
 

Modernisation of Fault Detection for Diagnosis Routines in Elevators 

 

Submitted in fulfilment of the requirements for the degree of 

Master of Engineering 

 

In the Department of Industrial Engineering, 

Faculty of Engineering and the Built Environment  

 

By 

 

 

Olalere, Isaac Opeyemi 

(Student No: 21557828) 

 

April 2018 

 

Supervisor: Prof. B. Nleya…….………........….Date......................... 

 

Co-Supervisor: Mr M. Dewa…….………........….Date...................... 



ii 
 

Declaration 

I, Olalere, Isaac Opeyemi, do hereby declare that this dissertation is the result of my own 

investigation and research, except to the extent indicated in the Acknowledgements and 

References. 

I undertake that all materials presented in this dissertation are my own work and any published 

work of another person has been duly acknowledged and referenced. 

This work is being submitted for the degree of Master of Engineering (Industrial) in the 

Department of Industrial Engineering. It has not been submitted to any other university for any 

other degree or examination. 

 

---------------------------------------------                                           ---------------------------------- 

Olalere, Isaac Opeyemi                                                                 Date 

  



iii 
 

Dedication 

This research work is dedicated to God Almighty for being my constant help and for taking me 

this far in life. 

I also dedicate this research work to my late parents Mr and Mrs Olalere, I admire the legacy you 

left us, and may your souls rest in peace (Amen). 

  



iv 
 

Acknowledgement 

My most sincere gratitude goes first to the Almighty God for helping me through to this point of 

my research and making my progress a great success. 

I would like to express my profound gratitude to my supervisor Prof. B. Nleya and co-supervisor 

Mendon Dewa for their great support, guidance, and encouragement during the course of the 

programme. I am very grateful, and I can’t thank you enough. 

I also want to acknowledge my brother, Dr F.E. Olalere for his support, morally and financially. 

My gratitude also goes to my siblings, Olalere Oluwaseyi, Olalere Kemi, and Olalere Paul for their 

togetherness and encouragement always, and also my guardian, Ms Gladys for her support in all 

ways since my arrival to the republic of South Africa and my uncle, Mr Akintola, for his support. 

  



v 
 

Abstract 

Maintenance of elevators has become critical in ensuring continued operation by preventing 

excessive wear and breakdown. Maintenance greatly affects elevator downtime and uptime, hence 

the need for modernising elevator maintenance to stay abreast of other competitors. This research 

focuses on the modernisation of maintenance in elevator systems to reduce breakdowns through 

scheduled maintenance via remote condition monitoring for fault detection using the Internet of 

Things (IoT) technology. The monthly scheduled maintenance policy for the elevator system, 

however, increased the downtime of the system due to lengthy response time to attend to elevator 

breakdowns. This research therefore adopts remote monitoring of the elevator system’s condition 

for early detection of malfunctioning and faults notification for a just-in-time maintenance 

response.  

The parameters which could indicate a fault, deterioration, or damage of the elevator system were 

identified. The methodology embraced building and configuring an electronic monitoring device 

which comprises of the sensors, LED light, a voltage source, breadboard, jumper wires and an IoT 

microcontroller. The microcontroller is programmed to monitor temperature, 3 axial vibration, and 

acoustics parameters of the elevator system. Data and fault notifications are sent to a registered 

email for remote monitoring access on the cloud. The IoT devices and controller make use of any 

back up system which can be accessed in the cloud as a secondary storage system for the data 

being read by the sensors and notification updates. The back-up system used in this research is 

electronic mail. The read data from the machine was posted, together with the fault notification in 

cases of malfunctioning of the condition, to an email cloud server. 

The results show that remote condition monitoring of the elevator system is a better maintenance 

approach as it reduces the downtime of the elevator system through just-in-time fault notification, 

trend monitoring for fault troubleshooting and also diagnosis of fault from historical events. This 

is indicated by a considerable reduced response time, (81%) as compared to the initial state of the 

system, with a total response time of 45.4 hours for the 6 fault notifications experienced during the 

condition monitoring unlike 240 hours for 4 breakdowns before modernising the maintenance 

approach. Five of the six breakdowns experience were indicated by both vibration and acoustics 

parameters which shows they are complimentary in fault diagnosis. An optimised limit for each 

parameter was also derived using control chart for variables analysis. 
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CHAPTER 1 : INTRODUCTION 

1.1. Introduction 

This chapter discusses the introduction to the research, the problem background, research aim and 

objectives, justification, scope of the project, structure of the report, and conclusion. The chapter 

discusses highlights on the current condition of the elevator system and the significance of the 

research.  

The problem of fault detection in distributed parameter systems (DPSs) is formulated by 

maximising the power of a parametric hypothesis test that checks whether system parameters have 

nominal values. A lot of research has been done in terms of technological advancement towards 

reducing machine failures and faults in industrial systems. However, due to the complexity of these 

industrial systems, eliminating system failure still poses a great challenge in most industries. Faults 

and failures can be explained generally as deviation from normality to abnormality by a system, 

process, or component caused by varying working conditions and parameters. Wang et al. (2014), 

also define a fault as departure from an acceptable range of an observed variables or calculated 

parameters associated with a process.  

Fault Detection and Diagnosis (FDD) is concerned with automating the processes of detecting    

faults on physical systems and diagnosing their causes. FDD is an area of investigation concerned 

with automating the processes of detecting faults (Srinivas and Michael 2005; Severson et al., 

2016; Shu et al., 2016). This involves the timely detection of an abnormal event, diagnosing its 

causal origins and then taking appropriate supervisory control decisions and actions to bring the 

process back to a normal, safe, operating state. This entire activity has come to be called Abnormal 

Event Management (AEM), a key component of supervisory control (Costa, 2016). Modern 

industrial systems cannot exist without fault detection and diagnostics subsystems. (Dmitry et al., 

2009; Xiao et al. 2017). These therefore give rise to an important phenomenon which is the 

maintenance of elevators. If a manufacturing or service industry is to remain sustainable, there is 

a need for human and capital resource investment in the maintenance of its machinery. 
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1.2. Problem Background 

Elevator systems faults often result in increased running costs and cost of production due to process 

or machine downtime as well as industrial accidents in some cases which may also lead to loss of 

several invested capitals. Failure analysis is a cross-disciplinary working area that combines 

diverse fields such as fractography, metallography, chemistry, mechanics, design issues, non-

destructive testing (NDT), and others (Zerbst et al., 2015). Some cases of industrial machine faults 

or process failures may also result in industrial hazard and accidents.  One instance is whereby a 

furnace worker was killed in an explosion when a boiler lid, 20 feet in diameter, flew off inside 

the TIMET titanium manufacturing plant on 900 Hemlock Road in Morgantown (Occupational 

Safety and Health Administration, 2015), is an example of process failure.  

Another such incident happened on November 8, 2012 in Sherbrooke, Quebec, Canada, where two 

people died and 19 were injured after the failure of an industrial processing plant of a health-care 

products company, as reported by CBC news (2012). Presently, most maintenance decisions are 

mainly based on failure events and machine breakdowns. Nevertheless, in many cases and for 

many types of equipment, this event can rarely be seen or can happen after many years of utilisation 

(Mortada and Yacout 2011). This often results in loss of machine time and reduction in 

productivity of the industry due to the repair and restoration which requires special skills. Also, in 

a large process plant with several inter-dependent events whose output of one is the input to 

another, poses a great downtime to the whole process plant, thereby reducing the profit index of 

the company. Elevator systems considered in this research are located at the S block building of 

Durban University of Technology, Durban, South Africa.  

There are four (4) elevator systems installed on the building with one accessible to only the staff, 

and other three (3) for public use. These elevators are installed and maintained by OTIS elevator 

company in 1982. The company play an important role in this research as the research is carried 

out under the supervision of one of the maintenance supervisor. The geared elevator system’s 

average breakdown in a month is four (4) times when maintained immediately after breakdown, 

however, the downtime is usually longer due to the complexity of the system and the repair time. 

The other three (3) elevator systems have an average breakdown of two (2) to three (3) in a month. 

Due to the frequency of usage and the reliability of the gearless elevator system, one of the gearless 

elevator systems on S7 block was selected to be used for this research. The elevators are subjected 
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to a monthly scheduled maintenance, while a reactive maintenance is adopted whenever there is 

breakdown in the system.  

Table 1.1 One Month Downtime Table for the Elevator 

 Response Time 

(hours) 

Repair Time 

(hours) 

1st Breakdown (27/02/18) 24 8 

2nd Breakdown (16/03/18) 72 54 

3rd Breakdown (24/03/18) 48 24 

4th Breakdown (05/04/18) 96 96 

 

 

Figure 1.1: One Month Downtime Chart of an Elevator in DUT 

(Source: DUT Maintenance Department) 
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Since the elevator system is not manned, therefore the breakdown in the system is not easily 

identified by the maintenance team. This scenario therefore leads to increased downtime of the 

elevator system. The chart in Figure 1.1 shows the downtime of the elevator system before the 

breakdown is noticed together with the downtime for the repair. It can be deduced from the chart 

and Table 1.1 that there is higher downtime due to the inability of the maintenance team to notice 

the breakdown of the elevator system on time. The bar chart in red colour also indicates the time 

to repair the system. 

Therefore if the condition of the machine’s significant components is assessed accurately, the 

mean effective life length of the component can be prolonged (Zhao et al., 2016). This would 

improve the overall equipment effectiveness (OEE) and consequently result in higher company 

savings and enhanced competitiveness. It will also lower the hazard involved in process failure 

due to effective condition monitoring maintenance using an artificial intelligent method. In more 

detail, the CMS must be able to elaborate so-called ‘deterioration patterns’, obtained from fault 

related symptoms. CMS can be considered as a tool for ‘process optimisation’, achieved by 

upgrading the life span of critical components to match the time between periodical maintenance 

activities (Euro pump guide, 2012). A number of components with several varying parameters are 

monitored using this technique. The parameters may include, flow, pressure, power, speed, 

temperature, vibration, lubrication and wear, corrosion/erosion, and fracture amongst others. 

1.3. Research Aim 

The aim of this research is to enhance elevator efficiency by reducing the downtime of elevator 

systems or processes due to breakdown maintenance. 

1.4. Research Objectives 

The objectives of this research are as follows; 

 To identify the distributed parameters which are major underlying factors for faults in 

elevator systems. 

 To modernise maintenance routines through a remote monitoring technique for fault 

detection and notification. 

 To diagnose the condition of machines for early detection of deterioration through 

assessment of the considered parameters. 
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1.5. Justification 

CMS can be considered as a tool for ‘process optimisation’, achieved by upgrading the life span 

of critical components to match the time between periodical maintenance activities (Euro pump, 

2012). When implemented correctly, a condition-based maintenance system will help to lower 

maintenance costs, increase machine availability and reliability, improve safety, enhance product 

quality and in many cases, extend the life of the equipment (Hamilton, 2005). A lot of model-based 

approaches have been applied across many research areas of condition monitoring, however, this 

project work employs a process history-based approach in fault detection and diagnosis in elevator 

systems. The issue of maintenance has been a very important one in the growth and survival of 

many industries. South Africa’s international manufacturing output, at a percentage of total world 

manufacturing output, decreased from 0.61 per cent in 1990 to 0.5 per cent in 2010 (SEDA, 2012). 

This would indicate a downstream in SA’s manufacturing/industrial sector of the economy and the 

need for this position to be strengthened. Maintenance can be considered a potential factor that 

could affect both the labour and running cost simultaneously, hence a great motivation and need 

for this research work.  

Therefore, if fault detection and diagnosis approach in elevator systems is modernised into remote 

condition monitoring, then the downtime due to maintenance can be successfully lessened or 

reduced. This study therefore adopts the Internet of Things (IoT) for condition monitoring as a 

modernised mode of detecting and diagnosing elevators’ faults. IoT of things approach is preferred 

because of the ability to access data on internet at any location in the world unlike using just one 

remote base stations. This would reduce device downtime through remote monitoring and support. 

This would give easy access to some elevators’ components which are highly susceptible to failure 

but located at a remote position in the machinery or workstation. The condition can easily be 

transmitted and monitored on the internet which makes it easy monitoring and logging of machine 

history before any major catastrophic failure occurs. This could easily be achieved by using an IoT 

device which has an already built in circuitry sensor and internet transmitter. This also comes with 

a software platform for integration which makes the installation easy and user friendly. This allows 

authorised access to the condition of the machinery online by the maintenance team. Hence, the 

on-condition of the machine can be monitored remotely, and the history can also be used by the 

maintenance team for further prevention of failure. 
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1.6. Significance of the Study 

This study tries to develop a maintenance approach that could reduce the overall downtime of the 

elevator system due to breakdown. This begins with identifying the parameters which could 

indicate malfunctioning of the elevator system, develop a remote monitoring device for this 

parameter, develop the severity level of the parameters based on expert knowledge and artificial 

intelligence and programming the device for early fault notification. 

1.7. The Scope of the Research 

This research focuses on a remote condition monitoring approach for elevator maintenance. 

Remote condition monitoring maintenance uses the intelligence approach of monitoring machines 

or process conditions, data capturing with fault notification. The data is used as the basis for 

preventive maintenance in diagnosing the condition of the machine in order to reduce the 

downtime of the elevator system due to delayed notification and troubleshooting of breakdown in 

the system. A key to condition monitoring preventive maintenance’s effectiveness is knowing how 

many hours, miles, gallons, activations, or any other kinds of use have occurred before an item 

failed (Bayoumi and McCaslin, 2016). This research work optimises maintenance by adopting and 

using the approach of detecting and logging in of data with notification from the machine using 

Internet of Things (IoT) devices. IoT devices are a technological advancement in sensor 

technology which develops an approach of integrating data from the sensor instrument to the 

internet. Therefore, the data being monitored from the machine can be assessed and monitored, 

with fault notification, remotely on the internet, through the IoT devices. 

The IoT devices are configured and installed at some locations on the machine where the needed 

parameters to be monitored are most likely to have significant impact and sensitivity. This 

approach gives a new dimension in condition monitoring which helps to overcome several 

limitations and challenges such as, but not limited to, high downtime, safety, and accessibility. 

1.8. Structure of the thesis 

Chapter 1: Introduction  

This chapter focuses on the research area, the problem background, aim and objectives and 

justification of the study. 
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Chapter 2: Literature Review 

This chapter consists of the survey of related literature and the summary of the previous research 

results. 

Chapter 3: Methodology 

This chapter discusses the available methods on maintenance policies, the choice of the method of 

this research (modernisation of fault detection and diagnosis routines in elevators) and details on 

how the research was carried out. 

This chapter contains the design of the sensors network in the spatial location of the case study for 

the monitoring of the parameters considered. It also discusses the signal and data capturing by the 

sensors network, fault detection and diagnoses remotely which is the interest of this research work.  

Chapter 4: Remote Device Design and Installation 

This chapter consists of the design of a remote monitoring device and installation on the elevator 

system. 

Chapter 5: Results and Discussion 

This chapter contains the result of the development process, numerical data analysis from the data 

and instrumentation and the discussion of the findings. 

Chapter 6: Conclusions and Recommendations 

This chapter focuses on the discussion of research conclusions, recommendations, and further 

research to be done in this area. 

1.9. Conclusion 

This chapter gave some background information of the research area. The key areas of focus 

include the problem background of the research, which is the current situation and condition of the 

elevators on campus; the aim of the study which is to apply maintenance knowledge in increasing 

the efficiency of the system by reducing the downtime; as well as the objectives of the research, 

the justification and the scope of the research. The chapter also gave a highlight of the structure of 

the dissertation and an overview of its contents. 
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CHAPTER 2 : LITERATURE REVIEW 

2.1. Introduction 

This chapter discusses literatures on maintenance, breakdown maintenance, preventive 

maintenance, predictive maintenance, proactive maintenance, condition monitoring maintenance, 

overview of elevators, machine critical parameters, fault detection, fault diagnosis, Internet of 

Things, IoT application, maintenance practices on elevators, identification of parameters for fault 

detection, performance monitoring for severity and variation and conclusion. The literature 

explains each sub-heading as it relates to past research work and current efforts in this area. 

So many challenges have been addressed in literature for manufacturing systems with diverse 

failure patterns and maintenance strategies. These have been aimed at ensuring that productivity 

is enhanced by cutting down machine downtime due to faults and failure, at a much-reduced cost 

of maintenance and bringing the system to a normal condition. The maintenance effort is called 

out of the competitive nature of the production-based economy where each industry seeks to edge 

out others in all ways. The down side in the maintenance policy of a company could impair its 

growth and ultimately lead to its collapse. Therefore, it is better that maintenance is put in place 

right from the onset of the production process, so that the deterioration pattern of the machine can 

be monitored, and breakdown prevented. 

2.2. Maintenance 

Maintenance is carried out in order to restore an industrial process or machine condition back to 

its normal state or working condition. According to the Longman Dictionary, maintenance is the 

effort that is required to keep something in good working condition (Longman Dictionary 2012). 

Maintenance is also defined as all technical, administrative, and managerial actions during the life 

cycle of an item intended to retain, or restore it to, a state in which it can perform the required 

function (Ben-Daya,  Kumar and Murthy 2016). 

The definitions therefore imply that maintenance are the actions taken to inhibit or prevent a 

component, device or machine from failing, or either to repair normal equipment degradation 

experienced with the operation of the device to keep it in proper working condition. The need for 

maintenance is predicated on actual or impending failure and ideally, maintenance is performed to 

keep equipment and systems running efficiently for at least design life of the components (O and 



9 
 

M Best Practices Guide 2015). Maintenance activity can reduce the breakdown rate with minor 

sacrifices in production time (Kaibiao and Hongxing 2010). The basic objectives of maintenance 

activity is to deploy the minimum resources required to ensure that components perform their 

intended functions properly, to ensure system reliability and to recover from breakdown (Márquez, 

2007; Gulati, 2012; Niu, 2017). Maintenance provides critical support for heavy and capital-

intensive industries by keeping the productivity performance of plants and machinery in a reliable 

and safe condition (Parida et al., 2015). 

If proper planning and control is exercised for maintenance and repairs, it will cause and increase 

the useful life of machines, reduce maintenance and repair cost and reduce sudden downtime 

(Shiba et al., 2013). Proper maintenance practices can contribute to overall business performance 

through their impact on the quality, efficiency and effectiveness of a company’s operations. 

Therefore, maintenance can enhance the company’s competitiveness, i.e. productivity advantages, 

value advantages and long-term profitability (Alsyouf, 2009; Crespo Márquez et al., 2014). 

There are quite a few maintenance policies adopted to correct faults and failure in machines and 

processes which are: 

 Breakdown maintenance 

 Preventive maintenance 

 Proactive maintenance 

 Predictive maintenance  

(Levitt, 2011; Faccio et al., 2014; Lee et al., 2016). 

2.2.1. Breakdown/Reactive Maintenance 

Breakdown/Reactive maintenance is basically a maintenance mode in which no action is taken 

until the machine stops working. In this mode of maintenance, nothing is done in terms of actions 

or effort in maintaining the facility until breakdown occurs. The breakdown of equipment occurs 

due to gradual wear and tear of the parts, which cannot be prevented (Ahamed-Mohideen and 

Ramachandran, 2014). This maintenance mode is a failure-based maintenance practice which has 

comparatively more disadvantages than advantages. 
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Breakdown/Reactive maintenance has a low cost of running because it minimises the amount of 

manpower to utilise as well as the cost of keeping the machines running (Couch, 2016). The 

disadvantage, however is unanticipated repair which in turn incurs high costs of repair, fluctuating 

production capacity, increased scrap out, and catastrophic failure which may endanger the machine 

operator or personnel (Apodaca, 2017). 

Since machine breakdown will reduce production efficiency, maintenance as an important part in 

manufacturing systems is used to keep machines in good condition to decrease failures, which 

makes maintenance planning become more and more important in manufacturing processes. (Pan 

et al., 2012). Therefore, breakdown maintenance is only acceptable when a machine is redundant. 

Any machine with a higher maintenance cost  than its replacement cost should be allowed to fail 

when it represents no risk to safety, production or product quality (Dennis, 2003; Campbell and 

Reyes-Picknell, 2015). 

