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Abstract

Smart Maintenance System for Inner City Public Bus

Services

PH de Villiers

Department of Industrial Engineering,

University of Stellenbosch,

Private Bag X1, Matieland 7602, South Africa.

Thesis: MEng (Engineering Management)

December 2022

Maintenance is increasingly being digitalised in line with the transpiring Indus-

try 4.0 movement. This trend sees the realisation of smart maintenance strategies

and systems that allow organisations to take better control of their maintenance.

Inner city public bus services contribute to the sustainability of cities and can only

do so if they possess the means to provide trouble-free and e�ective transporta-

tion. The opportunity exists to develop a smart maintenance system for these

organisations to minimise the downtime of unexpected breakdowns and ensure the

reliable operation of inner city buses.

The identi�ed problem is that the maintenance approaches and systems that

are currently in use at inner city public bus services are based on previous techno-

logical and industrialisation methods. Smart maintenance and Industry 4.0 tech-

nologies can optimise maintenance at these organisations and support informed

decision-making. A literature review is conducted that identi�es the Industry 4.0

technologies that support smart maintenance and the fundamental requirements
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of a smart maintenance system. Based on the feedback from an internationally

conducted empirical investigation it is found that inner city bus services utilise

Industry 4.0 technologies only to a minimal degree in their maintenance practices.

This investigation also determined the parameters in�uencing the reliability and

causing downtime of inner city buses.

The smart maintenance system is designed by taking into account the �ndings

from an extensive literature review and the feedback from structured interviews

with representatives of bus services. Requirements for the smart maintenance sys-

tem are de�ned, and an architecture is laid out that positions the functions of the

system. Validation of the system is performed as a case study with an industry

partner. For conducting the case study, a concept demonstrator is designed ac-

cording to the de�ned system and addresses the main problem causing downtime

of the buses at the industry partner. Tests are conducted with the demonstrator

to verify the smart maintenance system's functionalities.
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Uittreksel

Slim Instandhoudingstelsel vir Binnestedelike Openbare

Busdienste

(�Smart Maintenance System for Inner City Public Bus Services�)

PH de Villiers

Departement Bedryfsingenieurswese,

Universiteit van Stellenbosch,

Privaatsak X1, Matieland 7602, Suid Afrika.

Tesis: MIng (Ingenieursbestuur)

Desember 2022

Instandhouding word toenemend gedigitaliseer in ooreenstemming met die hui-

dige Industrie 4.0 beweging. Hierdie tendens sien die verwesenliking van slim in-

standhoudingstrategieë en -stelsels wat organisasies in staat stel om beter beheer

oor hul eie instandhouding te neem. Binnestedelike openbare busdienste dra by

tot die volhoubaarheid van stede en kan dit slegs doen as hulle oor die nodige mid-

dele beskik om probleemvrye en doeltre�ende vervoer te verskaf. Daar bestaan 'n

geleentheid om 'n slim instandhoudingstelsel vir hierdie organisasies te ontwikkel

om die staantyd van onverwagte onklaarrakings te minimaliseer en die betroubare

werking van binnestedelike busse te verseker.

Die geïdenti�seerde probleem is die instandhoudingsbenaderings en -stelsels

wat tans by binnestedelike openbare busdienste gebruik word, is gebaseer op vo-

rige tegnologiese en industrialisasiemetodes. Slim instandhouding en Industrie 4.0

v
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tegnologieë kan instandhouding by hierdie organisasies optimiseer en ingeligte be-

sluitneming ondersteun. 'n Literatuurstudie word gedoen om die Industrie 4.0

tegnologieë te identi�seer wat slim instandhouding ondersteun. Die literatuur-

studie bepaal ook die fundamentele vereistes van 'n slim instandhoudingstelsel.

Gebaseer op die terugvoer van 'n internasionaal uitgevoerde empiriese ondersoek

word bevind dat binnestedelike busdienste Industrie 4.0 tegnologieë minimaal in

hul instandhoudingspraktyke benut. Hierdie ondersoek het ook bepaal wat die

betroubaarheid en onklaarraking van binnestedelike busse beïnvloed.

Die slim instandhoudingstelsel is ontwerp deur die bevindinge van 'n uitge-

breide literatuurstudie en die terugvoer van gestruktureerde onderhoude met ver-

teenwoordigers van busdienste in ag te neem. Vereistes vir die slim instandhou-

dingstelsel word gede�nieer, en 'n argitektuur word uitgelê wat die funksies van

die stelsel posisioneer. Validasie van die stelsel word uitgevoer as 'n gevallestudie

met 'n bedryfsvennoot. Vir die uitvoering van die gevallestudie word 'n konsep-

demonstreeder volgens die gede�nieerde stelsel ontwerp wat die hoofprobleem van

onklaarraking van die busse by die bedryfsvennoot veroorsaak, aanspreek. Toetse

word met die demonstreeder uitgevoer ten einde die slim instandhoudingstelsel se

funksionaliteite te veri�eer.
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Chapter 1

Introduction

Research is to see what everybody else has seen, and to think what nobody else has

thought.

- Albert Szent-Gyorgyi (1893-1986)

The objective of this chapter is to introduce the research undertaken in this

thesis. This chapter commences with the background and rationale of the research,

which leads to the research problem and the research questions. The de�nition of

the research objectives follows. After this, the research methodology and design,

ethical considerations, limitations and delimitations, as well as the contributions,

are addressed. The chapter concludes with the outline of the chapters in this thesis.

1
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CHAPTER 1. INTRODUCTION 2

1.1 Background and Rationale of the Research

Industry 4.0 is a paradigm shift in how we organise, manage and approach business

(Winter, 2020). The world today is experiencing the fourth industrial revolution.

This is more commonly known as Industry 4.0, which aims to transform indus-

try through digital transformation and the implementation of new technologies

(Postelnicu and Calea, 2019). The feature that distinguishes the Fourth Indus-

trial Revolution is the intelligent networks based on Cyber-Physical System (CPS)

(Amaral et al., 2017). CPSs are engineered and physical systems that can be con-

trolled, monitored, and coordinated by computing and communication systems

(Amaral et al., 2017).

The Internet of Things (IoT) is an important enabler of Industry 4.0 due to

it being responsible for the interconnected networks, which allow device-to-device

communication (Postelnicu and Calea, 2019). IoT usually takes advantage of the

internet and allows network communication without human or computer interfaces

(Budakoti, 2018). With IoT, objects are permitted to become interconnected and

smart (Fan et al., 2014). The combination of CPS, IoT, and the internet of sys-

tems make Industry 4.0 possible and smart factories a reality (Marr, 2018). As

machines and factories become smarter, their access to more data increases, al-

lowing the overall e�ciency and productivity of factories to improve while waste

generation is minimised.

In industry today, organisations realise the importance of taking better control

of their approach toward the implementation of maintenance and maintenance

practices. According to Patil et al. (2022, p. 676), executive management of

companies has started to align maintenance with strategic objectives to ensure

equipment availability, safety, and quality products. It has been reported that

57% of all European organisations have adopted a lean maintenance philosophy

and another 20% plan to follow the same strategy (Beker et al., 2017). At least

77% of European organisations are focused on a management concept with con-

tinuous improvement included at its core, making it a good strategic decision to

�nd ways to improve maintenance constantly (Beker et al., 2017).
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CHAPTER 1. INTRODUCTION 3

Maintenance allows companies to maintain their resources while controlling

time and costs to ensure their assets are operating at maximum e�ciency with

minimal downtime (Patil et al., 2022). An e�ective maintenance management

plan can have a noteworthy contribution to the long-term success of a company.

Malfunctioning assets and frequent breakdowns have costly �nancial implications

for any company (Kumar et al., 2013). The common objective of most mainte-

nance management plans is to analyse the operation of the company's assets and

identify the best practices to ensure stable operation of assets and minimise un-

planned downtime (Trout, 2021). The management of maintenance has improved

over time to systems such as a Computerised Maintenance Management System

(CMMS) (Garg, 2006). With further development, IoT makes it possible for com-

panies to use intelligent maintenance software to collect data and constantly moni-

tor the condition of assets to strive towards making smarter maintenance decisions

(Trotter et al., 2018).

With the arrival of Industry 4.0, a problem that has appeared is the trans-

formation of maintenance into smart maintenance (Rakyta et al., 2016). Smart

maintenance can be conceptually de�ned as the organisational design for manag-

ing maintenance of companies in environments with pervasive digital technologies

(Bokrantz et al., 2019). The aim of smart maintenance is to achieve e�ective

and e�cient decision-making and responsiveness to internal and external elements

(Bokrantz et al., 2019). Regardless of the level of maintenance practices in an or-

ganisation, systematic development of the management of maintenance is required

(Rakyta et al., 2016). All equipment wears down as usage increases over time,

resulting in the deterioration in its condition as well as decreasing performance

(Rakyta et al., 2016). After a certain time of usage, equipment becomes more sus-

ceptible to failure (Rakyta et al., 2016). Maintenance practices at an organisation

can be continuously improved through a proactive approach. For the successful

implementation of a proactive approach to smart maintenance, it is necessary to

introduce appropriate management practices in the area of maintenance in a com-

pany (Rakyta et al., 2016).
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In the inner city public bus transport service industry, the constant need ex-

ists to provide trouble-free and e�ective transport every day to countless daily

commuters (Neethling, 2021). The International Association of Public Transport

(UITP) estimates that about 80% of all passengers using public transport world-

wide are transported by buses (Sanches et al., 2019). The reliable functioning of

inner city public bus services contributes to the e�ective �ow and movement of

people within a city, which is an important aspect of the successful operation of

any city. Buses continue to be the most widely used solution for cities to achieve

sustainable urban development (Sanches et al., 2019).

Tubis and Werbinska-Wojciechowska (2015, p. 1061) found that managers have

a lack of information support in maintenance decision-making at passenger trans-

port enterprises in cities. The large diversity and high complexity of the operated

and maintained means of transport result in maintenance managers not having the

ability to independently gather and analyse data required for maintenance plan-

ning (Tubis and Werbinska-Wojciechowska, 2015). This supports the idea that

there is potential for the implementation of improved process controlling in the

�eld of maintenance management at inner city public bus services. The primary

objectives of introducing a system for improving bus maintenance are to maximise

reliability, e�ectively utilise maintenance crews and facility time (Haghani and

Shafahi, 2001).

Advanced predictive maintenance systems are available to reduce downtime

and �eet management costs for companies with �eets consisting of expensive ve-

hicles (Killeen, 2020). These systems are typically costly and require multiple

phases, such as designing, implementing, and testing for individual clients that

can be time-consuming. Due to this, organisations that do not want to invest a

large amount of capital in such a system continue with their basic maintenance

strategies (Killeen, 2020). In recent years, with technological advances in indus-

try, the software and hardware used to monitor the health status of vehicles have

become more a�ordable and compact (Killeen, 2020). This allows for cheaper and

simpler systems to be designed to implement smart maintenance and enhance �eet

management (Killeen, 2020).
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Most large commercial vehicles are equipped with a Controller Area Network

(CAN), which allows their di�erent systems to communicate with each other to

enable smooth operation and self-diagnostics (Massaro et al., 2020). CAN mes-

sages are used in automotive applications to communicate state information, also

known as signals, between the di�erent Electronic Control Units (ECUs) of a ve-

hicle (Davis et al., 2007). Most large commercial vehicles are not connected to the

internet, which means the sensor data remains unexploited (Killeen, 2020). Thus,

there is an opportunity to utilise the unexploited data to improve maintenance

decision-making through implementing a system that employs Industry 4.0 tech-

nologies. Connecting vehicles by installing sensors creates insight into the health

status of a vehicle and its parts, while assisting with the identi�cation of speci�c

faults (Dhall and Solanki, 2017).

The purpose of condition monitoring is to focus on individual pieces of equip-

ment, replace equipment at certain intervals, and inspect it at certain intervals

(Galar et al., 2017). To apply condition monitoring to a passenger bus involves

the combination of technical and economic actions to achieve the goal of high

availability at reasonable cost (Galar et al., 2017). The utilisation of IoT and mi-

crocontroller technologies allow for automatic systems to predict �eet health and

maintenance (Hussain et al., 2020). Some di�erent frameworks have been proposed

for decision-making processes in bus �eet management (Sanches et al., 2019).

Motivating the preference of a system, one has to re�ect on what is meant by

a framework, a model, and a system. A framework is a line that conceptually con-

nects and gives meaning to concepts (Maxwell, 1996). A framework is also seen as

a network of interconnected concepts that provide a comprehensive understanding

of a phenomenon or phenomena (Tamene, 2016). When using variables or factors,

the term model should be employed (Jabareen, 2009). The approach to creating

a model is about abstracting it from a real or proposed system (Robinson et al.,

2010). Furthermore, a system is de�ned as a �complex of interacting elements�

(von Bertalan�y, 1968). All de�nitions of a system involve a collection of units

and their interrelationships (Harary and Batell, 1981). The underlying structure
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of a system is a nested graph laying out the nested network formed by a system,

as expressed by Harary and Batell (1981, p. 32). The discussion reinforces that

a system is preferred for this study, due to it being a more suitable approach to

aligning maintenance functions, elements, and technologies.

The background discussion indicates that maintenance practices at inner city

bus services are not up to date with what is available in the newest developments

that involve Industry 4.0 technologies. It is evident that there are smart main-

tenance and Industry 4.0 technologies available that can be utilised to minimise

downtime and ensure the reliability of buses in inner city public bus services.

1.2 Research Problem Statement and Questions

The problem is the maintenance approaches and systems that are currently in use

at inner city public bus services are based on previous technological and indus-

trialisation methods. Smart maintenance and Industry 4.0 technologies can be

used to optimise maintenance in this sector to make the transport more reliable

and save unnecessary expenditures. The de�ned research problem leads to a set

of research questions that require investigation. Table 1.1 sets out the primary

research question and secondary research questions that are investigated in this

study.

Table 1.1: Research questions of thesis

Primary
How can a smart maintenance system be
developed for inner city public bus services
through related Industry 4.0 technologies?

Chapters
2 & 5

Secondary 1
What Industry 4.0 and smart maintenance systems
are available to improve maintenance of inner city
buses?

Chapter 2

Secondary 2
What are the operational parameters and systems
of inner city buses which a�ect reliability?

Chapters 2
& 4

Secondary 3
How can the functionality of the developed smart
maintenance system for inner city bus services be
validated?

Chapters 6
& 7

Stellenbosch University https://scholar.sun.ac.za



CHAPTER 1. INTRODUCTION 7

The secondary research questions in Table 1.1 require answering to be able to

answer the primary research question. The opportunity exists to lay out a smart

maintenance system for inner city public bus services. The implementation of

a smart maintenance system only makes sense if it is �nancially and practically

feasible to do so. A successful smart maintenance system is going to strive to

optimise the maintenance processes and propel the drive towards Industry 4.0.

The results of the implementation of the smart maintenance system should include

the improvement of asset life, the reduction in downtime and breakdowns, as well

as the minimisation of unnecessary maintenance expenditures.

1.3 Research Objectives

The research objectives are derived from the research questions. The research ob-

jectives of this study are presented in Table 1.2. In the table it is indicated which

research question each objective is associated with as well as in which chapter each

objective is addressed. The objectives in Table 1.2 have to be reached to answer

the accompanying research questions of this thesis.

Table 1.2: Objectives of thesis

Objective Question Chapter

a
Investigate Industry 4.0 technologies and how it
supports smart maintenance.

Secondary 1 2

b
Investigate existing smart maintenance ap-
proaches for transportation systems.

Secondary 1 2

c
Investigate the factors in�uencing the degradation
of the reliability of a bus.

Secondary 2 2 & 4

d
Identify the key components of the buses that are
responsible for most of the downtime.

Secondary 2 4

e
Investigate how the unit life of the key compo-
nents can be improved.

Secondary 2 2 & 4

f
Develop a smart maintenance system for inner
city buses.

Primary 5 & 6

g
Validate the smart maintenance system with a
concept demonstrator in Industry.

Primary &
Secondary 3

7
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1.4 Research Methodology and Design Overview

The research conducted in this thesis is empirical in nature. The type of research

in this study is a mixed method exploratory sequential design. This type of re-

search consists of qualitative and quantitative data collection and analysis phases,

as shown in Figure 1.1. The �ndings of a comprehensive literature review are

combined with the results and feedback from online interviews to develop a smart

maintenance system. The system validation is done in the form of a case study

with an industry partner.

Figure 1.1: The exploratory sequential design (Adopted from Creswell and Creswell,
2018, p. 69)

1.5 Ethical Considerations

The Faculty Ethics Screening Committee of Stellenbosch University requires that

ethical clearance be obtained by signing a consent form between an online intervie-

wee and the principal investigator. This is due to the fact that, during the study,

online interviews are conducted to obtain input from representatives of bus ser-

vices. The data might not necessarily be sensitive or person-related information,

but it is good practice to �le a consent form as a safety measure.

1.6 Limitations and Delimitations

In research, it is necessary to state the limitations and assumptions regarding the

research. The study focuses on the smart implementation of maintenance practices

and processes for inner city public bus services to enable them to maintain their
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bus �eets more e�ectively.

During the course of the research, no in-person or face-to-face interviews with

prospective interviewees are planned. The limitation of the validation phase is

that the system can only be partially implemented at one inner city public bus

service to test the e�ectiveness and generalisation of the system. The system can

only be partially implemented at an industry partner due to their operations being

ongoing and a new approach to maintenance cannot be implemented on their full

�eet.

1.7 Contributions

It is important to state who bene�ts from the outcome of this research study. The

contributions are as follows:

a) The main bene�ciaries of this study are inner city public bus transport ser-

vices that will be able to make use of the generic smart maintenance system

to improve their maintenance practices.

b) The residents of any city where the system might be implemented will bene�t

from the reliable operation of inner city public bus transport services.

c) The industry partner bene�ts from this study due to the fact that the smart

maintenance system that is developed in this study is tested with a percent-

age of their bus �eet as part of the system validation phase.

d) The ESB Business School in Reutlingen (Germany) bene�ts from this study

because the research is conducted in partnership with them. This contri-

bution is valid due to the aim of developing a generic smart maintenance

system that is also applicable to inner city public bus services in Germany.
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1.8 Chapter Outline

This section discusses the structure of the thesis by setting out the chapter out-

line. The research methodology is used as the baseline to de�ne the contents of

the di�erent chapters. The chapter outline is graphically depicted in Figure 1.2.

Figure 1.2: Chapter outline
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The chapter outline follows a logical order, starting with Chapter 1 and Chap-

ter 2 as the introduction and the literature review, respectively. The research

design and methodologies are covered in Chapter 3. Online interviews are set up

and conducted as part of the empirical investigation of Chapter 4. In Chapter 5,

the smart maintenance system is set out and designed. The concept demonstrator

is developed and constructed in Chapter 6. System validation of the smart main-

tenance system takes place as part of Chapter 7. The thesis is concluded with

Chapter 8 where the conclusions from the research are stated and recommenda-

tions are made for future continuation of the research.

1.9 Chapter Summary

This chapter introduces the background and the rationale of the research. The re-

search problem is stated and from the research problem, the research questions are

derived, as well as the corresponding research objectives. Afterwards, the research

methodology and design, ethical considerations, limitations and delimitations, and

the contributions are outlined. Finally, the outline of the thesis is covered.
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Chapter 2

Literature Review

The objective of this chapter is to review the relevant literature relating to the

problem statement and objectives. This chapter includes sections that de�ne

maintenance, identify relevant Industry 4.0 technologies that support smart main-

tenance, discuss inner city public bus services, and investigate prognostics and

health management. Related research is also examined and included in the litera-

ture review.

12
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CHAPTER 2. LITERATURE REVIEW 13

2.1 Maintenance

Maintenance has become increasingly important as industry is experiencing digital-

isation and new advances in technologies. In this section, maintenance is de�ned

and di�erent maintenance strategies are identi�ed and discussed. The require-

ments and outline of a smart maintenance system are presented and overviewed.

2.1.1 De�nition of Maintenance

Maintenance provides an essential contribution to the dependability of equipment

(DINEN13306, 2018). The German Institute for Standardisation (DINEN13306,

2018) describes maintenance according to the following de�nition:

Maintenance is the �combination of all technical, administrative and manage-

rial actions during the life cycle of an item intended to retain it in, or restore it

to, a state in which it can perform the required function�.

Generally, maintenance can be subdivided into four main divisions, as shown in

Figure 2.1. It is necessary to understand each of the subdivisions of maintenance

to gain a better understanding of maintenance itself.

Figure 2.1: Maintenance subdivisions (Adopted from DIN31051, 2019, p. 12)

Service involves the �measures taken to delay the reduction of the existing wear

margin� (DIN31051, 2019). The wear margin describes the range for the functional

ful�lment of an asset. The reduction of the wear margin is illustrated in Figure 2.2.

The largest wear occurs directly after manufacture and decreases with time. As
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the wear margin decreases with time, a wear limit is reached below which smooth

operation cannot be guaranteed. Maintenance aims to prolong the time between

the initial state after manufacture and the wear limit.

Inspection is the �examination for conformity by measuring, observing, or test-

ing the relevant characteristics of an item� (DINEN13306, 2018). During inspec-

tion, a comparison is made between the initial and actual conditions, which should

always take place under constant operating and environmental conditions.

Repair can be described as �physical action taken to restore the required func-

tion of a faulty item� (DINEN13306, 2018). Repair can be conducted by repairing

or replacing the faulty item (Struntz, 2012). The furthermost point on the right-

hand side of the graph in Figure 2.2 illustrates the repair of an item to the same

condition as the initial state after manufacture.

Figure 2.2: Wear margin (Adopted from DIN31051, 2019, p. 8)
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Improvement is the �combination of all technical, administrative and manage-

rial actions, intended to ameliorate the intrinsic reliability and/or maintainability

and/or safety of an item, without changing the original function� (DINEN13306,

2018). The elimination of a weak point is crucial to improve functional reliability

(Matyas, 2016). A requirement for improving a weak point is technical and eco-

nomic feasibility (Struntz, 2012).

2.1.2 Maintenance Strategies

A maintenance strategy is a �management method used in order to achieve the

maintenance objectives� (DINEN13306, 2018). According to DINEN13306 (2018,

p. 6), any maintenance management has the responsibility to de�ne its mainte-

nance strategy according to the following objectives:

� �Ensure the availability of the item to function as required, at optimum

costs�.

