the client carefully needs, to generate

a comprehensive design specification. 2) Supplier needs to follow a set of activi-

ties to ensure that the final product will satisfy the customer about the product

reliability. 3) Supplier must assure the client that the reliability requirements has

been satisfied.

Allocate Lower Level Requirements The final stage of the reliability re-

quirement process is the allocation of reliability to the lower level of the system.

The concept of reliability allocation is clarified through an example here. Assume

that a system with four major subsystems requires a mean time between failure

(MTBF) of 500 hours (Figure 4.5). The requirements document has specified only

the overall system MTBF requirements of 500 hours and not the lower level MTBF

requirements for subsystems. It is therefore one of the responsibilities of the relia-

bility engineer to derive and allocate MTBF requirements for the subsystems. At

it shown in figure 4.5, reliability engineer might derive a set of MTBF requirements

for the subsystem, based on technical information or data from previous program
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and experience. The MTBF can be attained by following formula:

MeanTimeBetweenFailure(MTBF ) = 1
failure rate

(4.7)

Figure 4.5: Derived and Allocated Reliability Requirements [Eisner, 2008]

4.2.3 Reliability Modeling

Modeling is one of the useful tools to show the actual behavior or performance

of a system, and predict its function in a real life. According to [Rechtin and

Maier, 2000, P. 11] ”Modeling is the creation of abstractions or representations of

the system to predict and analyze performance, costs, schedules, and risks, and

to provide guidelines for systems research, development, design, manufacture, and

management. Modeling is the centerpiece of systems architecting, a mechanism

of communication to clients and builders, of design management with engineers

and designers, of maintaining system integrity with project management, and of

learning for the architect, personally”.

Reliability modeling aims to set expectations of reliability performance of a system

with the purpose of foreseeing future behavior and reliability performance. The

primary objective of reliability modeling is to ensure no failures will happen in a

critical component during a required operation time. Reliability engineers through
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reliability modeling can identify design weaknesses, analysis and test it, and find

improved design. Reliability modeling can add value to the system life cycle. It also

helps the designer to decide how much redundancy and fault tolerance are needed

to meet system requirements in the design and development stage. Moreover, it

can be conducive to system development when engineers consider redesigning the

system to make some enhancement or add additional features [Raheja and Gullo,

2012].

The reliability block diagram (RBD) as an inductive method is employed to analyze

systems in terms of reliability. The main focus of reliability block diagram is to

show the overall system schema with its distinctive components and interrelation

between them by using the graphical representation that can be useful to predict

and analyze the probability of system failures. The connections between block

within the block diagram shows their effects on the system [Cepin, 2011].

Components In Series One of the most commonly used structure is series re-

lationship that can directly be analyzed. In series structure, if the system expected

to function properly, all components need to operate in a satisfactory manner as a

failure in one component leads to failing the whole system. An example of the se-

ries structure is shown in figure 4.6. This system including three subsystem A, B,

and C. The reliability of this system expressed as follow [Blanchard and Fabrycky,

1990]:

R = (RA)(RB)(RC) (4.8)

Figure 4.6: A series structure

If a series structure is planned for a desired time period, its reliability can be

written as:

RSys = (e−λ1t)(e−λ2t)...(e−λnt) (4.9)
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for a series system with n components, the equation can be written as:

RSys = e−(λ1 + λ2 + ...+ λn)t (4.10)

Components In Parallel When several of the same components in a system

are located in parallel, the system has a so-called parallel network. In this structure,

all components are functioning independently, and all components must be failed to

cause overall system failure. The reliability of a system with identical components

in parallel, as shown in figure 4.7, is calculated as follow [Blanchard and Fabrycky,

1990]:

RSys = RA +RB − (RA)(RB) (4.11)

Figure 4.7: A Parallel structure

Assume a structure with three components in parallel. The reliability of this

structure, as presented in figure 4.8, is expressed as follow:

RSys = 1 − (1 −RA)(1 −RB)(1 −RC) (4.12)
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Figure 4.8: A Parallel structure With Three Components

Above calculation can be simplified as follow, if the three components are identical:

RSys = 1 − (1 −R)3 (4.13)

Generally, the reliability of a parallel structure with n identical components can

be written as:

RSys = 1 − (1 −R)n (4.14)

Combination of Series-Parallel Structure The combined series-parallel re-

lationship between components can be very helpful for showing the structure of

a complex system as well as analyzing its reliability. Here, an example is ex-

plained to clarify the concept of the series-parallel network. The reliability of the

a series-parallel structure in figure 4.9 is given by:

RSys = [1 − (1 −RA)(1 −RB)(1 −RC)][RD][RE +RF − (RE)(RF )] (4.15)
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Figure 4.9: A Example of Series-Parallel structure

4.2.4 Failure mode, effects, and criticality analysis

One of the well-known systematic techniques to find and analyze failures is failure

mode and effect analysis (FMEA). Reliability study of a system usually starts with

FMEA. In this method, almost all components, assemblies, and subsystems are

reviewed to identify failure mode and the root of such failures. The causes of each

failure associated with a particular component and its effect on the whole system

are documented into an appropriate FMEA worksheet [Rausand and Høyland,

2004]. An example of FMEA worksheet is shown in figure 4.10.