2.2.2. Preventive Maintenance 

Preventive maintenance (PM) is a maintenance programme with activities initiated at 

predetermined intervals, or according to prescribed criteria, and intended to reduce the probability 

of failure, or the degradation of the functioning of an item (Shaomin and Zuo, 2010; Dienst et al., 

2015). Saumil et al., (2010) carried out a theoretical study of exponential machines with 

maintenance-reliability coupling, according to which the machine breakdown rate is inversely 

proportional to the rate of preventive. Preventive maintenance gives rise to an increased 

component life span, reduced failure of equipment and processes and allows for flexibility of 

maintenance with estimated 12 per cent to 18 per cent cost savings over reactive maintenance 

programmes (O and M Best Practices Guide b 2015). However, it leads to the increased cost of 

staff training and maintenance costs. Catastrophic failure may still occur, and frequent 

maintenance may also damage some good parts. 

2.2.3. Predictive Maintenance 

Predictive maintenance optimises the plant operation by using the actual current operating 

condition of the equipment or plant (Bevilacqua et al., 2016). Predictive maintenance is a positive 

condition-based maintenance methodology that a machine’s condition can be estimated and 

predicted through continuous monitoring (Fan et al., 2011). Liao et al., (2011) develop a data-
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driven machinery prognostics approach used in estimating a machine’s health condition and 

machine degradation prediction based on statistical pattern recognition and on an auto-regressive 

moving average model. This offers a lot of advantages as maintenance is planned at a convenient 

time. The continuous assessment and prediction of a machine’s performance can thus enable 

collaborative machine life cycle management, which conducts predictive maintenance to prevent 

unexpected machine failures and reduce unscheduled costly downtime (Kaiser and Gebraeel 2009; 

Jin et al., 2016). 

However, the cost of diagnostic equipment is high with increased overhead costs. Predictive 

maintenance or condition-based maintenance offers the highest economic efficiency, but also 

presents the largest challenge on how to ascertain whether a machine is working normally or 

abnormally i.e. in a fault condition or a condition requiring maintenance (Hackstein et al., 2014). 

2.2.4. Proactive Maintenance 

Proactivity refers to the ability to avoid or eliminate undesired future events (Engel and Etzion, 

2011; Bousdekis et al., 2016). Proactivity is leveraged with novel information technologies that 

enable decision making and support human actions before a predicted critical event occurs 

(Bousdekis et al., 2015). Proactive-based maintenance is a systematic and holistic approach to 

building a maintenance system in such a way as to guarantee optimum safety, integrity and to 

approach failure-free operation (Mostafa, 2004; Abuhmida,  Radhakrishnan and Wells, 2015). 

Hence, this maintenance mode tends to be optimised as compared to other maintenance methods. 

This is a very effective maintenance programme as it reduces frequent overhauls and increases the 

reliability of the component. It also reduces machine downtime as it prevents sudden equipment 

failure.  

However, it could involve a high cost of implementation and savings are not easily noticed by the 

management. With proper planning of the maintenance activities, the shop can improve production 

efficiency and safety, resulting in increased productivity and heightened safety awareness (Bahr, 

2014; Alayón  et al., 2017). 

2.3. Condition Based Maintenance 

The Condition-based maintenance (CBM) system provides raw platform data that is combined 

with other supporting and confirming information for analysis and action (Gulledge et al., 2010; 
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Jantunen et al., 2017). Recently, CBM policies are growing in popularity in industrial 

environments. Many of these policies are applied to decrease the cost of maintenance activities 

which are the largest part of any operational budget, so CBM is extensively used in the production 

environment (Safari and Sadjadi, 2011). The strategy is typically implemented by first identifying 

a reliability team that performs a qualitative assessment of plant process and machinery to 

determine the criticality of the assets (Parra et al., 2016). Here, the decision to shut down the 

machine for maintenance is based on its condition which, with the currently available highly 

sophisticated instruments and equipment, can be determined very accurately, using a variety of 

on-line surveillance and condition monitoring techniques. The monitoring and fault prediction 

functions of a condition-based monitoring system is based on robot sensor equipment for 

continuous measurements, and this system performs online evaluation of characteristic fault 

indicators by use of modern digital signal processing methods (Nirosha et al., 2014). Chee et al., 

(2014) uses a transition-based autoregressive moving average model and an enhanced particle 

filter (EPF) to predict probability density function (PDF) and breakdown time of unobservable 

degradation processes.  

Xinhua et al., (2015) uses the condition monitoring approach for monitoring a machine tool 

process using thermoelectric module to harvest the waste heat being monitored from the spindle 

units of a machine tool using wireless sensor stable, thermal structure design, and optimisation of 

the thermoelectric module. Many condition monitoring techniques have been developed to detect 

and diagnose abnormalities of wind turbines with the goal of improving gearbox reliability and 

increasing turbine availability, thereby reducing operation and maintenance cost (Sheng and Veers 

2011). Condition monitoring, which is part of predictive maintenance (PM), uses predictive 

techniques to measure output from specialised instruments that signal the level of equipment 

deterioration (Davies, 2012). 
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Figure 2.1: Preventive Maintenance Technique 

 

Figure 2.2: Chart of the Equipment Deterioration Against Repair Cost and Deterioration 

(Tomlingson, 2007) 
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Figure 2.1 and Figure 2.2 (Tomlingson, 2007) illustrate that the greater the degree of equipment 

deterioration, the greater the repair costs and duration of downtime to make the repair. A CBM 

programme, if precisely done and efficiently employed, can significantly decline the maintenance 

cost by decreasing the number of needless scheduled PM activities (Ehram and Sayed, 2011). 

Machine condition monitoring is the most preferred predictive maintenance tools in various 

industries as through various condition monitoring methods, a monitoring professional can detect, 

predict and prevent a wide array of machines and equipment failure as reported by global trends 

and forecast 2020 (ReportBuyer, 2015). 

2.4. Overview of Elevators 

Elevators have successfully made the possibility of high rise buildings visible as its operation has 

become essential to any high rise building (Barney and Al-Sharif, 2015). The elevators transport 

human beings and goods vertically upward, helping to overcome the work done by gravity. 

Without the elevators, downtown skyscrapers and high rise buildings in city life would become an 

idea that cannot be conceived (Bernard, 2014). Therefore, the use of elevators has continuously 

grown as there are more than seven billion elevator journeys taken in buildings all over the world 

(Al-Kodmany, 2015). Elevators require effective inspection frequently in order to draw the 

appropriate maintenance strategy and to sustain its functional operation  (Kalligeros, 2012). 

Elevators generally consist of three principal mechanical parts, a traction machine which is 

composed of traction motor, a main sheave and breaker, the cage and the counterweight which is 

used to balance the cage and connected to the second sheave of the traction machine through a 

moving pulley (Park and Yang, 2010). Some of these parts are peculiar to some industrial machines 

which makes the research replicable to the industrial machines adopting the same approach. There 

are several classifications of elevators based on the characteristics being considered or the principle 

of operation. Otis (2013) classifies elevators as: Hydraulic, Screw and Motor driven elevators. 

Hydraulic elevators are used preferably in elevators where large payloads need to be carried and 

it makes use of a direct-acting arrangement or side-acting hydraulic cylinders (Engineering, 2009). 

A hydraulic elevator includes a car engaged with a first hydraulic ram, a counterweight engaged 

with a second hydraulic ram, and a pump to transfer hydraulic fluid between the hydraulic arms 

(Matthews et al., 2016). 
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Figure 2.3: Side Acting Arrangements with two Cylinders in Hydraulic Elevators  

(Source: https://www.mitsubishielevator.com/products/elevators/hydraulic) 

Figure 2.3 illustrated by Mitsubishi Electric (2016) gives the drawings of the two (2) types of 

hydraulic elevators; the sides acting which has the plungers on the side of the elevator car; and the 

direct acting, which has the plungers underneath the elevator car. They require a pit and machine 

room which must be built before installation and also require more maintenance than other elevator 

drive systems (FUJIHD News, 2016). 

Helical screw driven elevators have a screw drive system which propels the elevator car vertically 

up and down (Buehl, 2010). The helical driven lift also requires a lift pit that houses the drive 

system for the lift and elevators. The lift pit of 1.85m deep, is needed for a bottom-drive lift while 

a lift pit 1m deep for the top-drive lift mostly operates at a maximum speed of about 0.63m/s 

(Department of Public Works, 2007). 

Elevators that work with cables and wheels are referred to as traction elevators because it involves 

a motor pulling on the car and the counterweight as explained by Toshi (2016). The traction 

elevators are classified into two types which are the geared elevators and the gearless elevator type 

as shown in Figure 2.4 and Figure 2.5 respectively. 
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Figure 2.4: Geared Traction Elevators 

(Source: http://www.electrical-knowhow.com/2012/04/basic-elevator-components-part-

one.html) 

In order for the load on the motor to be reduced, the counterweight is calculated to match the 

weight of the car and a half-load of passengers such that as the car rises, the counterweight 

descends, balancing the load (OTIS, 2016). Elevators may also be categorised as the following: 

 Gearless Machine: The gearless machine drive is used in high rise applications. This 

driving machine has the drive motion and drive sheave connected in line on a common 

shaft, without any mechanical speed reduction unit located between the drive motor 

and drive sheave. Gearless machines are used for high speed lifts between 2.5 m/s to 
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10 m/s and they can also be used for linear speeds for special applications 

(http://www.electrical-knowhow.com/2012/04/basic-elevator-components-part-

one.html). Figure 2.6 shows the engineering drawing for the gearless machine as 

illustrated by Djibring (2016). 

 

 

Figure 2.5: Gear-less Traction Elevator 

(Source: http://www.electrical-knowhow.com/2012/04/basic-elevator-components-part-

one.html) 
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Figure 2.6: Gear-less Drive Traction Elevator 

(Source: http://www.electrical-knowhow.com/2012/04/basic-elevator-components-part-

one.html) 

 

Figure 2.7: Gear Drive Traction Elevator 

(Source: http://www.electrical-knowhow.com/2012/04/basic-elevator-components-part-

one.html). 
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 Geared Machine: This type of machine is used in low and mid-rise buildings and 

applications. This design makes use of a mechanical speed reduction gear set that 

reduces the rpm of the drive motor (Input Speed) to suit the required speed of the drive 

sheave and elevator (output speed) (Mostafa et al. 2015). A geared machine is suitable 

for higher loads and is meant to operate at a lower speed. The engineering drawing is 

illustrated in Figure 2.7. 

2.5. Machine Critical Parameter 

The condition of some components of an elevator system is of critical importance to the health 

condition or wellness of the machine. Machine health prognosis is crucial to reduce unexpected 

downtime, maintenance costs, and safety hazards in industrial systems. Pang et al., (2014) 

proposed a novel methodology to predict probability density function (PDF) and breakdown time 

of unobservable degradation processes. Motor current signal analysis (MCSA) has become the 

reference method for the diagnosis of induction motors (IMs) which is a non-invasive method, 

requiring just a current sensor to capture the stator current, and it can identify a wide variety of 

motor faults using just a single measurement (Sapena-Bano et al., 2014). Kar and Mohanty (2008) 

identified loss of lubrication, crack initiation, and propagation, surface wear, surface fatigue, and 

structural fatigue as the five (5) failure mechanisms in gearbox. Cibulka et al.’s (2012) work on 

bearing failure showed that larger deformation causes an increased level of noise and vibration 

and leads to a feel of wear and corrosion, providing a significant contribution to the total material 

loss. Zipp (2010), and Annamdas  et al., (2016) introduced an intelligent vibration monitoring for 

wind plants, which is a vibration data acquisition system consisting of embedded accelerometers, 

high speed digital signal converts, and a wireless network. Any deviation from the nominal values 

of these conditions could indicate an impending damage initiation on the machine.  

Konrad et al., (2015) monitored parameters such as vibration analysis, oil monitoring and analysis, 

acoustic emission, ultrasonic testing techniques, strain measurement, process performance, 

radiographic and thermography, in order to detect and diagnose abnormalities of wind turbines 

using condition monitoring techniques. Vibration is often given less importance but can be a 

symptom of a malfunctioning process or machine and is frequently a signal of danger (Genta, 

2012; Duan et al., 2016). The simplest and most commonly used method for detecting the presence 

of faults using vibration analysis involves the comparison of different signals against a machine 
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working under healthy conditions (Ruiz-Cárcel et al., 2016). Due to a slight imperfection in the 

manufacture of the worm gear of the hoisting motor, vibrations were transmitted to the sheave 

shaft which were taken up by the hoisting ropes, which in turn transmitted them to the frame work 

and elevator cab (Kenany et al., 2016).  

Weinberger (2015) also developed a sound pick-up device installed at a point in the shaft of the 

counterweight roller to detect the elevator deterioration indicated by vibration over time due to the 

progressive ageing process of the bearing of the counterweight support roller causing the 

functional failure of the bearing (Clark et al.,). Stranieri and Mangini (2010); and Smith (2016) 

invented a noise management device for attenuating noise from the machine room that houses a 

drive such as geared machine or electric motor, that generates periodic sound waves and 

mechanical vibration.  

Table 2.1: Parameters for Occurrence of Faulty Conditions on a Rotating Machine 

Parameter Measure 
Detected Condition 

Temperature 
of Machine 

Pressure 
of 

Process 
fluid 

Flow 
of 

Fluid 

Oil 
Analysis 

Spike 
Energy 

of 
Bearing 

Vibration 
of 

Machine 

Out-of-Balance      X 

Misalignment X     X 

Bent Shaft X     X 

Ball-Bearing Damage X   X X X 

Journal-Bearing 
Damage 

X X X X  X 

Gear Damage     X  X 

Mechanical Looseness      X 

Mechanical Rubbing     X X 

Noise       X 

Cracking      X 
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Mingfeng (2012) also developed an elevator safety detector whose feedback and diagnosis is based 

on characteristic signals, comprising of a signals detection unit connected sequentially to a 

vibration and noise information for signals and data acquisition unit of the Microprocessor. 

Therefore, during the running progress of an elevator, the useful signals of vibration of the 

elevation car present low-frequency signals and noise signals with high frequency (Qifeng  et al.,, 

2016). The higher the precision level in measuring the parameters which indicates the online 

condition of the machine, the closer we are at identifying the initiation of deterioration in the 

machine condition. Hence, this apparently avoids the phenomenon known as damage as 

maintenance of the machine can be scheduled earlier, therefore reducing machine downtime due 

to maintenance in a great deal while prolonging the life time of the machine as well. 

The information in Table 2.1 by Ugechi et al., (2009), indicates the occurrence of faulty conditions 

and the likely parameters that could probably indicate the fault. It also shows that some more 

parameters can indicate a condition. 

2.6. Fault Detection 

Most currently used damage identification methods are included in one of the following categories: 

visual or localised experimental methods such as acoustic or ultrasonic methods, magnetic field 

methods, radiography, eddy-current methods or thermal field methods (Zhang et al., 2016; 

Balageas et al., 2016). The fault detection method or technique is determined by the type of 

maintenance that is adopted by an industry. Maintenance optimisation is a paramount issue for 

industries that utilise physical assets due to its impact on cost, risk, and performance (Andrewus 

et al., 2007; Zhang et al., 2017). In modern industry, the maintenance strategies have so far 

changed from the age-old corrective and preventive ones to the condition-based maintenance 

(CBM) due to innovation and developments of sensing technology (Zhang et al., 2013). This recent 

trend has given rise to better machine and system effectiveness as the downtime of machines is 

reduced. This has also eased the debugging and diagnosis process in most systems and machines 

as the on-condition state and the deterioration pattern can be monitored and easily identified. 

Detection of machine faults like mass imbalance, rotor rub, shaft misalignment, gear failure, and 

bearing defects is possible by comparing the vibration signals of a machine operating with and 

without faulty conditions. Accelerometers, eddy-current proximity sensors, and velocity seismic 

transducers are enabling the techniques of motion, position, and expansion analysis to be 
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increasingly applied to large numbers of rotating equipment (Agrawal, 2017). These signals can 

also be used to detect the incipient failures of the machine components through online monitoring 

systems, reducing the possibility of catastrophic damage (Samhouri et al., 2009). Chandrashekhar 

and Ganguli (2016); Pedram et al., (2017) developed a damaged detection method using the 

sensitivity of modal frequency changes. Ibrahim et al., (2014) presented a new approach to 

detection and diagnosis of bearing fault severity based on vibration analysis using a Modulation 

Signal Bi-Spectrum (MSB). The results show that MSB has a better and reliable performance in 

extracting small changes from the faulty bearing for accurate fault severity.  

 

Figure 2.8: The Model Based Method for Fault Detection 

(Source: Hammed et al., 2009) 

Machine faults are gradually being detected using artificial intelligence methods because of its 

increased accuracy, robustness, and avoidance of some subjective human errors. The part labelled 

‘a’ in Figure 2.8 illustrates the general idea of the model-based methods while the part labelled ‘b’ 

shows an expert system approach which can be used to generate residuals and allow detection of 

changes in the system behaviour and leads to fault detection and possible diagnosis (Hameed et 

al., 2009).  
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2.7. Fault Diagnosis 

The aim of diagnostics is to detect faults or failure and to determine the type, location, and severity 

of them, based on analysis of the existing data, including the data obtained by monitoring as well 

as design data and historical data and even user knowledge (Kenneth et al., 2005; Lingmei et al., 

2017). The two fundamental ways to address fault diagnosis tasks necessary to perform a 

predictive maintenance are rule-based techniques and the machine learning technique (Patents 

Researcher, 2015). Tribology knowledge is of a major importance in understanding many failure 

mechanisms and their symptoms (Roylance, 2003; Kenneth et al., 2005; Wolff, 2017).  

Tribo-knowledge deals with understanding the principles, mechanisms, and operating conditions 

of a machine in order to help with tribo-diagnosis of the failure mechanism. Nadakath et al., (2008) 

identified problems such as unbalance, bent shafts, mis-alignment, oil whirls, mechanical 

looseness, resonance bearing problems, coupling problems, earth faults in windings, turn to turn 

faults in windings, broken windings, displacement of stator conductors, electrical activity in 

bearings and seals using an artificial intelligence approach on plant maintenance. Wan et al. (2015) 

applied vibration signals of various elevator functions, their energy characteristics and time 

domains in diagnosing deviated shapes of guide rail shoes, erroneous rope grooves of traction 

sheaves. Parameters were monitored during the operation of the machine to be monitored, in such 

a way that a change in the machine, was deduced when at least one monitored machine parameter 

reached sits limit value (Patents Researcher, 2015). 

2.8. Internet of Things (IoT) 

IoT refers to the networked interconnection of everyday objects, which are often equipped with 

ubiquitous intelligence (Feng, 2012). Chen et al., (2014) also defines IoT as an intelligence 

network which connects all things to the internet for the purpose of exchanging information and 

communicating through the information sensing devices in accordance with agreed protocol. Out 

of many emerging technologies, Internet of Things (IoT), also known as machine-to-machine 

(M2M) (where smart devices that collect data, relay information to one another, process the 

information collaboratively, and take action automatically) is a new paradigm offering both 

challenges and opportunities (Yen-Kuang 2012).  
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From a conceptual standpoint, the IoT builds on three pillars, related to the ability of smart objects 

to: (i) be identifiable (anything identifies itself), (ii) to communicate (anything communicates) and 

(iii) to interact (anything interacts) – either among themselves, building networks of 

interconnected objects, or with end-users or other entities in the network. Developing technologies 

and solutions for enabling such a vision is the main challenge ahead of us (Miorandi et al., 2012). 

Scalability, modularity, extensibility, and interoperability among heterogeneous things and their 

environments are the key design requirements for IoT (Bandyopadhyay and Sen, 2011; Sotiriadis 

et al., 2017). 

There are a variety of things or objects – such as Radio-Frequency Identification (RFID) tags, 

sensors, actuators, mobile phones, etc. – which, through unique addressing schemes, are able to 

interact with each other and cooperate with their neighbours to reach common goals (Giusto et al., 

2010). Specifically, the integration of sensors/actuators, RFID tags, and communication 

technologies serves as the foundation of IoT and explains how a variety of physical objects and 

devices around the society can be associated to the Internet and allow these objects and devices to 

cooperate and communicate with one another to reach common goals (Van-Kranenburg, 2011). 