� �Consider the safety, the persons, the environment, and any other mandatory

requirements associated with the item�.

� �Consider any impact on the environment�.

� �Uphold the durability of the item and/or the quality of the product or

service provided considering costs�.

A maintenance strategy involves a mix of maintenance policies and mainte-

nance techniques, which vary between organisations (Velmurugan and Dhingra,

2015). The selection of the best sustainable maintenance strategy depends on nu-

merous elements, such as the nature of the organisation, the maintenance goals,

the equipment that is maintained, the �ow of work, and the working environment

(Velmurugan and Dhingra, 2015). The reference model in Figure 2.3 gives an

overview of the development of maintenance strategies. The respective mainte-

nance strategies are discussed in more detail in the following sections.
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Figure 2.3: Reference model for the development of maintenance strategies (Adopted
from Ermonts-Holley, 2016)

2.1.2.1 Reactive Maintenance

When a reactive maintenance strategy is implemented, equipment is allowed to

run to failure before it is repaired or replaced (Swanson, 2001). There is no pre-

determined plan in place to service equipment to prevent failures in the future.

Reactive maintenance allows an organisation to minimise the size of maintenance

crews and the amount of money spent to keep all their equipment operational

(Swanson, 2001). However, this maintenance strategy comes with disadvantages

that can include unpredictable operation, increased levels of waste output, and

higher maintenance costs to repair total failures (Swanson, 2001). In modern in-

dustry, reactive maintenance is only used in exceptional cases when the equipment

in question is either redundant or of minor importance (Matyas, 2002).
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2.1.2.2 Preventive Maintenance

Preventive maintenance is �maintenance carried out intended to assess and/or mit-

igate degradation and reduce the probability of failure of an item� (DINEN13306,

2018). This type of maintenance depends on the estimated likelihood that the

equipment has a speci�ed interval within which it will fail (Swanson, 2001). The

speci�ed intervals can be measured as cycles, kilometres, time, etc. to determine

the correct moment to implement maintenance (Jimenez et al., 2020). Bene�ts of

preventive maintenance include the reduced probability that equipment will break

down, and it extends the life of equipment (Swanson, 2001). The disadvantage

of this type of maintenance is that operations have to be halted at scheduled in-

tervals in order to perform maintenance activities (Swanson, 2001). In preventive

maintenance, the existence of faults is frequently unknown, which may lead to

the replacement of components with remaining useful life that could have been

utilised, which may be costly (Jimenez et al., 2020).

2.1.2.3 Condition-based Maintenance

Some organisations still utilise Time-based Maintenance (TBM) strategies that

are basically preventive maintenance, which can lead to the substantial wastage

of remaining useful life if the equipment is still in reasonable condition (de Jonge

et al., 2017). Due to advancements in technologies, it has become easier to monitor,

store, and analyse equipment conditions resulting in Condition-based Maintenance

(CBM) strategies gaining popularity (Jardine et al., 2006). CBM is �preventive

maintenance which includes assessment of physical conditions, analysis and the

possible ensuing maintenance actions� (DINEN13306, 2018). CBM can also be

viewed as a type of preventive maintenance that is more e�ectively scheduled and

ideally performed just before failure (de Jonge et al., 2017).

According to Veldman et al. (2011, p. 42), the execution of CBM generally

consists of the following four phases:
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1. Data collection: The relevant data is collected using di�erent methods, such

as vibration monitoring, temperature monitoring, oil analysis, and using

process control systems. The most common types of data are process data

and failure data (Veldman et al., 2011).

2. Data analysis : The data analysis phase is where the data is cleaned and

processed.

3. Decision-making : Decisions are made based on the collected data and the

data analysis. The decisions may lead to operating routines being changed

or the direct implementation of maintenance.

4. Implementation: After strategic decisions have been made, an intervention

is planned and executed. Evaluations are conducted as required.

It is only be feasible to implement CBM when the relative bene�t outweighs

the e�ort and �nancial implication to implement CBM during the entire life cycle

of equipment (de Jonge et al., 2017). Organisations that are considering the im-

plementation of CBM should recognise the risks related to the lack of experience

(de Jonge et al., 2017).

2.1.2.4 Predictive Maintenance

Predictive maintenance is �condition-based maintenance carried out following a

forecast derived from repeated analysis or known characteristics and evaluation of

the signi�cant parameters of the degradation of the item� (DINEN13306, 2018).

The movement towards predictive maintenance practices in industry can minimise

costs by up to 30% and reduce breakdowns by up to 75% when compared to pre-

ventive maintenance (Matyas et al., 2017).

The goal of predictive maintenance is to improve maintenance activities, per-

formance, safety, and reliability (Adams et al., 2017). The two main �elds of pre-

dictive maintenance are diagnostics and prognostics (Jimenez et al., 2020). The

aim of diagnostics is to detect faults, determine the root cause of faults, and de-

termine the current health condition of equipment to prevent unforeseen failures
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(Jimenez et al., 2020). Prognostics is the prediction of the health status of equip-

ment being monitored (Killeen et al., 2019; Ermonts-Holley, 2016).

Numerous prognostic approaches have been developed that range from simple

historical failure rate models to physics-based models (Byington et al., 2002). Fig-

ure 2.4 illustrates the hierarchy of di�erent prognostic approaches in relation to

their applicability, cost, and accuracy.

Figure 2.4: Hierarchy of prognostic approaches (Adopted from Byington et al., 2002,
p. 2815)

The accuracy and development costs of the models increases as the prognostic

approaches move up the hierarchy in Figure 2.4. The experience-based model is

the least complex, only utilising a few sensors and is designed for a broad range

of applications. Contrastingly, in the physics-based model, the speci�c case and

conditions have to be speci�ed precisely for the prediction of the remaining useful

life of components (Byington et al., 2002).
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2.1.2.5 Smart Maintenance

Currently, no clear de�nition for smart maintenance is available in literature. A

de�nition developed by Henke et al. (2019, p. 11) for smart maintenance is de-

scribed as follows:

Smart maintenance is �learning-orientated, self-regulated, intelligent mainte-

nance with the objective of maximising the technical and economic e�ectiveness of

maintenance measures taking into account the respective existing production sys-

tem by using digital applications�.

Smart maintenance has four underlying dimensions, namely: data-driven decision-

making, human capital resource, internal integration, and external integration

(Bokrantz et al., 2019). The four underlying dimensions of smart maintenance can

be de�ned as:

� Data-driven decision-making : Is about making decisions to a certain extent

based on information extracted from data. There are four distinct categories

in the process of extracting real value from raw data, namely: data col-

lection, data quality, data analysis, and decision-making (Bokrantz et al.,

2019). It is not possible to base decisions on data that does not exist, there

is no existing algorithm that can transform poor data into usable knowl-

edge, and no useful knowledge can be extracted from data without doing

an analysis. Data-driven decisions consist of decision automation and de-

cision augmentation (Bokrantz et al., 2019). Decision automation is where

decisions are made by advanced algorithms that would have previously been

made by humans. Decision augmentation is the integration of algorithms

and human judgement. An overview of the factors in�uencing data-driven

decision-making is shown in Figure 2.5.
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Figure 2.5: Data-driven decision-making factors (Adopted from Bokrantz et al., 2019,
p. 7)

� Human capital resource: An important factor for the success of smart main-

tenance is to overcome the gap between technology and skills. According

to Henke et al. (2019, p. 15), structural change is happening from labour-

intensive to knowledge-intensive business areas. The latest advances in tech-

nologies and digitalisation have resulted in maintenance tasks becoming in-

creasingly complex (Bokrantz et al., 2019). Employees performing mainte-

nance functions require the right skill set to execute advanced maintenance

techniques (Velmurugan and Dhingra, 2015). Advancements in technologies

put new skill requirements on employees to become more quali�ed (Bokrantz

et al., 2019). The new skill requirements can be divided into six categories,

as shown in Figure 2.6.

Figure 2.6: Six categories of human capital resource (Adopted from Bokrantz et al.,
2019, p. 7)

Human capital will remain a critical value-creating resource and will not be

terminated by advancements in technologies (Bokrantz et al., 2019).

� Internal integration: Smart maintenance has a distinctive characteristic that

involves the relation of the maintenance function to the internal plant organ-
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isation (Bokrantz et al., 2019). The incorporation of maintenance into pro-

duction and the rest of the organisation can be divided into three categories,

as shown in Figure 2.7.

Figure 2.7: Internal integration factors (Adopted from Bokrantz et al., 2019, p. 7)

Establishing links between di�erent functions within an organisation allows

the maintenance function to be incorporated in the transparent exchange

and utilisation of diverse sources of data, information, and knowledge. Cross-

functional collaboration involves the improved coordination between di�er-

ent functions within an organisation. Joint decision-making is when data is

shared to achieve a common understanding. Consensus on data and decisions

makes it possible to plan and synchronise maintenance with other processes

within an organisation (Bokrantz et al., 2019).

� External integration: This is the extent to which the maintenance function

forms part of the consolidated inter-organisational environment (Bokrantz

et al., 2020). External integration consists of four dimensions, as shown in

Figure 2.8.

Figure 2.8: External integration factors (Adopted from Bokrantz et al., 2019, p. 7)
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External integration extends links to the external environment to allow for

the transparent exchange and utilisation of diverse sources of data, informa-

tion, and knowledge with external parties. The external links can be net-

works of interrelated �rms and partners that can include processes, people,

and technology. Advancements in Information and Communications Tech-

nology (ICT) have made it possible for maintenance functions to be more

closely integrated with external parties (Bokrantz et al., 2020).

2.1.3 Smart Maintenance System

A planning system that manages maintenance items, schedules, and controls main-

tenance tasks is the foundation of a smart maintenance system. The Information

Technology (IT) system assists maintenance personnel in the planning and execu-

tion of maintenance tasks (Lucke et al., 2017). Some of the other related functions

that may be incorporated are spare parts and ordering, maintenance control, and

maintenance personnel management. According to Lucke et al. (2017), current

maintenance planning systems have a number of disadvantages that are outlined

below:

� Additional functions are frequently still integrated in distinct IT systems,

and they are commonly application-speci�c, resulting in additional expenses

to link the di�erent interfaces.

� Previous maintenance planning systems lacked the capability to assist main-

tenance personnel in selecting and deciding on an acceptable maintenance

approach.

� Component health and remaining useful life information are usually assessed

manually.

� Conducted or planned maintenance operations are not synchronised with

production planning.

The cause of the de�ciencies is frequently linked to the current scenario, in

which all maintenance scheduling deviates and is dynamically rescheduled to be
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reactive due to unforeseen machine downtimes. As a result of the above-mentioned

de�ciencies, future maintenance planning systems need to meet the following re-

quirements (Lucke et al., 2017):

1. Support in the selection of the maintenance strategy: Maintenance object-

related information and its relevance in the value-added network should be

considered when choosing a maintenance plan for machines, systems, and

components.

2. Improvement of the utilisation of machine assemblies and components: Wear

models and load-dependent remaining service life assessments can be incor-

porated as a partial function of a �smart component�, allowing it to be utilised

in full and replaced in a timely manner.

3. Accelerated maintenance planning:

� By consistently connecting maintenance planning modules to cyber-

physical machines.

� Improved user assistance to reduce the time it takes to �nd necessary

information.

� Use planning aids that support an optimised multi-criteria maintenance

plan.

4. Increase in planning quality: Utilisation of accurate, trustworthy information

that is current and situation-related.

5. Improvement of usability: Provide the necessary information to the mainte-

nance planner to make planning easier.

6. Flexibility of IT systems, reduction of the e�ort required for networking:

Without in-depth specialised knowledge, IT systems for maintenance should

be able to adapt to new conditions quickly and e�ectively.

7. Structure functions modularly that allow for quick adaptation to application-

speci�c scenarios.

Stellenbosch University https://scholar.sun.ac.za



CHAPTER 2. LITERATURE REVIEW 25

These requirements are discussed further in Chapter 4 and given a score ac-

cording to their rank. Their importance is shown as a percentage in a bar chart in

Figure 4.4. The de�ned requirements result in the architecture of a future main-

tenance planning system, as shown in Figure 2.9.

Figure 2.9: Architecture of a future maintenance planning system (Adopted from Lucke
et al., 2017, p. 83)
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The aim is to assist maintenance managers in optimising the maintenance strat-

egy and planning by considering the remaining useful life of the monitored key

components or assemblies. The remaining useful life values are derived from a

number of sources, such as smart components or a downstream calculation when

utilising a condition monitoring system. The basic method for implementing a

smart maintenance system can be described by the following six steps (Kinz and

Biedermann, 2016):

1. Identifying key components in equipment and plants.

2. Technology validation for condition monitoring.

3. Analyse the data.

4. Identifying and assessing cause-and-e�ect relationships.

5. Failure prognostics methods.

6. Better variety of maintenance strategies.

After gaining an understanding of maintenance and what smart maintenance

is, the Industry 4.0 technologies that are able to realise smart maintenance can be

investigated.

2.2 Industry 4.0 Technologies Supporting Smart

Maintenance

In this section, relevant Industry 4.0 technologies that support smart maintenance

are discussed to gain an understanding of these technologies. Industry 4.0 is the

current trend of automation that includes IoT, CPS, and cloud computing (Ayab

et al., 2018). Maintenance analytics depend on the availability of an extensive

amount of data from numerous sources (Karim et al., 2016). The large volume of

data is referred to as Big Data (Roy et al., 2016). The use of Arti�cial Intelligence

(AI) for predictive maintenance is currently becoming an industry trend (Ochella
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and Sha�ee, 2019). Big Data, IoT, cloud computing, CPS, and AI are discussed.

2.2.1 Big Data and Analytics

In industry today, there is a growing trend towards condition monitoring, prog-

nostics, IoT, Industry 4.0, and cloud computing (Roy et al., 2016). As a result,

the extent of data available for maintenance decision-making has increased sig-

ni�cantly. The digitalisation of industry provides the ability to collect of a vast

amount of data and information from maintenance processes and data sources

(Karim et al., 2016).

Big Data can be de�ned as large volume, high-speed information consisting

of structured and unstructured data (Roy et al., 2016). De�nitions of Big Data

are evolving with the constant technological advances occurring (Gandomi and

Haider, 2015). To get a more in-depth understanding of Big Data, it is necessary to

de�ne it from another perspective. Big Data can be characterised by the following

dimensions (Gandomi and Haider, 2015, p. 138; Karim et al., 2016, p. 219):

1. Volume: The volume refers to the magnitude of the data. Storage capacities

are continuously increasing that allow for larger data sets to be supported.

2. Velocity : The generation rate of data and the speed at which it is processed

and analysed.

3. Variety : Advances in technology allow organisations to utilise di�erent types

of data. The di�erent types of data are structured, semi-structured, and

unstructured data.

4. Veracity : Addresses the quality and accuracy of the data.

5. Variability : The variation of the rates in data �ow. Big Data velocity is not

always consistent and it experiences variations.

6. Value: Data in its original form normally has low value relative to its size.

High value can be obtained by analysing large amounts of low-value density

data.
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All the above-mentioned dimensions are known as the di�erent V's of Big Data.

The �rst three dimensions imply that data comes in large sizes, data is created

rapidly, data exists in di�erent structures and can come from various sources. The

rest of the dimensions give further insight into Big Data. The dimensions are not

independent of each other due to the fact that if one dimension changes, there is

an increased likelihood that another dimension will change as well (Gandomi and

Haider, 2015).

The potential of Big Data is only extracted when it is utilised to support

decision-making. To support evidence-based decision-making, e�ective processes

are required that convert high volumes of rapid pace and diverse data into usable

knowledge (Gandomi and Haider, 2015). The process of extracting knowledge

from Big Data can be divided into �ve stages (Labrinidis and Jagadish, 2012).

The �ve stages are shown in Figure 2.10 and form two main process groups: Data

management and Analytics.

Figure 2.10: Processes for extracting insights from Big Data (Adopted from Gandomi
and Haider, 2015, p. 141)

Data management entails the processes and technologies that are used to ac-

quire, store, and prepare the data for analysis (Gandomi and Haider, 2015). Ana-

lytics are the techniques implemented to obtain insight and intelligence from the

data (Gandomi and Haider, 2015).

Most of the existing maintenance strategies are supported by IT that monitors

certain measurements, creating large volumes of data (O'Donovan et al., 2015).
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Visualising the extensive amounts of data available is important in the decision-

making process for continuous maintenance (Roy et al., 2016). Big Data analytics

can produce useful information for improved maintenance prediction accuracy by

analysing the relationships of service events, component degradation, and compo-

nent design. Knowledge discovery is an essential aspect of maintenance decision

support (Karim et al., 2016). One of the requirements for maintenance knowl-

edge discovery is having accurate data and information available (Karim et al.,

2016). It is important to mention that developing a maintenance decision support

system based on Big Data increases the complexity of the system (Roy et al., 2016).

2.2.2 Internet of Things (IoT)

IoT can be de�ned as �an intelligent pervasive environment, based on a continu-

ing proliferation of intelligent networks, wireless sensors and massive data centres�

(Ayab et al., 2018). The basic vision of IoT is that nearly everything in the physical

world can become a computer that is connected to the internet (Ayab et al., 2018).

To ensure the objective of IoT is reached, its environment should be well-

organised to allow multiple interconnected devices to operate e�ectively (Touqeer

et al., 2021). The structure of IoT can be analysed to acquire greater insight into

this technology. IoT can be divided into the �ve layers (Datta et al., 2014):

� Sensing : Involves the gathering of data and transferring it to a database or

cloud. Some IoT devices have limited data storage and sensing useful data

for processing is important (Rashid et al., 2020).

� Network : This layer consists of communication software that allows di�erent

devices to communicate with each other. The primary objective of this layer

is to facilitate the transmission of data to end devices, and devices between

the end nodes (Touqeer et al., 2021). The transmission path can be wired

or wireless via mobile telecommunication and the internet.
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� Storage: In the storage layer, all the di�erent types of data are stored. This

layer can store data using a variety of strategies to satisfy IoT storage re-

quirements.

� Learning : Data analytics are performed on the stored data for the purpose

of discovering useful knowledge. The location for data analytics is optimised

in this layer. The machine learning model for a vehicle should be located on

a gateway and �eet-wide analytics should be performed on a cloud (Killeen,

2020).

� Application: The application layer is where interfaces are provided to allow

users to access the IoT systems and devices. It ensures smart services at

high quality (Rashid et al., 2020).

An IoT infrastructure is required in Maintenance 4.0 that allows devices to be

wirelessly connected to enable the transmission of data to the maintenance data

centre for improved asset management (Jasiulewicz-Kaczmarek and Gola, 2019).

Jasiulewicz-Kaczmarek and Gola (2019, p. 94) list �ve ways that IoT can improve

machinery and equipment management:

� Greater adoption of predictive maintenance: Predictive maintenance is the

primary motivation to apply IoT to improve the management of assets and

maintenance strategies.

� Real-time data analysis : The availability of all machine data in a virtual

network provides the possibility for improved data analysis.

� Accurate performance metrics : The system automatically calculates avail-

ability, reliability, and other key performance indicators, such as Mean Time

Between Failures (MTBF) and Mean Time to Repair (MTTR).

� Remote assets : Assets generate their own individual work orders remotely

in the CMMS.

� Recommended repair actions : Using cloud technology to generate repair ac-

tions in real time from failure data.
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The suggested measures of how IoT can improve equipment management al-

low for the implementation of more e�ective modern maintenance strategies. IoT

provides the knowledge for continuous improvement, resource e�ciency, and the

capability for sustainability (Jasiulewicz-Kaczmarek and Gola, 2019).

2.2.3 Cloud Computing

The cloud allows information and computing resources to be accessed from any-

where and also provides virtual centralisation of data and computing applications

(Mehdipour et al., 2019). Some organisations move their IT completely to the

cloud (Bonomi et al., 2014). Cloud computing o�ers three basic service models

(Alam, 2020):

� Software as a Service (SaaS): Intended for the end users through providing

applications.

� Platform as a Service (PaaS): Provides the infrastructure for developers to

build up software.

� Infrastructure as a Service (IaaS): Provides development resources such as

networking, storage, and computing.

Cloud computing is ideal for optimising resource utilisation, but it is not ef-

fective at hosting Big Data applications (Dastjerdi et al., 2016). To overcome the

latest challenges with cloud computing, data analytics can be performed at the

network Fog or Edge close to where the data is generated to reduce the volume

of overhanging data (Yi and Li, 2015). The �eld of cloud computing has evolved

with current trends being Fog computing and Edge computing. These terms are

explained in the next sections.

2.2.3.1 Fog Computing

Fog computing can be described as a �paradigm shift that provides limited capabil-

ities such as computing, storing, and networking services in a distributed manner

between di�erent end devices and classical cloud computing� (Atlam et al., 2018).
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Bonomi et al. (2014, p. 170) point out that Fog computing complements the cloud

and does not replace it.

2.2.3.2 Edge Computing

Edge computing is computation carried out at the edge of the network. The

purpose of Edge computing is to �serve as the intermediary between the end user-

s/devices and the cloud, providing processing and storing functionalities to a large

number of IoT end devices� (Omoniwa et al., 2018).

2.2.4 Cyber-Physical System (CPS)

The Fourth Industrial Revolution is realised through CPS developments, which

also made a signi�cant contribution to the establishment of the smart factory

(Sinha and Roy, 2020; Henke et al., 2019). CPS involves interconnecting physical

objects using local or global data networks (Roy et al., 2016). Connecting assets

in the industrial environment to the internet using smart sensors creates a CPS of

interlinked machines (Moens et al., 2020). In Figure 2.11, the 5-level CPS structure

is presented that provides a guideline for the development and deployment of a

CPS.

Figure 2.11: 5C architecture for industrial Cyber-Physical System (Adopted from Sinha
and Roy, 2020, p. 107)
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The structure is called the 5C architecture and de�nes how to establish a CPS

from the initial data acquisition and analytics up until �nal value creation (Lee

et al., 2014).

The 5C architecture can be outlined as follows (Lee et al., 2014):

1. Smart connection: Acquire accurate and reliable data from machines. Se-

lecting the right sensors is an important consideration.

2. Data-to-information conversion: Extract meaningful information from the

data. For prognostics and health management, algorithms are speci�cally

developed.