Figure 4.10: FMECA worksheet [Rausand and Høyland, 2004]

FMEA has changed to failure mode, effect, and criticality analysis (FMECA)

where criticalities are allocated to the failure mode effects [Rausand and Høyland,

2004]. According to [159, 1987], some of the objectives of FMECA related to this

project are as follow:

• To choosing design alternatives with maximum reliability and safety poten-

tial during the early design phase.
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• To make sure that all possible failure modes and their effect on the overall

system are taken into consideration.

• Listing all potential failures and finding the level of their effects on the sys-

tem.

• To document all information regarding failure modes for future references in

case the redesign of the system is considered.

• Provision of input data for trade-off studies

• To make available a basis for conducting corrective action priorities.

• To help in evaluating the design requirements associated with redundancy,

failure detection system, fail-safe characteristics, and automatic and manual

override.

FMECA usually is conducted during the design phase. The primary objective

of FMECA in this phase is to reveal the weaknesses of the system and potential

failures as early as possible. For this reason, designers can incorporate the possible

barriers and corrections into the system design [Rausand, 2014].

According to [Carlson, 2012], there are two types of FMECA: Quantitative and

Qualitative. The procedure of both kinds is same, but their criticality analysis

are different. The Quantitative FMECA uses the quantitative criticality analysis,

where the Qualitative FMECA uses qualitative criticality analysis. The FMECA

employed in this project is qualitative.

Qualitative FMECA This approach does not have any calculation and qual-

itative criticality analysis. An example of quantitative FMECA is shown in Ap-

pendix A. Qualitative approach follows three steps [Carlson, 2012]: 1) The severity

of the potential effects of failure must be rated (table 4.1), 2) rank the likelihood of

occurrence of each potential failure modes (table 4.2), and 3) and the failure modes

are compared with a criticality matrix. There are unique severity and occurrence

scales for FMECA.
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Catastrophic A failure that may cause death or system loss

Critical A failure that may cause severe injury, major property dam-

age, or major system damage which will result in mission loss

Marginal A failure that may cause minor injury, minor property dam-

age, or minor system damage which will result in delay or loss

of availability or mission degradation

Minor A failure that is not serious enough to cause injury, property

damage, or system damage, but will result in unscheduled

maintenance or repair .

Table 4.1: Severity classification [Carlson, 2012]

Frequent A high probability of occurrence during the item oper-

ating time interval

Reasonably Probable A moderate probability of occurrence during the item

operating time interval.

Occasional An occasional probability of occurrence during item op-

erating time interval

Remote An unlikely probability of occurrence during item oper-

ating time interval.

Extremely Unlikely A failure whose probability of occurrence is essentially

zero during item operating time interval.

Table 4.2: Probability of potential failure Occurrence [Carlson, 2012]

4.2.5 Fault Tree Analysis

Fault tree analysis (FTA) is defined as ”a graphic depiction or model of the ra-

tionally conceivable sequences of events within a complex system that could lead

ultimately to the observed failure or potential failure” [Harkins, 1999, Online].

FTA is a logic approach that shows the relationship between an event(accident)

and the cause of this event through a diagram. Reasons of the failure might be
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environmental condition, human error, ordinary events, and specific component

failure. Depending on the objective of the analysis, the FTA can be qualitative or

quantitative, or both [Rausand and Høyland, 2004]. Same as FMECA conducted

qualitatively in this project, qualitative FTA is used in this project.

The construction of the FTA always starts with TOP Event. From that point

forward, the process is continuing with identifying all fault events that cause the

TOP event. The fault events must be immediate, necessary, and sufficient reasons

to make the TOP event. The identified causes are linked to the TOP event through

a logic gate. The fault tree must proceed level by level and should be completed

from top to bottom. In other words, the analysis is deductive in which this question

that ”what are the reasons for this event?” repeatedly must be asked [Rausand and

Høyland, 2004].

The figure 4.11 shows how the FTA procedure is performed. TOP event is the

undesired event that must be prevented. A TOP event usually is caused by one

or many contributors. The contributors are shown in a box and connected. The

connections are shown in the form of ”AND-gate” and ”OR-gate”. The logic gates

describe the relationship between contributes. This process is continued until the

basic events are gained.
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Figure 4.11: Fault Tree Process [Harkins, 1999]

There are four main elements in the fault tree, . According to [Xing and Amari,

2008] these elements are defined as follow:

• TOP event: that shows a undesired event, system failure or accident.

• Basic event: that shows the basic causes for the identified undesired event.

For the basic event there is no need to continue the development of the failure

causes.

• Undeveloped event: that is presenting the fault events that are not analyzed

further due to the lack of information or being insignificant of its conse-

quences.