Through embedding short range mobile transceivers into some other array of additional devices 

and items, enabling new forms of communication between people and things and between things 

themselves, the IoT would add a new dimension to the world of information and communication 

(Debasis and Jaydip, 2011; Maria de Fátima and Radwan, 2017). 

2.9. IoT Applications 

A number of industrial IoT projects have been conducted in areas such as agriculture, the food 

processing industry, environmental monitoring, security surveillance, and others (Li et al., 2014). 

Based on current technological trends, one can readily imagine a time in the near future when your 

routine physical examination is preceded by a two to three days’ period of continuous 

physiological monitoring using inexpensive wearable sensors that record signals correlated with 

your key physiological parameters and which relay the resulting data to a database linked with 

your health record (Moeen et al., 2015). 

IoT-aided robotics solutions perfectly match the needs of industrial plants and smart areas. It has 

been observed that robotics-driven activities are more important as long as tasks are executed in 

areas forbidden to people (i.e. as inside a machine, within as furnace, or in a room filled of lethal 
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gas and liquids). Moreover, they can provide valid support in outdoor scenarios (like smart grids 

and energy plants) (Grieco et al., 2014). With the capabilities of decision-making and autonomous 

control, the machine-to-machine (M2M) system can be upgraded to a cyber-physical system (CPS) 

which is an evolution of M2M by the introduction of more intelligent and interactive operations, 

under the architecture of the Internet of Things (Chen et al., 2012; Kim, 2017). 

Abu-Ali and Abu-Elklu (2015) identified the architectural requirements necessary for IoT-based 

healthcare applications, and the networking requirements for those applications. IoT connected 

devices have the unique capability to tell the current state to other connected devices in the 

surrounding, i.e. it facilitates better communication flow between human and machines (Singh and 

Singh, 2015). In addition, the innovation of the services through the definition of  cloud computing, 

online services, and ubiquitous access to information is combined in order to make feasible the 

connection to the Internet of all the objects which are found around us, within the so-called IoT 

(Atzori, 2010; Molano et al., 2017). These processing solutions carry out different inference steps, 

the conversion of the data into meaningful knowledge, involving several research fields and being 

the basis for the future of Internet of Things (IoT) (Castro et al., 2012). 

2.10. Maintenance Practises on Elevators 

An elevator system has a number of maintenance practices carried out on a time to time basis to 

keep the elevator in a good condition at all times. Friedrich  et al., (2016) developed a maintenance 

module that combines all of the maintenance tasks, which include for example, a visual inspection 

of the elevator cabin, the elevator shaft, the control cabinet, and the cable and towing rope. Other 

maintenance modules could be overlaid which conceivably may be the drive module (greasing, 

cleaning, and examining hardware components of the drive), the door module, the shaft module 

(encompassing all hardware components of the shaft like, guide rails, cables, switches, drive head 

guides, counterweight guides) and the electric module. Siti et al., (2018) theoretically improved 

the knowledge base of maintainability of elevator system by identifying operational defects on 

travelling performance, machine room, hoistway and elevator pit, elevator car and elevator lobby. 

Zhang et al., (2008) tested the friction on the slide guide in an elevator system and th experiment 

showed frictional behaviours including pre-sliding/gross-sliding regimes, transition behaviour 

between them,time lag and velocity dependence. Besides comfort, elevator facility must be able 
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to function well relative to the air conditioning system and ventilation in the elevator car (Janipha 

et al. 2018). 

The temperature of the machine room also calls for the maintenance of the controls and electronic 

components of the system. Piper (2006) and Krarti (2017) suggest the installation of a dedicated 

cooling system for the elevator equipment room as the best solution for the problem of overheating 

of the drive and control system of an elevator. Song et al. (2014) designed a mechanical ventilation 

in the elevator shaft space to mitigate the stack effect as a result of the heat but which may not 

completely be eliminated. 

2.11. Identification of Parameters for Fault Detection 

This section addresses the first objective of the study which is to identify the parameters which are 

the underlying factors for fault detection on the elevators. There are several motivations for 

parameters considered in the elevator systems. Some of these have been taken care of by the 

manufacturer at the design stage of the machine. Firstly, it was assumed that the system or machine 

was not overloaded during use to avoid deterioration of conditions due to overloading. It is 

desirable that the monitoring system operates asynchronously to the payload system so that the 

system’s throughput does not suffer due to the checking overhead (Khanna et al., 2015; Monir, 

2017). Secondly, it was assumed that the components of the elevator are functioning properly at 

installation of the monitoring system and devices. This was to ensure that the system was in a 

normal working state or condition at the commencement of data monitoring in order to detect the 

deterioration pattern of the components of the machine. Thirdly, the lift or elevators considered in 

this research study were the types which are installed with machine rooms. This houses the controls 

and the drive system of the elevators; hence the monitoring device are installed inside. Fourthly, 

in determining the parameters which were monitored, expert knowledge, case studies, system 

requirements, mode of operations and principal components were taken into consideration.  

All the four assumptions were factored in as considerations in the implementation of the research. 

Hence, the following parameters were considered for the purpose of this study but may also be 

extended beyond this in the future. 
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2.11.1. Temperature 

In the type of elevator considered where a lift pit is required, the temperature of the machine room 

and hoistway is a very important phenomenon in maintenance of the machine. Elevator 

manufacturers mostly specify temperature limits for the machine room which is typically in the 85 

to 95଴𝐹 (30 to  35଴𝐶) range and must be maintained in the controller cabinets for proper 

functioning of the solid state devices used in the control system  (Marchitto, 2016). The controls 

for the elevators are situated in the machine room or on the elevator roof in the hoistway which is 

mostly characterised with poor ventilation design.  

Adequate natural and mechanical ventilation for machinery and control equipment has to be 

provided in order to avoid overheating of the electrical equipment and to ascertain the safe and 

normal operation of the elevator as stated by A17.1 Safety Code for elevators and escalators 

(Grondzik and Kwok 2014). The design of the pit, due to its nature, will not accommodate the vent 

and therefore, this raises the level of heat or room temperature experienced in the lift pit. The effect 

of this is the failure of the controllers. At a level of temperature, there is a high chance of 

malfunctioning of the controls.  

The National Elevator Industry Inc. (2013) states that at high temperature conditions, there is 

insulation and electronic components life reduction, erratic operation and equipment shutdown, 

while lower temperature causes icing, congealed  lubricant hardened switch gears, erratic operation 

and equipment shutdown. When this happens, the elevator car might get stacked or broken down 

and considering some climatic conditions during summer where there could be an excessive 

increase in the intensity of the Sun, this would raise the atmospheric temperature and in turn the 

room temperature of the machine room. 

Therefore, the machine room temperature is identified as one of the parameters for fault detection 

in elevators and can be monitored remotely to prevent failure due to excessive machine room 

temperature, and also to be able to diagnose if the failure was caused by increased machine room 

temperature. 

2.11.2. Vibration 

Vibration monitoring is an important method for the on-condition evaluation and monitoring of 

machines and civil structures (Morshed and El-Sayed, 2016). This is an important parameter which 
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could tell the condition of the elevator. Vibration is an important phenomenon in any machinery 

with rotating components and drives. It is usually the indication of malfunction or severity in any 

system in motion. According to ISO-18738-1:2012 (2012), the major signals defining the key 

performance indicators of elevators and its ride quality is the definition, measurement and 

expression of its vibration and noise signals (Esteban et al., 2016). Jiang and Rui (2015) categorises 

the causes of elevator vibration into two based on the mechanism source, which are mechanical 

vibration, caused by poor design, bad manufacturer, installable quality, weighing, suspension; and 

electronic vibration which includes motor, drive and control system. 

Vibration could indicate a deviation in normality of conditions such as misalignment, bearing 

damage, mechanical looseness, gear damage, friction, noise etc. These machine faults would easily 

give signal for abnormality. The collection and analysis of vibration signal can be used to judge 

the degree and type of mechanical fault, which can provide the effective evidence for detection of 

the running state and fault diagnosis of elevators (Qifeng et al., 2016).Therefore, friction in the 

gearbox would be indicated by vibration of the gearbox, drive motor, drive sheave, bed plate etc. 

which invariably indicates the need for lubrication of the gearbox, replacement of damaged 

components or parts or overhauling of the whole system as the case may be. 

Aside from the lubrication of the drive system, the friction on the rollers on the guide rail could 

also result in wear and tear along the guide rail which may cause excessive vibration of the elevator 

car. This also affects the alignment of the elevator’s floor to the floor level of the building. 

Therefore, vibration is another parameter identified for fault detection in elevator systems. 

2.11.3. Acoustics 

This is another very important parameter that could indicate a faulty component or part in the 

elevator system. In most machines, most of the energy is converted from electrical energy to 

mechanical energy, however, a portion of the energy is also converted to sound energy. The sound 

energy reduces the efficiency of the machine as the lost energy is meant for the visible mechanical 

work done. In a rotating machine component, there is high tendency of some form of energy being 

converted to sound, this is due to the friction between two rotating components.  

Kwangyoun and Hanseok (2011) recognised the acoustic events in an elevator and further sorted 

and classified the acoustic state as being either normal or abnormal. An extreme handrail chain 
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tension generates an abnormal sound by the chain touching the truss, causing the abrasion of the 

sprocket, jumping and cutting of the chain and stopping the handrail (Hiroyuki et al., 2007). This 

is therefore reduced by the lubrication of the rotating components such as the bearings, gear box, 

rollers etc.  

Ingold (2009) highlights tonal noise from traction elevator hoist machinery, tonal noise from 

switchgears for traction elevators, transient noise from poorly adjusted elevator car guide rollers 

or bumps in rails, elevator doors and doors enunciators as the sources of noise from the elevators 

which could be monitored and used for maintenance and diagnostic purposes. A broken gear tooth, 

damaged rollers, as well as bearings will be signalled by an increase in the sound energy in the 

system. Failure in the elevator door is indicated by arbitrary noise produced during its operations 

which clearly indicate the need for maintenance (Perälä et al., 2005). If the decibel of the sound is 

picked up at the damage initiation, the severity of the condition could be avoided, and the system 

can be prevented from total breakdown.  

2.12. Performance Monitoring for Severity 

The performance of any machine or system is measured by the efficiency of the machine/system. 

Machine efficiency is a major factor that is most often neglected by the management and thereby 

results in losses and reduced operating life (Ahuja and Khamba, 2008; Kluczek, 2017). Machine 

performance entails monitoring the behaviour of a machine adaptively in order to generate an early 

warning of possible faults (Ridwan et al., 2012). The condition monitoring approach for 

maintenance is poised towards reducing the downtime of the machine while increasing the 

efficiency. Through machine performance assessment, and prediction of remaining useful life, 

leading to a proactive maintenance strategy to minimise the machine downtime during production 

activities, the efficiency of operation and manufacturing can also be increased (Yan et al., 2007; 

Ylipää et al., 2017). This will generally optimise the productivity of any industry or company. The 

parameters monitored remotely in this case study were vibration, temperature and sound for 

variations in values. The range of operations of an elevator during a normal working condition is 

stated as 65 ±3 dB for the door sound level, 75 dB for the hoistway, 10 ± 3mg for lateral 

vibration,15 ± 5mg for vertical vibration (Information on noise and vibration 2008). Variation in 

the monitored parameters values were as a result of the change in the working condition of the 

machine. 



30 
 

Torres Pérez (2016) explained the severity value as severity of deviation when the individual peak 

condition of the machine exceeds the alarm limit envelope, which is the level above which a peak 

in the machine condition is considered abnormal. Sarangapani and Rangarajan (2002); Pourbabaee 

et al., (2016) determined the severity level by finding the weight value of the proposed data from 

the monitoring system at both the normal operating condition and at the typical failure trend 

condition, while comparing it with a predetermined typical severity profile value and identifying 

the problem with the current events or conditions in order to determine the root cause for the 

severity. 

Coss  et al., (2007) adopted a method of detecting faults associated with a processing tool based 

on the fault severity level. Severity level of prominent conditions of most machines are stated by 

the manufacturer in order to prevent a total breakdown of the equipment and facility. Ogura et al. 

(2006) also developed an on-condition machine failure diagnosis method which monitors severity 

in machine conditions by transmitting and receiving signals through communication devices 

provided at the working machine and at an information centre or base station. This study adopted 

a monitoring system configured to pick up the on-condition parameters of the machine and analyse 

these against the severity level. This enabled early detection of deterioration in the machine normal 

condition hence preventing the total machine breakdown at the severity level. Detection required 

data gathering, comparison to standards, comparison to limits set in plant for specific equipment, 

and trending over time, while diagnosis entailed recognising the type of fault developing and 

determining the severity of given faults once detected and diagnosed. (Khazraei, 2011). 

2.13. Remote Condition-Based Device Development and Discussion of Gap 

Lee,  Kao and Yang (2014), designed a remote prognostic device for control and decission making 

of machine operations for equipment vehicles in a mining industry. The equipment vehicles 

transport materials and equipment from one work station to another consisting of both horizontal 

and vertical motions which makes this a little similar to the elevator system. Lee,  Bagheri and 

Kao (2015) further developed a self-aware, self-predict, self-compare, up-time device for 

condition-based monitoring and diagnostics in machine which works with a unified system 

framework for machine performance adopting cyber-physical systems. Yang et. al., (2015) also 

designed a unified frame work and platform of cloud-based machine health monitoring and 

manufacturing system. Cloud-based machine condition monitoring explores the ability of 
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monitoring the condition of a system on the cloud using a web based application. Xia et al. (2016) 

also proposed a closed-loop design evolution of engineering system using condition monitoring 

through interest of things and cloud computing. This introduces a device with a multi-domain 

system with dynamic interactions between the system and the domain for conditing monitoring 

and fault detection.  

Several literature have addressed condition mintoring through developed device for fault detection 

in several applications, in the mining , construction industry but more needs to be done in 

developing a unified system that monitors the coonditions and carries out a self -check between 

the system using a dynamic IoT capability for fault notification. Al-Kodmany (2015) explained 

the elevator maintenance system at one World Trade Centre (WTC) using microsoft Azure 

Intelligent System which responds to faults proactively by sending service engineers real-time data 

so that total breakdown of the elevator can be avoided by feeding the data into a dynamic prediction 

mode. Mourtzis et al. 2016 also developed a product service system comprising of sensors network 

and controller with monitoring service that provide preventive remote maintenance through 

automatic monitoring of condition of the system for assessment by the maintenance department. 

This system also do not provide fault notification based on artificial intelligent system because 

every system is unique and dynamic in its own way.  

Al-kodmany (2015) explained the elevator maintenance system at one World Trade Center (WTC) 

using Microsoft Azure Intelligent system which responds to faults proactively by sending service 

engineers real-time data so that total breakdown of the elevator can be prevented by feeding the 

data into a dynamic predictive model. Mehta et al., (2015) developed a condition based systems 

which uploads data to website for remote viewing for the machine’s major component through 

artificial intelligence using Bayelsian Classification and sensor fussion. This system however only 

allows for condition monitoring on the website by the monitoring team, however, this research 

effort identifies the parameters for fault diagnosis, develops the severity level of each parameter 

through artificial intelligence adopting neural network clustering tool and programing the fault 

notification using the trained data outcome for severity condition level for the system. 

2.14. Conclusion  

This chapter discussed the relevant literature review on maintenance of elevators. The chapter 

included the review of literature on machine maintenance and the different types of maintenance 
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policies which are breakdown, preventive, proactive, condition monitoring maintenance policy 

and remote condition-based maintenance device development and discussion of gap. The chapter 

also reviewed literature on elevator systems and its maintenance, fault detection and diagnosis of 

the elevator system. The chapter also reviewed available literature on internet of things (IoT) 

devices and its applications, however, this has not been applied to maintenance and monitoring of 

elevator system. 
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CHAPTER 3 : METHODOLOGY 

3.1. Introduction 

This chapter discusses the research methodology used for the study. The current state of the 

elevator system is looked into and considered together with the maintenance practice on the 

system. The common problems encountered by the elevator system are also considered and 

discussed giving considerations to some few surveys on the elevator systems around. The research 

approach of modernising the current system of maintenance from breakdown maintenance system 

to remote condition monitoring for fault detection is also discussed in this chapter. The design and 

development of the remote monitoring device and implementation of the monitoring system on 

the elevator is also covered in this chapter. This addresses the second objective of the research 

which is to modernise the maintenance routine through a remote monitoring technique for fault 

detection. 

3.2. Research Approach and Method 

Elevators are generally susceptible to high downtime during a breakdown of the system. This is 

firstly due to absence of an operator during its operation as most elevators are not manned during 

operation. The downtime of the machine whenever there is a breakdown is a function of how soon 

the users communicate with the maintenance team which is usually not instant, except when there 

is an emergency. The elevator being considered in this study often suffers longer downtime due to 

delays in communicating a breakdown to the maintenance team as a result of other alternative 

elevators around. This therefore results in hours and days of downtime before being checked by 

the maintenance team. 

Hence, this study optimises the maintenance routine from scheduled maintenance to remote 

monitoring for fault detection and notification in order to reduce the downtime in the system. This 

is realised by installing a remote monitoring device on the elevator facility to monitor the condition 

and the fault signals on the elevator. In order to do this, official permission in Appendix 1 was 

sought so as not to compromise the ethics and safety standards of operation of the machine. The 

research is to be carried out with the help and guidance of the maintenance team to keep the 

integrity of the elevator system intact. 
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Figure 3.1: Condition Based Maintenance Approach 

 

Figure 3.2: Graphic Representation of the Research Methodology 

(Designed by the author) 

Fault detection and prediction (FDP) schemes currently used are either one of the following; data-

based or model based as indicated in Figure 3.1. The data-based approach adopts a real-time data 
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monitoring technique which collects the data on machine condition, analyses and predicts the 

current machine condition.  

This research however adopts a data-based approach for fault detection for diagnosis on machines. 

The parameters which indicate a signal for maintenance are monitored by installation of some 

intelligent devices for remote data monitoring and fault notification. The data from the machine is 

monitored, collected, and analysed for fault detection and fault notification is sent at every 

deviation from the normal conditions of the parameters. This research also adopts a Process 

History Based (PHB) approach for data analysis which analyses the data using a statistical 

approach of data comparison against a set value (severity limits). Figure 3.2 is a graphic illustration 

and representation of the idea of the research work.  

Parameters which are critical to the condition of the elevator system was monitored. The sensors 

were installed on the spatial domain of the machine being used as a case study and connected to 

the configured Internet of Things device. The data was monitored, recorded and saved through 

cloud computing so that it could be accessed remotely at any location in the world.  This was 

achieved through the Internet of Things (IoT) devices and cloud server programming. 

3.3. Overview of Elevator’s Problem 

The maintenance approach adopted by most elevator companies focuses on reducing the downtime 

of the elevator system due to maintenance as well as ensuring the safety of both the users and the 

goods or loads. A general survey of the problems associated with elevators and escalators installed 

in facilities and malls in Durban is carried out to have a wider view of the peculiar problems and 

maintenance carried out on the systems. The survey was extended to cover the escalators because 

elevators and escalators share some principles of operation in common which include the 

transmission along the guide rail and the controls housing. Therefore, since accessibility to the 

guide rail of the elevator may not be easy during the survey due to access to the hoistway, the 

escalator was used as a close study to the elevator system.  A telephone interview granted with a 

maintenance engineer of an elevator company in Durban clearly pointed out that routine 

maintenance is carried out monthly on the elevator system to make sure that the controls and the 

entire components and accessories are in a proper functioning condition. It was explained that 

basically, maintenance of elevators focuses on some specific functional parts which include the 

drive system, braking system, the elevator car and landing doors and guide rail. He further 
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explained that the controls are majorly located in the machine room and are basically challenged 

by the temperature of the room, which if high enough, could cause a major malfunctioning of the 

controls and even a total breakdown of the elevator system. An example is the escalator image in 

Figure 3.3 which broke down due to a faulty control. 