3. Cyber : All the information is gathered from the connected machines to create

the machine network. Analytics are used to gain insight into the status of

machines and allow for the performance of machines to be compared among

the �eet.

4. Cognition: The acquired knowledge is presented appropriately to enable

informed decisions to be taken with regard to optimising maintenance.

5. Con�guration: This level is where the transition is made from cyberspace

back to physical space. The corrective and preventive decisions are applied

to the monitored system.

The implementation of CPS is leading industry to improved access to infor-

mation regarding monitored assets and allows for better control over these assets

(Jantunen et al., 2018). Applying CPS in industry has the following bene�ts (Ka-

maludin and Mulyanti, 2020):

� Status and condition of equipment can be monitored continuously.

� Can remotely control the function of equipment.

� Works automatically based on algorithms and sensor data.

� Supports service activities such as predictive and preventive maintenance.
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� Can perform fault diagnostics from a distance.

The advantages of CPS indicate that it can be a valuable contribution to any

organisation. Future maintenance architectures will increasingly utilise CPS and

cloud technologies that are the supporting fundamentals of Industry 4.0 (Jantunen

et al., 2018). To promote digitalisation and Industry 4.0, the adoption of CPS is

an important consideration.

2.2.5 Arti�cial Intelligence (AI)

The �eld of AI is becoming more popular for various applications in industry

today (Ochella and Sha�ee, 2019). The goal of AI is to use machines to per-

ceive human-like intelligence to allow for recognition, cognition, classi�cation, and

decision-making (Zhang et al., 2020).

Current developments in IoT and AI provide the foundation for the implemen-

tation of predictive maintenance in real industrial environments (Liu et al., 2021).

The popularity of AI in predictive maintenance is due to the increased availability

and accessibility of sensor data of monitored systems (Ochella and Sha�ee, 2019).

AI has already demonstrated the advantages of intelligent maintenance. Through

the use of AI some coal-�red power plants were able to predict failures six to nine

months in advance, with an accuracy of 74% (Bughin et al., 2017).

Popular algorithms include Arti�cial Neural Networks (ANNs), k-nearest neigh-

bours, naive Bayes, and decision trees. In predictive maintenance, ANNs are used

more frequently than other algorithms (Ochella and Sha�ee, 2019). The di�erent

types of AI algorithms are illustrated by Figure 2.12.
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Figure 2.12: Di�erent AI algorithms (Adopted from Ochella and Sha�ee, 2019, p. 3427)

It is stated in the McKinsey Global Institute report by Bughin et al. (2017)

that to ensure cooperation between AI-systems and operators, an AI-ready envi-

ronment needs to be instituted. Managers have to be educated about AI-systems

to allow them to build con�dence in using these systems for supporting mainte-

nance decision-making (Ochella and Sha�ee, 2019).

2.3 Inner City Public Bus Services

In this section, the structure of inner city public bus organisations is discussed and

an overview of inner city buses as well as bus maintenance is provided.

2.3.1 Organisational Structure

Inner city public bus services are organisations that provide daily transport ser-

vices to residents in the cities where they are located. These organisations manage,

maintain, and operate bus �eets to be able to provide transport services. The buses

are normally stored at large depots where they are inspected and maintained. In

most bus transit organisations, the buses are assigned to a scheduled route service

on a daily basis (Haghani and Shafahi, 2001). The �eet of buses can be viewed

as a pool from which the buses can be drawn for daily service or for maintenance

(Haghani and Shafahi, 2001). The maintenance and routine inspections in this

industry are performed on �xed time or kilometre intervals (Haghani and Shafahi,
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2001).

Public transport systems vary around the world (Ibarra-Rojas et al., 2015). In

some cities, fare integration is provided city-wide while in others all services com-

pete as independent alternatives (Ibarra-Rojas et al., 2015). Due to the variation

in the transport services provided across the globe, it is necessary to consider what

inner city public bus services look like from di�erent perspectives.

Golden Arrow Bus Service (GABS) is an illustration of what an inner city bus

service looks like in the South African context. This organisation is situated in the

City of Cape Town, where it is responsible for transporting people in and around

the city. The GABS bus �eet consists of more than 1 000 buses that each travel

200 km per day and 6% of the bus �eet is kept as a reserve (Neethling, 2021).

The transport service provided takes place along predetermined routes within the

city (Neethling, 2021). These routes are predetermined by the City Council, who

contract the transport services (Neethling, 2021). At GABS, a service strategy is

followed where the buses are serviced according to the distances that they have

travelled (Neethling, 2021). An important issue in this industry is the reliability

of buses that degrade over time and as mechanical components are replaced their

second life is mostly shorter, which also has a negative e�ect on reliability (Neeth-

ling, 2021). Breakdowns are a daily occurrence in this industry.

An example of an inner city public bus service from a European perspective

is the city bus network in Munich, Germany. The bus network within Munich is

operated by the Münchner Verkehrsgesellschaft (MVG), which also operates the

subway and tram system within the city. The entire bus network is integrated to

make it easier for travellers to commute around the city. The bus �eet of MVG

consists of 400 buses that have the primary role to transport people to the subway

and tram stations as well as to cover the outer districts of the city where there is no

subway or tram access (getbybus, 2021). The MVG city bus network covers over

450 km and consists of more than 900 bus stops within the area of Munich (get-

bybus, 2021). The buses operated by MVG are low-�oor buses that are equipped

with ramps for easy wheelchair and stroller access (getbybus, 2021).
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In the public transportation industry, the largest expenses are operating costs

that mainly include the cost of the bus �eet, fuel, maintenance, and salaries (Bekesi

et al., 2009). Reducing the operational costs can result in an improvement in the

Operational Expenditure (OPEX) of bus organisations.

2.3.2 Inner City Buses

As stated by Radman and Stelson (2016, p. 1699), the city bus can be classi�ed as

a �heavy-duty vehicle that operates on �xed routes, often subjected to low-speed

and high-frequency stop-and-go driving conditions�. To obtain deeper insight into

inner city buses, the operating conditions and possible power train con�gurations

are investigated.

2.3.2.1 Operating Conditions

Inner city buses face demanding daily operating conditions. Inter-urban bus service

routes run through di�erent infrastructure areas, yielding a wide array of speed

ranges (Roca Rui et al., 2012). De�ning features of city bus driving cycles can be

identi�ed as the following (Kaczalski and Slaski, 2018):

� Low average speeds.

� High number of acceleration and deceleration phases.

� Short segments driving at constant speed.

The large amount of acceleration and deceleration is due to pulling away from

stops and driving in congested stop-and-go tra�c conditions (Kaczalski and Slaski,

2018). The driving cycle features of city buses indicate that, in normal operation,

a large amount of stress and strain is exerted on the components of a city bus.

This emphasises the important role maintenance plays in ensuring the city buses

are able to handle the daily operating conditions.
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2.3.2.2 Power Train

City buses have a very speci�c power train design to accommodate the requirement

of having a low �oor body (Kaczalski and Slaski, 2018). In the case of three-axle

buses, the driveshaft and engine are mounted non-symmetrically, in contrast to the

con�guration of the standard vehicle power train. The non-symmetrical mounting

may cause a decrease in the durability of bus drivetrain components (Kaczalski

and Slaski, 2018). The driveshaft assembly of a low �oor three-axle city bus pow-

ered by an internal combustion engine is demonstrated in Figure 2.13.

Figure 2.13: Driveshaft assembly of 15 m long low �oor city bus (Adopted from Kaczal-
ski and Slaski, 2018)

By taking into account the analysis of direct costs, battery electric buses are

not currently cost-competitive with diesel-powered buses (Quartes et al., 2020).

However, the acquisition costs of electric buses are decreasing, mainly due to

the decreasing battery prices, and will allow electric buses to become more cost-

competitive in the near future (Quartes et al., 2020). Using electric buses is not
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yet desirable for entire �eets due to high acquisition costs as well as the disad-

vantage of the weight of the batteries (Radman and Stelson, 2016). Hybrid power

train technology has become more widely used in the automotive industry recently

and has already been adopted for service in some city bus �eets (Zheng and Cha,

2017). To take the latest developments of propulsion technology into account, the

con�guration of a hybrid power train system for a city bus is investigated, as il-

lustrated in Figure 2.14.

Figure 2.14: Structure of power train system of hybrid city bus (Adopted from Chen
et al., 2014, p. 4284)

The internal combustion engine and electric motor can drive the bus separately,

and in hybrid mode drive the bus together as a power unit. A hybrid power train

adds complexity to the technical structure of a city bus, but relatively simple me-

chanical components are added with an additional control system.
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2.3.3 Bus Maintenance

Finding an e�cient way to operate and maintain bus �eets has become an im-

portant issue in the transportation industry due to bus transportation being an

important contributor to public transport (Martins et al., 2021). According to

Bivona and Montemaggiore (2010, p. 207), new bus breakdowns depend on the

average failure rate of buses that, in turn, is in�uenced by the average age of the

bus �eet and the frequency at which preventive maintenance is performed.

According to Martins et al. (2021), conducting bus maintenance in an e�cient

way requires the following:

� De�ne when and where maintenance should take place.

� Identi�cation of buses from the �eet.

� Classify which maintenance tasks to perform.

� Assignment of resources and spare parts.

Through maintenance planning and scheduling, bus operating organisations

aim to increase the availability of their �eet while taking their maintenance bud-

get into account (Martins et al., 2021). The number of buses available is viewed

as a key resource for bus organisations as it has a direct in�uence on the level

of service provided (Bivona and Montemaggiore, 2010). The maintenance system

employed by bus transport services is directly related to the reliability, safety and

vehicle life of buses (Haghani and Shafahi, 2001).

Haghani and Shafahi (2001, p. 456) divide bus maintenance into three cate-

gories:

� Daily inspection: Generally, bus transportation organisations do not have

dedicated facilities for daily inspection, but place the responsibility on the

drivers to perform daily checks before and after each shift. No scheduling is

required for daily inspections.
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� Emergency maintenance: When unexpected breakdowns occur while a bus is

in service, emergency maintenance is required. This can drain maintenance

resources and result in disruptions that can be costly for bus originations.

During emergency maintenance, a mechanic is dispatched to determine the

nature of the breakdown and �x it if possible. In most breakdown scenarios,

the bus is towed back to the facility. There is no sure way of knowing

beforehand if a bus will breakdown on a speci�c day.

� Preventive maintenance: This is the most important maintenance category

and forms the bulk of the maintenance activities at the bus depot facilities.

Buses are inspected and serviced according to predetermined kilometre or

time intervals. Components that are identi�ed to be near failure are replaced.

With the development of ICT, bus organisations implement information sys-

tems to assist their daily operation to ensure a modern business environment

(Bekesi et al., 2009). In bus maintenance, some activities are still completed by

means of handwritten procedures which have to be manually transferred into the

maintenance system (Borro et al., 2021). Manual data processing is susceptible to

errors and is often not executed at a satisfactory level of completeness (Borro et al.,

2021). Introducing Industry 4.0 technologies and digitalising bus maintenance can

re�ne the process of data handling and reduce the number of unexpected errors.

2.4 Prognostics and Health Management (PHM)

Prognostics and Health Management (PHM) is overviewed in this section. It can

be described as �a set of capabilities that enables one to detect anomalies, diag-

nose faults and predict remaining useful life, leading to the e�ective and e�cient

maintenance and operation of assets� (Li et al., 2020).

PHM is a suitable approach to improve maintenance operations, reduce main-

tenance expenditures, and prolong the useful life of equipment through evidence-

based maintenance practices (Bailey et al., 2015). PHM is a key contributing

process for CBM or predictive maintenance (Medjaher et al., 2013). Diagnostic
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and prognostic information is utilised in PHM systems. Vehicle diagnostics and

prognostics approaches are discussed in this section to understand how a PHM

strategy can be realised.

2.4.1 Vehicle Diagnostics

Diagnostics focuses on the detection and identi�cation of faults (Ayab et al., 2018).

This section discusses the important aspects involving the diagnostics of vehicles.

2.4.1.1 On-Board Diagnostics (OBD)

On-Board Diagnostics (OBD) is de�ned as a �computer-based system developed

by automobile manufacturers for diagnosing vehicles� (Moniaga et al., 2018). The

latest standard is called OBD-II (Hasan et al., 2011; Amarasinghe et al., 2015).

The OBD-II was developed by the Society of Automotive Engineers (SAE) and

the Environmental Protection Agency (EPA) that de�ned the speci�cations for all

manufactured vehicles to allow for regulating emissions (Malekian et al., 2017).

The standard requires all vehicles to be equipped with a 16-pin OBD-II port

(Malekian et al., 2017). External diagnostic and maintenance systems can be

interfaced with a vehicle through the OBD-II port (Ammar et al., 2020; Massaro

et al., 2020).

OBD scanner tools are expensive devices and are usually owned by workshops

(Hasan et al., 2011). Recently, more a�ordable OBD-II scanners have been intro-

duced to use vehicle networks for diagnosing and monitoring the condition of a

vehicle (Moniaga et al., 2018). The use of OBD-II for real-time monitoring has

become more popular in the �eld of �eet management (Malekian et al., 2017).

The OBD was only designed to scan vehicles diagnostics, but to read, process, and

present the data, a microcontroller is needed (Moniaga et al., 2018). The ELM327

is an example of a microcontroller that is used to automatically interpret OBD-II

signals and which can enable wireless sensor data reading through a Bluetooth

function (Malekian et al., 2017). The OBD-II port provides direct access to a
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vehicle's CAN bus (Ammar et al., 2020).

2.4.1.2 Controller Area Network (CAN)

The CAN is a communication medium that provides simple and e�cient commu-

nication between networks within vehicles which was standardised by the Inter-

national Organisation for Standardisation (ISO) in the 1990s (Davis et al., 2007).

It is the most commonly used convention in OBD-II (Ammar et al., 2020). In

automotive applications, a double line CAN bus architecture is normally used,

consisting of transmission and receiving lines that connect the di�erent bus line

nodes (Malekian et al., 2017).

The CAN network consists of several ECUs connected by a two-wire bus that

supports two CAN standards namely: low-speed CAN (up to 125 Kbps) and

high-speed CAN (up to 1 Mbps) (Ammar et al., 2020). ECUs consist of a CAN

transceiver and CAN controller. CAN message transfer is controlled by four di�er-

ent types of frames: data frames, remote frames, error frames, and overload frames

(Davis et al., 2007). The messages sent on CAN are used to communicate signals

between di�erent ECUs. Typically, in automotive applications, CAN is used to

provide high-speed networks connecting the vehicle chassis and power train ECUs

(Davis et al., 2007).

2.4.1.3 J1939

SAE J1939 is a set of standards based on the architecture of CAN (Prasad et al.,

2019). The SAE J1939 is mostly used for heavy commercial vehicles and is the

recommended protocol for communication and diagnostic interaction among the

components of heavy-duty vehicles (Prasad et al., 2019). The messages exchanged

between the ECUs can consist of data such as the vehicle's road speed, torque

control, and oil temperature (Voss, 2008).
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The SAE has set out a J1939 document de�ning sensor types, names, IDs, and

other relevant information. The Suspect Parameter Number (SPN) is de�ned by

the SAE J1939 standard and is a number that contains individual parameters as

a standardised message. The Parameter Group Number (PGN) is also a number

de�ned by the SAE J1939 standard and groups the di�erent SPNs into relevant

groups. An example is the PGN 65262, that is a parameter group named Engine

Temperature 1 (SAEJ1939, 2017). The group includes the following parameters

(SAEJ1939, 2017): Engine Coolant Temperature, Engine Fuel Temperature 1, En-

gine Oil Temperature 1, Engine Turbocharger Oil Temperature, Engine Intercooler

Temperature, and Engine Intercooler Thermostat Opening.

2.4.2 Prognostic Approaches

According to Killeen (2020, p. 18), prognostics is the process of predicting the

health status of equipment that is being monitored. Bailey et al. (2015, p. 2),

de�ne two available approaches to evaluate the degradation or the degree of de-

viation from the expected performance of a system to assess reliability and to

make remaining useful life predictions. The two approaches are data-driven and

model-based, as illustrated in Figure 2.15. Combining the two approaches creates

a fusion approach.

Figure 2.15: Classi�cation of PHM approaches (Adopted from Bailey et al., 2015, p.
2)

The model-driven approach can be classi�ed into physics of failure and system

model approaches (Bailey et al., 2015). Mathematical and degradation models
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are used in model-based prognostics to estimate the current and future health

status of equipment to enable remaining useful life estimations (Medjaher et al.,

2013). A model-driven approach is able to give more accurate remaining useful

life predictions, but in terms of implementation, a data-driven approach is less

challenging (Mohammadpour et al., 2011). The data-driven prognostics approach

may be preferable due to it being able to make the trade-o� between precision,

complexity, and implementation cost (Medjaher et al., 2013).

Modern sensing technologies have resulted in large amounts of available data

enabling data-driven methods for the health assessment of assets (Palazuelos and

Droguett, 2021). Data-driven prognostics use data from sensors monitoring sys-

tems to build a model of trends and conditions (Medjaher et al., 2013). Figure

2.15 indicates that the data-driven approach can be divided into statistical and

machine learning approaches. Machine learning approaches use gathered data

alongside sensor data to make predictions. The machine learning approach can

include the use of neural networks, support vector machine (SVM), the Wiener

process, Markov, and hidden Markov models (Li et al., 2018).

Statistical techniques involve �tting a model to the acquired data and then

applying a statistical inference test to determine if an instance in question can be

associated with the model or not (Chandola et al., 2009). The primary advan-

tage of a statistical approach is that if the statistical characteristic assumptions

are true, the outcome of the interference test for new estimations is statistically

reasonable (Bailey et al., 2015). The most commonly used statistical model is

the Weibull distribution, that can be applied as a simple lifetime distribution ap-

proach (Li et al., 2018). The Weibull models are popular in reliability and survival

analysis, where they are used to describe various types of component failures and

occurrences (Lai et al., 2006).

One of the most widely used non-parametric statistical approaches is the use

of histograms for analysis (Bailey et al., 2015). It is one of the simpler modelling

approaches (Byttner et al., 2013). Histogram anomaly detection consists of two

steps: the �rst step is to build histograms based on the di�erent values that fea-
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ture in the training data, and the second step is to check if the test instance falls

within the bins of the histogram (Chandola et al., 2009). If the instance that is

being tested falls within the bins of the histogram, it is normal, otherwise, it can

be identi�ed as an anomaly.

2.5 Related Research

In this section, research related to this study is summarised and discussed. It

is necessary to gain insight into what has been done in industry and where op-

portunities possibly exist for complementary research and investigation. Each of

the related studies is brie�y introduced, their solution approaches are discussed as

their systems, and an overview of each study's results is provided.

2.5.1 Cloud-Based Driver Monitoring and Vehicle

Diagnostic with OBD-II Telematics

Amarasinghe et al. (2015) proposed a cloud-based data acquisition and analytics

system for real-time driver behaviour monitoring and vehicle diagnostic system.

The data is read from an OBD-II port and processed. The key information is

presented to the user through an Android application and a web server.

2.5.1.1 System

The system consists of an OBD port connected to a Bluetooth adaptor, a mobile

application, and a cloud-based server. The Android application gathers sensor

data from the OBD-II using an ELM-327 Bluetooth adaptor and performs predic-

tive analytics as well as providing data storage and visualisation. The Android

application forwards sensor data to the cloud server using Hypertext Transfer Pro-

tocol (HTTP) messages over a 3G or 4G network connection.
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A Complex Event Processor (CEP) is used in the smartphone application and

the cloud-based back-end to detect and notify unsafe behaviour and abnormal

events in real time. An example is that the CEP engine in the application can

alert the driver about rising engine coolant temperature and fast-declining fuel

levels. The CEP on the cloud server detects reckless driving in real time using

the sensor data provided from the OBD-II port. The historical data that is stored

on the cloud-based server is also used to detect abnormal driver behaviour and

to predict sensor failures. The more complex data processing is performed on the

cloud using WSO2 BAM and stored in a SQL database.

The driver monitoring includes identifying reckless driving and the detection of

driver anomalies. Reckless driver monitoring is mostly used for insurance compa-

nies, and the detection of driver anomalies is more concerned with fuel e�ciency

and safe driving. In the investigation process, the study found that the acceler-

ation pattern and not the speed pattern is unique to each driver. The Markov

model was selected to determine the di�erence between current and past driving

patterns of the driver and vehicle combination. Anomalies are detected in real

time by the calculation of the probabilities of the Markov Chain resulting from

recent accelerations.

The study proposes a solution to detect impending sensor failures so that they

can be identi�ed earlier. The sensors that are focused on are the O2 and Mass Air

Flow (MAF) sensors. These two sensors were identi�ed as the two most crucial

in determining engine performance and emissions. In the solution to determine

if the O2 sensor is failing, the maximum and minimum voltages are read by the

application for 15 minutes at the start of each trip and transmitted to BAM. The

back-end server performs two regression analyses on the maximum and minimum

values to predict the potential date of failure. The failure prediction of the MAF

sensor is done by analysing the linear relationship between the MAF sensor read-

ing and the engine rpm. Regression is used to predict the potential date of sensor

failure.
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2.5.1.2 Results

In the study, insu�cient data was available to execute full-size experiments to

validate the functionality of the proposed system. Instead, synthetic data was

generated to run the experiments. During the study, there was also no access to

fault data, which meant that actual data could not be used to test the fault diag-

nostic algorithms.

An Android application that supports the predictive maintenance system was

implemented as well as a web application that reports results from the cloud-based

server. The study showed that it was possible to predict the remaining useful life

of the O2 and MAF sensor using synthetic data.

A drawback of the system is the fact that the system relies on the driver or

passenger to have access to a smartphone capable of running the Android applica-

tion. This system is less autonomous than an on-board system that is physically

installed onto the vehicle that is being monitored.

2.5.2 A Field Test With Self-organized Modelling for

Knowledge Discovery in a Fleet of City Buses

Byttner et al. (2013) propose an approach towards data-driven decision-making

in maintenance. The study aims to show that it is possible to extract useful di-

agnostic knowledge from a �eet of city buses using a self-organised algorithm. In

the process, the study attempts to identify the most interesting signals and utilise

maintenance records to make informed decisions. The de�nition given in the study

for an interesting signal is a signal that is not random.