• Gates: that are presenting the outputs of one or combination of basic events

or the other gates.
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Reliability System Engineering Of

DNVGLFF Project

The assigned systems engineer was responsible for implementing the systems en-

gineering principles for the first three stages of system life cycle as well as im-

plementing the reliability engineering techniques simultaneously. All efforts of the

author were before the production of the system in the design stage. In this thesis,

the main focus was to design the braking system more reliably through the relia-

bility techniques. It was very challenging to implement the discussed theories of

reliability engineering in the real life case study. The reasons for the challenges in

thesis were mainly due to lack of experience on this topic as it had not been done

before. Also, lack of time, budget, and especially proper information regarding

the reliability of the purchased components made this project very difficult to get

the actual result. All in all, the author did his best to establish a baseline for the

reliability study in the SEM’s projects.

In this chapter, the essential efforts that needed to be done to achieve the goal of

this thesis are described. First, the process of system and reliability engineering

proposed in this thesis is described. Also, the systems engineering results includ-

ing requirements specification, systems design architecture, and detail design are
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presented. Then the results of reliability engineering consist of RBD, FMECA,

and FTA, as well as failure analysis and suggestions, are discussed.

Reliability methods introduced in chapter 4.2, are the conventional ways to analyze

the reliability of the system that are being used in real industries. The causes

of potential failures are either in the design and manufacturing stages or how

the customers use the system. Reliability study provides proper techniques to

recognize and mitigate the failures that can be caused by any of the mentioned

reasons.

Ingrid Almas Berg, in her master thesis, [AlmasBerg, 2010] discuss design for relia-

bility techniques that need to be carefully conducted. She believes that in order to

have a more reliable outputs, the reliability study must be implemented through

a general methodology. In order to do so, she suggests a general methodology for

the reliability study that can be used independently to industry, system, or even

organization.

The reliability engineering process used in this project is adopted from suggested

methodology in [AlmasBerg, 2010]. This process is shown in figure 5.1. As sug-

gested by literature, the author believes that reliability engineering must be con-

ducted with systems engineering tasks concurrently. Based on this thought, the

introduced process is developed. Although this process only shows the first three

stages of the system development, however it can be expanded to the other stages.

The main objective of this process is to demonstrate that each reliability task

should be carried out in a proper stage in systems development. In other words,

in a systems engineering program, each stage has its reliability activity that must

carefully be taken into account. This process is explained in details in the next

sections.
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5.1 Systems and Reliability Engineering Process

Figure 5.1: Systems and reliability engineering process

Page 53



Chapter 5 Reliability System Engineering Of DNVGLFF Project

Figure 5.1 shows the process of reliability system engineering applied in the DNVGLFF

2015 project. In the beginning, the team was requested by the assigned system

engineer to participate in the weekly meetings. The team was bound to go through

the SEM rules [she, 2015] to identify the system specification. The assigned sys-

tems engineer, by gathering all necessary requirements into a standard require-

ments document, made this task easy for the team. As it mentioned before, the

reliability engineering is carried out for the first time in DNVGLFF project. For

this reason, system engineer decided to familiarize the team with the concept of

reliability and to explain the necessity to have reliability engineer beside the other

disciplines. The reliability study began with reliability requirements that were

stemmed from system specification. The reliability requirements must be achiev-

able with accordance to reasonable time, budget, condition, and success ratio of

the system. The system requirement specification (SRS) is explained in section

5.2.1.

Once the requirements was specified, the team with accordance to meet the spec-

ified requirements, started to analysis the legacy prototype. This step was done

through a cross-functional meeting including the new members of various disci-

plines and the previous team of DNVGLFF 2014. The meeting called ”knowledge

transfer meeting” in which the old group shared their experiences with their new

counterparts. The gained knowledge was very helpful to the team, especially for

the reliability study of the system. It was revealed that what subsystems mostly

needed to be improved. Also, the vulnerable subsystems, that the reliability anal-

ysis should be conducted on them, were specified.

Reliability gap analyzing of the whole system within the limited time was a very

difficult. Usually, reliability engineering of a complex system should be performed

by a reliability team. For this reason, it was decided to conduct reliability analysis

for braking system as the most vulnerable subsystem. This decision was made

due to two reasons. First, it was proposed in a meeting by Kjell Olav Skjolsvik,

principal consultant of DNVGL. In order to have a reliable result with accordance

to the project constraints, he suggested conducting the reliability study only for

one subsystem. Second, as the former team has been faced with a couple of
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problems with braking system during the completion, it seemed to be a good idea

to select this subsystem as a subject of reliability engineering.

As it shown is figure 5.1, once the analysis of the legacy prototype was done,

the team started to define the concept of the system. This process was done

by setting the goals, solutions, and boundary of the system. According to the

limited time, budget, and the facilities that the team had, improvement areas

of the system were selected. These areas are shown and explained in appendix

C.2.2. Also, the reliability target was specified. This process was carried out

in accordance with reliability requirements specified in SEM rules. The system

engineer defined a reliability program through reviewing carefully of the literature.

The reliability methods introduced in this program were designing and updating

FMECA, reliability modeling of the braking system by RBD, and fault tree analysis

(FTA). The author believes that this reliability program can help to find the

potential failures in braking system and the braking system will probably function

successfully by reducing the risks of found potential failures.

After the team was reached a consensus regarding improving the system, a general

timeline of the project was built by the project manager. Also, the system engineer

decided to make a Gantt chart for the improvement areas. As a result, all assigned

engineers for a particular areas estimated their due date for completing their tasks.