 

Figure 3.3: Faulty Escalator Control  

(Image Captured at Berea Mall) 

 

Figure 3.4: Elevator with Controls Located in The Open Air 

(Image Captured at Musgrave) 
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Some elevator systems try to overcome the challenges of malfunctioning of the controls due to 

increased room temperature by having their controls located in the open air on the elevator car, but 

majority still have them located in the machine room. The image in Figure 3.4, shows an elevator 

system captured with the controls located on the elevator car. This mostly avoids the problem 

possessed through malfunctioning of the controls of the elevator system through rises in the 

temperature of the machine or control room. 

Kariya (2012) also indicates that the hoistway out of plump and damaged rollers or guide rails are 

part of the turn backs for maintenance of the elevator systems. An interview with another elevator 

maintenance engineer via telephone on 23rd February 2017, (Otis Elevator Staff) also reiterates 

this problem as one of the problems or breakdowns experienced by the elevator systems. A survey 

conducted indicated that a damaged roller and guide rails as well as the hoistway out of the plump 

also contribute to breakdowns in elevator systems and escalators. This can be shown in Figure 3.5, 

which shows an elevator that had problems with the rollers and guide rail at China mall.  

It is evident that once there is partial damage or complete damage of the rollers which mostly bear 

the weight of the passengers and support it to the guide rails, the elevator system may wobble and 

breakdown.  

 

Figure 3.5: Damaged Guide Rail of an Escalator  

(Image Captured at China Mall) 
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Figure 3.6: Damaged Roller and Guide Rails of an Escalator 

(Image Captured at China Mall) 

Figure 3.6 also shows the damaged escalator as a result of faulty rollers and guide rails. The fault 

affects the performance of the elevator, by increasing the vibration of the stairs in the case of the 

escalators while increasing the vibration of the elevator car in the elevator system.  

In addition, the brake system is another very important component of the elevator system that 

needs regular maintenance. The brake drum or disk is directly coupled to the elevator drive shaft. 

The maintenance is carried out on the brake system by checking the brake shoe for wear and tear, 

crushing or pinching. A faulty braking system of an elevator might apart from endangering the life 

of the users, also reflect on the performance of the elevator systems by creating an uneven level 

between the elevator car and the building floor. This can be seen from Figure 3.7, which was taken 

from a building in the CBD of Durban. 
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Figure 3.7: Unlevelled Lift Car and Floor 

(Image from a Building in Durban) 

It was also pointed out by the maintenance engineer that the maintenance of the brake system must 

always be carried out on a monthly basis.  

This research is based on the cable type of elevator as a case study. A cable elevator type was 

chosen because of the popularity in usage. It is worth noting that most elevator systems that we 

use in public places, residential houses, etc. are mostly a cable type of elevator, hence the reason 

for using it in this research. However, it can also be adapted for other types of elevators. 

3.4. Elevator Case Study 

This research adopts the elevator as a case study and optimises the maintenance routine from the 

on-site condition monitoring for fault detection and diagnosis to remote on-condition monitoring 

for fault detection and diagnosis and remote fault notification of malfunctioning. On-condition 

monitoring maintenance of the elevators is very important because of the safety of the life of the 

users, hence the reason for creating a regulatory law for installation and maintenance by the 

department of labour in its Gazette. Section 44 of the Act is as stated below: 

‘Inspections and Test: The user shall ensure that every lift, escalator or passenger conveyor is 

inspected and tested in accordance with the relevant health and safety standards incorporated 

into these regulations under section 44 of the Act; 
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a) After any modification, has been effected, or; 

b) After any failure, has occurred, or; 

c) Whenever there has been a change in the competent lift service provider and 

d) At intervals not exceeding 12 months thereafter, or at shorter intervals according to in-

house risk assessments, by an inspector service provider who shall complete a 

comprehensive report separately for each lift, escalator or passenger conveyor so 

inspected and tested, and such inspection service provider shall date and sign such 

report and submit it within 30 days to the user who shall keep the report in a safe place 

and a copy of the report in the machine compartment’ (Department of Labour, 2015). 

This case study therefore provides a situation where the data from the machine cannot only be 

monitored remotely and notified of fault but can also be printed out in the form of a report and 

provided the researchers with the privilege of having the process history data stored up for 

maintenance and reference purposes. The access to the remote monitoring system could be granted 

to the outsourced maintenance team prior to the on-site visit and the condition could be diagnosed 

and maintenance instructions passed on to the machine maintenance team. 

3.5. Hardware Installation and Remote Data Capturing 

Optimising a maintenance routine from breakdown maintenance to remote condition monitoring 

for fault detection involves the development of a remote monitoring device for capturing the 

conditions of the elevator. This section therefore addresses the second objective of this research 

which is to optimise maintenance routines through remote monitoring techniques for fault 

detection. The hardware was configured to monitor the conditions (parameters considered) of the 

elevator system, log it on the cloud (internet) for remote access and send fault notification. The 

spatial domain of the case study, which is the elevator system was installed with the instruments 

for the parameters measuring, the temperature of the machine room or hoistway, the vibration of 

the drive systems and acoustics from the rollers on the guide rail and drives.  

The components and devices for the remote monitoring system consist of mainly electronic devices 

which were configured and connected, to form a remote monitoring system. The inter-connected 

devices and network system formed the Remote Condition Monitoring System (RCMS). The 

hardware for the remote monitoring system could be categorised into three (3) categories based on 

their designed functions. They are; 
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 Sensors – Data/Signal capturing 

 Controller for Data/Signal logging and transmission and 

 Device connectors. 

3.5.1. Sensors 

These are highly sensitive devices that capture signals and data from a monitored event or 

condition in a machine. The sensors used for the monitoring device are highly sensitive and 

portable sensors so that it can be accommodated for space in the domain and also for small 

deviations in measuring conditions. The parameters monitored have one or two sensors installed 

for effective data capturing of the conditions of the machine. The sensors were chosen based on 

their work requirement, sensitivity and robustness in usage and compatibility with Internet of 

Things devices.  

3.5.1.1. Temperature Sensor 

There are different types of temperature sensors based on the usage. In this research, the room 

temperature of the hoistway or the machine room was monitored, meaning the required type of 

temperature sensor was the type which measures ambient temperature. Another consideration 

given to the choice of the temperature sensor type was the temperature range to be measured. Since 

the temperature measured was the room temperature, the sensitivity of the temperature sensor of 

choice was within a room temperature range with some allowance given for variation in the 

temperature (5 ᵒC – 70 ᵒC). An image of different temperature sensors is shown in Figure 3.8. 

 

Figure 3.8: Room Temperature Sensors 

(www.intorobotics.com) 
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The machine room temperature condition was important for proper functioning of the control 

system of the elevator system. This was the most pronounced cause of control system breakdown 

in the human elevator system.  

 

Figure 3.9: Position of Installation of Temperature Sensor in the Hoistway 

(Image Captured by Author) 

The temperature sensor was installed on the elevator roof top along the hoistway of the elevator 

for high sensitivity. The room temperature and the residual temperature of the control unit of the 

elevator was accurately picked by the sensors due to the proximity. LM35 temperature sensors as 

described in Figure 3.9 are used in the configuration in monitoring the room temperature of the 

machine room. The sensor consists of three legs, which are the power pin, VCC for reading the 

data, and GND for connecting to the ground. The power leg is connected to the 5V power source 
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of the micro-controller board, while the VCC is connected to the analog pin on the micro-controller 

and the GND leg is connected to the ground rail of the breadboard while the ground of the board 

is connected to the rail of the breadboard. 

3.5.1.2. Vibration 

The vibration parameter is a very important parameter that could diagnose or indicate the condition 

of a machine with rotating components. Vibration could indicate many mechanical faults on 

elevator systems such as mechanical looseness, wear and tear, friction, abrasion etc. Different 

components of the elevator could signal fault or deterioration by increases in the vibration 

parameter. Faults or deterioration in the elevator’s condition can be monitored and picked-up by 

monitoring the vibration parameter of some components such as the elevator drive shaft, drive 

sheave, bedplate, elevator car and gear box. Any deviation in the normality of the vibration 

parameter of the monitored components will show that there is deterioration in the condition of 

the system, and the system alerts the appropriate centre and the history of the condition of the 

machine is accessed remotely by the repair team before dispatching the mechanics to repair and 

restore the system to normality. The vibration sensors are of different types based on the 

requirements and sensitivity. They are; 

 Accelerometers (Piezoelectric) 

 Velocity Sensors 

 Proximity probes (Capacitance or eddy current) and 

Velocity sensors typically work by measuring the motion of a small, body entrained in the acoustic 

field (Williams et al. 2017). Mata-Contreras,  Herrojo and Martín (2017) stated that velocity 

sensorsare mostly suited for measuring angular displacement and velocity of reactions. Proximity 

probes sensors are also used to obtain ‘orbit plot’ or ‘Lissajous figure’ of a shaft motion which 

works based on capacitance probe(Goyal and Pabla 2016). The accelerometer sensor was chosen 

for this study because it has been proposed for measurement involving monitoring and analysis of 

the integrity of structures and machinery where a set time, statistical, frequency domain features 

is taken from 3-dimensional axis. It is therefore used to measure the vibration of the lift system 

with much focus on the elevator car, shaft of the motor, drive sheave or the bedplate of the elevator 

drive system. This type of sensor is applicable to this system parameter measurement as it is 

mounted on the elevator car so as to measure the vibration of the whole system based on the motion 
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of the elevator car on the guide rail. The different types of vibration sensors are shown in Figure 

3.10.  

 

Figure 3.10: Vibration Sensors 

The Spark Fun 3-Axis Accelerometer ADXL335BD sensor shown in Figure 3.10 was mounted 

close to the drive sheave and the drives for the elevator doors to pick the vibration of both the 

elevator car and the bedplate of the drive system. The sensor which is highly sensitive with +- 5g 

error was connected with other configured devices and placed on the elevator car roof as shown in 

Figure 3.11. 

The vibration parameter monitoring was aimed at diagnosing the bearing faults or mal-functioning, 

mechanical looseness, misalignment, faulty brake assembly sheave looseness. Spark Fun 3-Axis 

Accelerometer ADXL335BD sensor was chosen amongst other type because of it high sensitivity 

of ± 5g and the ability to measure vibration on three axes. The deviation in the normal functional 

condition of the system can be pre-informed by the change in the vibration parameter of the 

machine condition. 
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Figure 3.11: Mounting Position for Vibration Sensor 

3.5.1.3. Acoustics 

This parameter measures some energy in the form of sound energy which was unwanted in the 

system. The system was installed with acoustic sensors to monitor sound from the drive system 

and the elevator car doors drive system, as well as the rollers on the guide rails in the hoistway. 

Abnormality in any of the units or components of the elevator, indicate the need for proactive 

maintenance before total breakdown of the system. An image of the sound sensor is shown in 

Figure 3.12. 

 

Figure 3.12: Acoustics Sensor 
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The sensor was installed on the elevator roof in the hoist way to pick up any abnormality in the 

sound of the drive system. The sensor at the spatial location of the system, picks up any acoustic 

excitation from the brake system as well as the bearings on the shaft and the drive sheave of the 

electric motor driving the system and the drive chains of the doors. Severe noise from the elevator 

door is also picked up by the sensor as well. Any deviation from the normal condition of these 

components is indicated at the severity level. 

3.5.2. Controller for Data/Signal Logging and Transmission 

The controller is a very important device in the construction of the monitoring system. This device 

is the main component of the monitoring device as it coordinates the configuration of the input 

devices such as the sensors as well as the output devices which may be the actuators or output data 

and determines what happens to the data picked up from the elevator system. The type of controller 

used in this research is a micro-controller known as Arduino Yun, which is used in the 

configuration of the sensors for data capturing, and logging in the data captured by the sensors 

through a set of instructions to the cloud or internet devices together with fault notification. The 

ability of the micro-controller to post data to the cloud makes it an IoT device. The Arduino Yun 

micro-controller used in this research did two major tasks, namely: 

 Hardware configuration for data capturing and 

 Data logging and transmission. 

The data capturing is the interpretation of the signals from the sensors from a high-level machine 

language to a low-level language which can be understood by the operator. The micro-controller 

collects data as input from the sensors as signals, processes the signals, and outputs the instructions 

to the Human Machine Interface (HMI) for visuals by the operator or the actuators (drive devices). 

HMIs are the screens or output devices which display the conditions of the machine for the 

machine operator, and they also act as an input device for the operators to set instructions for the 

machines. In this research, the HMI is limited to the Integrated Development Environment (IDE), 

of the installed Arduino Yun micro-controller and the email address interface, as no specialised 

HMI is used.  

The Arduino IDE is the programme software whose platform is used in configuring all the sensors 

and the output instructions based on the monitored data. The serial monitor of the IDE is used as 

the HMI as it displays the read data from the micro-controllers. Data logging and transmission is 
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the process of reading the values from the sensors and relaying the data to an output device. Some 

digital sensors have an HMI screen to read out the sensed signals, however many sensors, most of 

which are analog, have the sensed values read, logged and processed by the micro-controllers.  

This study used a recently built IoT compliant micro-controller type by Arduino called ARDUINO 

YUN. This type of micro-controller is unique in all sense of controllers because of its ability to 

transmit data to and from the internet using wireless fidelity (Wi-Fi) connection as compared to 

the existing cable connectors. It captures the signals from the sensors, interprets the data and 

executes a set of instructions programmed into it. It transmits the read signal in the form of data to 

the cloud (internet) for remote access. The Wi-Fi connection accessory makes this device robust 

and unique as it makes the application wider than other controller types. The device is a micro 

device which makes it handy and compact in application. Hence, the controller can be installed in 

a very small spatial domain of any system as it covers a very small area. The connection to the 

internet is through wireless fidelity making it a robust device as it reduces the spatial domain for 

running wired connections. Wireless sensors can also be connected to this controller making its 

application wider. The image of the Internet of Things device, Arduino Yun (2017), is shown in 

Figure 3.13. 

 

Figure 3.13: Arduino Yun Micro-controller 

(Source: www.arduino.com) 
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The three (3) sensors are connected to the Arduino Yun controller for data capturing and 

transmission to the cloud. The connections are wired using jumper wires and breadboard, while 

the controller is programmed for data logging, fault notification and transmission to the cloud. 

This is carried out through a third-party programme called tembo which helps in the connection of 

the IoT devices to the internet. tembo has numerous cloud applications (choreos) of data to the 

micro-controller which includes emailing, tweeting, Google spreadsheets, Dropbox, and many 

more. This research, however applied the use of the email choreo which had the data sent to the 

email address for remote cloud access to the data. Email alerts were also used in cases of severity 

of the monitored conditions by indicating when any of the parameters reached the severity level. 

This was a form of an alert system given to the operator remotely in order to alert an impending 

damage or fault initiation. The condition of the machine can then be accessed from any remote 

location and proactive maintenance decisions taken. 

3.5.3. Device Connection 

The Remote Monitoring System (RMS) comprises of electronic devices and components 

connected and configured together to work together as a single system. It includes all the sensors, 

the connectors, the micro-controller (Arduino Yun), the DC power source, the breadboard and the 

resistors. The connections start by powering the micro-controller with a 5V power source. This is 

connected to the USB power port of the micro-controller. This automatically brings up the red 

LED light on the micro-controller which indicates that it has been powered. The sensors are 

connected to the breadboard and then wired to the micro-controller through the jumper wires. The 

power (5V) pin is connected to the power rail of the breadboard and the ground of the 

microcontroller is also connected to the ground rail of the breadboard. The power pin of the sensors 

and ground pins are then connected to both the power and ground rail of the breadboard 

respectively. 

The circuit was built with breadboard for multiple connections of some components such as the 

resistor, LED, push buttons to the controllers, while the sensors as well are connected to the 

breadboard and to the controllers. The schematic drawing of the breadboard and the controllers is 

shown in Figure 3.14. The led light indicates severity in any of the monitored parameters when the 

circuit is on and the button on the power bank source is used to power the circuit. The sensors are 
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also connected to the controller and the controller is powered through a source, which is a 5V 

battery. The controller has both a Wi-Fi port and an Ethernet for connection to the internet. 

 

Figure 3.14: Connection of the Controller to the Led Indicator 

The Arduino Yun controller was connected to the Wi-Fi network around the domain of the elevator 

being used as the case study and the log-in details for the board were changed from the default 

setting to ensure the security of the device. The Arduino Yun board also has the ports for an 

analogue connection for the sensor chips using male-to-male cable connectors, and it could also 

connect to it wirelessly. The sensors were connected to the analogue port of the controller using 

the male to male cable. 

3.6. Software Programme for Data Monitoring 

The software end of the Remote Condition Monitoring (RCM) system is equally as important as 

the device hardware configuration.  This includes the programming of the controllers for reading 

the signals from the sensors, the conversion of the voltage signal in bytes to meaningful values. 

The software required was installed on the PC for both the code development, configuration of the 

devices and managing the data output and sending to the email. The initial configuration of the 

Arduino Yun micro-controller was done on the Arduino website. Other further coding of the 

controller was done on the Arduino IDE (Integrated Development Environment) which is the 
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coding environment for writing, running, testing and deploying codes on the Arduino hardware. 

The latest Arduino IDE, Arduino 1.5.6-r2, was downloaded and installed on the PC.  

Python and Note++ software was also installed on the PC which works with the microcontroller 

for the development of the server for the remote access online. However, since the output data in 

this research was not displayed in a special website, only the IDE and third-party web-platform 

was used in sending the data to the email. The software development of the monitoring system 

was sub-divided into two (2) parts. 

 Coding of the controller and 

 Coding for the cloud server 

3.6.1. Configuring the Controller 

The Arduino Yun microcontroller uses Wi-Fi in connecting to the network and most of the 

configuration is done online via the internet using the Arduino IDE. The first task is powering the 

microcontroller through a 5V power source, which turns on the red LED light on the Arduino 

board as indicated in Figure 3.15.  

 

Figure 3.15: Arduino Board Powered by a 5V Battery Source 

The red LED light indicates that the board’s Wi-Fi has been turned on, which can then be detected 

by any smart mobile device and PC installed with Wi-Fi network card in the domain of the 

microcontroller. This makes the network open for accessibility and can be controlled from 

anywhere by anyone, hence, the need for configuration of the board. Configuration of the board is 

needed for both the functionality of the device for its use and also for the security of the network. 

Therefore, the Wi-Fi network is searched on any mobile devices such as tablet or PC, and the Wi-

Fi address which starts with Arduino name and the mac address is connected to it. Once the PC or 
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tablet is connected, the Arduino IP address 192.168.240.1 (http://arduino.local) is entered on the 

web browser and it opened the configuration page in Figure 3.16.  

 

Figure 3.16: The First Configuration Page for the Board (Arduino) 

The password, Arduino, is entered which is the default password and then logged in. This opens 

the configuration page and the settings such as the device name, password, time zone location, 

which are all configured on the device, and once this it is done, the device assumes the configured 

settings.  

 

Figure 3.17: Configuration Settings 

The default settings were changed as in Figure 3.17, to protect the monitoring device against 

security compromise and the setting is saved. The board is re-started, which successfully has the 

board ready for inputting code for monitoring. The controller can also be reset into the default 
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settings by just pressing the reset button on the board. This helps in clearing the prior information 

that had been configured on the controller and starting afresh. 

3.6.2. Coding for the Controller 

The microcontroller which is the intelligent device in the whole set-up cannot control or take 

decisions unless being programmed by uploading as set of instructions into it through codes. The 

device has been configured to be programmed in C++ code language, hence, the microcontroller 

is programmed in C++ language.  

The coding is done in sequence depending on the action to be executed at a point in time. The first 

lines of code declare the variables being used: 

3.6.2.1. Declaration of Variables 

These variables accept input from the sensors network while the Float command ensures that the 

values are numbers in decimal and not a rounded-up number.  

Step 1: Declaring the variables tempC for temperature, VibC for vibration and SoundD for 

sound. Int dmsg = ‘Checkthe system for fault’. 

Step 2: Introduce the float command to give a whole number; Float tempC; Float VibM; 

Float SoundD; 

Step 3: Opening the bridge, and console port for communication on the controller (#include 

<Console.h> #include <Bridge.h>). 