2.5.2.1 System

In the approach, the study split the data mining process of discovering how the

buses work into unsupervised modelling and a guided search.
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The �rst part of the approach consists of unsupervised modelling. Histograms

are identi�ed as a computationally cheap method to model signals. The Bhat-

tacharyya distance and �symmetry index� are suggested as good metrics to com-

pare histograms. On-board analytics are performed on each bus before the data

is sent to a central server where the �nal processing takes place to perform �eet

wide analytics. The behaviour of the �eet is de�ned as normal behaviour, and if

a vehicle deviates from the rest of the �eet, it is identi�ed as portraying abnormal

behaviour.

The second part is a guided search that involves �nding the connection be-

tween the results from the �rst part and external information sources (database of

vehicle service records). The aim of the guided search is to identify patterns that

are related to the breakdown and degradation of components. The study identi-

�es three strategies for this part: database relation mining, cloud-based diagnosis

software, and simulation-based mining.

During the �eld test, signals were collected with hardware installed on the

CAN network from a �eet of 18 city buses. The data was collected while the buses

were in normal daily operation. The sensor data is processed using histograms and

linear models. To estimate the repair dates, the study uses vehicle service records

of the entire �eet.

Histograms for each signal are collected hourly from all the vehicles. The his-

tograms are ranked according to their entropy to measure how interesting a signal

is. Each vehicle is assigned a health status weekly by comparing the distances of

groups of histograms based on the empirical distribution. When a vehicle's his-

togram has 5% outliers, it is �agged as a warning, with 50% an orange alert is

issued, and 75% a red alert. The distance between histograms are computed using

the Bhattacharyya distance.

In the second approach, linear models are used. Data is gathered for a 30-hour

period of 12 signals to analyse the pairwise relations of the signals. The linear
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model is represented by Equation 2.5.1.

x1 = b1x2 + b2 (2.5.1)

The parameters x1 and x2 are the signal pairs, b1 is the slope, and b2 is the in-

tercept of the linear model. Signal pairs with smaller Mean Squared Error (MSE)

have stronger relations. Faults are identi�ed when the b1 and b2 values show a

deviation from the rest of the �eet. The possible faults are diagnosed by looking

up the dates the deviations occurred in the vehicle service record database.

2.5.2.2 Results

The study was able to detect faults, assign health statuses to vehicles as well as

diagnose faults when deviations occur from using the service record database with

vehicle repair dates.

The study does not provide an architecture outline of the system and hardware

used to collect the CAN network data. There is also no clear de�nition of how the

threshold is de�ned to determine deviations.

2.5.3 IoT-based Predictive Maintenance for Fleet

Management

Killeen et al. (2019) present an IoT architecture for a predictive maintenance

�eet management system and �eet-wide data analytics that is supported by the

proposed architecture. A semi-supervised machine learning algorithm is also pro-

posed that attempts to improve the sensor selection performed in Consensus Self-

Organised Models (COSMO) that the study calls Improved Consensus Self-Organised

Models (ICOSMO). The COSMO approach is an example of a predictive mainte-
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nance system for a �eet of public transport buses that attempts to diagnose faulty

buses that diverge from the rest of the �eet (Rognvaldsson et al., 2017). The pre-

dictive maintenance �eet management system developed in this study is aimed at

the buses of a public transport organisation based in Gatineau, Canada.

2.5.3.1 System

The proposed predictive maintenance IoT architecture, shown in Figure 2.16, is

designed to support �eet management and speci�cally focuses on public transport

buses.

Figure 2.16: Predictive maintenance �eet management system architecture-overview
diagram (Adopted from Killeen et al., 2019, p. 609)
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The architecture is divided into three layers: the perception layer, the middle-

ware layer, and the application layer. The architecture layers are derived from the

outlined layers of IoT, discussed in Section 2.2.2. The perception layer performs

sensing, lightweight data storage, machine learning, and provides an interface to

low-level nodes. The fog and embedded systems are incorporated in the perception

layer. In comparison to the perception layer, the middleware layer abstracts the

fog and the cloud and conducts more heavy-duty storage, networking, and machine

learning. The interface to the perception layer is provided through the middleware

layer. The application layer provides the interface to the IoT system.

The system compromises of an integrated IoT network that consists of three

primary nodes namely: the Vehicle Node (VN), the Server Leader Node (SLN),

and the Root Node (RN). The VN represents the vehicle, which in this case is the

bus, and does basic data acquisition and analytics. The VN is connected to the

�eet system through a wireless internet connection. The SLN is responsible for

the more di�cult �eet-wide analytics. The RN, located in the application layer,

is the central point of the system which controls the entire �eet and provides the

application interface. It serves as the primary access point for the �eet system,

providing an interface for IoT applications, connecting �eet nodes to the system,

and allowing for �eet-wide management.

The objective of the predictive maintenance system is to make novel discoveries

and provide this knowledge to �eet managers so they can make better maintenance

decisions. The study reasons that to equip multiple buses with gateways enables

�eet-wide analytics and creates the possibility of discovering some novelties. Dur-

ing the design process of the study, numerous discussions were arranged with the

public bus transportation company to determine the requirements of the prototype.

2.5.3.2 Results

The study implemented the proposed architecture as a minimally viable prototype

at a public bus transportation company and only equipped a single bus with a
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gateway to gather data during the investigation. The implemented prototype al-

lowed for the acquisition of 1 GB of uncompressed J1939 data through daily data

dumps. The data is stored on the SLN at the bus organisation garage. Through

analysing the J1939 data, various data types were obtained, namely: sensor data,

status of equipment, network routing information, and Diagnostic Trouble Code

(DTC)s. The study concludes with the intention of completing the implementa-

tion of the proposed architecture and to run further experiments.

2.5.4 Predictive Maintenance of Bus Fleet by Intelligent

Smart Electronic Board Implementing Arti�cial

Intelligence

Massaro et al. (2020) investigated predictive maintenance of a bus �eet by utilising

an intelligent smart electronic board that implements AI. The study focused on

designing, developing, and implementing a smart and compact Electronic Control

Unit (ECU) for monitoring a bus �eet. The engineered system is developed and

designed for bus �eet data acquisition for the purpose of managing maintenance

through the use of predictive analytics. This research project also incorporated a

GPS system and surveillance system to monitor each individual bus.

2.5.4.1 System

The electronic architecture is illustrated in Figure 2.17 that relates to the data

acquisition on-board system. The ECU is connected to the OBD-II port that

transfers data to the raspberry Pi board. Using an internet key, the data is trans-

mitted from the raspberry Pi through the internet to the cloud. The data is

processed by a server using an AI algorithm.

The ECU system is used to extract all the necessary vehicle data according

to the OBD-II and SAE J1939 standards. An integrated IoT system is intercon-

nected in the cloud by AI that implements Multilayer Perceptron Arti�cial Neural
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Network (MLP-ANN) and predicts the maintenance of each vehicle by classifying

driver behaviour.

In the cloud, the vehicle's data is transferred to a data mining engine that per-

forms driver Key Performance Indicator (KPI) by de�ning a score. This is achieved

by k-means clustering analysis and the prediction of engine stress through MLP-

ANN. The study tested the data mining algorithms using stable datasets provided

with a low MSE that con�rm the accuracy of the model.

Figure 2.17: Architecture of the data acquisition on-board system (Adopted from Mas-
saro et al., 2020, p. 182)

The planned scheduling of bus maintenance can be anticipated for each vehicle

by the prediction of high engine wear using the MLP-ANN. When higher engine

wear, which is a function of driver behaviour, is predicted, the standard predictive

maintenance plan can be adjusted to schedule the speci�c bus for an earlier service.
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The driver's style and behaviour are categorised into three clusters by analysing

parameters such as the GPS speed, engine RPM, engine load, and throttle posi-

tion. The three clusters are Key Performance Indicators (KPIs) concerning the

driver velocity, engine stress, and driver caution. Each of the clusters can be given

a score of low, high, or average. The predicted results and KPI are normalised and

expressed as a percentage. The study de�nes the score threshold in percentages

as low: 0% to 40%, average: 41% to 60%, and high: 61% to 100%.

The correlation matrix results of the study show that a high correlation exists

between throttle position and engine load, as well as between throttle position

and engine RPM. There is a moderate correlation between engine RPM and GPS

speed that, according to the study, indicates correct gear selection by the drivers.

Data is sampled every second, and all the data is combined for a basic daily

analysis. Dashboards are created to indicate the wear levels of an individual bus

as well as to give an indication of the predictive scheduling of maintenance. All

the collected data can be processed for monthly and yearly estimations to provide

criteria for predictive maintenance.

The e�ciency of the bus �eet is estimated by the engine stress prediction and

driver KPI. The resulting e�ciency parameters are kept on a database and visu-

alised remotely using dashboards. The vehicle health status, KPI, fuel consump-

tion e�ciency, and driver e�ciency are all monitored online to enable informed

maintenance plan decisions.

2.5.4.2 Results

From the results analysis, the study de�ned methodologies of KPIs that correlate

driver behaviour with the engine stress from which the bus maintenance plan cri-

teria are de�ned. The study shows that it is possible to combine IoT bus status

monitoring devices with data mining algorithms to estimate engine status predic-

tions and driver behaviour.
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Information regarding the state of the bus �eet is stored in a database and

remotely visualised. The possibility exists of incorporating a feedback system that

updates the driver on his KPI that allows for immediate adjustments to driver

style and e�ciency that could ultimately improve the reliability of a bus.

2.5.5 Related Research Summary

The related studies discussed in this section show there is an opportunity to de-

sign, implement and validate a smart maintenance system for inner city public

bus services. From the related studies, it can be seen that research and testing

have been done on optimising and digitalising maintenance in this industry, but

no comprehensible smart maintenance system exists as yet.

The requirements and outline of a smart maintenance system discussed in Sec-

tion 2.1.3 can be integrated with the predictive maintenance �eet management

system from the related study in Section 2.5.3 to create a smart maintenance

system for inner city public bus services. The architecture of an on-board data

acquisition system in Section 2.5.4 can be used as a guideline for the physical

hardware setup of the smart maintenance system.

2.6 Chapter Summary

The purpose of this chapter is to review literature relating to the problem state-

ment and objectives. Maintenance and maintenance strategies are de�ned, rele-

vant Industry 4.0 technologies that support smart maintenance are discussed, an

overview of inner city public bus services is provided, and prognostics and health

management are investigated. Research related to this study is also examined and

included in the literature review.
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Chapter 3

Research Design and Methodology

The purpose of this chapter is to discuss the research strategy and methodology.

The chapter starts with an outline of the research approach and a summary of the

study is provided. The chapter concludes with the research techniques utilised in

the thesis.

3.1 Research Approach

The research approach is the planned strategy for conducting the research. Ac-

cording to Creswell and Creswell (2018, p. 41), there are three approaches to

57
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research: qualitative, quantitative, and mixed methods. A research approach con-

sists of three elements: philosophical worldviews, research design and research

methods (Creswell and Creswell, 2018). The relationship between the elements

is illustrated by the framework in Figure 3.1. Additional considerations for the

selection of the approach are the nature of the research problem, the researcher's

personal experience and the audience of the study (Creswell and Creswell, 2018).

The research approach is set out in the following sections based on the research

framework shown in Figure 3.1.

Figure 3.1: Research framework (Adopted from Creswell and Creswell, 2018, p. 43)

3.1.1 Philosophical Worldview

The philosophical worldview is used to describe how knowledge is developed. A

research philosophy is formed based on numerous assumptions to support the re-

search design and methods (Saunders et al., 2015). The research in this study

follows a pragmatic worldview. This worldview focuses on the research problem

and employs all available approaches to understand the problem (Cherryholmes,

1992). Pragmatism is not committed to a single system of philosophy and reality.

The pragmatic worldview relies both on quantitative and qualitative assumptions

when research is conducted. This applies to a mixed method strategy of research.
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3.1.2 Research Design

According to Creswell (2009), research designs are research plans and procedures

that range from broad assumptions to detailed methods of data collection and

analysis. Research designs represent the di�erent research strategies: namely,

qualitative, quantitative, and mixed method approaches (Creswell and Creswell,

2018).

Quantitative research is an investigation into a speci�c problem that is based on

testing a theory, measured with numbers, and analysed using statistical methods

(Dobbin and Gatowski, 1999). The objective of quantitative methods is to deter-

mine whether a theory's predictive generalisations are correct. A study based on

a qualitative research process, on the other hand, seeks to understand a social or

human problem from multiple perspectives. Qualitative research is carried out in

a natural setting and entails the process of constructing a complex and holistic

understanding of the situation of interest (Dobbin and Gatowski, 1999).

Mixed methods research provides a practical approach to addressing research

problems and questions, as well as the potential for increased validity because

the problems and questions are investigated in various ways (Gra�, 2017). The

research design of this thesis is a mixed method consisting of qualitative and quan-

titative data collection and analysis. The mixed method design is utilised for this

thesis since the research questions are of an exploratory and descriptive nature.

The exploratory research questions require qualitative research to gain a deeper

understanding of the investigated factors. In contrast, the descriptive research

questions require quantitative research.

Speci�cally, the type of mixed method approach that is followed is the ex-

ploratory sequential design. This type of mixed method approach is characterised

by an initial qualitative data collection and analysis phase, which is followed by a

quantitative data collection and analysis phase that builds on the results of the �rst

qualitative phase (Creswell, 2009). In the �nal phase of the exploratory sequential

mixed method design, the qualitative and quantitative phases are integrated.
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3.1.3 Research Methodology

The methodology of the research approach of this thesis is discussed and set out

in this section. The forms of data collection, analysis, and interpretation proposed

by researchers for their studies are referred to as research methods (Creswell, 2009).

Against the background of the research design, �ve research phases are used to

answer the research questions. The context and structure of the research phases

are aimed toward the investigation and development of a smart maintenance sys-

tem to ultimately answer the Primary Research Question (PRQ).

In the methodology for the development of a conceptual system, Jabareen

(2009, p. 53), suggests utilising multidisciplinary literature types, for instance,

text identi�ed by literature reviews, and empirical data obtained through inter-

views. The fundamentals of the development of a smart maintenance system are

understood in the �rst phase of the research through a detailed literature review.

The �rst few phases in the research methodology rely on secondary data from var-

ious sources. These sources include numerous literature categories and knowledge

from the industry.

When attempting to de�ne a new concept that has not been extensively studied

in the previous literature, the use of some inductive, qualitative techniques, such

as interviews and case studies is required, to adequately sketch out the domain of

the concept (Podsako� et al., 2016). Structured interviews are conducted online to

further investigate the research questions of this study and gather empirical data.

After the essential aspects of smart maintenance are understood, the development

of a generic system can commence. The �ndings of the literature review are com-

bined with the results and feedback from online interviews to con�gure the system.

The system is developed before taking the speci�c requirements of an industry

partner into account. The testing and partial implementation of the system with
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an industry partner as a case study provides validation that the system is e�ective

in providing the solution to the problem. Case studies are a qualitative strategy

where researchers collect information using a variety of data collection techniques

over a sustained time period (Creswell, 2009). After the validation phase and in-

teraction with an industry partner, the smart maintenance system is re�ned where

necessary to ensure that the system is as complete and e�ective as possible.

The research design of this thesis can be divided into di�erent phases that fol-

low separate approaches, processes, and methods. The breakdown of the research

design and methodology is presented in Table 3.1.

Table 3.1: Breakdown of research design and methodology

Phase Approach Process Method Chapter
1 Qualitative Data collection Literature review 2

2 Qualitative Data collection
Structured inter-
views

4

3 Quantitative Data collection Descriptive statistics 4
4 Qualitative Data analyses System development 5 & 6
5 Qualitative Validation Case study 7

In this chapter the research design, methodologies and methods are discussed

for this thesis. The following chapters cover the research phases identi�ed in Table

3.1.

3.2 Chapter Summary

The objective of this chapter is to de�ne the research design and methodology. The

research approach is outlined and an overview of the study is given. To conclude

the chapter, the research techniques used in this thesis are laid out.
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Chapter 4

Empirical Investigation

The objective of this chapter is to conduct an empirical investigation as a supple-

mentary method of data collection for this research. The empirical investigation is

used to further investigate the factors in�uencing the degradation of the reliability

of inner city buses as stated in Research Objective (RO) (c); identify what key

components are responsible for most of the downtime speci�ed in RO (d); and

how the unit life of these components can be improved as set out in RO (e). In

the process, this investigation assists in answering Secondary Research Question

(SRQ)2.

62
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4.1 Empirical Investigation Conditions

The empirical investigation is conducted by means of interviews. The objective

of the interviews is to gather new insight and information through conversations

with one interviewee at a time. Interviews are a method of data collection in which

quantitative or qualitative questions can be asked (Doody and Noonan, 2013). Di-

rect interviews between a researcher and an interviewee allow a small number of

people to be interviewed in depth and provide insight into a variety of experiences

(Stofer, 2019).

The utilisation of interviews for further data collection is motivated by the in-

su�ciency of information available on what factors and key components directly

a�ect the reliability of inner city buses. The interviews are also used to gain ad-

ditional insight with respect to the maturity level of Industry 4.0 technologies in

maintenance at inner city bus services. We can thus get an idea of the degree of

digitalisation of their maintenance practices from an internal viewpoint. The as-

pects and requirements of smart maintenance in this industry are explored through

the interviews. Industry knowledge and expertise are bene�cial to the research and

add novelty.

Interviewees are representatives of inner city bus services. The interviewees

are identi�ed by preferably being in a maintenance manager role or similar or-

ganisational position at an inner city bus service. The strategy for identifying

representatives to interview was to contact organisations of interest through in-

vitational emails, which explain the motivation of the research and ask for the

opportunity to interview a suitable employee. Four interviewees took part in the

interviews and were purposively chosen to represent organisations equally from

South Africa and Europe. The geographical distribution of the interviewees is in-

tentional to support the development of a generic system. This also allows for an

understanding of inner city bus services in the context of a developing and devel-

oped region. For the European representation, German organisations are selected

due to the research in this thesis is conducted in partnership with a German Uni-

versity.
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An introductory summary of the research project, the interview schedule, con-

sent form, and institutional paperwork, were sent to each interviewee beforehand.

The interviews were conducted online using the Microsoft Teams application. The

interviews were recorded with the consent of the interviewees to ensure accurate

interpretation of the results.

The interview schedule was created in accordance with Stellenbosch Univer-

sity's ethical requirements and approval was obtained from the university's research

ethics committee. The notice of approval from the research and ethics commit-

tee, the consent form, the institutional permission paperwork, and the interview

schedule are attached in Appendix A.

The interview style is of a structured nature to ensure standardisation of the

interviews. Bryman and Bell (2011, p. 202), state that a structured interview,

occasionally called a standardised interview, involves the administration of an in-

terview schedule by an interviewer. The goal is for all interviewees to be subjected

to the same set of questions, which is determined in advance, using exactly the

same order and wording each time (Stofer, 2019). The structured interviewing style

ensures that interviewee responses can be combined and compared, which can only

be done con�dently if those responses are in reply to identical cues. Questions are

typically very speci�c, and are often called closed-ended or �xed choice questions

(Bryman and Bell, 2011). Interviewees are given a �xed range of answers (Bryman

and Bell, 2011). When asking close-ended questions, the interviewer presents two

or more possible answers to interviewees and asks them to choose which one or

ones apply.

The main advantage of close-ended questions, in comparison to open-ended

questions, is that they reduce a possible source of error and make the process of

quantitative data analysis easier (Bryman and Bell, 2011). The responses to an

open-ended question must be sorted before the data can be quantitatively analysed.
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4.2 Structure of Interviews

The interview questions are derived from the literature review conducted in Chap-

ter 2. Close-ended and open-ended questions are used in the interviews. Most

of the questions are close-ended for easier data analysis and comparison. A few

open-ended questions are included to allow for a topic to be discussed in more

detail if the interviewee possibly has more knowledge on the subject. Due to the

majority of the questions being close-ended, the interview style remains structured.

In structured interviews, the interviewees are each asked the same questions in

the same order (Doody and Noonan, 2013). This is accomplished with the help

of an interview schedule, which contains the set protocol of questions that is to

be adhered to throughout the interviews (Ryan et al., 2009). The structure of the

interview is divided into four parts, which are explained in the following sections.

Appendix A contains a detailed overview of the interview schedule.

4.2.1 Part 1: Acquire Context

The �rst part of the interview covers the introduction and it sets the context. The

�rst question at the start of the interview asks about the interviewee's area of

expertise as a maintenance practitioner at their organisation. There are also some

basic sub-questions about the maintenance strategy and record-keeping at the in-

terviewee's organisation. The di�erent maintenance strategies have been identi�ed

in Section 2.1.2 and a de�nition is provided in the interview schedule of each main-

tenance strategy to eliminate misinterpretation. The initial set of questions serves

as an introduction to the interview while also providing the interviewer with a

foundation for the interviewee's responses to the questions that follow.

4.2.2 Part 2: Industry 4.0 Technology Maturity

The objective of the questions in the second part is to empirically evaluate the ma-

turity level of Industry 4.0 technologies in maintenance at inner city bus services.
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The feedback from these questions can indicate to what extent the maintenance

process at inner city bus services is digitalised with Industry 4.0 technologies.

This can illustrate the degree of digitalisation required to get them closer to smart

maintenance. In Section 2.2, the Industry 4.0 technologies that support smart

maintenance have been identi�ed as: Big Data and analytics, IoT, cloud comput-

ing, CPS, and AI. The de�nitions for the di�erent Industry 4.0 technologies are

provided to ensure the interviewer and the interviewee have the same understand-

ing of the concepts to avoid any misunderstanding. The interviewees are asked if

they implement any of the set principal requirements for each Industry 4.0 technol-

ogy. Three principal requirements are derived for each technology from literature

and de�ned in Question 2 of the Interview Schedule in Appendix A.4. The matu-

rity level is determined according to the number of principal requirements met for

each technology.

4.2.3 Part 3: Factors In�uencing Bus Reliability

The third part of the interview investigates the factors and key components that

directly in�uence bus reliability. First, the interviewee is asked to rank, according

to relevance, the factors in�uencing the reliability of a bus. The factors are de-

rived from the literature review. The use of an open-ended question is employed

to determine which key components are responsible for most of the downtime of

inner city buses in the interviewee's organisation. The key components could not

be identi�ed from the literature review, thus industry knowledge is required. The

interviewee is also questioned about what historical service data is available on the

key components identi�ed, with set answers to choose from.