The Gant charts for different improvement areas can be found in appendix B.

As it shown in figure 5.1, the process of designing the system architecture was

started after defining the system concept. The team by spending around four

weeks, and through weekly meeting, has tried to specify the system architecture.

The responsibility of the system engineer was to break down the system into its

subsystems and components to describe them in detail. This task was done in

order to specify what subsystems and components are needed to fulfill the specified

requirements.

After specifying subsystems and components, their required functions, needed to

be cleared. The assigned system engineer defined the intended role of each sub-

system by keep asking from engineers. In parallel, braking system as the primary
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focus of the reliability study of this project, was carefully analyzed. In order to

do so, the system engineer collaborated with assigned mechanical engineer who

was responsible for braking system. Through this collaboration, the braking sys-

tem was broken down into components and parts with the aim of allocating the

reliability.

The process was proceeded by performing reliability analysis. The reliability anal-

ysis of the braking system was carried out by FMECA, RBD, and FTA. In order

to make sure that braking system will functioning successfully, desired reliability

must be assigned to its lower level components and parts. Reliability allocation

was very helpful to identify more potential failures in braking system. These po-

tential failures are identified by FMECA that is explained in section 5.3.2. Despite

the designed system architecture well shown the subsystems and components, how-

ever, it was necessary to show the interrelationship between these subsystems and

components. For this reason, system engineer decided to use RBD to illustrate

the links in the system structure. The whole system, as well as braking system,

were designed in details by RBD that are explained in section 5.3.1. Another rea-

son, for conducting RBD, was to identify the series and parallel structure of the

system that was helpful to predict the reliability of the system. Depending on the

industry, it is more wisely to use different reliability methods to observe different

reliability aspects of the system of interest. As a result, conducting FTA seemed

to be reasonable to identify accident events of the braking system. FTA was a

very helpful reliability tool in which the causes of the potential failures in braking

system were revealed. Consequently, the braking system’s team, saved significant

time and money, and predict the reliability of the braking system by only focusing

on the vulnerable parts of the braking system. Braking system’s team including

assigned system engineer and mechanical engineer.

The outcomes from FMECA, RBD, and FTA are used as inputs for predicting

reliability of the braking system. The process of reliability prediction specified

whether the proposed design can meet the desired requirements. According to the

proposed process shown in figure 5.1, if the team achieves a consensus regarding
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the system design, the process is proceeded to production. Otherwise, the system

architecture must be refined to make another solution.

5.2 Results from System Engineering in

DNVGLFF

System engineering of DNVGLFF 2015 was started with the definition of the

system life cycle. As it mentioned earlier, the prototype class was selected as the

system of interest. The team decided to improve the legacy vehicle from the last

year. The system life cycle model used in this project is Vee model. This model

is shown in figure 5.2.

Figure 5.2: Vee Model For DNVGLFF Prototype 2015

The scope of this thesis was focused on the left side of the system life cycle. The

left side of the Vee model is related to system design. The process of systems

engineering was explained to the team members through weekly meeting. Before

each meeting, assigned system engineer sent agenda to the members included the

require information that he needed as inputs. During the meeting, all necessary
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activities, for developing the system, were discussed. Once the team reached the

consensus regarding the project activities, the systems engineering started its ac-

tivities that are explained respectively in the next sections.

5.2.1 Requirements Analysis

As it discussed in literature review chapter, the first step in any systems engineer-

ing program is requirements specification. All stakeholders and their needs must be

carefully recognized prior to any further activity. Every year Shell prepares a doc-

ument called ”Eco-Shell Marathon Rules” that all requirements are gathered into

it. This document provides information in details regarding competitors, safety

rules, design rules, and energy sources. Some of these requirements are changed

annually. The Shell-Eco Marathon Rules 2015 can be found in [she, 2015].

Assigned systems engineer have tried to make a standard requirements document

by selecting those requirements that have been appropriate for the project. Ac-

cording to the literature, selected requirements should have been traceable, under-

standable, clear, precise, correct, complete and feasible. In order to avoid ambigu-

ity, the author has organized all requirements into the specific subtitle that shows

which requirement is related to which part of the system (i.e., functional require-

ments, design requirements, operational requirements, etc.). The requirements of

DNVGLFF 2015 prototype can be found as appendix C.

After having clarified all necessaries requirements, all constraints and limitations

have been revealed. It was discovered that what kinds of roles and how many

of them needed in this project. Also, based on the gathered requirements, the

estimation of the time and budget was relatively accurate.

Once the roles of members were specified, the requirements list associated with

the particular role was shared with members who were assigned to it.
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5.2.2 System Architecture

The system architecture in this project is designed based on system architecture

made by system engineer 2012. This system design including top-level subsystems

and the components in details. All necessary subsystems and their correspond-

ing components that were essential for meeting the requirements are taken into

consideration. The system engineer have tried to identify and update all essential

subsystems and components by working closely with members of the project. The

system architecture can be seen in appendix C.2.2.