Bridge allows for communication between the micro controller board and the PC on the serial 

monitor of the IDE using the console port. 

Console opens the port for communication in accessing the data being monitored by the 

board on the PC from the serial monitor end. 

Step 4: Declaring the third-party account, temboo (#include <Tembo.h> #include 

“TembooAccount.h”). 

Temboo sets up account information which helps in sending data from the sensors to the email 

remotely. 

3.6.2.2. Assigning the Sensors to Analogue Pins 

The analogue pins on the microcontroller need to be assigned to the sensors pin through codes. 
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Int tempPin = 0; // Temperature sensor plugged into analogue pin 0. 

Const Int VibPinX = A1; // Vibration sensor plugged into analog Pin 1. 

Const Int VibPinY = A2; // Vibration sensor for Y axis plugged into Pin 2 

Const Int VibPinZ = A3; // Vibration sensor for Z axis plugged into Pin3 

Int SoundPin = 4; // Sound Sensor plugged into analogue Pin 4 

Int led = 13; // led light is plugged into pin 13 which has a built-in resistor on the board. 

The sets of code above assign each of the sensor pins to the analog pin of the micro controller 

board for connection. Most analogue sensors come with three (3) different pins for connection, the 

power-in, power-out and the ground. The power-in pin is connected to the power source of the 5V 

from the microcontroller. The power source from the microcontroller is extended to multiple ports 

by connecting a male to male jumper wire from the 5V power port on the microcontroller board to 

the power rail on the solderless breadboard. The ground pin of the sensor is also connected to the 

ground port of the micro controller. The ground port on the micro controller is connected to the 

ground rail of the breadboard to allow for multiple connection of devices to the microcontroller 

ground port. The sensors are connected to the breadboard and the male to male jumper wire was 

used to connect the power-pin to the power rail of the breadboard and the ground pin to the ground 

rail on the breadboard while the middle pin is connected to the assigned port on the 

microcontroller. The power-out pin of the temperature sensor, which is the middle pin is connected 

with the male-male jumper wire to port 0 on the microcontroller, while for the vibration sensor, it 

is connected to port 1 and for the sound sensor it is connected to port 2 of the micro controller. 

3.6.2.3. Opening of the serial Port for Communication 

The code for opening the serial port for communication between the board and to other devices 

and programmes is given below: 

Step 1: Read in the value from each parameter pin (analogRead (tempPin); analogRead 

(VibPin); analogRead (SoundPin)) 

Step 2: Print out the parameters values (Console.print((byte) tempC); Console.print 

(analogRead (Xpin)); Console.print (analogRead (Ypin)); Console.print (analogRead 

(Zpin)); Console.print (analogRead (SoundPin)). 

Step 3: Indicate when the current values exceed the severity limit by turning the LED light 

on and sending fault notification. 
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If  𝑋 − 5𝑚𝑔 ≥ 𝑋 ≥ 𝑋 + 5𝑚𝑔       OR 

    𝑌 − 5𝑚𝑔 ≥ 𝑌 ≥ 𝑌 + 5𝑚𝑔 OR 

            𝑍 − 5𝑚𝑔 ≥ 𝑍 ≥ 𝑍 + 5𝑚𝑔 OR 

              𝑡𝑒𝑚𝑝𝑆𝑡𝑟𝑖𝑛𝑔 > 35⁰ C        OR 

              𝑆𝑜𝑢𝑛𝑑𝑃𝑖𝑛 > 70𝑑𝐵  

Then 

TembooChoereo SendEmailChoreo; 

SendEmailChoreo.addInput (“MessageBody”, dmsg) 

Else 

End If 

Delay (3000); 

The above lines of code open the serial port of the microcontroller for the conversion of the analog 

signals from the sensors to digital. The variables are set to read the values from the pins of the 

sensors while the values are assigned with another variable which converts the signal to digital 

values. Conditional statements are then introduced for decision making by the microcontroller. 

The mean value of the vibration parameter is determined from the data collected at the initial stage 

of the commencement of the remote condition monitoring system. The severity level of each 

parameter is set based on the expert knowledge from the machine manufacturer and the analysis 

from the data read from the installed sensors on the machine domain. The code for the comparison 

of the current measured value of the machine parameters against the severity limits is added. 

Hence, at damage initiation when the condition of the parameters reaches the severity limit, the 

microcontroller sends a fault notification to the programmed maintenance email for precautions to 

circumvent the situation and avert critical breakdown of the machine. The microcontroller triggers 

the condition of a LED light as high to indicate abnormality and a feedback notification is initiated 

by sending an email across to the maintenance department for proactive maintenance of the 

machine. 

3.6.3. Coding for the Cloud (Email Choreo) 

There are several cloud servers which could be used to remotely access the condition of the 

elevator system. These cloud servers are available through a third-party web service called 
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TEMBOO and had been programmed to work synchronously with the Arduino microcontroller. 

Temboo web-service assists in connecting Arduino microcontrollers and Arduino-compactible 

devices to a vast array of web-based resources and services. The web-based applications, which 

are programmed for Arduino and could be used for remote access of the monitored parameters 

include, Facebook, Amazon, Dropbox, Bitly, Google, Gmail, LinkedIn, Twitter, Yahoo, Youtube, 

websites etc. All these and many more are the web-services which make it possible to connect the 

monitoring device to the cloud server. 

 

Figure 3.18: Temboo Third Party IoT Web Page GUI 

This research, however, considers one choreo for accessing the data remotely on the internet as 

indicated in Figure 3.18. The email choreo is adopted for the remote data monitoring online for 

two major reasons: 

 Easy access to the monitoring teams and prompt email notification, 

 It is less stressful and cumbersome, unlike a webpage, and also allows for multiple 

email notifications and data updates. 
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The graphical user interface (GUI) of the Temboo web-application is shown in Figure 3.18, which 

has the different choreo displayed on the landing page. The first step in setting up an email choreo 

is to first create a new Gmail account for capturing the monitored data. The username for the mail 

is elevatordatamonitoring@gmail.com and the password is set for the access. The most important 

settings for the Gmail account to connect to the Temboo web-account is to get the App specific 

password. This is particular to an individual email account. To get the App specific password, 

there is a need to activate the 2-step verification by turning it on. Thereafter, an account is opened 

on Temboo web-app with the username as Isaac, registered with the email address formally 

created.  

The Gmail choreo is clicked on the landing page of Temboo after logging into the page. The google 

option is chosen and then the send email option chosen as well. On the same page, the board type 

is selected which is Arduino Yun, the App specific password of the email is entered on the Temboo 

choreo account set-up and the run button is clicked. This automatically generates some lines of 

code which is copied and pasted on the Arduino IDE. The automatically generated lines of code 

from Arduino have some data called the Temboo-data (ltji wzlr xppy xnwk). The code or sketch 

also has some input variables such as the data to be sent to the mail, and the email address to be 

sent to and the variable declaration and inclusion. Figure 3.19 shows some of the required fields 

generated by Temboo. The email address, username, password, and message-body were replaced 

with the information peculiar to this research, the email created, username and Temboo-data 

password generated. Another generated sketch or code aside from the main sketch for the email is 

the Header file sketch. This sketch consists of Temboo account information such as the account 

name, App key and a few lines of code.  Figure 3.20 shows the account information generated as 

the header file for this work which is copied and pasted in a separate new window of the Arduino 

IDE. 
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Figure 3.19: Temboo Generated Code for Email 

 

Figure 3.20: Temboo Generated Header File Sketch 
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The two sketches are compiled on the IDE and the Temboo library of the IDE is ensured to be up 

to date and then uploaded to the board. This setup is installed on the elevator and the machine 

room temperature, acoustics as well as the vibration of the system is monitored.  

3.7. Data Capturing 

The data for the monitored conditions are read and recorded from the email. Brittain (2004) 

designed a data capturing engine with automatic target data location, extraction and storage at an 

interval of fifteen (15) minutes. Similarly, the device is configured to capture and send the data to 

the email at an interval of ten (10) minutes, which means that six sets of data are sent in an hour if 

the conditions are normal. The data is captured for a period of 53 days and recorded. The severity 

level for each of the parameters, which are temperature, vibration, and sound/acoustic is calculated 

based on manufacturer’s specification for the machine (elevator). The level is determined based 

on the limits of excitation from the mean parameter value stated by the machine manufacturer or 

from the data.  

The data from the machine is monitored and logged by the IoT device configured and analysed 

against the severity level. The data is captured as signal for the elevator system’s condition, fault 

diagnosis, notification, and sent to the cloud (email) for remote access. The data from the 

monitored machine can be displayed in a chart and analysed. Different statistical charts and 

software can also be used to represent the data being capture by the controllers remotely for easy 

analysis of the data. The data are plotted in graph using MATLAB for easy interpretation of each 

parameter against the severity level. This makes analysis for remote monitoring maintenance 

possible and likewise, proactive maintenance and expert knowledge is possible from the machine 

manufacturer. These three monitored parameters are configured and programmed to avoid 

breakdown maintenance due to failure of controls as a result of hoistway temperature, wearing of 

the roller bearings on the guide rails, failure or inefficient brake system, and floor level allowances 

or gapping. Severity in any of the monitored parameters indicates a signal to a failure and need for 

proactive maintenance. 

The data logged from the monitoring device is used as diagnostic for fault detection by analysing 

the severity levels of the machine under different conditions. Deviation in the proper working 

condition of the machine is a signal of some deterioration in some machine components and parts. 
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Table 3.1: Elevator Failure Mode and Effect 

No Failure/Fault Effect Analysis 

1 Faulty Brake 

system or 

Brake shoe. 

Increased sound or noise; Unlevelled 

cabin and building floor, increased 

vibration. 

Worn out brake pad 

or shoe  

Brake shoe check. 

2 Friction on 

guide rail. 

Increased sound from the guide rails. 

Increased vibration gradually to 

severity. 

Worn out rollers,  

Lubrication needed.  

3 Control System 

Shutdown.  

Sudden stoppage or shutdown of the 

cabin. 

High machine room 

temperature,  

Power Surge. 

4 Shock and 

vibration at 

regular interval 

Increased vibration of cabin, floor 

imbalance, long time of travel. 

Wearied hoist cable 

and wear. 

5 Faulty drive 

assembly 

(pulley or drive 

chains). 

Increased shock, sharp displacement 

or wobbling of the elevator car.                                                                                             

Increased vibration. 

 

6 Jamming of the 

gear box. 

Increased vibration, 

Increased noise from the gear box. 

Increased vibration, 

Increased sound. 

Table 3.1 illustrates the likely failure mode and effect analysis in the diagnosis of the probable 

problem with the machine condition.  

3.8. Conclusion 

This chapter addressed the second objective of the research which is to optimise maintenance 

routine from the current breakdown maintenance to remote condition monitoring for fault 

detection and notification. Optimising maintenance of machines using a remote condition 

monitoring approach offers two major advantages. The first is to optimise the system by reducing 

the downtime and catastrophic breakdown of the elevator system, which increases the productivity 
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and efficiency of the elevator system. The inability of the maintenance team to detect a breakdown 

of the system in time is eliminated through this approach. Secondly, it offers the possibility of 

remote manning of the elevator system and critical components, which may not have been safe or 

possible for the machine operator. Remote condition monitoring approach using IoT technology 

uses the privilege of monitoring the conditions of a machine and some components of the machine 

located remotely and in a hazardous environment. Since physical presence is not needed to monitor 

the condition of a system, the safety of the operator is ensured as well as the users because of early 

detection of faults which prevents accidents. In cases where there is an operator, less exposure to 

hazard is possible through this technology.  

In some instances of industrial accidents where explosion of facilities and machines are possible, 

remote condition monitoring provides the possibility of access to the machine conditions before 

the damage as the parameters are available remotely on the cloud. Several cloud computing 

applications could also be adopted for remote data monitoring of machine and process conditions. 

A very robust application is developing a web application that displays the monitored data in form 

of a GUI from the device. The web-application display gives the privilege of a multi-complex 

display of several data for remote monitoring however, requires a lot of detailed and complex 

programming in order to achieve, hence the email remote monitoring is adopted in this research. 

This chapter therefore discussed the approach and development of the remote monitoring device 

for remote condition monitoring of the elevator’s conditions, which takes care of the second 

objective of the research. 

  



61 
 

CHAPTER 4 : REMOTE DEVICE DESIGN AND INSTALLATION 

4.1. Introduction 

This chapter discusses the design, development and installation of the remote monitoring device 

on the elevator system. It gives more highlights on the construction of the remote monitoring 

device and its individual components. The components connected to develop the remote 

monitoring device are individually analysed and explained. The connections and the installation 

of the device on the elevator system was also explained in this chapter. This further gives a grasp 

of the second objective of the research which is to optimise maintenance through a remote 

monitoring technique.  

The remote monitoring device comprises of the powered configured components which together 

captures signals and sends these as data to the remote internet access. A remote sensing device 

includes a remote sensing component, a network module such as a web application server, and a 

database (Gaw 2016). The configured device comprises of: 

 The sensors, 

 The microcontroller, 

 The power source,  

 The internet router, 

 Connectors. 

4.2. System Architecture for the Remote Machine Condition Monitoring 

System architecture for remote machine condition monitoring accomplishes the requirement of 

monitoring and measuring the condition of machines, processing the data from the instrument and 

accessing the conditions remotely without physical presence. The approach in this research makes 

use of micro-controller enabled sensors for measuring the parameters of the elevator, the powered 

IoT compliant microcontroller for controlling the whole system connection as well as the data 

transmission from the sensor and to the cloud database which in this case is the emailing choreo. 

The microcontroller work as the CU, thereby carrying out some logical reasoning and arithmetic 

on the read sensor data. The platform is therefore categorized into three layers, which are the 

Sensors layers for data capturing, the API/Data transmission layer and the web application client. 
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Figure 4.1 illustrates the system architecture for the remote condition monitoring maintenance for 

a machine using the IoT technology. 

 

Figure 4.1: System Architecture for Machine Remote Condition Monitoring 

Microcontroller-enabled sensors: These measures the conditions of the machines for both the 

vibration parameter and the machine room temperature parameter. 

API/Control Unit: This unit monitors the sensed signal from the sensor, converts it to digital value 

which are readable to the operator. 

Cloud Services/Web Application: This is the Internet end of the whole set-up that provides the 

remote link for the data being monitored by the device. This serves as the database for storing the 

data from the sensors as well as a remote access for the data and medium of event notifications. 

4.2.1. Sensors 

The sensor network comprises of three different sensors connected to the microcontroller to sense 

three different parameters; vibration, acoustics and temperature. The temperature sensor used is 

LM35 which is connected to the breadboard as indicated in Figure 4.2. 
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Figure 4.2: Temperature Sensor Connection 

The ground pin is connected to the ground rail of the breadboard and the power pin to the power 

rail while the output signal is connected to the analog input zero (0) on the microcontroller. The 

sound sensor used is Sparkfun Sound detector LMV 324, which has the ground terminal connected 

to the ground rail on the board, the power connected to the power rail and the signal terminal 

indicated as envelope connected to the analog input pin 2 on the microcontroller. Figure 4.2 shows 

the diagram for the connection and Figure 4.3 shows the image of the connection. 

 

Figure 4.3: Sound Sensor Block Diagram 
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Figure 4.4: Sound Sensor Connection 

The terminals are soldered to a male to male jumper wire and then connected to the breadboard 

and the envelope to the microcontroller. An ADXL 345 vibration sensor was used in picking the 

three axial axes of vibration of the system being monitored. The vibration sensor has ten pins with 

five pins on one end and five pins on the other end. This vibration sensors senses the vibration of 

the system on three-axial space (i.e. x, y and z axes). The vibration sensor is connected using only 

five pins out of the ten pins available on the sensor module, three pins on one end and two pins on 

the other end of the sensor. The power pin on the sensor is connected to the power rail on the 

breadboard, the ground to the ground rail and the Control Systems (CS) pin to the power rail as 

well. The Serial Clock Line (SCL) pin and Serial Data (SDA) pin on the sensor module are to be 

connected the SCL and SDA pin on the microcontroller, however they have to be bridged to the 

power rail using the resistor. Hence, they are both connected to separate rails on the breadboard, 

then the rail connected to the respective point on the microcontroller while the rail also has the 

resistor connecting it to the power rail on the breadboard. The connection of the vibration sensor 

can be seen as shown in Figure 4.5. 

Spark fun Sound Detector 
LMV 324 

With the Envelope, VCC 
and GND terminal 

connected. 
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Figure 4.5: ADXL345 Vibration Sensor 

Figure 4.5 also illustrates the diagram of the connection to the controller and the breadboard. 

 

Figure 4.6: Connection of Vibration Sensor Module 

4.2.2. Microcontroller 

The microcontroller used for the device construction is Arduino Yun controller which is an IoT 

enabled controller with wireless facility. It is powered using a 5V battery source and also connected 

to the internet via the Wi-Fi facility. The microcontroller is one of the principal components of the 

Power 

rail 

Ground 
rail 

Power 
Rail 

SCL on 
controller 

SDA on 
Controller 
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remote monitoring set-up as it connects the three sensors, interprets the signals from the sensors 

and also transmits the data to a remote internet base. The microcontroller has both the digital input 

ports and the analog and both the temperature and sound sensor are both connected to the analog 

input port on the microcontroller. The vibration sensor module is connected to the digital input 

port of the controller. The connection can be seen in the Figure 4.6. 

4.2.3. Power Source 

The whole set up is powered by a 5V battery source. The battery is directly connected to the 

microcontroller and all other devices, which are mainly sensors powered by the power rail of the 

microcontroller. To extend the power life of the source, two power sources, being power banks, 

were connected. Figure 4.6 illustrates the image of the power source, 500mAh power bank for the 

remote monitoring device. 

 

Figure 4.7: Power Bank for Power Source for Controller 

4.2.4. Router 

The router is the internet source device for the microcontroller. The microcontroller is connected 

to the internet via Wi-Fi to the router and the Wi-Fi settings of the router are configured on the 

microcontroller. The router in Figure 4.7 is a stand-alone device which is powered by an in-built 

Rs Pro Pb-A5200 
5000mAh Power 

Bank Portable 



67 
 

battery which is re-chargeable. Therefore, it was connected to the power bank source in order to 

extend its power life. 

 

Figure 4.8: The Mobile Potable Router 

4.2.5. Connectors 

These components consist of the connecting devices between each component in order to link for 

communication. The connectors include the male to male jumper wire, male to female jumper 

wire, and the breadboard. The jumper wires are used to connect the pin terminals of the sensors to 

the power rail on the breadboard and the ground rail on the breadboard. It also connects the 

data/signal pin to the microcontroller input port. The breadboard is a multi-face port that allows 

for multiple connection of devices and sensors to the power, ground port and the input pin of the 

microcontroller. 

4.3. Set-Up and Installation 

The whole monitoring device is constructed and configured to work as a system installed on the 

machine for real time data monitoring. The three parameters are remotely monitored and sent to 

the cloud via email choreo by the remote monitoring system. The circuit diagram in Figure 4.9 

shows the configured components block diagram for the monitoring device for the conditions of 

the system. The device was installed on the roof of the elevator cab to get a more precise data of 

the conditions of the drive system and to avoid obstructions by the users. The position of 
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installation was chosen so as to deliver a high signal reception from the car drive system, car door 

and landing door drive system and the brake system of the elevator.  

The vibration and sound of the car along the guide rails as it travels up and down, the braking of 

the car and the drives of the car and landing doors and locks were the major focus of the device 

being installed on the car. 

 

Figure 4.9: Remote Monitoring Device Block Diagram 

Temperature threshold helps to monitor likely malfunctioning of the controls from the machine 

room. The device was therefore installed on the system by sending the car to a level below the top 

level from where the landing door was opened for access to the outer top of the car roof. Figure 

4.10 shows the installation of the device on the system.  

The device was fastened to the point of installation using a recommended adhesive so as to avoid 

resonance vibration from the system or drifting of the device on the roof, which could affect the 

accuracy of the data read by the sensors. Access to the roof top of the elevator car was gained by 
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sending the car a level below the last floor and opening up the landing door using the lock key 

Figure 4.10 shows the installed point on the elevator roof top of the car. 

