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Abstract  

This master thesis describes the research project conducted within the technical functions 

department at the Electrical Drives manufacturing plant of Robert Bosch GmbH in Bühl. The objective 

of the thesis is to implement condition-based maintenance and to compare its performance in terms 

of minimal costs to time-based and corrective maintenance. A framework is developed for improving 

maintenance policies and for implementing condition-based maintenance. Within this framework, 

the process towards selecting a component and its condition indicator is described. Furthermore, the 

decision criteria for an appropriate maintenance policy are discussed and corrective maintenance is 

compared with condition-based and time-based maintenance. Finally, the framework is executed 

and the implementation of condition-based maintenance is evaluated.   
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Executive Summary  

This thesis was executed at Robert Bosch GmbH in the Electrical Drive division at the manufacturing 

plant in Bühl. The research objective was provided by the technical function department of the plant. 

Since the technical functions department provides maintenance as a service to the manufacturing 

department, there is a large interest on minimising maintenance costs. Considering the existing 

feeling that current maintenance policy is rather built on experience than on solid data, the 

assignment is to generally investigate possibilities for maintenance improvement with a focus on the 

implementation of condition-based maintenance. Since condition-based maintenance is not 

necessarily appropriate in every situation, it was furthermore decided to compare the improvement 

potential of condition-based maintenance with other well known maintenance policies, specifically 

corrective and time-based maintenance.   

The analysis was performed on one of the armature lines, which together with a motor line produces 

wiper engines. These lines operate using a pull principle with a buffer in between disconnecting the 

production lines and protecting them for variability in the down- or upstream production lines. 

Because the full capacity of the production lines is not required anymore due to economic downturn, 

the focus is on cost reduction – rather than on availability increase, typical in maintenance literature. 

The current situation analysis shows that all of the three investigated policies are already in place to 

some extent, though up for improvement according to specialists.  

This thesis developed a framework for improving maintenance policies. This is described from the 

selection of a production line, to specific maintenance policies for individual components. For the 

selection of the production line and machine, the analysis showed that the cost of downtime 

incurred with breakdowns is undervalued. When going from the production line level, to a 

component level, it became apparent that there is a lack of sufficient cost data to do the required 

analyses on. The combination of undervalued downtime and a lack of registration accuracy on the 

machine and component level, the cost basis for analysis does not allow for a good comparison of 

maintenance actions, neither for improvement evaluation.  Improving the cost registration in a 

resource efficient way is recommended to be the first step for improvement. Doing so, the current 

status of maintenance costs, as well as the influence of improvement actions can be evaluated which 

is a requirement for general maintenance improvement.  

The production line and machine are recommended to be chosen through similar analyses. 

Combining the maintenance costs in terms of wages and materials with the opportunity costs for 

breakdowns provides a basis for cost driver identification. By performing a Pareto analysis, the 

critical systems can then be determined for focusing resources. This is in line with the TPM 
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framework that is implemented within Bosch. The production line resulting from this analysis was 

different from the production line in the objective which was kept for further analysis.  

The next step in the developed framework is the selection of a component. Since machines and 

components are easily accessible for maintenance personnel and thus the setup-costs for 

maintenance actions are low, it was decided to analyse maintenance policies on an individual 

component basis. Because of the lack of cost data on a component level, the choice for the critical 

item was made using a machine disturbance and effect analysis. This resulted in three critical 

components within the machine; the inner shield, the compact module and the clamping tube. 

Because the inner shield and the clamping tube are more appropriate for improvement from a 

mechanical point of view, the compact module was selected for analysis. More specifically, the 

loading unit, which is a cooperation of the compact module and other components, affecting the 

loading height of the armatures which influences the product quality. On the basis of mechanical 

knowledge present at experts, the loading height was identified as an appropriate condition 

indicator.  

A five step methodology is described for implementing condition-based maintenance. After the 

selection of the component, the parameters for preventive, corrective and monitoring costs need to 

be determined, along with parameters for the lifetime distribution. The Weibull distribution has been 

selected for its flexibility and wide-spread application for reliability analysis within the literature. 