4.2.4 Part 4: Smart Maintenance

In the last part, the interviewee is asked if they utilise diagnostic or prognostic

information in their maintenance practices with regard to a PHM approach in

their maintenance. Subsequently, the interviewee is also asked what the preferred
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interval is to receive health status updates and detection.

Two further questions are included, the �rst of which asks the interviewee to

rank the most desirable way smart maintenance can improve their maintenance,

and the second asks them to rank the most important aspects to consider when

implementing smart maintenance. The selection of set choices is derived from the

literature review.

The last question asks the interviewee to score the importance of the di�erent

requirements of a future, smart, maintenance planning system by giving each re-

quirement a score of one to �ve, with one being the least important and �ve being

the most important. The requirements are extracted from the literature review in

Section 2.1.3.

4.3 Empirical Investigation Results

The following sections discuss the results of the interviews in the four di�erent

parts of the interview structure. The answers to the open-ended questions are

summarised to the key �ndings. Most of the answers received for the closed-ended

questions are transferred to Microsoft Excel to ensure consistent evaluation and

presentation of the data.

For analysing the results, the representatives and their organisations are not

explicitly referred to, but instead labelled and addressed as bus service A, B, C,

and D. Bus services A and B are located in Germany and bus services C and D

are from South Africa.

4.3.1 Part 1: Acquire Context

Each of the interviewees indicated that their organisations utilise a combination of

a reactive and preventive maintenance strategy. All the organisations document
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their maintenance using a CMMS system and maintenance practices are initiated

by service history data on a kilometre basis.

It is standard practice across all of the organisations to carry out periodic safety

checks as required by the respective authorities to ensure that passenger safety is

guaranteed. The buses also have to pass roadworthy tests either on a kilometre or

time basis depending on the requirements of the respective road agencies. Most

of the buses also undergo basic daily inspections to identify any sign of a pending

breakdown and to pick up a malfunction before it can worsen. In this sense, it can

also be said that CBM is implemented to a certain extent.

4.3.2 Part 2: Industry 4.0 Technology Maturity

The maturity levels of Industry 4.0 technologies in maintenance at inner city bus

services are presented as a bar chart in Figure 4.1. Each bar represents the number

of principal requirements met by each organisation for each technology. If three

requirements are met, the technology is regarded as being at a mature level. Meet-

ing one or two of the requirements indicate that the technology has been initiated

or is partly operational.

The Industry 4.0 technologies are not at mature levels but at varying levels

of initiation. Arti�cial intelligence is the only technology that has no maturity

level. IoT, cloud computing, and CPS have low levels of maturity. Big Data

and analytics shows the highest maturity level due to the organisations having a

basic capability to collect and store data with some sort of digital data manage-

ment system. However, they do not perform any data analytics to generate insight.
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Figure 4.1: Maturity level of Industry 4.0 technologies at inner city public bus services

Analysing the Industry 4.0 technology maturity levels shows that there is a lack

of digitalisation regarding the technologies utilised in the maintenance practices

at inner city bus services. This indicates that their maintenance practices are not

close to anything such as smart maintenance.

4.3.3 Part 3: Factors In�uencing Bus Reliability

The responses regarding the main factors in�uencing the reliability of an inner

city bus are combined and presented in Figure 4.2. Interviewees ranked the fac-

tors during the interviews. From the rankings, each factor receives a score. The

highest ranking factors get a score of four points and a descending order is followed

to the lowest factors that get no points. All the scores are added up to determine

which factors are more in�uential.

It is evident from Figure 4.2 that the most in�uential factor is being unaware

of the health status of the buses. Understandably, the reliability of equipment de-

creases as it is continuously operated without anyone being aware of its condition.
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Figure 4.2: Factors in�uencing the degradation in the reliability of an inner city bus

Unreliable replacement components are a smaller in�uencing factor as, accord-

ing to the interviewees, the quality of parts from an Original Equipment Manu-

facturer (OEM) are guaranteed. The results of the open-ended question employed

to determine the key components that are responsible for most of the downtime of

inner city buses are displayed in Table 4.1. Components causing downtime at bus

service D are unknown due to the interviewees from this organisation not having

any such information available to them.

Table 4.1: Key components responsible for downtime

Bus Service A Bus Service B Bus Service C

1 Exhaust coupling Door problems
Electric parts (esp.
batteries)

2 Air compressor Air conditioning Engine
3 Head gasket - Gearbox
4 Tyres - Axles
5 Faulty sensors - Air system
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The key components identi�ed in Table 4.1 do not clearly show any correlation

between the inner city bus services. Each organisation has di�erent components

that lead to downtime for their inner city buses. This can be due to the di�erence

in operating conditions and the di�erent types of buses employed by the organisa-

tions. The feedback for how the unit life of the key components can be improved

varied from each interviewee. Contrasting answers could also be due to the diverse

nature of the identi�ed components and the di�erent levels of expertise of the in-

terviewees. Most agreed that Industry 4.0 technologies can aid in addressing their

key components.

The organisations have detailed historical service data available on the key

components that they identi�ed. The normal procedure is to document any main-

tenance activity when something breaks or requires �xing. Varying reasons exist

for this data not being incorporated or utilised to generate insight and support

decision-making. In some cases, the historic service data is not in usable format

and requires manual processing or data handling before it can be used in any dig-

ital system. Even if the data were in an acceptable format, the knowledge of what

to do with it is lacking.

4.3.4 Part 4: Smart Maintenance

None of the inner city bus services use any form of prognostics; each organisation

makes use of diagnostic information in the maintenance of the buses. The preferred

period to receive health status updates is between weekly and daily. Organisations

would ideally want to know the health status of each of their buses at the end of

a shift. It is necessary to know in what state the equipment is by being informed

about what parts are close to failure and require attention to ensure reliable op-

eration. One organisation additionally indicated that real-time monitoring would

be of interest. Real-time monitoring can be useful when a serious fault arises to

activate a live noti�cation to enable quick response times and replacement parts

to be prepared.
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The important aspects to consider when implementing smart maintenance were

ranked by each interviewee and the outcome is shown in Figure 4.3. Each aspect is

given a score according to its rank by following the same point awarding approach

of the factor ranking question in Section 4.3.3. The total scores are presented to

indicate how important each aspect is considered to be. Maturity of technologies

is regarded as the most important aspect, with the others being at intermediate

levels and data security being regarded as the least important.

Figure 4.3: Aspects to consider for smart maintenance

Figure 4.4 presents the feedback on the importance scores achieved by the dif-

ferent smart maintenance system requirements, showing which are considered of

higher priority to form part of the system. On the x-axis of the �gure, the num-

bered requirements are derived from Section 2.1.3 and de�ned in Question 11 of

the Interview Schedule in Appendix A.4. Most of these requirements are within a

small range from one another, with two of them being markedly higher than the

others. All the requirements are within the upper half of the score range. The

feedback shows that all of the requirements are considered essential in forming

part of the smart maintenance system.
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Figure 4.4: Importance rating of smart maintenance system requirements

4.3.5 Interview Results Discussion

The feedback from the interviews gives insight into the maintenance methods, pro-

cesses, and technologies utilised in the inner city bus service industry. One of the

most determining factors to in�uence the maintenance strategy and implementa-

tion method is the operating context of a speci�c organisation. Each organisation

employs di�erent types and manufacturers of inner city buses as well as varying

operating schedules.

In Germany, a bus is assigned to a speci�c route for the day and operates along

that route continuously for approximately 20 hours, only stopping for a maximum

of 10 minutes every four hours at certain bus stops to rotate drivers. The German

organisations only use hybrid powered buses and are currently moving toward pure

electric power units due to strict environmental regulations in Europe. Thus, the

inner city buses used in Germany are by default more technologically advanced.

The South African buses are mostly powered by diesel engines and operate during

peak tra�c hours in the morning and afternoon.
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Climatic conditions also di�er from the below freezing conditions in Europe to

a hotter and drier African climate. All the factors mentioned mean that the buses

are equipped with di�erent systems and technologies to allow them to cope with

their operating environments. The varying operating contexts of the organisations

result in diverse causes of downtime, as found in Section 4.3.3. This means that

to ensure the smart maintenance system is not organisation-speci�c, it needs to

be adaptable to unique problems identi�ed as causing downtime.

The maintenance methods and processes of the German organisations are not

necessarily going to be of value to the South African organisations due to the dif-

ference in operational context. Despite the measures already put in place by the

organisations to maintain a certain level of reliability and safety of the inner city

buses, unexpected breakdowns still occur and certain components are responsible

for recurring downtime. These components need to be prioritised by the smart

maintenance system to directly address such crucial problems �rst.

Designing a generic smart maintenance system is not feasible as the key param-

eters causing downtime of the buses are diverse and organisation-speci�c. However,

this only in�uences the �rst phase of the system, where it should be determined

what parts to monitor as they are causing downtime. The subsequent phases of

the system can be more generalised for the purpose of processing the collected

data and supporting decision-making. Problem identi�cation must be included as

the �rst part of the system in order to identify the downtime causing parameters

that the system needs to monitor.

Emphasis is placed on being as cost-e�ective as possible. A comment that

came up through all the interviews is that such a system can only be considered

if it is �nancially viable and feasible. Being cost-e�ective needs to form part of

the system design. The inner city bus service industry is mainly oriented around

service quality for the customer. Service quality can be assured by the system as

it can contribute to the reliable operation of inner city buses.

A mutually agreed upon objective is to reduce the number of backup buses re-
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quired. This can lead to cost savings for the organisations by reducing the capital

required to maintain an extensive reserve �eet for unforeseen breakdown events.

Optimal performance of the smart maintenance system can minimise the need for

extensive reserve �eets.

Maintenance teams have data availability, but the data is collected through

manual techniques. While data is available to them, there is a lack of knowledge

on how to interpret it and the selection of what sensor parameters to monitor and

analyse it. Ideally, the maintenance manager wants to be informed if a certain bus

requires urgent maintenance at the end of a service day to allow it to continue to

be functional. If a certain important part has reached a degraded state, and is at

risk of failing, it should be picked up by the system.

Industry 4.0 technologies are at a very low maturity level in the maintenance

practices of inner city bus services. Implementing Industry 4.0 technologies that

support smart maintenance can increase the e�ciency and e�ectiveness of main-

tenance in this industry. Digitalisation of the maintenance approach holds advan-

tages for all stakeholders.

4.4 Chapter Summary

In this chapter, an empirical investigation is undertaken to collect supplementary

data for this research. The method used involves structured interviews conducted

with four interviewees in a maintenance manager-type position at separate inner

city bus services in Germany and South Africa. Feedback from the interviews held

with the organisations reinforces that there is indeed an opportunity to develop

and test a smart maintenance system for inner city buses. The �ndings in this

chapter are used in the following chapter to set up the smart maintenance system

requirements and to develop the system.
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Smart Maintenance System

Development

The development of the smart maintenance system is introduced in this chapter.

The system's requirements are speci�ed and explained �rst, followed by the sys-

tem's functions. Finally, the hardware and software for the smart maintenance

system are selected to develop a concept demonstrator for validating the smart

maintenance system.

76
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5.1 System Requirements

The requirements of the smart maintenance system are con�gured based on the

�ndings of the literature review in Chapter 2 and the results of the empirical inves-

tigation in Chapter 4. All the requirements are aimed at minimising the downtime

of inner city buses and to ensure their reliable operation. The requirements are

de�ned in Table 5.1 and classi�ed by type in terms of being an essential or op-

tional requirement. Requirements that are labelled as essential are crucial for the

successful functioning of the smart maintenance system. By way of contrast, the

optional requirements are not a prerequisite for the successful operation of the

system but allow for re�nement.

The requirements start with the �rst part being data collection. An essential

requirement is to identify the key parameters responsible for the most downtime,

thus addressing the main issues while not being organisation-speci�c. Correspond-

ingly, the ability to collect sensor data from the key components of the inner city

buses is an essential requirement. Included as an optional requirement is the ability

to establish a connection to the vehicle's ECU, through the OBD system and J1939

protocol for heavy duty vehicles, to allow for easy access to any sensor readings and

DTCs. Connecting to the ECU is optional for when one of the key parameters is

already monitored by a vehicle's ECU and the sensor data can be extracted from it.

Processing data allows for remote and online monitoring. To wirelessly transfer

data realises this requirement and it is seen as essential. Another data processing

requirement is to only allow data transfer at preferred intervals to avoid unneces-

sary data transfer. Sensing frequency has to be selected based on the nature of the

component being monitored and the number of sensor readings required to make

an accurate judgement of a component's health state.

Performing analytics on the data received from the monitored assets is another

important part of the requirements for the system. Detecting faults from the gath-

ered data is essential for the system to feature diagnostic capability. After a fault

is detected, the type of fault must be identi�ed. For instance, it can be classi�ed
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as an urgent fault that requires immediate attention or semi-urgent, requiring at-

tention at the next scheduled service. Remaining useful life estimation is essential

in establishing a prognostic approach in maintenance. Relevant wear models to

predict remaining useful life can be implemented based on the key parameters

identi�ed, as parts may have di�erent suitable wear models. Utilising cloud com-

puting to analyse the data and perform computations is an essential requirement

to strive towards the system acting autonomously.

Visualising the data and knowledge discovered from analysing the data pro-

duces more requirements. Presenting the data using a Graphical User Interface

(GUI) is seen as essential to facilitate easy access and promote user-friendliness.

It must be accessible from PCs, tablets, and smartphones, providing easy system

access to the maintenance workshop and depots. Accessibility from any location

means that manufacturers and experts can view the system parameters to provide

support if necessary. Indicating an anomaly is essential to notify the responsi-

ble people that a key component on a certain bus has reached a degraded state

and requires maintenance. Anomaly indication can be done by creating a notable

noti�cation on a screen in the workshop or through automated email and SMS

noti�cations. Displaying system parameters continuously is not crucial, but must

be provided upon request from a user input. Managing the accessibility of historic

values is essential for the investigation of root causes to faults and degradation

patterns.

Supporting data-driven decision-making is where the system can have a crucial

in�uence. The characteristics for conducting bus maintenance in an e�cient way,

identi�ed in Section 2.3.3 of the literature review, are added as essential require-

ments for decision support. The requirements are:

� Identify buses from the �eet.

� De�ne when and where to perform maintenance.

� Classify what maintenance tasks to perform.

� Assign resources and spare parts.
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The system incorporates these requirements to e�ectively support the mainte-

nance personnel in e�cient decision-making, forming the upper layer of the system.

Updating the workshop daily on the health status of the buses is preferred

above continuous real-time monitoring, as determined in Section 4.3.4 of the pre-

vious chapter. Health status updates must indicate at the end of a service day

which buses and their key components are trending towards or have reached a de-

graded state that may lead to failures and require maintenance scheduling. Using

service records to narrow down a problem identi�ed when something fails is added

as optional, due to it being dependent on the quality of data available from an

organisation and the type of component.

Being cost-e�ective is one of the desired requirements identi�ed from the em-

pirical analysis results discussion in Section 4.3.5. To promote cost-e�ectiveness,

the system must be able to integrate into the existing infrastructure of an organi-

sation and develop further on that basis. Minimum training should be required to

operate the system to keep costs low and eliminate the need to hire new employees.

These requirements are all seen as essential due to cost-e�ectiveness having a high

priority.

It is desirable for the smart maintenance system to be applicable to other inner

city bus services and be generalised through not being speci�cally designed for a

certain organisational structure. The system must also be adaptable by allowing

for integration of additional functions as technologies develop further.

Lastly, it is a basic requirement that the system should manage an essential

level of security. Security can be realised by establishing a secure network con-

nection and storing the system data safely. Both of the security requirements are

seen as essential.
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Table 5.1: Smart maintenance system requirements

Requirements Type

1 Data collection
Identify key parameters Essential
Sensor data collection Essential
Vehicle ECU Access Optional

2 Data processing
Wireless data transfer Essential
Data transfer in pre-
ferred intervals

Optional

3 Data analysis
Detect and identify
faults

Essential

Remaining useful life
estimation

Essential

Cloud computing Essential

4 Data visualisation
GUI Essential
Indicate anomaly Essential
Display system param-
eters

Optional

Accessibility of historic
values

Essential

5 Decision support
Identify buses from the
�eet

Essential

De�ne when and where
to perform mainte-
nance

Essential

Classify what mainte-
nance tasks to perform

Essential

Assign resources and
spare parts

Essential

Daily health status up-
dates

Essential

Use service records to
narrow down problem

Optional

6 Cost-e�ective
Integrate into existing
infrastructure

Essential

Minimal training re-
quired

Essential

7 Adaptable
Support di�erent or-
ganisational structures

Essential

Able to integrate addi-
tional functions

Essential

8 Security
Secure network connec-
tion

Essential

Store data safely Essential
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5.2 System Functions

The functions of the smart maintenance system are de�ned in this section. The

features of the system are based on the smart maintenance planning system dis-

cussed in Section 2.1.3 and the predictive maintenance �eet management system

in Section 2.5.3. Characteristics of the CPS system discussed in Section 2.2.4 are

also incorporated. First and foremost, an identi�cation step must take place to

identify the key parameters of the inner city buses causing the most downtime.

The problem identi�cation step is not seen as a function, but as a preparation

phase before installing the system.

5.2.1 Condition Monitoring System

The system starts with its foundation as the perception layer, Figure 5.1, where the

system functions consist of condition monitoring features. Suitable sensors cap-

ture information about the current state of a bus by monitoring the identi�ed key

parameters. Access to the vehicle's ECU is established if ECU sensor readings are

required. Measurements are taken automatically and sensor signals are gathered

and undergo initial processing. Preparation for the signal readings to be trans-

ferred is performed, after which the data transmission is carried out at set intervals.

Figure 5.1: Condition monitoring functions of the system
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5.2.2 IoT Network

At the centre of the system is the middleware layer, consisting of IoT charac-

teristics that exist in a cloud environment, as shown in Figure 5.2. CPS func-

tions are incorporated to facilitate the connection between the physical and digital

world. Wireless data transmission is performed using Wi-Fi and a typical trans-

port protocol, such as Message Queuing Telemetry Transport (MQTT) or HTTP.

A connected equipment network is established, connecting the bus �eet of an or-

ganisation to the system. Measured values retrieved from the �eet are stored in

the cloud environment.

The diagnostic and prognostic function identi�es faults and predicts the health

status of equipment, realised through classi�cation and predictive algorithms com-

missioned in the cloud. What classi�es a sensor value to indicate a fault and which

algorithms are suitable for lifetime estimations depends on the key parameters be-

ing monitored. Identi�ed faults are analysed and categorised into what sort of risks

they encompass, classi�ed by urgency. Urgent risks are �agged to be prioritised

for maintenance scheduling.

Figure 5.2: IoT functions of the system

5.2.3 Smart Maintenance Planning

In the application layer shown in Figure 5.3, the functions are aligned to support

data-driven decision-making with regard to smart maintenance planning. The
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system transitions back from the digital world to the physical world, where the

optimised maintenance decisions are implemented on the equipment. The outcome

and results of the lower layers of the system are used to generate insight that is

presented in a suitable way to help the user make informed decisions.

Malfunctioning buses are identi�ed from the �eet and the system speci�es where

and when to perform maintenance. The system provides an indication of which

service bay or depot area is suitable to address the fault. The previous layer clas-

si�ed the urgency of the risk of a fault; accordingly, urgent risks are scheduled to

require immediate attention when a bus �nishes its shift, whereas less urgent ones

are apprised to be checked at the next service interval.

Through maintenance planning the system must specify the correct mainte-

nance tasks linked to an identi�ed fault. Specifying the tasks must be accompa-

nied by the required spare parts to make sure that the parts are ready when the

maintenance activity is commenced. These tasks and required parts can be de-

�ned by a maintenance specialist beforehand or from the service records. Service

records can be linked to the system if in usable format, allowing the system to

perform automated service scheduling for unforeseen events in conjunction with

the standard service protocol.

Noti�cations are sent to the relevant maintenance personnel about equipment

in critical condition and components that have reached the end of their life. These

noti�cations are communicated through email and SMS. Heath status updates are

provided on a daily basis to indicate which units are close to reaching a degraded

state or have experienced malfunctions during a shift. Maintenance personnel are

provided with all the important information from the smart maintenance planning

functions through a GUI on a computer screen or tablet in the workshop.

Stellenbosch University https://scholar.sun.ac.za



CHAPTER 5. SMART MAINTENANCE SYSTEM DEVELOPMENT 84

Figure 5.3: Smart maintenance planning functionality

5.2.4 Smart Maintenance System

The complete architecture of the smart maintenance system for inner city public

bus services is shown in Figure 5.4. It can be seen where the di�erent layers inter-

act and how the system functions are positioned.

Figure 5.4: Architecture of the smart maintenance system for inner city public bus
services
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5.3 Concept Demonstrator

In this section, the design approach of the concept demonstrator is described. The

hardware and software for the demonstrator are selected and discussed. The pur-

pose of the concept demonstrator is to validate the smart maintenance system.

For validation, the concept demonstrator addresses the main problem of a certain

organisation. The key parameters responsible for the most downtime vary from

each organisation, as found by the empirical analysis results in Section 4.3 of the

previous chapter. The concept demonstrator is set up to monitor the key param-

eter, bus batteries, of bus service C, as shown in Table 4.1.

Developing the concept demonstrator for bus service C is motivated by the

aim of forming an adaptable solution that can be adjusted to be applicable to the

problems identi�ed by other inner city public bus services. The demonstrator that

is designed can be recon�gured without extensive design work to monitor other key

components identi�ed for causing downtime of inner city buses. Relevant sensors

would have to be included to monitor other components and the appropriate diag-

nostic and prognostic software to generate insight into the health statuses of these

components. Considering the rationale for designing the concept demonstrator for

the speci�c organisation con�rms that the decision is made based on practicality,

genericness, and adaptability. Other factors that were also considered were the

willingness of the organisation to participate in the research and easy accessibility.