 

Figure 4.10: Device Installation 

The conditions monitored by the device are to give some diagnostic information for the 

abnormality of the system. The controls are troubleshot in the machine room to detect 

malfunctioning of the controls. Figure 4.10 shows the support of the elevator car on the guide rail 

by means of the rollers. Any faulty roller or drive cable is indicated through increased vibration of 

the system. A faulty braking system could easily be indicated by increased acoustics and vibrations 

of the elevator car. Any fault indication from the drive system for both the car and the landing door 

was also picked up by the monitoring device. 

The position of the remote monitoring device was therefore, carefully selected in order to have a 

good sensitivity of any malfunctioning of the elevator system. Any malfunctioning components of 

the system is therefore picked up as malfunctioning of the system. 

Point of Installation on the Car 
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Figure 4.11: Elevator’s Support on Guide Rail 

4.4. Conclusion 

This chapter discussed the design and installation of the remote condition monitoring device for 

remote monitoring maintenance of the conditions of an elevator system. The critical 

components/parts of the elevator system were discussed and subsequent parameters, which were 

indicative of fault initiation in the system were identified. The sensor network configuration was 

carefully designed and configured to capture the current condition of the elevator system as well 

as send the data and fault notification to a remote location for data monitoring for fault detection. 

The remote monitoring device was therefore installed at the outer car roof such that it could capture 

the data from those critical components accurately and send to the remote location via the IoT 

configured device embedded on the system. 
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CHAPTER 5 : RESULTS AND DISCUSSION 

5.1. Introduction 

This chapter presents analysis of the remotely captured data on the internet via email and the 

discussion of the results. The chapter discusses the data presentation, graphical presentation and 

analysis of data for fault detection, temperature graphical presentation, acoustics graphical 

presentation, vibration graphical presentation, assessment of parameters for fault diagnosis and 

discussion, Optimising the monitoring system by adopting control charts for variables, and 

conclusion. The collected data was used to diagnose the condition of the elevator system for fault 

detection and deterioration during the working condition. This chapter therefore addresses the last 

objective of the research which is to diagnose the elevator’s condition from the remotely captured 

data for early detection of faults for a modernised maintenance routine. The maintenance routine 

is optimised from the breakdown maintenance policy to remote condition monitoring for fault 

notification, detection and diagnosis of deterioration in elevator condition.   

The possibility of detecting faults on the elevator system remotely through the remote monitoring 

device and responding immediately to any deterioration in condition (proactive maintenance) 

optimises the system from the current breakdown maintenance policy. The optimised maintenance 

routine from remote condition monitoring is presented in this chapter by analysing the captured 

data for early detection of fault in the elevator system, identifying the possible faults in the system, 

and adopting proactive maintenance to bring the system back to its normal working condition. The 

data are evaluated against the severity limit conditions, considering their range of excitation from 

the mean value, and the graph of each parameter is plotted using MATLAB programming 

software.  

5.2. Data Presentation 

Data capturing from the elevator system entails sending the temperature, vibration and acoustic 

data from the remote monitoring device installed on the elevator system to the internet application 

used. The data were sent to the email on the code programmed into the microcontroller board of 

the remote monitoring device installed on the elevator system. The data were therefore sent 

instantaneously at an interval of 10 minutes and then recorded in tabular form for better 

presentation and analysis. The data from the elevator system is presented in Appendix 2, consisting 
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of the monitored parameters, temperature, vibration and sound/acoustics as well as the given time 

interval between each captured data. The data captured during the system’s breakdown were 

discarded as it is not significant in diagnosing fault and malfunctioning of the system since the 

system is not working. The data in Appendix 2 were therefore captured from the email address 

registered on the IoT device and put in the table format. 

5.3. Graphical Presentation and Analysis of Data for Fault Detection 

The data for each parameter were plotted against time with the MATLAB software tool for better 

presentation and analysis. The individual parameters, temperature, acoustic and the vibration, was 

plotted individually against the time so that the condition of the system can be evaluated through 

comparison of effects and reconciling the values to the mean value, based on the historical data. 

To have a good graphical presentation, the data are plotted against the time duration of the 

commencement of the data capturing and operations. Furthermore, the data set captured during the 

breakdown of the elevator system is discarded as the elevator is not functioning, therefore the data 

is inconsequential to the condition of the elevator system. 

5.3.1. Temperature Graphical Presentation 

The temperature time graph indicates that the atmospheric temperature conditions were within the 

permissible range, which is 30° to 35°C as stated by Marchitto, (2016), for the proper functioning 

of the elevator controls in the machine room as well as the hoistway. The graph in Figure 5.1 shows 

that the peak temperature during the period of the remote monitoring was 27଴𝐶 and the lower limit 

for the condition is 22଴𝐶 . The atmospheric temperatures were within the normal range and 

therefore, may not impose any adverse effect on the controls of the system. This would imply that 

temperature parameter may not be a factor for fault or malfunctioning of the system during this 

period.
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Figure 5.1: Temperature Against Time Graph 
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5.3.2. Acoustics Graphical Presentation 

Figure 5.2 shows the graph of the sound parameter against the time duration measurement of the 

system. The sound sensor module measures the sound intensity by converting the output voltage 

from the sensor to sound intensity in decibels. The conversion is done by evaluating the output 

voltage relative to the reference input voltage of the sensor by using the formula below:  

𝐼 (𝑑𝐵) =  10 𝑙𝑜𝑔ଵ଴  (
ூೄ೚ೠ೙೏  

ூೝ೐೑.
)  = 20 𝑙𝑜𝑔ଵ଴  (

௏ೄ೚ೠ೙೏

௏ೝ೐೑೐ೝ೐೙೎೐
) =  20 𝑙𝑜𝑔ଵ଴  (

௉ೄ೚ೠ೙೏

௉೚
)  .......................… (1) 

The sound intensity level, I, in decibels can be derived as ten times the logarithm of the ratio of 

the intensity of a sound wave to a reference intensity. The ratio could be expressed in voltage and 

can also be expressed as a function of the instantaneous sound pressure, 𝑃ௌ௢௨௡ௗ, to the reference 

pressure which is 20 Pa. The acoustic signature shows that there are events that happened during 

the operation of the machine which show irregularity in the operating conditions. These were noted 

as an indication of malfunctioning of the system as a fault notification were received at these 

instances and discussed in section 5.4. The graph indicates that there were five (5) different times 

of abnormality in the condition of the system which fault indications were sent, with the first 

abnormality occurring at 100minutes, and the second at 650minutes, the third at 950 minutes, the 

fourth at 950 minutes and the fifth at 1500 minutes, and.  The applicable standard VDI 2555-

2:2004 for acoustic design for lifts specifies a maximum sound pressure level in the hoistway as 

75 dB, the door as 65 dB and the relay switching as 55 dB (Schindler, 2017). A tolerance of 5dB 

is considered for the system due to depreciation and duration of usage of the system.
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Figure 5.2: Acoustic Against Time Graph 
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The lower limit of the condition may also be considered as severe and an indication of deviation 

from normality to abnormality of the system. Since the least sound pressure level of the system’s 

components is 50 dB, then giving a tolerance level of 5 dB, we can take the lower level of the 

acoustic parameter to be 45 dB.  At this level of condition, it shows that the system was no longer 

in a running condition, hence, it indicates a breakdown of the elevator system. Therefore, there 

were five notifications of fault generated from the acoustics which can also be noted on the graph 

that there are five points above the critical level of acoustic condition which demanded proactive 

maintenance before breakdown. The analysis of the cause at each notification is discussed in 

section 5.4. 

5.3.3. Vibration Graphical Presentation 

The vibration parameter is an important parameter for condition-based maintenance of a machine. 

The three-axial vibration sensor gave a better analysis of the condition of the elevator system as 

the system’s axial vibration can be reconciled against each other. Figure 5.3 presents the graph of 

the vibration in ‘mg’ of the elevator car in the y-axis. Schindler elevator manufacturer states that 

the vibration of the elevator car should be ±5 mg to its mean vibration. With reference to Figure 

5.3, which is the y-axial vibration parameter, the mean vibration on this axis from the graph is 

10mg and the normal condition is therefore expected to be within the limit of 15mg and 5mg. The 

points from 120 minutes to 180 minutes are outside this region are clear indication of abnormality 

in the condition of the elevator system. The z-axial vibration graph is presented in Figure 5.4 and 

it shows that the control limits of vibration on the z axis is between 0 – 5 mg. The z-axial vibration 

data is presented in Appendix 2. The limits of vibration on the z-axis for a normal working 

condition considering the allowance as stated earlier, would be between -5 mg to 5 mg. The graph 

of z-axial vibration shows that there were some points outside the bearable limits of condition. 

These points are an indication of abnormality of the condition of the system, which calls for 

proactive maintenance or a routine check to salvage the situation before critical breakdown. Figure 

5.5 shows the graphical representation of the x-axial vibration parameter of the elevator system.  
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Figure 5.3: Y-Axial Vibration Against Time Graph 
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Figure 5.4: Z-Axial Vibration Against Time Graph 
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Figure 5.5: X-Axial Vibration Against Time Graph 
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The graphical representation of the vibration signature helps in determining the mean vibration of 

the system and also in determining the range of severity of the system. The data presented by 

Figure 5.5 shows that the normal condition of the system is between the limits of -260 mg and -

255 mg. The points outside these limits on the graph would indicate an abnormal condition in the 

system or interruption in the normal working condition. The three axial vibrations is analysed in 

section 5.4 to give more information on the excitation of the system. 

The three parameters; temperature, acoustics and vibrations, are indicative of a fault and 

malfunctioning of the elevator system and the bases for fault notification. The acoustic and 

vibration parameters therefore indicate faults at points outside the range of normalcy in the 

condition of the elevator system. Acoustic and vibration parameters would give more information 

on the deterioration of the condition of the system when reconciled together, therefore, this is 

presented in the next section for assessment of the elevator’s condition. The signals were used in 

diagnosing the condition of the machine remotely to assess whether the condition is normal or not.  

5.4. Assessment of Parameters for Fault Diagnosis and Discussion 

This section addresses the third objective of this research which is to diagnose the condition of the 

elevator system for early detection of faults and condition deterioration. The remotely captured 

parameters were used for diagnosing the current condition of the elevator system being monitored 

for maintenance purposes. The data was therefore constantly checked as the parameters values 

were sent to the email. The temperature data shows that the room temperature is within the 

specified normal condition limits, 30° to 35°C as stated by Marchitto, (2016). The condition 

monitoring system was conducted from June till August 2017 which falls during the winter period 

of the year, hence the reason for the temperature range captured by the monitoring device. Figure 

5.1 clearly shows that the limits of the temperature captured during the condition monitoring 

process are 220C and 270C. The functioning of the controls would therefore not be adversely 

affected by the atmospheric or room temperature. 

The acoustic parameter is a very important tool in diagnosing the state of the system before 

breakdown and at the initiation of malfunctioning of the system. Figure 5.2 shows the acoustic 

graph of the remotely monitored data from the elevator system. The first sets of fault notification 

on the email was received between the 100 minutes and 200 minutes of the monitoring. This 
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immediately called for examination of the data from the system remotely to diagnose the system’s 

working condition. The acoustics limit for the system is first noted which is 75 dB as earlier stated. 

The first excitation outside the bearable limit occurs between the first 100 minutes and 200 minutes 

of the data monitoring. Fault notification was sent at this instant to the email. The maximum sound 

level expected from the drive system during operational mode of the elevator is not supposed to 

exceed 75 dB. 

 

Figure 5.6: Acoustics Excitation 

Figure 5.6 shows a detailed graph of the first excited region of Figure 5.3 so that the periods in 

which the abnormality in the condition started can easily be identified. There were four (4) points 

on the graph where the sound level was abnormal during the operation of the system.  The data in 

the shaded region of Table 5.1 shows the data within the set time frame of abnormality in the sound 

parameter, so that the exact time and its value can be noted. The excitation of the sound parameter 

above the severity level which is 75 dB are indicated on Table 5.1. 

The two points 76 dB and 87 dB, occurring at 110minutes and 130minutes, indicate that there is a 

malfunctioning of the elevator system. To further diagnose the condition of the elevator system at 

this moment, the vibration parameter was also considered. The graph of the vibration parameter at 

this instant was plotted as in Figure 5.7 to diagnose the state of the elevator system.  The X-axial 



82 
 

vibration graph also shows that there was an excitation at the range of time of excitation of the 

acoustic parameter. 

Table 5.1: Data Indicating Severity in Condition 

Temp 
(°𝐶) 

Vibration (g-force, mg) 
Sound (dB) 

Time 
(Minutes) x y z 

44 -257 12 3 68 00 

44 -257 12 5 74 10 

44 -257 11 4 71 20 

44 -257 12 3 77 30 

44 -257 11 3 70 40 

44 -257 11 3 71 50 

44 -257 11 3 70 60 

45 -257 11 2 73 70 

45 -257 11 3 69 80 

45 -256 10 2 69 90 

44 -257 9 2 69 100 

45 -256 10 1 76 110 

44 -251 -36 35 59 120 

45 -277 -29 21 87 130 

44 -254 -4 -3 73 140 

45 -260 0 22 63 150 

45 -250 -16 32 71 160 

45 -270 -10 9 64 170 

45 -254 -4 17 74 180 

45 -258 1 1 69 190 

47 -257 5 1 77 200 
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At the instant of excitation of the sound parameter of the elevator system beyond the normal 

condition limit which was 87 dB, there was a corresponding high excitation in the vibration 

parameter of the system which was -277 mg.  

 

Figure 5.7: X-Axial Vibration Excitation 

The range of vibration condition of the system in this axis is -260 mg to -255 mg as earlier analysed 

from the x-axial graph result, therefore, -277 mg is a severe condition of the elevator system. The 

data that indicates a severity condition is highlighted on the data shown in Table 5.1. This may, 

however, not be conclusive until we also consider other axis of vibration of the elevator system to 

give further clues to the condition of the system.  
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Figure 5.8: Y-Axial Vibration Excitation 

The Y-axial vibration excitation graph in Figure 5.8, within the time range considered, also signals 

that there is malfunctioning in the system as the condition at the same instance became severe. The 

points -36 mg and -29 mg are great excited points from the limit of vibration parameters of the 

system as stated earlier. The limit for the normal working conditions of the elevator system 

considering the y axial vibration is 15 mg to 5 mg. This further supports the previous data that 

suggests malfunctioning of the system. 
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Figure 5.9: Z-Axial Vibration Excitation 

Furthermore, the vibration parameter of the z-axis in Figure 5.9 shows that there was excitation at 

the instance of excitation of other axial vibrations and acoustic parameters. The normal condition 

limits for the z-axial vibration is -5 mg to 5 mg as discussed earlier from the data graph in Figure 

5.4. Therefore, points with 35 mg, 21 mg, 22 mg, 9 mg and 17 mg are an indication of severity in 

the condition of the elevator system as they fall outside the limit of normal condition. The elevator 

system at this instance is diagnosed to be faulty from the remotely captured data which further 

achieves the third objective of the research, which is to detect and notify faults in the system.  

To further examine the relative behaviour of the system at the time of damage initiation or 

malfunctioning of the condition of the system, the four graphs of the acoustic parameters and 

individual axial vibrations were placed on the same plane. This helps in evaluating the behaviour 

of the system at the initiation of the damage or malfunctioning of the system.  Figure 5.10 shows 

the combined excitation graph of each individual graph. 
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Figure 5.10: Combined Excitation Graph 
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The combined graph shows that the malfunctioning of the elevator system might have been 

triggered by an event. The time of the event of the deterioration in condition of the elevator 

system’s acoustic and vibration parameter occurred at almost the same time interval. The elevator 

system was therefore checked for on-site condition status after 72 minutes of the last notification 

of fault and it was worth noting that the elevator had stopped working. The historical data of events 

before the breakdown of the system could help in diagnosing the severity of the breakdown in the 

elevator system. The maintenance team noticed the elevator car was stopped half way (3rd floor) 

which indicated a forced stoppage of the elevator car. This further gave a clue on the severity of 

the condition and the likely nature of the error in the system which helped in troubleshooting. Since 

there was both severity in vibration and a corresponding severity in the acoustics parameter, faults 

from the controls in the machine were therefore eliminated during troubleshooting. The elevator 

was diagnosed to have been disrupted by an obstruction along the braking system on the guide rail, 

hence the effect of the deterioration in the conditions. The elevator was brought to a forceful 

stoppage at the closest floor due to the impediment, following the safety procedures embedded on 

the elevator system. This fault in the elevator system had affected both the vibration and the 

acoustics parameter of the system simultaneously which gave a diagnostic clue for future 

occurrence. The data during the breakdown period of the elevator system and the downtime during 

the repair time were discarded. The downtime during the first breakdown after monitoring was six 

days, after which the elevator was put back to normal working condition. 

There was another fault notification sent to the email around 290 minutes of the remote condition 

monitoring system. The notification indicates that the system is malfunctioning and therefore 

requires a proactive maintenance. The data from the remote monitoring system is therefore 

accessed to have a clue about the condition of the system. The excitation on the x-axis at this 

instance was -269 mg which was outside the normal vibration range on x-axis. To further check 

the likely condition of the system at this instance, a check on other axial vibration data showed 

that there was also a corresponding excitation in the vibration parameter of the y-axis but none on 

the z-axis. However, there was no excitation in the acoustic parameter of the system at this 

instance. Subsequent data from the elevator system after 310 minutes of the condition monitoring 

became normal.  

Breakdown in the system had occurred and was noticed after about 150 minutes which was about 

460 minutes of commencing the remote condition monitoring. The notification was received 
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immediately when the deterioration was initiated, and the data was analysed remotely but the time 

of response to the fault notification was 150 minutes. The response time in this context is the time 

between fault notification and the actual on-site response to the condition of the system. The 

breakdown in the elevator system had occurred after the sudden excitation in the vibration 

parameter on both the x-axis and y-axis. The nature of the vibration signal had given up the 

assumption that the system was still running well after the sudden excitation. The fault experienced 

by the system was a break in one of the fuses on the controls. The response time for the breakdown 

as a result of this fault with the system was 150 minutes as indicated in Table 5.2 while the 

downtime of the system as a result of the repair of the fault was 4 hours as indicated in Table 2. 

The next notification of malfunctioning occurred due to excitation in the vibration parameter on 

the x-axis at 650 minutes of the remote condition monitoring system. The vibration on x-axis 

excites from -258 mg to -279 mg. The vibration of the elevator system on both y-axis and z-axis 

are still within the normal condition at 650 minutes of remote monitoring. The acoustics parameter 

at this instance was also within the normal condition. The response time of this malfunction in the 

elevator’s condition was 2 hours as also indicated by Table 5.2. The fault indication in this case 

had also brought the system to a stop. The system was checked for damage and there was no 

damaged part found on the system. The system was therefore subjected to routine maintenance of 

cleaning the door rails and checking the controls.  

The next fault notification sent to the email was received at about at 960 minutes of the remote 

condition monitoring system. The vibration excitation occurred on the x-axis of the system from a 

magnitude of -258 mg to -269 mg. There was also a little excitation from 10 mg to 7mg on the y-

axis of the system but could not independently depict the condition of the system. However, when 

considered alongside the excitation on the x-axis, it could suggest that the system is 

malfunctioning. The vibration of the system on z-axis remains within the normal range. The 

elevator had been brought to a stop due to a faulty assembly of the cabin door drive. This caused 

the cabin door to jam and system automatically was brought to a stop. This door assembly is 

represented in Figure 5.11. The response time to this fault notification was 220 minutes and the 

repair time for the fault was 56 hours. The faulty door mechanism was fixed, and the elevator 

system was restored into a normal proper working condition. 
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Figure 5.11: Faulty Door Assembly 

Furthermore, another fault notification was sent to the email at about 1500 minutes of starting the 

remote condition monitoring approach. The evaluation of the 3 parameters at this instance indicate 

that only the x-axial vibration parameter was a little into the severity range. The other axial 

vibrations as well as the acoustics parameter at the same instance are within the normal range. The 

x-axial vibration excitation at the instance of the notification is -249 mg which was just a step 

below the normal condition range -250 mg to -260 mg. The response time to this fault notification 

was 32 hours and the condition of the system was okay and the elevator system was in a running 

condition. The last fault notification sent to the email was based on deterioration of the acoustic 

parameter. The acoustic graph from Figure 5.2 shows that there was another excitation at around 

1700 to 1900 minutes. The excitation was more severe than the previous which is an indication of 

a faulty condition of the elevator system.  