Since no condition measurements were available, the condition data was simulated using the 

exponential model described by Elwany & Gabraeel (2008) to replace condition measurements that 

should be done real-life after the implementation of condition-based maintenance. After obtaining 

the condition measurements, the general path model (Lu & Meeker, 1993) was fit using an 

adaptation suggested by Zhu, Peng & van Houtum (2012), also leaving the error term as suggested. 

Using the transformation described in their article, a time-to-failure distribution can be fitted. This 

distribution can then be used for maintenance policy comparison.  

The maintenance policy comparison was planned to be between corrective, time-based and 

condition-based maintenance. Corrective maintenance does not require any decision making and is 

therefore easily implementable. On the other hand it suffers from higher delay costs. Time-based 

maintenance optimises trade-off between preventive and corrective maintenance by choosing an 

optimal preventive replacement interval. It reduces downtime and increases management control, 

though without maximising asset life. Condition-based maintenance reduces life-cycle costs and 

takes actions based on the information collected, thereby avoiding unnecessary maintenance costs. 
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However, it is relatively difficult to implement.  A comparison on the basis of average cost per time 

unit – later on – can be used to determine the most cost-effective maintenance policy.  

For condition-based maintenance, the model described by Zhu et al. (2012) was chosen because of 

the constant monitoring interval and the multi-item application possibility. It optimises the 

inspection interval and the control limit by using a nested enumeration algorithm. After a successful 

transformation as described in Lu & Meeker (1993), the lifetime destruction resulted in a decreasing 

or unimodal hazard rate, depending on the shape parameter attained by the reciprocal Weibull fit on 

the transformed values. This was a result from the transformation described by Lu & Meeker (1993) 

as earlier observed by Kundu & Howlader (2010). Other methods were attempted for fitting the 

lifetime distribution using a Weibull distributed lifetimes. They showed that the polynomial term in 

the model by Zhu et al. (2012) caused unrealistic values. Therefore it was decided to proceed with 

values proven to work by Zhu at al. (2012), adapted to this situation.  

According to the framework, the subsequent step is the comparison of the maintenance policy 

alternatives. As well-known in literature, time-based maintenance only performs well with an 

increasing failure rate. Because of the problems with the transformation, it was decided to make a 

comparison between corrective maintenance and time-based maintenance separated from the 

comparison between corrective and condition-based maintenance. The differences are analysed 

using a varying balance of corrective compared to planned maintenance costs. 

When using an increasing failure rate, the comparison between time-based and corrective 

maintenance shows that the former behaves like the latter in case the corrective maintenance costs 

are lower than or equal to the planned maintenance costs. Thus, the results attained are the same 

for both policies. For higher corrective costs, compared to preventive costs, time-based maintenance 

clearly performs better. Sensitivity analyses show that these results hold when changing the shape-

parameter of the Weibull distribution.   

In the comparison of condition-based with corrective maintenance it showed that the omission of 

the soft-failure – reduced productivity of an item after passing the failure threshold (Zhu et al., 2012) 

– has severe effects on the condition-based policy, because of the absence of penalty costs for 

delayed repairs. However, this effect is easily recognisable and therefore does not influence the 

optimality of decisions. Otherwise, condition-based maintenance shows to be a very robust policy, 

steadily performing better than corrective maintenance. Whether these results also hold with a small 

shape parameter could not be investigated due to the omission of the additional costs due to soft-

failure.  
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Lastly the framework developed allows for continuous improvement by going through the 

framework cyclically. Because it takes time for improvement effort to take effect, it recommended 

having a delay between cycles to avoid using capacity on non-main problem. The main conclusion of 

the research is that appropriate data should be collected before being able to make apt decisions. 

Furthermore it concludes that the monitoring of machines will decrease diagnosis time, thus 

reducing costs.  

Future research can be performed on the following questions: 

 Relatively large maintenance costs are spent on the armature production line under 

investigation, even though there is enough time to perform preventive maintenance and 

thus avoid corrective maintenance. How is this possible given the seeming overcapacity of 

the line?  

 In case a station is not the bottleneck within a production line – or when there is a 

redundancy present – changes in the relative capacity can change the severity of breakdown 

over a station. This has an impact on the punishment part of the corrective maintenance 

costs. How can a variation in unplanned maintenance costs be implemented and what is the 

impact on maintenance decisions?  