The system architecture of 2015 has divided the prototype vehicle into the subsys-

tems Body, Driver, Brake system, Rear Suspension, Front Suspension, Steering,

Wheels, Car control system, Propulsion, Transmission, Interior, and Electronics.

As it mentioned before, the team decided to improve the legacy prototype vehi-

cle from the previous year. Subsystems and component that were needed to be

improved are shown as red blocks into the system architecture. All improvements

are explained in appendix C.2.2.

5.3 Results from Reliability Engineering in

DNVGLFF

Reliability engineering in DNVGLFF project 2015 has been conducted concur-

rently with systems engineering principles. The applied method in this project are

FMECA, RBD, and FTA to identify potential failures in braking system. In this

project, the reliability engineering is conducted with the aim of designing out the

identified potential failure and proposing the possible solution to mitigate their

effects. The reliability techniques performed in this project are explained in the

following subsections.
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5.3.1 RBD

The primary objective of reliability block diagram (RBD) is to estimate the re-

liability of the system based on the structure of subsystems. Prototype system

and braking system are modeled by GRIF. This software can be used for relia-

bility modeling of systems based on RBD logic. At the beginning of the project,

RBD was conducted for showing the subsystems and their interrelationships in the

prototype system (figure 5.3).

Figure 5.3: Reliability Block Diagram (RBD) for Prototype system

As it can be seen in figure 5.3, the system consists of subsystems that are structured

in the series, parallel, and both (combined series-parallel). A chain of functions

must be occurred to gain a desired outcome in the system. The system takes the

inputs as three different commands from the user (driver), process them, and derive

the outputs. The three commands comprise acceleration, brakes, and steering of

the vehicle. The blocks number 2-5 plus 13 make the acceleration system. As it

shown clearly, all of these subsystem that are structured in the series must operate

properly to transfer the power to the rear wheel. In the middle of the picture, the

blocks number 8-12 make the braking system. The driver put the order to stop

or to control the speed of the vehicle through these subsystems. And finally the
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blocks 15 and 16 make the steering system. These dependent subsystems transfer

the user’s command to the front wheels to change the position of the vehicle.

The figure 5.4 shows the structure of braking system in details. The braking

system is broken down into two independent subsystems: front and rear. The

system is made from two braking lever, two hydraulic lines, three calipers, and

three braking disks. The braking system consists of two general parallel lines. In

fact, these two lines are presenting the independent front and rear subsystems.

The above of the picture shows the line that form the components associated with

the front subsystem. As it can be seen, this line made from the combination of

series and parallel components. The bottom side of the picture shows the rear

braking subsystem. This line structures the components associated with the rear

subsystem in a series form.

Figure 5.4: Reliability Block Diagram (RBD) for Braking system

The reliability of the braking system depends on how the components properly

function. This means occurrence of failures in the components effects directly on

the whole system reliability. As it shown in figure 5.4, the front braking subsystem

has two calipers and disks that are formed in parallel. This means if a failure

happens in blocks 6 or 9, the components 2, 4, 7, and 10 can work properly.

Although, in this case, the reliability of the braking system will be decreased, the
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system still works. Based on the assumption that all components have same failure

rate, it can be said that reliability of the front brake subsystem is higher than the

rear one.

As it discussed before, one of the applications of RBD is to calculate the reliability

of the system based on its structure. In order to do so, the failure rate of each

component needs to be provided. This information usually is gained through

expert judgment, handbooks, standards, and tests. Also, it can be found from

information of purchased components provided by the seller.

According to section 4.2.3, the reliability of the braking system can be expressed

as follow:

RLC,LD = R6R9 (5.1)

Where LC means Left Caliper and LD means Left Disk. Also

RRC,RD = R7R10 (5.2)

If R? is showing the reliability of the RLC,LD and RRC,RD, therefore the reliability

of the components 6,9,7, and 10 can be expressed as follow:

R? = RLC,LD +RRC,RD −RLC,LDRRC,RD (5.3)

From above calculation the reliability of the front braking subsystem might be

gained as follow. The reliability of the front braking subsystem can be called RFB.

RFB = R2R4R? (5.4)

Also, as the components of rear braking subsystem are located in series, its reli-

ability might be expressed as follow. The reliability of rear braking subsystem is

called RRB .
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RRB = R3R5R8R11 (5.5)

As the result of above calculation, the reliability of the whole braking system can

be formulated as follow:

RBrSys = RFB +RRB −RFBRRB

5.3.2 FMECA

Failure Modes, Effects and Criticality Analysis (FMECA) has been conducted

as a partial reliability assessment of the braking system. As it discussed earlier,

FMECA is a conducive reliability method in which the potential failures, their

effects, and the ways of mitigating them can be specified. This method has been

applied with the aim of qualitative assessment of braking system. The conducted

FMECA in this project was productive of several good ideas.

As it explained in the proposed process in figure 5.1, the FMECA has been de-

veloped and updated during the project. The final result of FMECA is shown in

figure 5.5. According to the conducted FMECA, the potential failures only can

occur if the braking system is on demand. In the other word, when the vehicle

is not moving, obviously there is no need for stopping the vehicle. In order to

present FMECA in details, the potential failures of braking system are explained

as follow.