There was excitation in the acoustics parameter from 74 dB to 101 dB at 1710 minutes of the 

remote monitoring system. At 1800 minutes, the acoustic excitation was 107 dB and 95 dB at 1830 

minutes. The excitation in the acoustics parameters shows that the system is malfunctioning. To 

diagnose the likely damage initiation on the system, it would be necessary to consider the vibration 

parameter at this instance. Figure 5.3 and Figure 5.4, are the vibration graphs on the y axis and z 

axis respectively which shows that there was no excitation at the instance when the severity in the 

acoustic parameter occurred. The response time to the fault notification was 240 minutes. Figure 

Door 
Mechanism 

prone to fault 
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5.5 also shows that there were some excitations beyond the limit at some time in the vibration 

parameter on the x axis, but at the instance of the excitation in the acoustic parameter between 

1700 to 1900 minutes, there were no excitations beyond the normal condition limits. The excitation 

in the acoustic parameter therefore called for another on-site maintenance to troubleshoot the 

problem in the system. A visit to the elevator system revealed that the elevator had stopped 

working. The acoustic excitation beyond the normal limit confirmed that an event had occurred 

which had caused a malfunctioning in the elevator system. An excitation from the elevator drive 

system may have caused the elevator car to vibrate along the three-axis. However, since the 

deterioration in the condition of the elevator was only indicated by the acoustic parameter, it further 

required the service of the maintenance team to troubleshoot what may be the likely error in the 

system. The elevator system was discovered to have had a broken door chain drive and was 

therefore forced to a stop as the drive for the door stopped working. The chain drive connects the 

motor which drives the pulley for opening the landing door and the cabin door. Without the proper 

functioning of the door drives for timely opening and closing, the elevator system was designed to 

shutdown. 

 

Figure 5.12: Drive Chain for the Doors 

The Drive Chain for 
the Landing and 

Cabin door. 
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Figure 5.12 shows the elevator system with the chain drive for the landing door and the cabin door 

in good working condition during the installation of the monitoring device. Attached to the driven 

pulley is the cam and follower link mechanism which opens and closes the elevator doors.  Figure 

5.13 shows the broken chain of the door drives that caused the excitation in the acoustic parameter. 

Since the chain drives the door only, this explains the reason for excitation in the sound parameter 

of the system. The vibration parameter due to this faulty condition, the break in the chain, may 

remain the same as the elevator system is rendered inactive whenever any critical component is 

faulty. The repair time for this breakdown was 72 hours as indicated on Table 5.2. 

 

Figure 5.13: Broken/Damaged Door Chain 

Therefore, it was very helpful in diagnosing the current state of the elevator system when the 

acoustic parameter is monitored side by side with the vibration parameter. This would help in 

filtering out the likely problems and challenges for diagnostic maintenance decision making 

Table 5.2 shows the downtime of the elevator system after optimising the maintenance routine 

from breakdown and scheduled maintenance to remote condition monitoring. The chart in Figure 

5.14 presents the data in Table 5.2 which shows the downtime due to the response time and the 

Broken Chain for 

both the cabin and 

landing door drive 
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downtime during the repair of the system. This chart represents the breakdown experienced during 

the adoption of remote condition monitoring of the system.  

Table 5.2: Table of Downtime of the Elevator after Modernisation 

 Response Time 

(Hours) 

Repair Time 

(Hours) 

1st Breakdown 1.2 96 

2nd Breakdown 2.5 4.0 

3rd Breakdown 2.0 24 

4th Breakdown 3.7 56 

5th Breakdown 32 0 

6th Breakdown 4.0 72 

 

Figure 5.14: Chart of the Elevator after Modernisation 
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The chart shown in Figure 5.14 shows that there is a considerable reduction in the downtime due 

to ‘response time’ as compared to the system before modernisation as shown in Figure 5.15. This 

further supports the achievement of the third objective of the research, of diagnosing the condition 

of the elevator system for early detection of deterioration in condition. The downtime due to the 

repair time is also less when compared with the condition before modernisation, however, there 

was still a pronounced downtime as a result of repair based on the nature of damage on the system. 

The remotely monitored data could therefore be developed into a process data history, using cause 

and effect analysis, for diagnosing future events in the system as each fault is initiated in the system 

and maintenance carried out. The cause and effect analysis of the historical remotely captured data 

can give a lead to subsequent fault diagnosis and indication in the system. Table 5.4 represents the 

cause and effect analysis of the system’s fault. 

Table 5.3: Downtime of the Elevator Before Modernisation 

 Response Time 

(hours) 

Repair Time 

(hours) 

1st Breakdown (27/02/18) 24 8 

2nd Breakdown (16/03/18) 72 54 

3rd Breakdown (24/03/18) 48 24 

4th Breakdown (05/04/18) 96 96 
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Figure 5.15: Downtime Chart of Elevator Before Modernisation 

Table 5.4: Cause and Effect Analysis of Faults 

CAUSE EFFECT 

Broken Chain for landing and Cabin 
door drives 

Remarkable Acoustics excitation  
(up to 30 dB)  
Breakdown in the system. 

Obstruction on the guide rails, worn 
out rollers or uneven guide rails 

Remarkable excitation on all axis 
x-axis (± 26mg); y-axis (± 46mg); z-axis (± 
34mg) 
Remarkable Acoustic excitation  
(87dB) 
Breakdown in the system 

Faulty Door Assembly/Blocked door 
rail 

Excitation on majorly x-axis (± 11mg) and 
a little corresponding excitation on y-axis 
(± 3mg) 
 
Breakdown in the system 

Faulty Electronic Component, Power 
surge 

Excitation on x-axis (± 9mg) and a 
corresponding excitation on y-axis (± 5mg) 
Little Acoustics excitation (3dB)  
Breakdown in the system 

Maintenance Service Over-due  Excitation on only x-axis (± 19mg) 
Breakdown in the system 
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The effect of each fault in the system is indicated in Table 5.4 as the excitation beyond the current 

parameter value of the elevator condition. This would assist in analysing the condition and 

diagnosing faults in other elevators as excitations occur which are the increase in the parameters 

value from its nominal value. The first breakdown was as a result of an obstruction on the guide 

rail along the hoist way which also affected the rollers. The second breakdown was indicated by 

the excitation on the x axial parameter and a little on y axis beyond the normal limit. This was as 

a result of a damaged fuse on the control board, which was troubleshot and replaced. The 

maintenance was done in a few hours and the system was restored in a good condition.  

The third maintenance was a proactive maintenance based on the excitation of the vibration 

parameter. The system’s landing door rail was cleaned up for smooth motion of the door along the 

rail amongst other maintenance checks. The fourth breakdown was as a result of a disengaged 

screw rod connecting the landing door mechanism. The system was restored by repairing the faulty 

part. The fifth fault notification was as a result of a slight deviation in the vibration parameter of 

the x axis. Even though the excitation is really small, however, it cannot be disregarded. In 

response to this fault notification, the elevator system was checked on-site and found to be in a 

running condition. This, however, does not mean such small excitation should be ignored. The last 

breakdown was the damage door drive chain which also caused a few days’ downtime due to an 

inability to get a replacement part for the system. 

Therefore, considering the breakdowns experienced by the system after being optimised, it is still 

worthy to note that the downtime of the system after the optimisation of the maintenance routine 

is considerably lower than the condition before optimisation due to the just-in-time fault 

notification via internet of things devices. 

5.5. Optimising the Monitoring System by Adopting Control Chart for Variables 

The limits of the parameters can be determined from the current data received from the monitoring 

system. Control chart for variables help to understand and determine the central line of each 

parameter in the system and the limits of permissible variation in the parameter value and also to 

recognise deviation of the system from the normal state. 

Trial line = 𝑋 =
∑ ௑೔

೙
೔సబ

௡
 …………………………………. (2) 

Therefore, the central lines of x-axial, y-axial, z-axial vibrations, and Sound is given as; 
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x-axial = 
ି଺ଶ଼଴଼

ଶସସ
 = -257.41 mg 

y-axial = 
ଶଶ଼ହ

ଶସସ
 = 9.37 mg 

z-axial = 
଼ଷସ

ଶସସ
 = 3.42 mg 

Sound = 
ଵ଺଼ଵଽ

ଶସସ
 = 68.9 dB 

 

To determine the Upper Control Limits, UCL, and Lower Control Limits, LCL; the following 

formular is used; 

𝑈𝐶𝐿௫ =  𝑋 + 3 𝜎௫ ……………………………………………..  (3) 

𝐿𝐶𝐿௫ =  𝑋 − 3 𝜎௫ ……………………………………………..  (4) 

Where σ is standard deviation of the parameter; 

Standard deviation of x-axial vibration, 𝜎௫ = 2.55 

𝜎௬ = 4.71; 𝜎௭ = 3.46; 𝜎௦௢௨௡ௗ = 6.59 

𝑈𝐶𝐿௫ = - 257.41 + (3 × 2.55) = -257.41+ 7.65 = -249.76 mg 

𝐿𝐶𝐿௫ = -257.41 - (3 × 2.55) = -257.41-7.65 = -265.06 mg 

𝑈𝐶𝐿௬ = 9.37 + (3 × 4.71) = 9.37 + 14.13 = 23.5 mg 

𝐿𝐶𝐿௬ = 9.37 - (3 × 4.71) = 9.37 – 14.13 = - 4.76 mg 

𝑈𝐶𝐿௭ = 3.42 + (3 × 3.46) = 3.42 + 10.38 = 13.8 mg 

𝐿𝐶𝐿௭ = 3.42 - (3 × 3.46) = 3.42 -10.38 = - 6.96 mg 

𝑈𝐶𝐿ௌ௢௨௡ௗ = 68.9 + (3 × 6.59) = 68.9 + 19.77 = 88.67 dB 

𝐿𝐶𝐿ௌ௢௨௡ௗ = 68.9 - (3 × 6.59) = 68.9 – 19.77 = 49.13 dB 

In order to find the revised trial centre lines and control limits, it is important to consider those 

points outside the recommended limits by Schindler elevators which stated that the maximum 

sound pressure on the hoistway is 75 dB.  

Revised trial central line, 𝑋௥ , is given by; 

𝑋௥ = 
∑ (௑ି௑೏)೙

೔సబ

௡ି௡೏
 ………………………………………….. (5) 

𝑆𝑜𝑢𝑛𝑑௥  = 
ଵ଺଼ଵଽିଵଷ଼

ଶସସିଵ଻
 = 67.97; 
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The revised trial central lines and control limits for vibration parameters is calculated by 

considering the points outside the limits as stated by Schindler elevator, which was ± 5 mg to the 

mean vibration which is the trial central line above; 

𝑋௥ = 
ି଺ଶ଼଴଼ାଵ଼଺

ଶସସି଻
= -257.15 mg 

𝑌௥ =  
ଶଶ଼ (ି଼ଷ) 

ଶସସିଽ
 = 10.08 mg 

𝑍௥ = 
଼ଷସିଵ

ଶସସ
 = 2.96 mg 

The revised standard deviation 𝜎௫ೝ
, is calculated by considering the points outside the limit; 

𝜎௫ೝ
 = 0.840025 

𝜎௬ೝ
 = 0.858893 

𝜎௭ೝ
 = 0.769046 

𝜎ௌೝ
 = 5.171331 

From equation 3 and 4, the revised UCL and LCL can now be calculated; 

𝑈𝐶𝐿௫ೝ
 = 𝑋௥ + 3𝜎௫ೝ

 ….............…………………………... (6) 

𝐿𝐶𝐿௫ೝ
 = 𝑋௥ - 3𝜎௫ೝ

 ..............……………………………… (7) 

𝑈𝐶𝐿௫ೝ
 = -254.63 mg; 𝐿𝐶𝐿௫ೝ

 = -259.67 mg 

𝑈𝐶𝐿௬ೝ
 = 12.66 mg; 𝐿𝐶𝐿௬ೝ

 = 7.50 mg 

𝑈𝐶𝐿௭ೝ
 = 5.27 mg; 𝐿𝐶𝐿௭ೝ

 = -0.65 mg 

𝑈𝐶𝐿ௌೝ
 = 83.48 dB; 𝐿𝐶𝐿ௌೝ

 = 52.45 dB 

The severity limits of the elevator system is therefore set to the new revised limits for notifying 

severity in the condition of the system. 

5.6. Conclusion 

Remote condition monitoring for maintenance of the elevator system in this research opened the 

opportunity for monitoring the real-time condition of the elevator system without being on site. 

This helped in the early detection of deterioration in the condition of the elevator system. Early 

detection of deterioration in the elevator condition brought about reduced downtime of the machine 

as faults in the system were detected earlier and fixed, unlike previously when fixed time routine 

maintenance was done, which achieved the last objective of the research. Remote notification of 
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faults in the system created early awareness of deterioration in the condition and the trend of events 

were analysed remotely from the data received before on-site proactive maintenance check. The 

data from the elevator system was also used in diagnosing the state of the machine and suggesting 

probable faults in the system by adopting a cause and an effect principle.  
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CHAPTER 6 : CONCLUSIONS AND RECOMMENDATIONS 

6.1. Introduction 

This chapter focusses on the conclusions of the research stating the objectives of the research work 

and how each of the objectives was addressed. It also discusses the conclusions based on the 

optimised maintenance policy as compared to the initial state of the elevator system before 

applying the new approach. This chapter also discusses some recommendations that are considered 

based on the previous maintenance policy, which is breakdown and scheduled maintenance as well 

as the optimised maintenance solution of remote condition monitoring for just-in-time proactive 

maintenance policy. Future research work on this area is also discussed in this chapter and further 

suggestions are as well mentioned. 

6.2. Research Conclusions 

Fault detection and diagnosis play a vital role in the maintenance of machines and facilities. The 

maintenance policy adopted on the elevator system used as a case study in this research is a 

scheduled and breakdown maintenance policy. This policy carried out a scheduled maintenance at 

designated time intervals of operation, while unscheduled maintenance is also done whenever there 

is breakdown of the elevator system. This is usually the case with maintenance of the elevator 

system as no indication is given at each breakdown of the elevator system. Hence, whenever there 

is breakdown of the elevator machine, it usually took a long time to detect, except in cases of an 

emergency when the user had to call on the maintenance team for immediate action. The downtime 

of the elevator system is usually high due to the delay in notification of the breakdown in the 

system, the response time, and the time taken in troubleshooting the fault that may have occurred 

leading to the breakdown.  

The first objective of the research, which was to identify the distributed parameters which were 

the underlying factors for fault indications on elevator systems, was achieved in section 3.4 and 

3.5 of Chapter 3. Temperature, vibration and acoustic parameters were identified as the distributed 

parameters which could indicate malfunctioning in the operation of the elevator system. The 

temperature parameter affects the electronic components which are basically the controls in the 

elevator system, while the vibration and acoustic parameters indicate a faulty drive, motion along 
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the guiderail and braking systems in the elevator. The drive system comprises of both the elevator 

car drive and the cabin and landing door drives.  

The second objective of the research which was to modernise the current maintenance routine to 

remote condition monitoring for fault detection was also achieved in section 3.5 of chapter three 

which developed the hardware design for remote condition monitoring of the elevator system. 

Optimisation of the current maintenance policy to remote condition monitoring of the elevator 

system has therefore brought about an instant notification of the state and condition of the system 

through instant remote data capturing and fault notification.  

The response time of the maintenance team was also reduced as the team got to know the state of 

the elevator system and respond proactively whenever there was any deterioration in the condition. 

The historical data from the elevator system was also developed for diagnosing and 

troubleshooting the fault in the system using the cause and effect analysis. This has therefore 

addressed the third objective of diagnosing the condition of the elevator system for early detection 

of faults and deterioration. 

Furthermore, the parameters being monitored, which were the room temperature, the acoustic 

parameter and three-axial vibrations, were indicative of fault diagnosis on the elevator system. 

Obstruction in the guide rail, blockage on the door rail path, faulty drive chain or system, and 

malfunctioning controls due to heat, were common faults diagnosed from the data from the 

monitoring device. The room temperature, when high could adversely affect the controls, while 

the acoustic parameter alongside the three-axial vibration gave a more detailed diagnosis of the 

current condition of the elevator system.  

Since most of the faults encountered by the elevator system considered the degraded condition of 

the system through excitation in the acoustic parameter and the three-axial vibration, it is therefore 

important to consider both parameters as very important in condition monitoring for maintenance 

purpose of the system. Excitation in the acoustic parameter of a part or component in motion along 

a path, just like the guide rail in the elevator system, is often accompanied by a considerable 

excitation in the axial vibration of the machine as was the case in the elevator system. It is therefore 

more informative and resourceful to consider both the acoustic parameter of a component in 

motion together with the three-axial vibrations in order to have a better indication at the initiation 

of the malfunctioning of the elevator system.  
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Excessive vibration of the elevator car was an indication that proactive/preventive maintenance 

should be carried out before critical breakdown of the elevator system. Hence, a routine 

proactive/preventive maintenance was conducted to prevent critical breakdown of the system. In 

most cases, the elevator system was not in a running condition when the maintenance team 

responded on-site to fault notification, however, the historical data received remotely was used in 

analysing the condition before shutdown and troubleshooting the likely fault which achieved the 

last objective of the research. This was possible through condition monitoring of the system, and 

remote condition monitoring has made it more accessible to the maintenance team. 

Modernising the current maintenance routine, on the elevator system from scheduled maintenance 

and breakdown maintenance to remote condition monitoring for reactive and proactive 

maintenance, reduced the machine downtime due to unnoticed machine breakdown and also 

avoided catastrophic breakdown of the machine. With the reduced downtime of the elevator 

system, the cost of running the machine is reduced. Similarly, in the industry where the breakdown 

of a machine results in loss of production time, condition monitoring for maintenance would help 

increase the productivity by reducing the machine downtime.  

Remote condition monitoring also provided the opportunity of access to remote locations on the 

elevator systems and machines during working conditions which ordinarily may be impossible or 

hazardous. The trend in machine conditions being monitored through remote devices on site was 

also employed for machine condition learning for elevator maintenance and fault diagnosis.  

6.3. Recommendations 

Remote condition monitoring of a machine using IoT devices provided the possibility of 

monitoring the condition of a machine at several locations at the same time by the maintenance 

team. Unlike a scheduled maintenance routine being practised on the elevator system where 

maintenance is carried out either monthly or at the instance of a breakdown, condition monitoring 

checks the machine on-condition parameters, diagnosing the conditions used and taking 

maintenance decisions based on the trend of machine conditions.  

In the elevator case study considered in this research, on site condition monitoring of the system 

requires an operator being stationed on the site. This may however be difficult to achieve because 

of the several elevator systems installed by the elevator vendor and the overhead cost implications. 
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Hence, it would therefore be a good practise if remote condition monitoring of the machine is 

adopted for maintenance of the machine as it would reduce the downtime of the elevator system.  

In addition, several sensors can be installed on the machine and monitored remotely to capture the 

condition of each critical component during operations to give more information about the 

conditions of the machine and diagnosing the most likely affected part. 

The challenge of powering the remote monitoring device for a very long period by a DC power 

source brought about using a 12V (stepped down to 5V) source weighing about 2kg. This may not 

be absolutely reliable because the battery will at some point be totally discharged and the power 

source cut off from the monitoring device. Furthermore, the power source for the monitoring 

device will in a way add to the overall weight of the elevator car. It would therefore be 

recommended to connect an AC power source close to the location of the remote monitoring device 

and converted to DC power for the board using the AC to DC power converter. A light solar panel 

could also be a good source of power supply to the system. This would make the system efficient 

and the monitoring device could operate as long as the AC power source which powers the elevator 

system is on. 