 In this thesis, the case of periodic condition monitoring has been discussed. However, what is 

the impact of continuous monitoring on the maintenance costs per time unit and how to 

implement continuous condition monitoring?  

 In relation to maintenance decisions is the availability of spare-parts, which has been left out 

of scope within this thesis. Thus, how can spare-part stock-keeping and ordering be 

connected to maintenance decisions? 
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Glossary Concepts  

Concept  Explanation  

CBM Condition-Based Maintenance. 

CDF Cumulative Distribution Function, represented by       

CM Corrective maintenance. 

Condition measurements Measurements made on an item representing its condition.  

Corrective maintenance  Any maintenance action occurring after the failure of a machine, 

aimed at putting the machine back into a functional state (DIN EN 

13306). 

ECC Expected Cycle Costs. 

ECL Expected Cycle Length. 

ED Electrical Drives. The division within the automotive technology 

business sector part of Robert Bosch GmbH, within which this master 

thesis was executed.  

Failure Termination of the ability of an item to perform a required action 

(DIN EN 13306). 

Fault State of an item characterised by the inability to perform a required 

function, excluding the inability during preventive maintenance or 

other planned actions, or due to lack of external resources (DIN EN 

13306). 

LSE Least Square Error. 

Maintenance action Any maintenance action performed on a machine. It can be either 

preventive or corrective. 

MCDA Multi-Criteria Decision analysis.  

MDEA Machine Disturbance and Effect Analysis. 

MLE Maximum Likelihood Estimation. 

OEE Operational Equipment Effectiveness. A measure used within Total 

Productive Maintenance, describing the time the machine is 

effectively operating.  

PDF Probability Density Function, represented by     . 

Practical degradation 

model 

The degradation path representing experts’ expectation, including 

measurement errors.  

Preventive maintenance Maintenance carried out at predetermined intervals or according to 
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  prescribed criteria and intended to reduce the probability of failure 

or the degradation of the functioning of an item (DIN EN 13306). 

Repair A maintenance action where an item is put into an as-good-as-new 

state without replacing it.  

Replacement A maintenance action where an item is put into an as-good-as-new 

state by replacing an item with an as-good-as-new item.   

RUL Remaining Useful Life. 

TBM Time-Based maintenance. 

TEF Technical Functions department. The department within the 

manufacturing plant in Bühl within which this master thesis was 

executed.  

Theoretical degradation 

model 

The degradation path representing experts’ expectation, excluding 

measurement errors.  

TPM Total Productive Maintenance. 

 

  



XVIII 
 

Glossary Variables  

Variable  Explanation  

  The control limit in Condition-Based Maintenance. After reaching 

this limit, a maintenance action is carried out.  

   The costs of condition monitoring. 

   The costs of a preventive maintenance action. 

   The costs of a corrective maintenance action. 

     The Probability Density function.  

     The Cumulative Distribution Function. 

  The expected maintenance costs per time unit. 

  The failure threshold in Condition-Based Maintenance. After 

reaching this limit, a corrective maintenance action is carried out.  

  The average expected lifetime of an item.  

  The number of inspections in one maintenance cycle of Condition-

Based Maintenance.  

   The y-intersect in the degradation model representing the initial 

wear of a component. 

   Represents the shape of the degradation model. In case     , the 

degradation model is linear. In case         , the degradation 

model is polynomial. 

  The monitoring interval, used in Condition-Based Maintenance. 

  A Weibull distributed parameter describing the lifetime distribution 

of the item. It is used in Condition-Based Maintenance.  

     Discrete condition measurements, following from the simulated 

measurements      or from real-life measurements.  

     Condition measurements, representing the expectation of experts on 

the degradation of a component. These condition measurements are 

simulated.  
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1 Introduction  

1.1 Robert Bosch GmbH 

The Bosch Group is a leading global supplier of technology and services. In the areas of automotive, 

building technology, industrial technology and consumer goods, more than 300,000 associates 

generated sales of 51.5 billion Euros in fiscal year 2011. The Bosch Group comprises Robert Bosch 

GmbH and its roughly 350 subsidiaries and regional companies in around 60 countries. If its sales and 

service partners are included, then Bosch is represented in about 150 countries. Worldwide 

development, manufacturing, and sales network are the fundaments for further growth. Bosch spent 

approximately 4.2 billion Euros for research and development in 2011, and applied for over 4,100 

patents worldwide. With all its products and services, Bosch enhances the quality of life by providing 

solutions which are both innovative and beneficial (Bosch, 2011a). 