• Assembly: Assembly and adjustments of the components are considered as

one of the concerns that the braking team has been faced with it. Wrong

assembly of the components can cause several problems. Optimistically, it

causes that the vehicle stop too early. In this scenario, the vehicle is safe,

but it might causes friction between pads and disks. Wrong assembly, also,

can results in stopping the vehicle too late. This situation is riskier than the
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previous one. This can happen if the caliper isn’t properly adjusted with

disk. Finally, bad assembly might cause that the vehicle doesn’t stop. This

failure can leads to the catastrophic accident, as the vehicle is not safe in

this situation. Although, the probability of this failure for both caliper (front

and rear) is relatively low, it needs to be taken into consideration.

• Pressure: In order to control the speed of the vehicle or to stop it com-

pletely, the user (driver) should put proper (not too high and not too low)

pressure on braking levers. Despite, this human failure seems to be negligi-

ble, but as it happened before in the former competitions, it has been taken

into account.

• Hydraulic: The central concerns of the braking team is on the hydraulic

system. In this system, the hydraulic fluids that are flowing in the hydraulic

lines, transfer the power from the levers to the calipers. The probable fail-

ure, which a hydraulic system might be faced with it, is aeration. When

the hydraulic fluid is contaminated by the air, aeration happens. Aeration

can cause several problems. Air in hydraulic lines can reduce the amount

of pressure that leads to caliper dysfunction. Depending on the quantity of

the air, the aeration effects are different. In few cases, it reduces the fric-

tion between caliper’s pads and disk that leads to stop the vehicle too late.

However, in many instances, the aeration doesn’t let the enough pressure to

be passed to the caliper. In this case, the caliper’s pads and disk can not be

engaged that leads to major, or even catastrophic failure as the vehicle can

not be stopped.

In order to mitigate the risks of the potential failure, the braking system team has

developed a reliability checklist. Figure 5.6 shows the proposed checklist in which

all necessary questions, about reducing the risk of potential failures, are asked.

The braking system team, by assembling and disassembling of the braking system

in several times, have tried to identify the sources of the potential failures. As a

result, possible solutions are foreseen and in the form of checklist’s questions are

proposed. In the appendix E the possible problems during assembly are shown.
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Figure 5.5: Failure modes effect, and criticaly analysis for braking system
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Figure 5.6: Reliability checklist for braking system

5.3.3 FTA

Fault tree analysis, also has been performed to assess the reliability of the braking

system. This method has been employed with the aim of qualitative analyzing the

braking system. The fault tree, for braking system, is shown in figure 5.7.

The main objective of the fault tree qualitative analysis is to find the minimal

cut set (MCS), the potential failures and their importance that may leads to an

undesired event [Su and Lei, 2011, P. 899]. The minimal cut sets are identified and

shown in table 5.1. The MCSs shows if a set of failure occurs, the undesired event,
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which is braking system dysfunction will happen. For example, the cut set (Basic

6, Basic 9) means, if both rear and front hydraulic system have a small amount of

the air, the vehicle stop too late which make the TOP event.

According the FTA 5.7, the TOP event occurs if one of its underneath unwanted

event (B2, B3, or B4) is occurred. The event B2, which leads to stop the vehicle

too early is considered as a braking dysfunction, although the system is safe in

this situation. Only one of basic events 1-4 is enough to make event B2. Event B3

that leads to stop the vehicle too late is more critical than B2. In order to make

B3 event, at least one basic event in both rear and front braking subsystem must

occur. The event B4 is more critical than B2 and B3, as it result the vehicle not

to stop. The severity of this failure is catastrophic as it may leads to significant

damage to the vehicle or driver. The event B4 is divided by AND-gate to two

events B9 and B10. This shows at least one basic failure in B9 and B10 must be

occurred to induce not stopping the vehicle.

Numbers MCS Numbers MCS

1 Basic 6,Basic 9 10 Basic 12,Basic 15

2 Basic 6,Basic 10 11 Basic 12,Basic 16

3 Basic 6,Basic 8 12 Basic 12,Basic 14

4 Basic 7,Basic 9 13 Basic 13,Basic 15

5 Basic 7,Basic 10 14 Basic 13,Basic 16

6 Basic 7,Basic 8 15 Basic 13,Basic 14

7 Basic 5,Basic 9 16 Basic 11,Basic 15

8 Basic 5,Basic 10 17 Basic 11,Basic 16

9 Basic 5,Basic 8 18 Basic 11,Basic 14

Table 5.1: Minimal Cut Sets from FTA
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Figure 5.7: Fault Tree Analysis (FTA) for braking system
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Discussion

In the previous DNVGLFF project 2014, the former team was faced with problems

in the braking system of the prototype vehicle. This study was conducted based

on empirical and theoretical research method to identify possible solutions to the

mentioned problem. As such, this study began by implementing systems and reli-

ability engineering principles on the prototype system, specifically on its braking

system. In order to do so, a number of research questions were formulated. This

section will address the research questions and discuss how the results answer each

question.

Q.1: how reliability engineering can be valuable for DNVGLFF project?