5.3.1 Demonstrator Design Approach

In the process of constructing a concept demonstrator, it is necessary to �rst recog-

nise the fundamentals it is based on. The smart maintenance system requirements

and architecture de�ned in the previous sections are used to con�gure the con-

cept demonstrator for the case study organisation. Initially, a preparation phase

is required where the key parameters for causing the most downtime should be

identi�ed. This initial phase is not performed as this step has already been taken

in the selection of bus service C, where the key parameters are already known. The
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outcome of the demonstrator design is a system that addresses the main problem

of this speci�c organisation. Bus service C mainly experiences problems with their

buses' electrical systems and, more speci�cally, the bus batteries that discharge

without warning, rendering buses out of service during crucial times. Failures in

the power supply systems of vehicles are sudden and unexpected since on-board

diagnostics do not allow for their early detection (Puzakov, 2020).

The addition of operational power supply system monitoring can improve vehi-

cle operation e�ectiveness by decreasing repair-related downtime, which is crucial

for the operation of vehicles used for services that demand a high level of technical

readiness (Puzakov, 2020). With the background and purpose of the demonstrator

known, the next step is to determine the elements that make up the demonstra-

tor system. Components must be selected that are able to re�ect the capabilities

set out by the smart maintenance system requirements and functions included in

the architecture. After understanding the approach to designing the demonstrator

system, the hardware and software selection can commence.

5.3.2 Hardware & Software

The hardware and software for the concept demonstrator are speci�ed and dis-

cussed in this subsection. The device selection, the accompanying sensor, and

other circuit components are discussed �rst. Subsequently, the software for the

implementation is selected. All selections are made according to the de�ned re-

quirements and architecture of the smart maintenance system.

The device selected is the NodeMCU ESP8266 Wi-Fi development board. The

selection is motivated by the ability of the device to support the required function-

ality of the concept demonstrator. NodeMCU is an open-source platform based on

the ESP8266 that allows things to be connected and data to be transferred using

the Wi-Fi protocol, permitting the realisation of IoT applications.

Monitoring the status of a battery is done by analysing the battery voltage
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level (Tan and Tiew, 2014). Sensing voltage can be done through using a voltage

divider to reduce the voltage down to the sensing range of the microcontroller.

Input voltages to any of the device sensing pins are limited from 0 V to 3.3 V

(Espressif, 2020). The design of the sensor is presented in Chapter 6.

The ESP8266 is embedded with a 10-bit precision analogue to digital converter

accessed through the A0 (TOUT) pin (Espressif, 2020). The resolution of the 10-

bit converter is determined in Equation 5.3.1 by dividing the input voltage range

by the number of possible values (2N) (Escabi, 2012). The input voltage range is

3.3 V (0 V to 3.3 V) and N is the number of bits. The resolution means that the

system can measure an input voltage to an accuracy of 3.22 mV, which is su�cient

for the purpose of the concept demonstrator.

Vinput−range

2N
=

3.3V

210
= 3.22mV/bit (5.3.1)

To create a cloud environment, the software application ThingSpeak is suit-

able. ThingSpeak is a cloud-based IoT analytics software program that lets the

user aggregate, visualise, and analyse live data streams. The application is open-

source and functions as an Application Programming Interface (API) used to store

and retrieve data from connected things using HTTP over the internet or via ap-

plications (Yazed and Mahmud, 2017). Data can be submitted from devices to

ThingSpeak, where real-time visualisations of live data can be generated and noti-

�cations issued.

The last tier in the concept demonstrator is to commission service noti�ca-

tions. The IFTTT software is selected to ful�l this role. IFTTT is named after

the programming conditional expression �if this, then that�. IFTTT is a software

platform that connects multiple applications, devices, and services in order to ac-

tivate automations involving those applications, devices, and services (Martin and

Finnegan, 2020). To understand the working �ow of the concept demonstrator
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refer to Figure 5.5.

Figure 5.5: Concept demonstrator con�guration

In Figure 5.5, it is shown that sensors are used for on-board data acquisition

on a bus. Data is collected from the sensors by an IoT device that establishes an

IoT network to send the sensor data to the cloud environment. From analysing

the data in the cloud environment, maintenance noti�cations are issued.

5.4 Chapter Summary

The requirements for the smart maintenance system are set out and de�ned in this

chapter. The system functions are discussed and con�gured to form a complete

system. The hardware and software are selected for the development of a concept

demonstrator for the smart maintenance system. Further development continues

in the following chapter.
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Concept Demonstrator Development

In this chapter the concept demonstrator, representing the smart maintenance sys-

tem, is assembled from the selected hardware and software. The hardware setup is

discussed �rst, followed by the software setup. Lastly, the experiment is designed

to test the functionality of the concept demonstrator for the ultimate purpose of

investigating the feasibility of the smart maintenance system.

89
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6.1 Concept Demonstrator Setup

The hardware and software setup of the concept demonstrator is covered in this

section. It is necessary to understand how the hardware and software are aligned

to construct a functioning system.

6.1.1 Hardware Setup

The hardware setup of the device starts with fabricating a suitable voltage sensor.

The voltage sensor is custom built due to the lack of a compatible sensor for the

microcontroller in the local market. The analogue input terminal of the NodeMCU

ESP8266 may not be supplied with more than 3.3 V (Espressif, 2020). The sensor

is therefore con�gured as a voltage divider to reduce the sensed voltage down to

an acceptable level for the microcontroller.

A voltage divider is a linear circuit that divides an input voltage by a certain

ratio to produce an output voltage (Fransiska et al., 2013). It can be set up by

connecting two resistors in a circuit, as illustrated in Figure 6.1. Equation 6.1.1

de�nes the resistive voltage division.

Figure 6.1: Voltage divider circuit (Fransiska et al., 2013)

Vout =
R2

R1 +R2

Vin (6.1.1)
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The resistors and wires are soldered onto a board, as shown in Figure 6.2, en-

suring the parts are securely fastened and that all the connections are durable.

Determining the suitable resistors used for the voltage divider is done by consid-

ering what resistors are available and the fact that it should divide the sensed

voltage down to below 3.3 V. The �rst resistor has a resistance of a 1000 Ohm and

the second one a resistance of 100 Ohm. Choosing these resistances results in the

sensed voltage being reduced by a factor of eleven, calculated by using Equation

6.1.1, proving to be su�cient for reducing the operating range of a 24 V battery

below 3.3 V. The resistors used are speci�ed to have a tolerance of 5% and in order

to increase the voltage sensor's accuracy each resistor's resistance is measured with

a multimeter. Resistor one is 981 Ohm and resistor two is 99 Ohm. The measured

resistances are used in the voltage division equation.

Figure 6.2: Concept demonstrator voltage divider circuit

The NodeMCU ESP8266 requires a 5 V power supply (Espressif, 2020). Power

is supplied from the 24 V bus battery. During normal operation, the device only

draws an average current of 80 mA (Espressif, 2020), meaning that it has a neg-

ligible e�ect on the battery. The voltage regulator, Figure 6.3, is a stock part

bought from an electronics shop and supplies the microcontroller with a constant

5 V irrespective of the input voltage. Wires connecting to the ground and input

voltage terminals are soldered into place.
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Figure 6.3: Concept demonstrator voltage regulator

The voltage sensor, Figure 6.2, and voltage regulator, Figure 6.3, are connected

to the same input voltage and ground connection coming from the bus battery.

De�nitions of the multiple pins of the NodeMCU are given in Figure 6.4. The

output voltage of the voltage sensor is connected to the analogue pin (A0) and the

ground is connected to any of the microcontroller ground pins. Power is given to

the device through the micro USB port by the voltage regulator. The device is

put in sleep mode when it is not required to transfer signals. From the hardware

side, the sleep function is activated by connecting pin D0 to the RST pin.

Figure 6.4: NodeMCU ESP8266 Pin de�nition (Espressif, 2020)

Figure 6.5 represents the complete layout of the concept demonstrator hard-

ware, showing how all the di�erent components are connected. To protect the

system from possible power surges, a 1 A fuse is connected into the circuit. This
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minimises the risk of accidentally causing a �re when the system is exposed to

unexpectedly high input.

Figure 6.5: Concept demonstrator layout

6.1.2 Software Setup

The microcontroller is not pre-programmed and requires coding from �rst princi-

ples to enable it to perform the desired functionalities. Arduino code is written

in the C++ coding language with some additional special functions and methods.

The code is written in the Arduino Integrated Development Environment (IDE)

text editing program, where the code is typed out before it is uploaded to the

device.

The logical �ow of how the code executes is presented in Figure 6.6 as a logical

�ow diagram and the full script is included in Appendix B.2. After starting, the

device seeks to connect to the strongest Wi-Fi signal available by iterating until it

has found the strongest signal. The next step is to sense the analogue input reading

from the voltage sensor. From the analogue input, the 10-bit converter produces

a digital signal. Dividing the signal by 210 converts it back to analogue and the

battery voltage is calculated by inverting Equation 6.1.1. The computed battery

voltage is checked if it is lower than or equal to a certain value. If it is lower, the
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device waits �ve minutes until it reads and computes the battery voltage again

before it sends the reading to the cloud. The voltage checking loop is included to

eliminate the chance of an engine startup being identi�ed as a draining battery. If

the voltage is found to be higher than the pre-de�ned voltage, it continues past the

checking loop to send the voltage measurement to the cloud. Finally, the device

enters sleep mode for thirty minutes, after which it awakes and the entire process

starts again. A frequency of 30 minutes is selected due to the fact that the battery

gradually decays and smaller intervals may be unnecessary.

Figure 6.6: Flow diagram of code logic

The bus battery that is monitored consists of two 12 V lead-acid batteries

connected in series, which adds up to 24 V. The voltage level at which a battery

cannot reliably start an engine depends on several factors, but the general guide
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is to check a 12 V battery when it reaches a voltage lower than 11.9 V (Lokithor,

2021; Veldboom, 2021). At this voltage level, the battery has reached a state of

charge lower than 50%, resulting in a signi�cant decrease in performance (Lokithor,

2021; Veldboom, 2021). The voltage level of concern for the 24 V setup that is

going to trigger a noti�cation is calculated by adding up 11.9 V for both of the

batteries to equal 23.8 V.

The system transfers signals from the device by sending HTTP protocol mes-

sages across Wi-Fi to the cloud platform. With the data safely stored on the

ThingSpeak cloud IoT platform, it can be visualised and used to generate insight.

An appropriate interface is arranged in ThingSpeak to visualise the data stream

and help maintenance personnel interpret the data quickly. Its layout is presented

in the following chapter. The interface can be shared with anyone with the inter-

net link and password. To initiate a response when the battery voltage is equal to

or below the determined threshold, a react function is con�gured in ThingSpeak,

as shown in Figure 6.7. The react function connects to IFTTT via a unique API

key and internet address. The function sends a message to IFTTT that a certain

event has occurred.

Figure 6.7: ThingSpeak react function
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The IFTTT software is programmed to generate a noti�cation when it receives

the message that the battery has reached a low voltage state. Setting up the main-

tenance noti�cation message can be seen in Figure 6.8. The noti�cation identi�es

the fault and what bus is experiencing the fault. It also speci�es when, where, and

how to address the issue. The variables �EventName� and �OccuredAt� are auto-

matically �lled with the event name, battery voltage low, and the current time and

date when the noti�cation is activated. The bus identi�er can be speci�ed when

two or more buses are being monitored. To demonstrate the noti�cation function,

it is set to send the message to a mobile phone through the IFTTT application.

Figure 6.8: IFTTT noti�cation con�guration

6.2 Experiment Design

Designing the experiment is described in this section. Experiment design is the

process of planning, designing, and analysing an experiment to draw valid and

objective conclusions in an e�ective and e�cient manner (Antony, 2003). The ex-

periment is designed to de�ne the testing procedures for the concept demonstrator

that provides structure to the intended case study. Antony (2003, p. 31) states

that the methodology for experiment design is divided into four primary phases:

1. Planning phase: Recognise the problem and de�ne variables or design pa-

rameters.
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2. Designing phase: Select the most appropriate design for the experiment.

3. Conducting phase: The planned experiment is carried out and the results

are evaluated.

4. Analysing phase: Analyse and interpret the results in order to draw valid

and sound conclusions.

First, the planning phase is considered. Recognising the problem, one would

refer back to the motivation behind developing the concept demonstrator to val-

idate the functionality of the smart maintenance system. The only variable or

parameter is the battery voltage level, which is monitored by the concept demon-

strator.

In�uencing factors that are uncontrollable and may originate from the operat-

ing environment include vibrations, �uctuating temperature, and water exposure.

These elements are mitigated by placing the hardware of the device in a dust

and waterproof container. To ensure safety in industrial operations, appropriate

safety procedures must be followed (Cao et al., 2019). The safety measures for the

experiment are:

� Make sure the ignition key of the bus is removed before installation.

� Properly insulate and fasten all electrical connections.

� Fasten the wires connected to the battery power supply securely, to prevent

them from touching each other.

� Place device where it cannot cause any interference to the operation of the

bus.

� During installation or testing, use the correct personal protective equipment.

Continuing with the experiment design methodology, the design phase is con-

sidered. The extensiveness of an experiment depends on the number of factors

to be studied, the factor levels, budget, and resources provided to carry out the

experiment (Antony, 2003). The experiment design consists of the test cycles in
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Table 6.1.

Table 6.1: Concept demonstrator test cycles

Test Cycle Description

Accuracy test
Supply the device with three di�erent voltages typical to the
operating voltage of a bus battery [24 V, 26 V, 28 V]. Compare
actual and system measurements.

Noti�cation test
Lower the supply voltage below the 23.8 V threshold to test
if noti�cations are issued to the correct destinations.

Operational test
Let the system run for 2-3 days on a bus, completing normal
shifts to observe the system's functionality.

For the accuracy and noti�cation test, power is supplied to the device with

a DC bench power supply. The voltages 24 V, 26 V, and 28 V are selected for

the accuracy test to fall within the typical operating voltage range of a 24 V bus

battery, �uctuating from 24 V to just below 29 V (Lokithor, 2021; Veldboom,

2021). The accuracy test is to check how accurately the system can monitor the

battery voltage. To ensure the system issues the correct noti�cations to preferred

destinations, the noti�cation test is included. Testing if the system can function

in the operating environment of an inner city bus is done through the operational

test. The experiment conduction and analysis phases are covered in Chapter 7 as

part of the case study for validating the system.

6.3 Chapter Summary

The hardware and software setup of the concept demonstrator, portraying the

smart maintenance system, is set out and discussed in this chapter. Furthermore,

the experiment is designed that de�nes the testing procedures for the concept

demonstrator. The designed experiment is carried out in the following chapter as

part of the case study.

Stellenbosch University https://scholar.sun.ac.za



Chapter 7

System Validation

A case study is conducted and presented in this chapter to validate the smart

maintenance system. Testing the concept demonstrator is done by executing the

designed experiment. The results are discussed, and the system is evaluated. At

the conclusion of this chapter, suggestions are made on possible re�nements to the

system.

99
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7.1 Concept Demonstrator Case Study

The case study approach distinguishes itself as a research technique by examin-

ing a current phenomenon in its real-life context, particularly when the borders

between the phenomenon and its context are not clearly visible (Yin, 1981). The

central concept in Yin's de�nition is that of a boundary, and it should be acknowl-

edged that this boundary is uncertain (Dumez, 2015). A case boundary can be

determined empirically or abstractly, from a class de�ned by a theory, an ideal-

type, or an observational situation (Dumez, 2015). Another de�nition of a case

study de�nes it as �an intensive study of a single unit for the purpose of under-

standing a larger class of (similar) units� (Gerring, 2004). Conducting the case

study gives additional insight into how the system can be applicable to other cases.

The case study is performed by carrying out the designed experiment with

the concept demonstrator. Accuracy, noti�cation, and operational tests are con-

ducted. Results documented from the experiment are used to determine which

functionalities of the smart maintenance system are satis�ed in order to validate

its feasibility. O'Leary et al. (1990, p. 51) de�ne validation as the process of

assessing whether a concept accurately mimics a real-world system in a certain

�eld. The case study is conducted at an inner city bus service situated in Cape

Town, South Africa. As previously mentioned, the motivation behind addressing

the key issue of the speci�c bus service is based on the practicality, genericness,

and adaptability of designing a concept demonstrator for this particular case.

The microcontroller requires Wi-Fi to load live data onto the cloud platform.

A Wi-Fi router is supplied by the electronics department of the organisation for

use during testing. The organisation is currently testing this type of Wi-Fi router

to supply passengers with internet connectivity, making it ideal for the exper-

iment. Figure 7.1 shows the router and device being prepared for the accuracy

and noti�cation test by connecting it to a DC bench power supply at a workstation.
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Figure 7.1: Testing with DC bench power supply

The �rst test performed is the accuracy test, where the device is supplied with

three di�erent voltages typical to the operating voltage of a 24 V bus battery.

Table 7.1 documents the voltage readings where it can be seen that the device

has an undesirable deviation between the actual and cloud readings. This devi-

ation can be caused by some of the components or connections in the device circuit.

Table 7.1: Concept demonstrator accuracy test before calibration

Voltage Supplied Cloud Reading Accuracy
1 24 V 24.85 V 96.46%
2 26 V 27.03 V 96.04%
3 28 V 29.08 V 96.14%

To eliminate the existing deviation, a calibration factor is calculated by tak-

ing the average of the three voltage deviations (0.85 V, 1.03 V, 1.08 V) from the

measurements presented in Table 7.1. The factor is calculated to be 0.99 V and is

subtracted from the voltage sensed by the analogue input of the microcontroller.

This is a reasonable solution to improve the device's accuracy due to the devia-

tions in Table 7.1 being close together. After including the calibration factor in

the voltage calculation equation code, the device accuracy increased to above 99%,

as seen in Table 7.2.
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Table 7.2: Concept demonstrator accuracy test after calibration

Voltage Supplied Cloud Reading Accuracy
1 24 V 23.86 V 99.42%
2 26 V 26.01 V 99.96%
3 28 V 28.16 V 99.43%

After the device accuracy is con�rmed to be satisfactory, the noti�cation test

is performed. The voltage supplied to the device by the DC bench power supply is

lowered below the 23.8 V threshold to trigger the noti�cation activation. For test-

ing, the maintenance noti�cation destination is a mobile phone, and the successful

reception of the noti�cation can be seen in Figure 7.2. This provides veri�cation

that the software applications of the demonstrator system are able to establish a

functioning communication network.

Figure 7.2: Mobile phone application noti�cation

An operational test concludes the experiment and the proceedings of the case

study. For this test, the Wi-Fi router and device are installed on an inner city bus.

Figure 7.3 shows the router and device ready for installation. A quali�ed electri-

cian installed the device in the back of the driver's cab, where it is connected to a

cable with constant battery power. The cloud interface on ThingSpeak successfully

displayed the �rst signal pulse received, indicating that the router and device are

installed correctly and that the operational test can commence.

Stellenbosch University https://scholar.sun.ac.za



CHAPTER 7. SYSTEM VALIDATION 103

Figure 7.3: Wi-Fi router and device ready for installation

The layout of the interface created in the ThingSpeak cloud application is pre-

sented in Figure 7.4. The numerical value of the battery voltage is displayed and

rounded to two decimal places: displaying more than two decimal places is un-

necessary. A graph plotting the recorded values is included for analysing patterns

and trends. Status indication lights are included to permit swift interpretation of

the voltage status of the bus battery. The green light stays on when the voltage is

above 23.8 V. When it is equal to or lower than the speci�ed value, the red light

is illuminated.

Figure 7.4: ThingSpeak interface
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Data collection took place over a span of four days. Two of those days were

weekdays when the bus operated according to its normal schedule and during the

other two days, the bus was stationary at a depot over a weekend. The graph

in Figure 7.5 shows the data collected during the operational days when the bus

completed its shifts. During working hours, the battery voltage �uctuates, with

some frequent voltage spikes appearing. The higher voltage readings occur when

the bus is accelerating, and the alternator provides a greater power supply to

the battery. At lower engine speeds, the voltage trends downward as electrical

components draw power. Modern vehicles have a higher demand for electrical

power that can lead to charging de�ciencies at low engine speeds and during idle

conditions (Liang et al., 1999). Inadequate charging of an automotive battery

causes the battery to cycle more, leading to reduced battery life (Liang et al.,

1999). Linear trends are observed during overnight storage periods.

Figure 7.5: Data collected during two operational days

Monitoring the battery voltage over a weekend is visualised in the graph in

Figure 7.6. It is likely that the bus was started or moved each morning over

the speci�c weekend, as indicated by the voltage pattern in Figure 7.6. Over

longer stationary periods, the battery voltage has a slight downward trend as it

slowly discharges. This discharge trend is caused by the tendency of batteries to

discharge over time and because some of the electrical systems on the bus might

not be completely switched o�. Some electrical components on the bus are not

connected through the ignition switch, but directly to the battery and can continue
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to draw power after the bus is switched o�. Outlier voltage spikes are observed

each morning in Figures 7.5 and 7.6. The morning voltage spikes are a possible

result of power released during surges in the bus's electrical system after start-up.

Surges can result from power switching in a system, load changing in a power

distribution system, or system faults (Xi et al., 2015). However, power surges only

appear for brief periods (Xi et al., 2015). It could also be possible that all the

on-board electronic equipment on the bus has not been switched on during these

short morning periods, resulting in the battery operating at a higher voltage for

those periods.

Figure 7.6: Battery voltage monitored over weekend

No battery failure was detected during the operational test. More testing time

would be required if the demonstrator has to detect a battery failure. This would

not be necessary since the demonstrator has proven its capability in the three

tests performed. A connected equipment network is successfully established in the

sense that the device is installed on an inner city bus, wirelessly transmits data to

a cloud platform, and activates maintenance noti�cations if a problem is detected.

The concept demonstrator is proven to be adequate in addressing the key param-

eter identi�ed for causing downtime at an inner city public bus service. Successful

commissioning of the concept demonstrator signi�es that the smart maintenance

system has applicability in other cases. How the system applies to other cases is

elaborated on in the next section. With the case study outcome presented and
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discussed, the �ndings can be used to evaluate the smart maintenance system.

7.2 System Evaluation

Evaluation is seen as the process of examining the ability of a system to handle

real-world problems in a speci�c �eld (O'Leary et al., 1990). Evaluating the sys-

tem is done by considering the outcome of the case study to determine the degree

to which the system requirements de�ned in Section 5.1 are satis�ed, validating

the smart maintenance system in the process.

This section, describes to what degree the de�ned requirements of the smart

maintenance system are ful�lled. The degree of ful�lment is determined by the

experiment results obtained from the case study. The type of ful�lment is de�ned

by �Yes� or �No� and speci�ed for each requirement in Table 7.3.