1.2 Vision and mission  

As a leading technology and services company, Bosch’s ambition is to enhance the quality of life with 

solutions that are innovative and beneficial. Its core competencies are focused in automotive and 

industrial technologies as well as in products for professional and private use. Demonstrating social 

and environmental responsibility, it strives for sustained economic success and a leading market 

position. Entrepreneurial freedom and financial independence allow long-term perspectives.  

Customers choose Bosch for its innovative strength, efficiency, reliability and quality of work. 

Structures, processes and leadership tools are clear and effective and goals are jointly achieved 

based on common principles. Additionally, diversity and shared values are a source of strength. Being 

dedicated to their work, associates are proud to be part of Bosch (Bosch, 2011b).  

This translates into the Bosch-mission: BeQIK, BeBetter, BeBosch. BeQIK stands for Quality, 

Innovation and Customer orientation. It represents Bosch’s most valued asset, quality. Through 

innovation today, it ensures business for tomorrow and it inspires customers and associates. 

BeBetter represents continuous improvement and the will to be better than competitors. All of this 

comes together in BeBosch: offer outstanding products and services worldwide and keeping 

promises. 
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1.3 Automotive Technology  

Robert Bosch GmbH consists of three business sectors: Automotive Technology, Industrial 

Technology & Consumer Goods and Building Technology. As the world’s largest independent parts 

supplier to the automotive industry (Bosch, 2012a), the Automotive Technology business sector is 

the largest one of them, accounting for 59% of the Bosch Group’s sales, totalling a sales-revenue of 

30.4 billion Euros over 2011 (Bosch, 2011a).  

Having 122 locations in 28 countries, the business sector delivers power train, safety and comfort 

systems for all major car brands around the world. It introduces series production for automotive 

innovations so that everybody can afford them. In doing so Bosch sets standards e.g. with airbag 

control units, ABS, ESP, lambda oxygen sensors and direct injection. Bosch makes cars increasingly 

cleaner, more economical, safer and more comfortable, thus securing the future of automotive 

mobility (Bosch, 2012b). 

1.4 Electrical Drives  

As part of the Automotive Technology business sector, the Electrical Drives division (ED) accounts for 

2.6 billion Euros of the business sector’s revenues (Bosch, 2012c) and it develops and manufactures 

mechatronic components and systems for body applications (Bosch, 2012a). With innovative 

actuators, components and systems for engine thermal management, air conditioning, and 

windshield cleaning, Bosch offers new solutions for convenience functions as well as for the basic 

equipment of vehicles. 

Focusing on customer benefit, quality, and competitive prices, Bosch is market leader in many of its 

business segments. The division has about 12,000 associates, spread over 22 locations (Bosch, 

2012d) and includes the business units Actuation Systems, Thermo Systems, Wiper Systems, and a 

product group for new business fields. The division’s headquarter is in Bühlertal, Germany (Bosch, 

2012a).  The network of the ED division is presented in Figure 1.1.  
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Figure 1.1 ED global competence network (Bosch, 2012d) 

Today, the EU market for passenger cars is in decline. A return to pre-crisis sales levels is becoming 

increasingly distant (CARS 21, 2012). As the market for passenger cars declines, so does the supplier 

industry where Bosch is a part of. Bosch produces in three geographical regions using a local for local 

principle. Thus, the Bosch factories in Europe deliver to a shrinking European market, thereby facing 

increased competition. As a factory in a high-cost-country, this competition is particularly noticeable.   