Implementation of reliability engineering in DNVGLFF 2015 was productive of

good results. First, reliability modeling of the prototype system and specifically

braking subsystem enabled the author to visualize the system for the members to

understand better how system and subsystems are functioning. In addition, em-

ploying reliability modeling has revealed that how the subsystems and components

are structured dependently or independently. This can be useful to recognize the

most critical subsystems and components that any failure to them leads to the

whole system failure. Also, from braking system RBD the reliability equation

of the braking system is gained. The reliability of the braking system might be
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attained by replacing the proper reliability data from each subsystem in the fol-

lowing equation. The result, from braking system reliability, might be useful to

be compared with the reliability result of the various available braking system to

gain an excellent overview of current system’s status.

RBrSys = RFB +RRB −RFBRRB

Another gained advantage by reliability engineering was to find potential failures

of braking system through conducting FMECA. The results from FMECA (figure

5.5) implies that occurring failures in braking system seems to be probable. Also,

the experience of the previous team in braking system shows that these potential

failures should not be ignored. In order to mitigate the risks of potential failures,

the author proposed a reliability checklist in which all necessary tasks with ac-

cordance to reduce the risks of potential failures are mentioned. The checklist is

shown in figure 5.6. The developed reliability checklist including items that show

an instruction must be followed by using the vehicle. It is expected by following

this checklist the risks of the potential failures will be reduced.

FTA, also as a partial reliability assessment of the braking system revealed the

minimal cut sets that lead to dysfunction in braking system. According to FTA

(figure 5.7), the primary concern of the assigned system engineer was to prevent

the event B4 as it might be leaded to not stop the vehicle. The result from FTA

shows the basic events that contribute to B4 occurs are 11-13 and 14-16. These

basic events show that bad assembly and adjustment of the components mostly

results in failure in braking system, leakage in connectors, fasteners and seals, and

aeration in the hydraulic system. These result from FTA not only has raised the

awareness of the team about potential failures they might be faced with, but also

reveals the weaknesses of the used braking system.

Limitation The reliability study performed in DNVGLFF was qualitative. Al-

though the author believes that the results are satisfactory for analyzing the relia-

bility of the braking system, however, quantitative reliability also analyzing could
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be carried out to better shows the reliability status of the braking system. The

reason, for not performing quantitative analysis, was the lack of reliability infor-

mation of braking system (e.g., λ,MTTF,R etc.,). The results from quantitative

analysis must be compared with standards, handbooks, or results from real testing

of the system, to better show the reliability status of the system.

Q.2: how the Prototype braking system can be designed to be reliable?

Figure 5.4, shows an excellent view of braking system architecture. The architec-

ture design of the braking system seems to be proper as the every wheel has its

caliper to stop the wheel’s motion. Since the prototype system has three wheels,

allocating one caliper to each wheel was a wise decision. Although designing a

redundancy caliper with an independent handbrake might result in increasing the

safety of the vehicle, this decision with accordance to the limited time and budget

was not made.

Q.3: to what extent the potential failures can be tolerable?

The RBD shown in figure 5.4 indicates that the braking system is made by two

independent braking subsystems for front wheels and the rear one. Also, the result

of FTA suggest that at least one basic event (figure 5.7) must occur in front and

rear braking system to prevent vehicle from stopping. As a result, if the risks of

potential failures shown in FMECA (figure 5.5) are mitigated by the suggested

solutions into the checklist (figure 5.6), at least during the competition it seems

remote to have a failures in both rear and front braking subsystem at the same

time. For this reason, even in the worst scenario if one braking subsystem (rear or

front) fails, the vehicle is still safe.
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Conclusion

This study was set out to implement reliability systems engineering in DNVGLFF

2015 project with the aim of the design for reliability to increase the reliability

of the system. The study has also sought to apply reliability analysis specifically

on braking system as a critical safety subsystem. The theoretical literature on

the subject of braking system reliability specially the one used in this project is

not extensive. For this reason, the author has reviewed the proper literature to

propose best possible solutions within the scope of this thesis.

The author has pursued two goals concurrently. These goals were applying systems

engineering practices including requirements specification, system architecture,

and requirements allocation in parallel with implementing reliability engineering

methods encompasses reliability block diagrams (RBD), failure mode effect and

criticality analysis (FMECA), and fault tree analysis(FTA). The author used V-

diagram as the system life cycle with the focus on left-side of this model. As the

literature suggests, the reliability engineering incorporated into system life cycle.

The process of reliability systems engineering applied in this project is explained

in section 5.1.

The main theoretical findings regarding systems and reliability engineering are dis-

cussed in chapters 3 and 4 respectively. Also, the results, from implementing the
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systems and reliability engineering, are described in chapter 5. The author has an-

alyzed the requirements and made a standard requirement specification document.

He also based on specified requirements has designed the high-level architecture

of the system of interest. This document can be seen as appendix C. In parallel,

as a partial reliability assessment of system he has started to reliability model the

braking system by using RBD. The conducted RBD has shown an excellent scheme

of braking system structure that was useful to identify dependent and independent

components. Also, FMECA was carried out to identify the potential failures in

braking system. The outcomes from FMECA made the author able to find proper

solutions to mitigate the potential failure’s risks. These solutions were proposed

in the form of the reliability checklist shown in figure 5.6. Finally, FTA has been

employed to recognize the minimal cut sets by which the unwanted events occur.