Only three requirements were not met because of certain individual reasons.

Access to the vehicle's ECU was not established due to the sensor data from the

ECU not being required during the case study. The concept demonstrator was not

required to determine the remaining useful life of components due to the nature

of the problem it addressed. This system requirement can be tested and incorpo-

rated as the system is further developed in the future. Well-established remaining

useful life estimation models do exist and can be trained for analysing data from

monitored components when necessary. Utilising service records was also not an

essential requirement for the concept demonstrator and can be incorporated when

more parts are monitored by the system in future installations.

Requirements set out for data collection, processing, and analysis are ful�lled,

except for the ones previously speci�ed. The requirements mentioned are met by

setting up a demonstrator device that wirelessly transfers data to a cloud platform

where it is analysed to check for faults. The data visualisation requirements are

met as the ThingSpeak interface created shows when an anomaly happens, displays
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the system's parameters, and has the historic values ready upon request.

The decision support requirements are met, except the optional one, on the

basis that the case study system could generate a maintenance noti�cation that

identi�es the bus and de�nes when, where, and what maintenance tasks to per-

form. Assigning resources and spare parts was not comprehensively required in

the case study, by virtue of the fact that the maintenance activity associated with

solving that problem is obvious. This requirement is proclaimed to be met, as it is

implied through the other decision support functions. Daily health status updates

are accessible to the maintenance personnel from the cloud interface.

In the case study, the demonstrator could be installed without the organisa-

tion's operating context having an in�uence on the requirements or functions it

is based on. The demonstrator system was commissioned in such a way that it

can integrate additional functions if required. On this basis, the demonstrator

manifested that the system's requirements for being adaptable to other cases are

satis�ed. The cost of the concept demonstrator is calculated to be R474.92, con-

�rming that it is indeed a cost-e�ective solution. The parts list and cost calculation

are included in Appendix B.1. The concept demonstrator managed a satisfactory

level of security by facilitating a closed network connection and protecting stored

data with passwords, thus meeting the security requirements.

All the requirements are met except for one essential and two optional require-

ments that are included as part of recommendations for further research. From

observing Table 7.3, it is established that 21 out of the 24 requirements are ful�lled.

This outcome is adequate to verify that the concept demonstrator accomplished

the objective of validating the smart maintenance system for inner city bus services

developed in Chapter 5. It can be stated that the developed smart maintenance

system is a valid solution to support inner city public bus services to improve their

maintenance practices.
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Table 7.3: Smart maintenance system requirements ful�lment

Requirements Ful�lment

1 Data collection
Identify key parameters Yes
Sensor data collection Yes
Vehicle ECU Access (Optional)

2 Data processing
Wireless data transfer Yes
Data transfer in pre-
ferred intervals

Yes

3 Data analysis
Detect and identify
faults

Yes

Remaining useful life
estimation

Future

Cloud computing Yes

4 Data visualisation
GUI Yes
Indicate anomaly Yes
Display system param-
eters

Yes

Accessibility of historic
values

Yes

5 Decision support
Identify buses from the
�eet

Yes

De�ne when and where
to perform mainte-
nance

Yes

Classify what mainte-
nance tasks to perform

Yes

Assign resources and
spare parts

Yes

Daily health status up-
dates

Yes

Use service records to
narrow down problem

(Optional)

6 Cost-e�ective
Integrate into existing
infrastructure

Yes

Minimal training re-
quired

Yes

7 Adaptable
Support di�erent or-
ganisational structures

Yes

Able to integrate addi-
tional functions

Yes

8 Security
Secure network connec-
tion

Yes

Store data safely Yes
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7.3 System Re�nement

Re�nement of the system is discussed in the context of the concept demonstra-

tor's case. The tested system focused on the main problem identi�ed for a certain

organisation to conduct a case study for the purpose of validating the system.

Re�nement of this system should be focused on capability expansion, allowing the

system to address more key parameters identi�ed for causing downtime of inner

city buses. So far, the system commissioned diagnostic software to detect when a

bus battery is discharged. Including prognostic software will increase the range of

components the system can monitor. Prognostics will enable the system to predict

the health status of parts as well as the estimated remaining useful life.

Additional re�nement of the system implemented in the case study can be to

include a temperature sensor in the device con�guration to monitor the battery

temperature. Monitoring the ambient temperature of a battery is relevant as a rise

in temperature will accelerate the battery's discharge rate and cause it to drain

at a faster pace (Tan and Tiew, 2014). As a result, the ambient temperature of

the battery will indicate when necessary action must be taken to bring the tem-

perature down whenever it surpasses a predetermined undesirable level. A current

sensor can be added to the system in conjunction with the temperature sensor.

To extend battery life, it is necessary to monitor and limit the discharge current

from the battery (Tan and Tiew, 2014). As the mean discharge current from the

battery increases, the battery's e�ciency decreases (Pedram and Wu, 1999).

Data gathered by the system can be used to �nd correlations between the sensor

readings and the degradations of other key components for PHM purposes. In the

concept demonstrator's case, the system would be able to use the battery's voltage

measurements to determine the condition of the alternator. When an alternator

malfunction develops, the voltage and current output of the alternator decrease,

which causes the battery to commence discharging (Puzakov, 2020). Furthermore,

if the voltage detection frequency is signi�cantly increased, it could be possible

to determine the starter motor's condition by analysing the time it takes for the

motor to turn over. A function focusing on �nding and using data correlations can
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be researched and included in the smart maintenance system's architecture and

requirements as it is further re�ned. Both the alternator and starter motor are

underlying causes of downtime at the case study organisation and it will be bene-

�cial to use data correlations to monitor these components for their case. Another

feature that should be integrated is GPS tracking. This will ensure that the bus

can be located quickly and also enable the improved evaluation of the driver KPIs

by inspecting driver behaviour patterns online.

The software and hardware used in the case study set-up are for demonstration

and validation purposes. For commercial applications, more robust equipment will

have to be considered. During daily operation, the equipment on a bus is exposed

to high temperatures, high humidity, large amounts of dust, and extreme forces,

that can easily destroy electronics. It is recommended that the case study or-

ganisation source electronic components that have already proven their long-term

reliability in a bus operating environment when constructing an on-board monitor-

ing system for commercial use. This will guarantee that the system can function

reliably over long operational periods without rigorous testing. The device tested

in the case study operated successfully, as it is con�gured, and the suggestions for

re�ning it are to encourage continuous improvement.

7.4 Chapter Summary

This chapter includes a case study that is used to validate the smart maintenance

system. The concept demonstrator is tested by carrying out the planned experi-

ment. The system is evaluated by considering the outcome of the case study and

the results are discussed. To conclude this chapter, suggestions are provided for

improving the system.
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Conclusion and Recommendations

The chapter provides an overview of the research undertaken in this thesis. First,

a summary of each chapter is provided by discussing the research approach and

content of each. Thereafter, it is discussed how the research questions were ap-

proached and answered. The limitations and recommendations for further research

conclude the chapter.

8.1 Research Summary

This thesis consists of eight chapters and in the following sections, an overview of

each chapter is presented to give a summary of this research study.

111
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Chapter 1 introduces this research study and starts with background infor-

mation on the research topic. The research problem statement and questions are

de�ned. The research objectives are derived from the research questions. An

overview of the research methodology and design is provided. Important ethical

considerations are discussed. The limitations and delimitations of this research

are stated, followed by the contributions. The chapter �nishes with the outline of

this thesis.

Chapter 2 reviews the literature that is relevant to this thesis. Maintenance

and the di�erent existing maintenance strategies are de�ned and looked into, with

a detailed discussion regarding smart maintenance. Industry 4.0 technologies that

support smart maintenance are identi�ed and comprehended. An understanding

is gained of PHM approaches in maintenance. Studies related to this research are

summarised and discussed.

In Chapter 3, the research design and methodology are set out in detail. An

outline of the research approach is given, as well as a summary of the study. The

chapter concludes with the research techniques utilised in the thesis.

Chapter 4 conducts an empirical investigation to collect supplementary data

for this study. Structured interviews are conducted with four interviewees hold-

ing maintenance management-type positions at di�erent inner city bus services in

Germany and South Africa. Information gathered from the interviews is analysed

and presented, followed by a discussion of the interview feedback.

In Chapter 5, the requirements for the smart maintenance system are laid out

and de�ned. Subsequently, the system functions are discussed and con�gured to

establish a complete system. Suitable hardware and software are selected for the

development of a concept demonstrator of the smart maintenance system,.

Chapter 6 presents the hardware and software set-up of the concept demon-

strator, representing the smart maintenance system. Finally, the experiment is
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designed to evaluate the concept demonstrator's functionality, in order to deter-

mine the feasibility of the smart maintenance system.

In Chapter 7, validation of the smart maintenance system is performed by

conducting a case study. Performing the designed experiment is done to test the

concept demonstrator. The results are discussed, and the system is assessed based

on the �ndings from the case study. To complete the chapter, suggestions are

made for re�ning the system.

Chapter 8 gives an overview of the research conducted. Key �ndings from the

research are summarised and conclusions are drawn. The chapter ends by stating

the limitations and recommendations for further research.

8.2 Research Contributions and Conclusions

The research contributions and conclusions drawn from the research conducted

are organised in accordance with the research questions de�ned in Chapter 1. The

SRQs answers are provided �rst, followed by the PRQ answer.

SRQ 1: What Industry 4.0 and smart maintenance systems are available to

improve maintenance of inner city buses?

Conducting a comprehensive literature review identi�ed the relevant Industry

4.0 technologies that support smart maintenance. The technologies are Big Data

and analytics, the Internet of Things, cloud computing, cyber-physical systems,

and arti�cial intelligence. These technologies propel the digitalisation of mainte-

nance strategies and practices. The requirements and outline are established for

a smart maintenance system from theory in the relevant literature. Lucke et al.

(2017, p. 83) constructed the architecture of a future maintenance planning system

from the de�ned requirements for a smart maintenance system. This architecture

forms the foundation for the smart maintenance system developed in this research
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study for inner city public bus services.

The literature review investigated existing smart maintenance approaches for

transportation systems. Four related research studies are summarised and dis-

cussed in the literature review to gain insight into what has been done in this �eld

in the industry up to now. The related studies made it evident that as yet no

comprehensive smart maintenance system exists for inner city public bus services.

From the related studies, two architectures were identi�ed that are approaching

something such as a smart maintenance system. The architectures are: Predictive

maintenance �eet management system architecture from Killeen et al. (2019, p.

609) and architecture of the data acquisition on-board system from Massaro et

al. (2020, p. 182). These architectures contain some of the characteristics of a

smart maintenance system, but they cannot explicitly be identi�ed as one. Some

attributes from these architectures are used in the system design.

SRQ 2: What are the operational parameters and systems of inner city buses

which a�ect reliability?

An empirical investigation researched the factors in�uencing the reliability

degradation of inner city buses, identifying what components are responsible for

the most downtime, and considered how the unit life of the identi�ed components

can be improved. The investigation was conducted through the use of structured

interviews held with two inner city public bus organisations situated in Germany

and two in South Africa. It was found that the operating context of an organisation

is one of the most in�uential factors in the maintenance strategy and implemen-

tation method of a speci�c organisation. Each organisation proved to have their

own key factors causing downtime of their inner city buses, resulting from the

di�erence in operating context. Designing a completely generic system was found

to not be feasible and to overcome this, an initial problem identi�cation step is

included in the designed smart maintenance system to allow the rest of the system

to be generalised.

SRQ 3: How can the functionality of the developed smart maintenance system
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for inner city bus services be validated?

Validation of the developed smart maintenance system is performed by con-

ducting a case study with an industry partner. To conduct the case study, a

concept demonstrator was designed that addresses the key component resulting in

the most downtime of inner city buses at a speci�c organisation. Con�guration of

the concept demonstrator system is based on the smart maintenance system re-

quirements and architecture de�ned in the research. By successfully commissioning

and testing the demonstrator system, the case study organisation is equipped with

a system that improves their maintenance strategy regarding their key parameter

causing downtime.

Using the case study results, the smart maintenance system is validated by

determining the degree to which the de�ned requirements are ful�lled. The smart

maintenance system requirements are ful�lled to a satisfactory level to show that

the developed system is a valid solution to improve the maintenance strategy and

practices of inner city public bus services.

PRQ: How can a smart maintenance system be developed for inner city public

bus services through related Industry 4.0 technologies?

The proposed answer to the PRQ incorporates the results of the SRQs. A smart

maintenance system for inner city public bus services is developed, aligned with

the scope of the thesis. Designing the system is accomplished by combining the

relevant literature and feedback on what is required in the industry. More speci�-

cally, the complete system results from re�ecting on the detailed literature review

and thorough empirical investigation, whilst promoting digitalisation through util-

ising the latest Industry 4.0 technologies that support smart maintenance. It is

determined that Industry 4.0 technologies are implemented at a very low maturity

level at inner city public bus services. Employing the Industry 4.0 technologies

supporting smart maintenance, can improve the e�ectiveness and e�ciency of the

maintenance practices at these organisations.
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The requirements for the smart maintenance system are de�ned and the archi-

tecture of its functionalities is laid out. All the requirements strive to minimise

the downtime of inner city buses. Data is the primary subject in the �rst parts

of the requirements that consist of data collection, data processing, data anal-

ysis, and data visualisation. These are followed by requirements for supporting

decision-making. Being cost-e�ective is another part of the requirements as well

as adaptability. Ensuring security is the �nal part of the requirements, that stip-

ulates network connections must be secure and data must be stored safely.

The smart maintenance system architecture shows how the system functions are

positioned and where the di�erent layers interact. Three layers make up the archi-

tecture, with the �rst layer consisting of condition monitoring features, the middle

layer contains IoT characteristics, and the application layer consists of functions

aligned to support data-driven decision-making with regard to smart maintenance

planning. Validating the functionality of the developed smart maintenance sys-

tem is performed as a case study in the industry. Maintenance managers at inner

city public bus services can use the smart maintenance system to improve their

maintenance strategy and practices by implementing the system that adheres to

the de�ned requirements and architecture.

8.3 Limitations

It is important to discuss the limitations of this research. The study concentrated

on how inner city public bus services can more e�ectively maintain their bus �eets

through the deployment of a smart maintenance system to improve their main-

tenance practices and processes. Industry 4.0 technologies that relate to smart

maintenance are identi�ed and used to con�gure the system.

In the course of the research, four interviews were conducted on an online ba-

sis, with interviewees representing their respective organisations. The interviewees'

expertise levels varied to some degree and, in the �nal interview, the interviewees

could not answer some of the set questions. During the validation phase, the sys-
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tem was only partially implemented at an inner city public bus service to test the

e�ectiveness and generalisation of the system. Due to ongoing operations and the

challenge of implementing a new approach to maintenance on their entire �eet, the

system was only partially deployed at the industry partner. In order to address the

limitations, recommendations for future research are made in the following section.

8.4 Further Research Recommendations

To expand on the contributions made during this research, the following recom-

mendations for future research are presented:

1. An in-depth literature review identi�ed the Industry 4.0 technologies that

support smart maintenance. For further research, technologies that can be

associated with Industry 5.0 should be researched and considered, ensuring

the future applicability of the developed system. Systems are continuously

developing (Fogel and Lyra, 1997), because they are constantly evolving and

transforming (Kelso, 1995).

2. An existing opportunity is to collect more data by conducting a broader em-

pirical investigation. Two organisations were interviewed in Germany and

two in South Africa. It was found that the organisations have a substantial

di�erence in operating context between them that results in them identifying

diverse causes of downtime of the buses. Interviews can be conducted with

more organisations in each country as well as from other countries to increase

the geographical diversity. Performing more interviews will provide a better

understanding of how and why these organisations have di�erent mainte-

nance problems and strategies. Consequently, more data will be available

for interpreting results and drawing conclusions of how the smart mainte-

nance system can assist inner city public bus services.

3. One essential and two optional requirements of the smart maintenance sys-

tem were not ful�lled by the outcome of the case study. The two optional
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requirements state that vehicle ECU access should be established and ser-

vice records should be utilised to narrow down maintenance issues detected.

The essential requirement concerns remaining useful life estimations. The

concept demonstrator system illustrated all except one of the principal func-

tions of the system. It did not need the mentioned requirements due to the

nature of the key component it addressed. More sophisticated diagnostic

and prognostic capabilities, including remaining useful life estimations and

higher-level decision support functionalities, can be added to the demonstra-

tor system as it continues to be developed in the future. For further research,

it is recommended to design a concept demonstrator that monitors key com-

ponents resulting in downtime that will require the previously mentioned

requirements to be employed.

4. A recommendation for further validation is to perform case studies on a larger

scale by expanding the test cases to greater or entire �eets. More data can

be collected on the performance of the system over longer terms. Testing the

system on larger scales and over longer periods will showcase if the system

can maintain longevity while operating reliably in real-world scenarios.

In essence, the further research recommendations present additional opportu-

nities to broaden and enhance the research in this �eld.

8.5 Chapter Summary

The research undertaken in this thesis is summarised in this chapter. An overview

of each chapter is provided, which includes a discussion of each chapter's research

approach and content. The method for approaching and answering the research

questions is outlined. The chapter concludes with a discussion of the limitations

of the study, and suggestions for future research.
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A.1 Research Ethics Committee Approval

NOTICE OF APPROVAL 

REC: Social, Behavioural and Education Research (SBER) - Initial Application Form  

24 November 2021 

Project number: 23764 

Project Title: Smart Maintenance System for Inner City Public Bus Services 

Dear Mr PH De Villiers 

Your REC: Social, Behavioural and Education Research (SBER) - Initial Application Form submitted on 06/10/2021 08:58 was
reviewed and approved by the REC: Social, Behavioural and Education Research (REC: SBE). 

Please note below expiration date of this approved submission: 

Ethics approval period: 

Protocol approval date (Humanities) Protocol expiration date (Humanities)

24 November 2021 23 November 2024

    

GENERAL REC COMMENTS PERTAINING TO THIS PROJECT: 

INVESTIGATOR RESPONSIBILITIES

Please take note of the General Investigator Responsibilities attached to this letter. You may commence with your research after
complying fully with these guidelines.

If the researcher deviates in any way from the proposal approved by the REC: SBE, the researcher must notify the REC of
these changes. 

Please use your SU project number (23764) on any documents or correspondence with the REC concerning your project.

Please note that the REC has the prerogative and authority to ask further questions, seek additional information, require further
modifications, or monitor the conduct of your research and the consent process.

CONTINUATION OF PROJECTS AFTER REC APPROVAL PERIOD

You are required to submit a progress report to the REC: SBE before the approval period has expired if a continuation of ethics
approval is required. The Committee will then consider the continuation of the project for a further year (if necessary). 

Once you have completed your research, you are required to submit a final report to the REC: SBE for review. 

Included Documents:

Document Type File Name Date Version

Data collection tool Interview Questions 20749023 20/09/2021 1

Request for permission Application-Letter-for-Institutional-Permission 05/10/2021 1

Informed Consent Form Consent Form 05/10/2021 2

Default Covid-19 Protocol 05/10/2021 2

Research Protocol/Proposal Research Proposal Ethics 06/10/2021 3

 

If you have any questions or need further help, please contact the REC office at cgraham@sun.ac.za. 

Sincerely,
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Clarissa Graham

REC Coordinator: Research Ethics Committee: Social, Behavioral and Education Research

National Health Research Ethics Committee (NHREC) registration number: REC-050411-032.
The Research Ethics Committee: Social, Behavioural and Education Research complies with the SA National Health Act No.61 2003 as it pertains to health research. In

addition, this committee abides by the ethical norms and principles for research established by the Declaration of Helsinki (2013)  and the Department of Health
Guidelines for Ethical Research: Principles Structures and Processes (2nd Ed.) 2015. Annually a number of projects may be selected randomly for an external audit.
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Principal Investigator Responsibilities

Protection of Human Research Participants

 

As soon as Research Ethics Committee approval is confirmed by the REC, the principal investigator (PI) is responsible for the
following:   

Conducting the Research: The PI is responsible for making sure that the research is conducted according to the REC-approved
research protocol. The PI is jointly responsible for the conduct of co-investigators and any research staff involved with this research.
The PI must ensure that the research is conducted according to the recognised standards of their research field/discipline and
according to the principles and standards of ethical research and responsible research conduct.

Participant Enrolment: The PI may not recruit or enrol participants unless the protocol for recruitment is approved by the REC.
Recruitment and data collection activities must cease after the expiration date of REC approval. All recruitment materials must be
approved by the REC prior to their use. 

Informed Consent: The PI is responsible for obtaining and documenting affirmative informed consent using only the REC-approved
consent documents/process, and for ensuring that no participants are involved in research prior to obtaining their affirmative informed
consent. The PI must give all participants copies of the signed informed consent documents, where required. The PI must keep the
originals in a secured, REC-approved location for at least five (5) years after the research is complete.

Continuing Review: The REC must review and approve all REC-approved research proposals at intervals appropriate to the degree
of risk but not less than once per year. There is no grace period. Prior to the date on which the REC approval of the research
expires, it is the PI’s responsibility to submit the progress report in a timely fashion to ensure a lapse in REC approval does
not occur. Once REC approval of your research lapses, all research activities must cease, and contact must be made with the REC
immediately.

Amendments and Changes: Any planned changes to any aspect of the research (such as research design, procedures, participant
population, informed consent document, instruments, surveys or recruiting material, etc.), must be submitted to the REC for review and
approval before implementation.  Amendments may not be initiated without first obtaining written REC approval. The only exception is
when it is necessary to eliminate apparent immediate hazards to participants and the REC should be immediately informed of this
necessity.

Adverse or Unanticipated Events: Any serious adverse events, participant complaints, and all unanticipated problems that involve
risks to participants or others, as well as any research-related injuries, occurring at this institution or at other performance sites must be
reported to the REC within five (5) days of discovery of the incident. The PI must also report any instances of serious or continuing
problems, or non-compliance with the RECs requirements for protecting human research participants.

Research Record Keeping: The PI must keep the following research-related records, at a minimum, in a secure location for a
minimum of five years: the REC approved research proposal and all amendments; all informed consent documents; recruiting materials;
continuing review reports; adverse or unanticipated events; and all correspondence and approvals from the REC.