6.4. Future Research 

Remote condition monitoring of machines and systems is gradually being applied for process 

monitoring for increased production efficiency and machine condition monitoring for 

maintenance. This research optimized fault detection and maintenance routines in an elevator 

system by applying remote condition monitoring using an IoT approach. This research therefore 

applied the use of IoT technology which has over 100 internet applications that could be used for 

accessing the machine conditions remotely, however the email web application was used. Also, 

the parameters measured were being captured by a sensor for each of the conditions. The sensors 

captured the vibration, acoustics and temperature of the elevator car based on the one-point 

installation on the elevator car roof.  

In the light of this, further work can be done by integrating more sensor networks on the elevator 

components, such as the roller arm supporting the car on the guide rail to monitor both the acoustic 

and vibration parameter from the roller, the car doors, the door drive as well as the brake cage of 

the elevator. This would help in detecting the exact part that is malfunctioning and would help to 

diagnose the likely source of the problem.  
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Furthermore, the data can be configured to be sent to multi-internet applications, such as email, 

tweeter, SMS, and also web applications to display the real-time data in form of the human 

machine interface (HMI). This would enhance the assessment of the condition of the system by 

many individuals of the maintenance team. There can also be multiple feedback mechanisms from 

the machine by the monitoring device. This would greatly improve the maintenance diagnosis of 

the system. 

6.5. Conclusion 

This research modernised the maintenance approach from scheduled and breakdown maintenance 

to remote condition monitoring in an elevator system which reduced the system’s downtime. 

Modernisation of maintenance routines for machines and systems to remote condition monitoring 

using IoT technology could be adopted for early fault detection with notification, reducing the 

downtime due to the breakdown of the system, and enhancing productivity by reducing the 

downtime of the machine or system as a result of malfunctioning. 
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APPENDICES 

Appendix 1: Letter of Permission to Install Monitoring Device on Lift System 
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Appendix 2: Captured Temperature, Acoustics and Vibration Data 

 Temp 

(𝑜஼) 

Vibration (g-force, mg) Sound 

(dB) 

Time 

(Minutes) 
x y z 

 24 -257 12 3 68 00 

 24 -257 12 5 74 10 

 24 -257 11 4 71 20 

 24 -257 12 3 77 30 

 24 -257 11 3 70 40 

 24 -257 11 3 71 50 

 24 -257 11 3 70 60 

 25 -257 11 2 73 70 

 25 -257 11 3 69 80 

 25 -256 10 2 69 90 

 24 -257 9 2 69 100 

 25 -256 10 1 76 110 

 24 -251 -36 35 59 120 

 45 -277 -29 21 87 130 

 24 -254 -4 -3 73 140 

 25 -260 0 22 63 150 
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 25 -250 -16 32 71 160 

 25 -270 -10 9 64 170 

 25 -254 -4 17 74 180 

 25 -258 1 1 69 190 

 27 -257 5 1 77 200 

 27 -258 11 3 73 210 

 27 -255 11 3 71 220 

 26 -257 10 2 71 230 

 47 -257 10 3 70 240 

 27 -257 10 3 75 250 

 26 -258 11 2 70 260 

 27 -259 10 3 74 270 

 27 -258 10 3 76 280 

 27 -269 15 2  77 290 

 26 -257 10 3 68 300 

 26 -257 10 2 72 310 

 26 -257 10 3 79 320 

 26 -257 9 3 76 330 

 26 -259 9 2 77 340 
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 26 -257 9 3 61 350 

 26 -257 11 3 70 360 

 26 -257 9 1 72 370 

 Temp 

(𝑜஼) 

Vibration (g-force, mg) Sound 

(dB) 

Time 

(minutes) x y z 

 26 -259 11 2 78 380 

 26 -257 10 2 71 380 

 26 -258 10 3 73 390 

 26 -258 10 2 71 400 

 26 -257 10 3 60 410 

 26 -257 10 3 71 420 

 26 -257 10 3 74 430 

 26 -259 12 2 75 440 

 26 -257 10 3 70 450 

 26 -258 11 4 69 460 

 26 -257 10 3 73 470 

 26 -257 10 3 75 480 

 26 -257 10 3 74 490 

 25 -257 10 2 66 500 
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 26 -258 11 3 69 510 

 26 -258 11 3 68 520 

 26 -257 10 3 70 530 

 26 -258 11 5 64 540 

 26 -257 11 4 78 550 

 26 -257 9 3 74 560 

 26 -257 10 3 68 570 

 26 -257 11 4 68 580 

 25 -257 10 2 68 590 

 26 -257 10 3 70 600 

 26 -257 10  4 72 610 

 26 -257 10 4 70 620 

 26 -258 12 1 68 630 

 25 -258 10 2 57 640  

 26 -279 11 2 67 650 

 26 -258 11 3 69 660 

 26 -258 10 3 73 670 

 25 -258 11 2 74 680 

 25 -258 11 2 70 690 
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 25 -259 9 3 70 700 

 26 -257 11 3 66 710 

 25 -257 11 3 70 720 

 26 -257 10 2 71 730 

 25 -257 9 2 72 740 

 Temp 

(𝑜஼)  

Vibration (g-force, mg) Sound 

(dB) 

Time 

(Minutes) 
x y z 

 25 -257 10 3 59 750 

 25 -257 10 4 59 760 

 26 -257 10 3 58 770 

 26 -258 10 4 73 780 

 26 -257 10 3 72 790 

 26 -258 10 4 68 800 

 26 -257 11 3 63 810 

 26 -256 11 2 65 820 

 26 -257 10 3 73 830 

 25 -257 11 2 59 840 

 26 -257 10 3 69 850 

 25 -255 11 4  60 860 



130 
 

 26 -258 11 3 76 870 

 26 -257 10 3 65 880 

 26 -258 9 3 68 890 

 26 -258 10 3 69 900 

 26 -257 11 4 76 910 

 26 -257 10 3 72 920 

 26 -257 10 3 68 930 

 26 -257 11 3 69 940 

 26 -256 10 3 73 950 

 24 -269 7 3 72 960 

 25 -258 10 4 72 970 

 25 -257 10 3 72 980 

 25 -258 10 3 66 990 

 25 -258 10 3 70 1000 

 25 -257 10 4 66 1010 

 25 -257 10 3 72 1020 

 25 -257 11 3 70 1030 

 24 -257 10 4 69 1040 

 45 -257 11 4 66 1050 
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 25 -257 10 3 67 1060 

 25 -257 9 3 73 1070 

 23 -257 9 3 64 1080 

 24 -257 9 4 68 1090 

 24 -256 10 2 64 1100 

 24 -256 10 3 72 1110 

 24 -257 9 3 53 1120 

 24 -257 9 3 71 1130 

 24 -257 9 4 53 1140 

 24 -257 9 3 69 1150 

 23 -257 10 2 64 1160 

 24 -257 9 3 69 1170 

 24 -257 10 3 65 1180 

 23 -257 10 4 62 1190 

 23 -257 10 4 52 1200 

 23 -258 11 3 68 1210 

 23 -257 10 4 56 1220 

 23 -257 10 2 61 1230 

 23 -257 11 2 68 1240 
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 23 -257 11 2 53 1250 

 24 -254 10 2 72 1260 

 24 -258 9 2 66 1270 

 24 -257 10 3 69 1280 

 23 -257 11 2 53 1250 

 24 -258 11 4 64 1290 

 23 -258 10 3 64 1300 

 25 -257 10 3 63 1310 

 Temp 

(𝑜஼)   

Vibration (g-force, mg) Sound 

(dB) 

Time 

(Minutes) 
x y z 

 25 -258 10 3 62 1320 

 25 -257 9 3 71 1330 

 25 -257 10 3 64 1340 

 25 -257 10 3 64 1350 

 25 -257 10 2 67 1360 

 26 -257 10 3 68 1370 

 25 -257 11 4 68 1380 

 25 -257 10 3 72 1390 

 25 -257 10 3 69 1400 
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 25 -258 9 3 67 1410 

 26 -257 10 3 73 1420 

 26 -258 11 3 68 1430 

 26 -256 10 3 68 1440 

 26 -257 10 4 73 1450 

 26 -257 10 3 72 1460 

 26 -257 11 3 73 1470 

 26 -257 9 4 74 1480 

 26 -257 10 4 75 1490 

 26 -249 10 3 72 1500 

 26 -256 9 3 69 1510 

 26 -256 9 3 73 1520 

 26 -257 11 4 72 1530 

 26 -257 10 2 67 1540 

 26 -257 10 4 75 1550 

 26 -257 10 3 70 1560 

 26 -257 9 5 74 1570 

 25 -256 9 3 59 1580 

 25 -257 9 3 64 1590 
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 25 -257 10 3 62 1600 

 26 -257 9 4 74 1610 

 25 -257 11 3 70 1620 

 26 -257 9 4 76 1630 

 26 -258 9 3 67 1640 

 25 -256 7 4 71 1650 

 25 -258 10 1 71 1660 

 46 -258 9 3 70 1670 

 45 -257 9 4 67 1680 

 46 -257 10 3 72 1690 

 Temp 

(𝑜஼)   

Vibration (g-force, mg) Sound 

(dB) 

Time 

(Minutes) 
x y z 

 26 -257  12 2 74 1700 

 25 -257 10 3 101 1710 

 26 -258 9 2 66 1720 

 26 -256 10 2 68 1730 

 25 -258 10 3 73 1740 

 25 -258 10 3 69 1750 

 26 -257 11 4 69 1760 
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 26 -257 11 2 69 1770 

 26 -258 11 2 74 1780 

 26 -258 10 3 72 1790 

 26 -257 10 3 107 1800 

 26 -258 10 3 70 1810 

 26 -257 11 3 69 1820 

 26 -257 10 2 95 1830 

 26 -257 10 3 72 1840 

 26 -258 10 4 70 1850 

 26 -257 10 4 75 1860 

 26 -257 10 2 68 1870 

 26 -257 11 3 69 1880 

 26 -257 10 2 70 1890 

 26 -258 10 3 70 1900 

 26 -257 8 3 65 1910 

 25 -258 12 3 68 1920 

 26 -256 10 2 69 1930 

 26 -257 11 3 71 1940 

 26 -258 10 3 72 1950 
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 26 -257 11 3 71 1960 

 25 -258 10 2 69 1970 

 26 -257 9 3 72 1980 

 26 -257 11 2 72 1990 

 25 -257 10 3 68 2000 

 25 -257 8 4 68 2010 

 25 -258 9 3 71 2020 

 25 -257 10 3 74 2030 

 25 -258 10 3 66 2040 

 25 -258 10 3 73 2050 

 25 -257 10 4 72 2060 

 25 -257 10 3 74 2070 

 Temp 

(𝑜஼)   

Vibration (g-force, mg) Sound 

(dB) 

Time 

(Minutes) 
x y z 

 25 -257 11 3 69 2080 

 25 -257 10 3 67 2090 

 24 -257 11 3 68 2100 

 24 -257 11 3 55 2110 

 24 -258 10 4 71 2120 
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 24 -257 10 4 66 2130 

 24 -257 9 2  62 2140 

 24 -257 9 4 72 2150 

 24 -258 10 3 66 2160 

 24 -257 10 2 70 2170 

 24 -257 11 4 71 2180 

 23 -257 10 4 70 2190 

 24 -257 10 3 68 2200 

 24 -257 10 4 69 2210 

 24 -257 10 3 54 2220 

 24 -257 9 3 67 2230 

 22 -258 10 5 54 2240 

 22 -258 10 4 52 2250 

 23 -258 10 3 53 2260 

 23 -257 10 3 63 2270 

 23 -257 10 2 65 2280 

 23 -257 10 4 71 2290 

 23 -257 11 3 63 2300 

 22 -257 11 2 59 2310 
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 23 -256 10 2 61 2320 

 23 -257 10 2 53 2330 

 23 -258 11 1 69 2340 

 23 -258 9 2 70 2350 

 23 -258 10 3 68 2360 

 23 -257 10 4 68 2370 

 23 -256 10 2 64 2380 

 23 -257 11 4 67 2390 

 23 -257 10 3 58 2400 

 23 -257 10 3 55 2410 

 23 -258 10 3 62 2420 

 26 -257 10 3 60 2430 

 26 -257 10 3 71 2440 

 26 -257 10 3 74 2450 

 Temp 

(𝑜஼)   

Vibration (g-force, mg) Sound 

(dB) 

Time 

(minutes) 
x y z 

 26 -259 12 2 75 2460 

 25 -257 11 2 73 2470 
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Appendix 3: Telephone Interview with Otis Maintenance Supervisor 

Telephone interview was granted by Otis branch manager on 23rd February 2017. The 

conversation entails the commissioning of the elevator system cited on campus. The following 

questions were asked: 

I want to find out if you are a proprietary to any elevator on campus 

Response: Yes 

How many elevators are you manging on campus 

Response: The company manages 4 elevators at Steve Biko Campus, S building and 3 other 

elevators at ML Sultan campus with 4 escalators at ML Sultan. 

When was the installation date? 

Response: The elevators were installed in the year 1984 

What is the maintenance routine carried out on the system? 

Response: Troubleshooting the controls, checking the braking system, cleaning the guide rails 

and lubrication. 

How often is the maintenance carried out? 

Response: Maintenance is carried out monthly. 

What are the challenges that is encountered on the maintenance of the system? 

Response: The maintenance of the system is challenged by frequent breakdown of the elevators 

due to the system being old and also a long downtime due to late fault notification and repair. 

I will like to visit for further enquiry if possible. 

Response: You are welcome. 
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Appendix 4: Source Code for Configuring the Arduino Toolkit 

/* 

  SendAnEmail 

  Demonstrates sending an email via a Google Gmail account using the Temboo Arduino Yun 

SDK. 

  This example code is in the public domain. 

*/ 

#include <Bridge.h> 

#include <Temboo.h> 

#include "TembooAccount.h" // contains Temboo account information 

#include <Wire.h> 

# define accel_module (0x53) 

  byte values [6]; 

  char output [512]; 

/*** SUBSTITUTE YOUR VALUES BELOW: ***/ 

// Note that for additional security and reusability, you could 

// use #define statements to specify these values in a .h file. 

// your Gmail username, formatted as a complete email address, eg "bob.smith@gmail.com" 

const String GMAIL_USER_NAME = "elevatordatamonitoring@gmail.com"; 

// your Gmail App-Specific Password 

const String GMAIL_PASSWORD = "jbohfelyqrpeditp"; 

// the email address you want to send the email to, eg "jane.doe@temboo.com" 

const String TO_EMAIL_ADDRESS = "elevatordatamonitoring@gmail.com"; 

boolean success = false; // a flag to indicate whether we've sent the email yet or not 
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int calls = 1; // Execution count, so this doesn't run forever 

int maxCalls = 20000; // Maximum number of times the Choreo should be executed 

int tempPin = 0;  

int tempC; 

int tempIn; 

int ledPin = 13; 

int incomingByte; 

int soundPin = 1; 

int soundValue = 0; 

int vibration; 

void setup() { 

  Bridge.begin(); 

  Console.begin(); 

  // for debugging, wait until a serial console is connected 

  delay(4000); 

  while(!Console); 

Wire.begin();  

pinMode(ledPin, OUTPUT); 

Wire.beginTransmission(accel_module); 

Wire.write(0x2D); 

Wire.write(0); 

Wire.endTransmission(accel_module); 

Wire.write(0x2D); 

Wire.write(16); 
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Wire.endTransmission(); 

Wire.beginTransmission(accel_module); 

Wire.write(0x2D); 

Wire.write(8); 

Wire.endTransmission(); 

} 

void loop() 

{ 

  tempIn = analogRead(tempPin);  

  tempC = (500.0*tempIn)/1024.0; 

  Console.print("TEMP: "); 

  Console.print((byte)tempC); 

  Console.println(" C"); 

  String tempString = String(tempC); 

  soundValue = analogRead (soundPin); 

  Console.print("Sound = "); 

  Console.print(soundValue); 

  Console.print("\t"); 

  String soundValueString = String(soundValue); 

  int xyzregister = 0x32; 

  int x, y, z; 

  Wire.beginTransmission(accel_module); 

  Wire.write(xyzregister); 

  Wire.endTransmission(); 
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  Wire.beginTransmission(accel_module); 

  Wire.requestFrom(accel_module, 6); 

  int i=0; 

  while(Wire.available()){ 

  values [i]=Wire.read(); 

  i++; 

  } 

 Wire.endTransmission(); 

x = (((int)values[1]) << 8 ) | values[0]; 

y = (((int)values[3]) << 8 ) | values[2]; 

z = (((int)values[5]) << 8 ) | values[4]; 

//sprintf (output, "%d %d %d", x, y, z); 

  //vibration = output; 

  Console.print("Vibration = ");  

  //Console.print(x); 

  //Console.print(vibration); 

// String vibrationString = String(vibration); 

  String combinedValueString = "sound = " + soundValueString + "  " + "Temperature = " +  

tempString + " C" + " Vibration =  " +  x  + "   "+  y  + "    " +  z; 

  // only try to send the email if we haven't already sent it successfully 

  if (calls <= maxCalls) { 

    Console.println("Running SendEmail - Run #" + String(calls++) + String(calls++)); 

    Serial.println("Running SendAnEmail..."); 

    TembooChoreo SendEmailChoreo; 
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    // invoke the Temboo client 

    // NOTE that the client must be reinvoked, and repopulated with 

    // appropriate arguments, each time its run() method is called. 

    SendEmailChoreo.begin(); 

    // set Temboo account credentials 

    SendEmailChoreo.setAccountName(TEMBOO_ACCOUNT); 

    SendEmailChoreo.setAppKeyName(TEMBOO_APP_KEY_NAME); 

    SendEmailChoreo.setAppKey(TEMBOO_APP_KEY); 

 

    // identify the Temboo Library choreo to run (Google > Gmail > SendEmail) 

    SendEmailChoreo.setChoreo("/Library/Google/Gmail/SendEmail"); 

    // set the required choreo inputs 

    // see https://www.temboo.com/library/Library/Google/Gmail/SendEmail/  

    // for complete details about the inputs for this Choreo 

    // the first input is your Gmail email address 

    SendEmailChoreo.addInput("Username", "elevatordatamonitoring@gmail.com"); 

    // next is your Gmail App-Specific password. 

    SendEmailChoreo.addInput("Password", "jbohfelyqrpeditp"); 

    // who to send the email to 

    SendEmailChoreo.addInput("ToAddress", "elevatordatamonitoring@gmail.com"); 

    // then a subject line 

    SendEmailChoreo.addInput("Subject", "Remote Machine Condition Monitoring"); 

     // next comes the message body, the main content of the email    

    SendEmailChoreo.addInput("MessageBody", combinedValueString); 
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    //SendEmailChoreo.addInput("MessageBody", soundValueString); 

    // tell the Choreo to run and wait for the results. The  

    // return code (returnCode) will tell us whether the Temboo client  

    // was able to send our request to the Temboo servers 

    unsigned int returnCode = SendEmailChoreo.run(); 

 

    // a return code of zero (0) means everything worked 

If  𝑋 − 5𝑚𝑔 ≥ 𝑋 ≥ 𝑋 + 5𝑚𝑔       OR 

     𝑌 − 5𝑚𝑔 ≥ 𝑌 ≥ 𝑌 + 5𝑚𝑔 OR 

     𝑍 − 5𝑚𝑔 ≥ 𝑍 ≥ 𝑍 + 5𝑚𝑔 OR 

              𝑡𝑒𝑚𝑝𝑆𝑡𝑟𝑖𝑛𝑔 > 35⁰ C        OR 

𝑆𝑜𝑢𝑛𝑑𝑃𝑖𝑛 > 70𝑑𝐵  

    if (returnCode == 0) { 

        Console.println("Success! Email sent!"); 

        success = true; 

    } else { 

      // a non-zero return code means there was an error 

      // read and print the error message 

      while (SendEmailChoreo.available()) { 

        char c = SendEmailChoreo.read(); 

        Console.print(c); 

      } 

    }  

    SendEmailChoreo.close(); 
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    // do nothing for the next 2 minutes 

    delay(900000); 

  } 

} 

 

 

 

 

 

 

 

 