In the FTA, the basic events that cause undesired events revealed how the braking

can fail, and how to prevent the system from failure.

The empirical results show that although the braking system is safe, the occur-

rences of failures is not improbable. The theoretical literature, as a result, suggest

conducting reliability study as early as possible to find potential failures and the

solutions for mitigating them.

Future Work In spite the results of this study seem to be appropriate for

reliability engineering of the braking system with respect to its complexity, it is

only one interpretation of the reliability engineering. The scale of this study is

extensive even at the subsystem level. As a result, the following items can be used

for future research:

• Quantitative reliability analysis on braking system is required to be com-

pared with standards, handbooks, and its counterparts to achieve conclusive

results.

• The reliability systems engineering can be performed for both left and right

sides of V-diagram to see how reliability engineering can be integrated into

production and testing stages of the system life-cycle.
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Appendix A

Quantitative FMECA

An example of quantitative FMECA for a bicycle braking pad:

1



Appendices

Figure A.1: A Example quantitative FMECA for a bicycle braking pad [Carl-
son, 2012]
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Appendix B

Gantt Diagram

B.1 Improvement of Rims, Battery tray, and Safety

Figure B.1: Gantt chart for rims, battery tray, and safety improvement

3



Appendices

B.2 Improvement of Transmission, Wheels, and

Rear Suspension

Figure B.2: Gantt chart for Transmission, Wheels, and Rear Suspension im-
provement

B.3 Improvement of Steering, Covers for the link-

age, Display, and Dead-man-switch

Figure B.3: Gantt chart for Steering, Covers for the linkage, Display, and
Dead-man-switch improvement
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B.4 Improvement of Propulsion system

Figure B.4: Gantt chart for Propulsion system improvement
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Appendix C

System Requirements

Specification
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Appendices

C.1 Introduction

C.1.1 Purpose

The requirement specification document describes the functions and requirements

specified for DNV GL prototype vehicle. The vehicle (system) is needed to par-

ticipate in the Shell Eco-Marathon completion. This project is run voluntarily by

some students from Norwegian University of Science and Technology.

C.1.2 Business Context

This project is carried out mainly under sponsorship of DNV GL with the purpose

of reducing the amount of energy used in the next generation of the vehicles. Also,

the companies SEGGER, Elprint Norge, and Wright are supporting this project.

C.1.3 Scope

The purpose of this project is to improve and develop DNVGL Prototype 2014, in

order to participate in the Shell Eco-marathon as one of the most energy efficient

vehicles on the planet.

C.1.4 User Characteristics

As it mentioned before, this project is considered as one of the contest driven

project, and it is not a commercial project for specific user. The prototype vehicle

is an inspiration for next generation to make real transportation vehicles with very

low usage of energy.
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C.2 Overall Description

C.2.1 System Perspective

C.2.2 System Architecture

As it can be seen in the picture below, the red blocks are those components that

need to be improved. The reasons for improvements are explained briefly as follow:

• It has suggested by the previous team to improve the windows and the panels

as the solution of using tape wasn’t satisfactory. The tape must be replaced

with another solution as the windows and the panels that cover the front

wheels seem vulnerable during the movement or the race.

• The installed hydraulic braking system was apparently satisfactory. How-

ever, its components in terms of reliability and durability must be improved.

• For the suspension, a new solution can be considered to fix the rear axle for

easier mounting and detaching of the rear wheel.

• General performance of steering system was acceptable, however, some im-

provements are needed. For example, quick release mechanism, fixing the
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cables, and new design of steering linkage cover are the areas of the improve-

ment.

• The production of the rims are very important. As the previous team rec-

ommended, some test regarding the materials especially fiber needs to be

taken.

• The interior part of the prototype must be more comfortable and luxury as it

wasn’t before. The messy appearance of the interior leads to damage cables

that can be covered properly.
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C.3 System Capabilities, Condition, and Con-

straints

C.3.1 Functional Requirements

New value is recognized from the Shell-Eco Marathon Rules for 2015.

C.3.2 Design Requirements

Page 12



Appendices

C.3.3 Safety Requirements
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C.3.4 Environment Requirements

C.3.5 Standards Requirements
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Appendix D

FMECA failure rate and severity

ranking tables
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Appendix E

The process of braking system

assembly
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The figure E.1 shows how caliper engages the disk.

Figure E.1: engaging the caliper with disk
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In the figure E.2, the colored arrow shows the proper distance between caliper and

suspension. Inappropriate distance between caliper and suspension might leads to

caliper dysfunction.

Figure E.2: The proper distance between caliper and suspension

Page 19



Appendices

The figure E.3 shows the process of filling the hydraulics system with particular

liquid. This process also is carried out to bleed the hydraulic lines.

Figure E.3: The process of filling the hydraulic system with hydraulic liquid
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In the figure E.4 the colored arrow shows the leakage around the lever bolt. The

leakage might leads to reduce the pressure in the hydraulic lines.

Figure E.4: Leakage around the lever bolt
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