Provision of Counselling or emergency support: When a dedicated counsellor or a psychologist provides support to a participant
without prior REC review and approval, to the extent permitted by law, such activities will not be recognised as research nor the data
used in support of research. Such cases should be indicated in the progress report or final report.

Final reports: When the research is completed (no further participant enrolment, interactions or interventions), the PI must submit a
Final Report to the REC to close the study.

On-Site Evaluations, Inspections, or Audits: If the researcher is notified that the research will be reviewed or audited by the sponsor
or any other external agency or any internal group, the PI must inform the REC immediately of the impending audit/evaluation.
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A.2 Consent Form

 

 

 
 
 

STELLENBOSCH UNIVERSITY 
CONSENT TO PARTICIPATE IN RESEARCH 

 

TITLE OF RESEARCH 

PROJECT: 
Smart Maintenance System for Inner City Public Bus Services 

REFERENCE NUMBER: 23764 

PRINCIPAL INVESTIGATOR: Paul-Roux de Villiers 

ADDRESS: 5 Olyven Street, Paarl, 7646 

CONTACT NUMBER: 079 038 6487 

E-MAIL: 20749023@sun.ac.za 

___________________________________________________________________ 
 

Dear Participants,  
 

Kindly note that I am a Meng student at the Department of Industrial Engineering at Stellenbosch 
University, and I would like to invite you to participate in a research project entitled “Smart 

Maintenance System for Inner City Public Bus Services “. 

 
Please take some time to read the information presented here, which will explain the details of 

this project. Do not hesitate to contact me if you require further explanation or clarification of 
any aspect of the study. This study has been approved by the Research Ethics Committee (REC) 

at Stellenbosch University and will be conducted according to accepted and applicable national 

and international ethical guidelines and principles. 
 

 
1. PURPOSE OF THE STUDY 

 

The study investigates the use of Industry 4.0 technologies to digitalise the maintenance of inner 
city busses. Smart maintenance and Industry 4.0 technologies can be used to optimise 

maintenance in this sector to make the transport more reliable and save unnecessary 
expenditures. The purpose of the study is to develop a smart maintenance system for inner city 

public bus services. 
 

2. WHAT WILL BE ASKED OF ME?  

 
If you agree to take part in this study, you will be asked to take part in a structured online 

interview. Online interviews will be kept to a duration of one hour and will be done via a video 
call. 

 

3. POSSIBLE RISKS AND DISCOMFORTS 
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There are no risks involved for any of the prospective participants. 
 

4. POSSIBLE BENEFITS TO PARTICIPANTS AND/OR TO THE SOCIETY 
 

Benefits with regard to participation is the contribution that they will be able to help improve the 

maintenance of inner city public bus services and ultimately improve their reliability by 
participating in the online interviews and sharing valuable experience. 

 
5. PAYMENT FOR PARTICIPATION 

 
No compensation will be provided for participant in this study. 

 
6. PROTECTION OF YOUR INFORMATION, CONFIDENTIALITY AND IDENTITY 

 

Any information shared during this study that could possibly identify the interviewee as a 
participant will be protected. The information gathered during the online interview will only be 

used for research purposes, specifically related to the investigator’s thesis. 

 
The identity of prospective participants will not be disclosed or published. The only form of 

personal data required is the participant's job title and area of expertise. In order to protect the 
prospective participant’s privacy, their names and the name of their employer or the company 

they work for will not be disclosed. 
 

The names of prospective participants will be replaced by ID codes in the research report. The 

research report will contain no direct quotes or links to any personal identifiers. The responses 
obtained during the online interview will be assigned a unique reference number, which will be 

used to identify data in the thesis itself. 
 

 Any form of correspondence between prospective participants and investigators will be kept 

confidential, and only the principal investigator and the research supervisor will have access to 
this information. 

 
7. PARTICIPATION AND WITHDRAWAL 

 

You can choose whether to be in this study or not. If you agree to take part in this study, you 
may withdraw at any time without any consequence. You may also refuse to answer any 

questions you don’t want to answer and still remain in the study. The researcher may withdraw 
you from this study if you provide insufficient information. 

 
If a participant decides to withdraw during an online interview, all responses they have given will 

be erased. In addition, if a participant wishes to withdraw after the online interview has been 

finished, none of their feedback will be used in the research and any records connected to their 
responses will be destroyed. 

 
8. RECORDINGS AND DATA STORAGE 

 

During online interviews, voice recordings will be used to allow the researcher to replay what was 
said to ensure that the information acquired is accurate. Apart from the lead investigator and the 

research supervisor, the recordings will not be shared with anyone else. 
 

Only the principle investigator and the research supervisor will have access to the material 
acquired during the online interviews, which will be saved on the main researcher's computer. A 

personal password is required to gain access to the computer. 
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9. RESEARCHERS’ CONTACT INFORMATION 

 
If you have any questions or concerns about this study, please feel free to contact: 

 

Paul-Roux de Villiers (Principal Investigator) 
20749023@sun.ac.za 

079 038 6487 
 

Wyhan Jooste (Supervisor) 
wyhan@sun.ac.za 

 

10.   RIGHTS OF RESEARCH PARTICIPANTS 
 

You may withdraw your consent at any time and discontinue participation without penalty.  You 
are not waiving any legal claims, rights or remedies because of your participation in this research 

study. If you have questions regarding your rights as a research participant, contact Ms Maléne 

Fouché [mfouche@sun.ac.za; 021 808 4622] at the Division for Research Development. 
 

 

DECLARATION OF CONSENT BY THE PARTICIPANT 

 

As the participant I confirm that: 

• I have read the above information and it is written in a language that I am comfortable 

with. 

• I have had a chance to ask questions and all my questions have been answered. 

• I understand that taking part in this study is voluntary and I have not been pressurised 

to take part. 

• I may choose to leave the study at any time and will not be penalised or prejudiced in 
any way. 

• If the principal investigator feels that it is in my best interest, or if I do not follow the 

study plan as agreed to, then I may be asked to leave the study before it has finished. 

• All issues related to privacy, and the confidentiality and use of the information I provide, 
have been explained. 

 

 

By signing below, I ______________________________ agree to take part in this research 

study, as conducted by Paul-Roux de Villiers. 

 

_______________________________________ _____________________ 

Signature of Participant Date 

 

DECLARATION BY THE PRINCIPAL INVESTIGATOR 

 
As the principal investigator, I hereby declare that the information contained in this document 

has been thoroughly explained to the participant. I also declare that the participant has been 
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encouraged (and has been given ample time) to ask any questions. In addition I would like to 
select the following option:  

 

 

 

The conversation with the participant was conducted in a language in which the 
participant is fluent. 
 

 

 

The conversation with the participant was conducted with the assistance of a translator 
(who has signed a non-disclosure agreement), and this “Consent Form” is available to the 

participant in a language in which the participant is fluent. 
 

 

 
 

________________________________________ _____________________  
   

Signature of Principal Investigator   Date 
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A.3 Institutional Permission

A.3.1 Institutional Permission Application

 
 

APPLICATION LETTER FOR INSTITUTIONAL PERMISSION 

________________________________________________________________________________________ 

INSTITUTION NAME & ADDRESS:   

INSTITUTION CONTACT PERSON:   

INSTITUTION CONTACT NUMBER:  

INSTITUTION EMAIL ADDRESS:   

________________________________________________________________________________________ 

TITLE OF RESEARCH PROJECT:  Smart Maintenance System for Inner City Public Bus Services 

ETHICS APPLICATION REFERENCE NUMBER:  23764  

RESEARCHER:  Paul-Roux de Villiers 

DEPT NAME & ADDRESS:  Industrial Engineering, Stellenbosch University, Engineering Building, Industrial 

Department, Joubert Rd, Stellenbosch  

CONTACT NUMBER:  079 038 6487  

EMAIL ADDRESS:  20749023@sun.ac.za 

________________________________________________________________________________________ 

 

 

Dear … 

 

Kindly note that I am a Meng student at the Department of Industrial engineering at Stellenbosch University, 

and I would appreciate your assistance with one facet of my research project. 

 

Please take some time to read the information presented in the following four points, which will explain the 

purpose of this letter as well as the purpose of my research project, and then feel free to contact me if you 

require any additional information. This research study has been approved by the Research Ethics Committee 

(REC) at Stellenbosch University and will be conducted according to accepted and applicable national and 

international ethical guidelines and principles. 

 

1. A short introduction to the project: 

 

There are smart maintenance and Industry 4.0 technologies available that can be utilised to ensure 

and improve the reliability of busses at inner city public bus services. Smart maintenance and Industry 

4.0 technologies can be used to optimise and digitalise maintenance in this sector to make the transport 

more reliable and save unnecessary expenditures. 

 

2. The purpose of the project: 

 

The study investigates the use of Industry 4.0 technologies to digitalise the maintenance of inner city 

busses. The purpose of the study is to develop a smart maintenance system for inner city public bus 

services. 
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3. Your assistance would be appreciated in the following regard: 

 

Institutional permission is requested to be able to conduct a structured online interview with an 

employee in a maintenance manager role or similar position at the organisation. Online interviews will 

be kept to a duration of one hour and will be done via a video call.  

 

4. Confidentiality: 

 

Any information shared during this study that could possibly identify the interviewee as a participant 

will be protected. The information gathered during the online interview will only be used for research 

purposes, specifically related to the investigator’s thesis. The identity of prospective participants will 

not be disclosed or published. The only form of personal data required is the participant's job title and 

area of expertise. In order to protect the prospective participant’s privacy, their names and the name 

of their employer or the company they work for will not be disclosed. The names of prospective 

participants will be replaced by ID codes in the research report. The research report will contain no 

direct quotes or links to any personal identifiers. The responses obtained during the online interview 

will be assigned a unique reference number, which will be used to identify data in the thesis itself.  Any 

form of correspondence between prospective participants and investigators will be kept confidential, 

and only the principal investigator and the research supervisor will have access to this information. 

If you have any further questions or concerns about the research, please feel free to contact me via email 

(20749023@sun.ac.za) or telephonically (079 038 6487).  Alternatively, feel free to contact my supervisor, 

Wyhan Jooste, via email (wyhan@sun.ac.za) or telephonically (021 808 4234).  

 

Thank you in advance for your assistance in this regard. 

 

Kind regards,  

Paul-Roux de Villiers 

Principal Investigator 

Stellenbosch University https://scholar.sun.ac.za



APPENDIX A. INTERVIEWS 149

A.3.2 Institutional Permission Letter

 

 

 

 

 

 

 

INSTITUTIONAL PERMISSION LETTER 

________________________________________________________________________________________ 

INSTITUTION NAME & ADDRESS:   

INSTITUTION CONTACT PERSON:   

INSTITUTION CONTACT NUMBER:  

INSTITUTION EMAIL ADDRESS:   

________________________________________________________________________________________ 

TITLE OF RESEARCH PROJECT:  Smart Maintenance System for Inner City Public Bus Services 

ETHICS APPLICATION REFERENCE NUMBER:  23764  

RESEARCHER:  Paul-Roux de Villiers 

DEPT NAME & ADDRESS:  Industrial Engineering, Stellenbosch University, Engineering Building, Industrial 

Department, Joubert Rd, Stellenbosch  

CONTACT NUMBER:  +27 79 038 6487  

EMAIL ADDRESS:  20749023@sun.ac.za 

________________________________________________________________________________________ 

 

Dear Paul-Roux de Villiers 

We have reviewed your request to conduct a research project involving data related to an online structured 

interview regarding the maintenance of inner city public busses. You have permission to utilize the data for 

this project as define in your “Project Proposal”. 

Sincerely, 

Name:  

Who warrants that he/she is duly authorised to sign on behalf of … 

Position:  

Date:   

Signature:  

 

 

 

________________________________________________________________________________________ 
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A.4 Interview Schedule

Interview Schedule 

PART 1 

Question 1 

Describe your experience and involvement as a maintenance practitioner at an inner 
city bus services. 

a) What is your role/position? 

b) In what area is your expertise/knowledge? (In terms of the maintenance 

process) 

c) Do you currently follow a specific maintenance strategy? 

➢ No strategy 

➢ Reactive Maintenance 

➢ Preventive maintenance 

➢ Condition-based maintenance (CBM) 

➢ Predictive maintenance 
➢ Smart maintenance 

When a reactive maintenance strategy is implemented, equipment is allowed to 

run to failure before it is repaired or replaced (Swanson, 2001). 

Preventive maintenance is "maintenance carried out intended to assess and/or 

mitigate degradation and reduce the probability of failure of an item" 

(DINEN13306, 2018). This type of maintenance depends on the estimated 

likelihood that the equipment has a specified interval within which it will fail 
(Swanson, 2001). 

CBM is "preventive maintenance which includes assessment of physical conditions, 

analysis and the possible ensuing maintenance actions" (DINEN13306, 2018). CBM 

can also be viewed as a type of preventive maintenance that is more effectively 

scheduled and ideally performed just before failure (Jonge, 2017). 

Predictive maintenance is "condition-based maintenance carried out following a 

forecast derived from repeated analysis or known characteristics and evaluation of 

the significant parameters of the degradation of the item" (DINEN13306, 2018). 

Smart maintenance is "learning-orientated, self-regulated, intelligent 

maintenance with the objective of maximising the technical and economic 

effectiveness of maintenance measures taking into account the respective existing 

production system by using digital applications" as defined by Henke et al. (2019, p. 
11). 

d) How do you document your maintenance information/process? 

➢ No documentation 

➢ By hand 

➢ CMMS (Computerised Maintenance Management System) 

➢ Other (Specify) 

e) What type of data is utilised to initiate maintenance practices? 
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➢ No data  

➢ Service history data 

➢ Real-time data 

f) Generally, where do you see the most potential for the optimisation of 
maintenance in your industry? 

PART 2 

Question 2  

Which of the principal requirements of the following Industry 4.0 technologies do you 
implement in your maintenance practices? 

Technology Principal Requirement Yes/No Maturity 
Big data & analytics Capability to collect and store data   

Digital data management system  
Data analytics to generate insight  

Internet of Things Network to collect, store, and use 
data 

  

Discover knowledge from stored 
data 

 

Interface to provide user access  
Cloud computing Internet access   

Cloud IT capability  
Virtual centralisation of data  

Cyber-physical 
system 

Sensors to acquire data from 
machines 

  

Connected machine network  
Remotely control equipment 
function 

 

Artificial intelligence Self-learning system capability   
Intelligent decision-making 
machines 

 

Utilise algorithms for decision-
making 

 

 

(The maturity of each technology can be determined with the number of principal 

requirements met for each technology) 

✓ None: Has not been implemented. (0 - Yes) 

✓ Initiated: Concept has been initiated or partly operational. (1 to 2 – Yes) 
✓ Mature: Installed and fully operational. (3 - Yes) 

 

Big Data can be defined as large volume, high-speed information consisting of 
structured and unstructured data (Roy, 2016). 

IoT can be defined as "an intelligent pervasive environment, based on a continuing 

proliferation of intelligent networks, wireless sensors and massive data centres" (Ayab, 
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2018). The basic vision of IoT is that nearly everything thing in the physical world can 

become a computer that is connected to the internet (Ayab, 2018). 

The Cloud allows information and computing resources to be accessed from anywhere 

and also provides virtual centralisation of data and computing applications 

(Mehdipour, 2019). 

CPS involves interconnecting physical objects using local or global data networks (Roy, 

2016). Connecting assets in the industrial environment to the internet using smart 

sensors creates a CPS of interlinked machines (Moens, 2020). 

The goal of AI is to use machines to perceive human-like intelligence to allow for 

recognition, cognition, classification, and decision-making (Zhang, 2020). 

PART 3 

Question 3 

What are the main factors influencing the degradation of the reliability of an inner city 
bus? Rank answer from most relevant. 

➢ Driving style 

➢ Unknow health status 

➢ Unreliable replacement components 

➢ Maintenance implementation method 
➢ External operating conditions (For example traffic or road conditions) 

Question 4  

What are the key mechanical components that are responsible for the most down time 
of inner city busses? Rank key components. (Maximum five) 

Question 5 

How can the unit life of key components be improved? 

➢ Industry 4.0 technologies 

➢ Different maintenance strategy 

➢ Improved driving style 
➢ Other (Specify) 

Question 6  

What kind of historical service data is available on the identified key components? 

➢ No data 

➢ Partial historical data 

➢ Detailed historical data 
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PART 4 

Question 7 

Are diagnostic and/or prognostic information utilised in the maintenance of the busses 

(In terms of a Prognostic and Health Management maintenance approach): 

Diagnostic information: 

➢ Yes 

➢ No 

Prognostic information: 

➢ Yes 

➢ No 

Diagnostics focuses on the detection and identification of faults (Ayab, 2018). 

According to Killeen (2020, p. 18), prognostics is the process of predicting the health 

status of equipment that is being monitored. 

Question 8 

How often would you prefer health status updates and detection? 

➢ Real-time 
➢ Hourly 
➢ Daily 
➢ Weekly 
➢ Not interested 

Question 9 

How can smart maintenance support or improve your maintenance? Rank your answer 
from most desirable. 

➢ Real-time condition monitoring 

➢ Remaining useful life estimation 

➢ Decision support 

Question 10 

What are the important aspects to consider when implementing smart maintenance? 
Rank answer from most important. 

➢ Level of employee skills 

➢ Availability of funds 

➢ Data security 

➢ Maturity of technologies 

➢ Degree of digitalisation 
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Question 11 

Rate the importance of the following requirements of a future, smart, maintenance 

planning system: (One being less important and five being important) 

 

 

 

 

 

 

 

 

 

Requirement Score (1-5) 
Support in maintenance strategy selection  
Improvement of the utilisation of machine assemblies and components 
(Wear models and remaining service life assessments) 

 

Accelerated maintenance planning  
Increase in planning quality (Utilisation of accurate data)  
Improvement of usability (Make planning easier)  
Flexibility of IT systems, reduction of the effort required for networking  
Structure functions modularly that will allow for quick adaption to 
application specific scenarios 
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Concept Demonstrator

B.1 Parts List and Cost

Table B.1: Concept demonstrator parts list and cost

Part Price (Rand)
1 NodeMCU ESP8266 89
2 Voltage divider 26
3 Electrical wires 48
4 Mounting box 97.75
5 Two resistors 0.56
6 Microchip board 29
7 Wire connectors 29.75
8 Insulation tape 5.95
9 Micro USB charging cable 22
10 1 A Fuse 1.50
11 Fuse holder 28
12 5 Meter electrical wire 29
13 PVC oval gland 3.40
14 Two PVC saddles 3.06

Total Cost (Rand) Excl. Tax 412.97
Total Cost (Rand) Incl. Tax 474.92

155
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B.2 Arduino IDE Programming

#include <ESP8266WiFi.h>
#include <ESP8266WiFiMulti.h>                   // 
Include the Wi-Fi-Multi library

ESP8266WiFiMulti wifiMulti;                     // 
Instance of the ESP8266WiFiMulti class, called 'wifiMulti'

String apiKey = "9UTJVTCMN4VIRBBU";             // API 
key from ThingSpeak

const char *ssid =  "HP-20749023";              // Wifi 
ssid and wpa2 key
const char *pass =  "Paul-Roux20749023";
const char* server = "api.thingspeak.com";
const int voltageSensor = A0;                   // Define 
analogue input

float vOUT = 0.0;
float v = 0.0;
float R1 = 981.0;            // Measured R1 resistor 
value of voltage divider
float R2 = 99.0;            // Measured R2 resistor value 
of voltage divider
int value = 0;
float calibration = 0.99;  // Voltage calibration factor

WiFiClient client;

void setup() 
{
       Serial.begin(115200);   // Upload speed 
       delay(10);

  wifiMulti.addAP("HP-20749023", "Paul-Roux20749023");   
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// Additional Wi-Fi networks to connect to
  wifiMulti.addAP("AndroidAP3305", "PaulRoux");
  wifiMulti.addAP("DE VILLIERS", "0834629712");
  wifiMulti.addAP("Engineering-Test", "Gl0b@lTeams");

  Serial.println("Connecting ...");
  int i = 0;
  while (wifiMulti.run() != WL_CONNECTED) { // Wait for 
Wi-Fi to connect: Scan for Wi-Fi networks, and connect to 
the strongest of the networks defined above
    delay(1000);
    Serial.print('.');
  }
  Serial.println('\n');
  Serial.print("Connected to ");
  Serial.println(WiFi.SSID());              // Show what 
network is connected to
  Serial.print("IP address:\t");
  Serial.println(WiFi.localIP());           // Send the 
IP address of the NodeMCU ESP8266 to the computer

}

void loop() 
{

      value = analogRead(voltageSensor);           // 
Read analogue voltage reading
      vOUT = (value * 3.20) / 1024.0;             // To 
convert signal
      v = vOUT / (R2/(R1+R2)) - calibration;     // 
Voltage division equation with calibration value 
subtracted 
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        if (v <= 23.8)   // If voltgae is equal to or 
smaller than 23.8 V wait 5 minutes and measure as well as 
compute again.
           {

                  delay(300000);  // Delay in 
milliseconds [5min = 300 000ms] 

                  value = 
analogRead(voltageSensor);           
                  vOUT = (value * 3.20) / 1024.
0;             
                  v = vOUT / (R2/(R1+R2)) - 
calibration;     
           }

              if (isnan(v)) 
                 {
                     Serial.println("Failed to read from 
Voltage sensor!");
                      return;
                 }

                         if (client.connect(server,80))
                      {  

                             String postStr = 
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apiKey;                         
                             postStr +="&field1=";
                             postStr += String(v);
                             postStr += "\r\n\r\n";

                             client.print("POST /update 
HTTP/1.1\n");
                             client.print("Host: 
api.thingspeak.com\n");
                             client.print("Connection: 
close\n");
                             client.
print("X-THINGSPEAKAPIKEY: "+apiKey+"\n");
                             client.print("Content-Type: 
application/x-www-form-urlencoded\n");
                             client.
print("Content-Length: ");
                             client.print(postStr.
length());
                             client.print("\n\n");
                             client.print(postStr);

                             Serial.print(v);
                             Serial.println("Volt");
                        }
          client.stop();
  Serial.println("Waiting..."); 
  ESP.deepSleep(1800e6);              // Sleeps for a 
defined amount of time before executing code again 
(Defined in microseconds)[1800s = 30min]

}
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