1.5 Manufacturing plant in Bühl  

The factory in Bühl is one of the so-called lead-plants within the ED manufacturing network. This 

means, among others, that it has the responsibility to create innovative production procedures and – 

in light of this thesis – develop better ways of performing maintenance. The knowledge created 

within this plant is then transferred to other plants within the ED manufacturing network. Being the 

lead plant within the ED manufacturing network for small motors and modules, Bühl has around 

2.500 associates, capable of producing around 95 million motors per year. As a simultaneous 

engineering partner, manufacturing concepts, methods and equipments are developed here. The 

combination of overcapacity and a decreasing market induces pressure on capital investment and 

therefore all costs are attempted to be minimized. Parts of these costs are the variable and – more 

specific – the maintenance costs. The technical functions department tries to minimise these costs, 

which is the basis for this thesis’ topic.  
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1.6 Technical Functions  

The Technical Functions department (TEF) is the support division to manufacturing and owns, creates 

and improves knowledge and practices on production processes in Bühl. It coordinates 

manufacturing methods and production engineering for other ED plants. Its target is to create the 

condition that ED is “best in class” both in the area of production procedures and production 

technology. To achieve this objective, there is a focus on providing reliable statements for structuring 

and optimizing the production system; innovative manufacturing and test methods; cost-throughput-

balanced production facilities and implementing and maintaining total productive maintenance of 

the plant in Bühl and its installed equipment. With the pressure on competitiveness resulting from 

delivering to the shrinking European market, this department is focused on minimising maintenance 

costs. In the light of these objectives, this thesis was assigned.   

The relevant departments within TEF are TEF 1 and TEF 2. TEF 1 is responsible for process application 

and support of technical processes in the manufacturing sections. It coordinates international 

process teams as lead plant function and ensures robustness of manufacturing technologies in the 

plant. TEF 2 is responsible for the total productive maintenance coordination, the central 

maintenance and the spare part management.  This project has been executed under the supervision 

of TEF 2. 

A summarised overview of the organizational structure of Robert Bosch GmbH and the TEF 

departments are represented in Figure 1.2. 
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Figure 1.2 Organisational structure Robert Bosch GmbH (simplified) 
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2 Research Environment  

2.1 Total Productive Maintenance  

TPM stands for Total Productive Maintenance and represents the fact that everybody in the 

organization, from top to bottom, should participate (total); the emphasis is on working on it while 

production is going on (productive) and lastly Maintenance means keeping equipment in good 

condition autonomously by production operators (Ahuja & Khamba, 2007). From this equipment 

management and employee empowerment are the two features that define and characterize TPM 

(Ahuja, 2009). The ultimate goal of TPM – with respect to equipment – is to increase its effectiveness 

to its highest potential and maintain it at that level. To do so, the six major losses to equipment were 

identified, which the total time available for production – or loading time – is subject to. Losses due 

to equipment failures and setups and adjustments result in downtime and affect the availability of 

machinery, resulting in the operating time. This time is subject to reductions in performance 

efficiency due to idle machines, minor stoppages and reduced speed of the production line. Finally, 

taking into consideration that not all produced parts meet quality standards, defects in the process 

and a reduced yield results in the time that produces value for the customer; the valuable time. 

Figure 2.1 summarizes this (Braglia, Frosolini, & Zammori, 2008). The Overall Equipment 

Effectiveness (OEE) can be calculated with the following formula: 

                                       (1)  

With this figure, the machine time effectively used for quality production can be determined. The 

major losses and the OEE will be further explained in the upcoming paragraphs.  

 

Figure 2.1 Calculating overall equipment effectiveness based on six major losses (Braglia et al., 2008) 
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2.2 TPM organisation at Bosch  

The central maintenance function performed by TEF 2 builds on Total Productive Maintenance (TPM) 

principles. The Bosch pillar model (Bosch, 2007) describes the maintenance tasks and activities for 

existing equipment in order to avoid unplanned downtimes and to reduce planned downtimes. The 

pillars represent the elimination of main problems, autonomous maintenance, planned maintenance 

and equipment design (Figure 2.2).   

The first pillar focuses on the elimination of main problems using specialized workgroups. 

Autonomous maintenance forms the second pillar and represents the contribution of production 

operators. Through quick recognition of problems and adequate training, problems are identified and 

resolved quickly. Planned maintenance focuses on the prevention of failures and keeping equipment 

in such a condition that failures can be prevented. Appropriate equipment design entails an ease of 

maintenance, user friendliness and accessible equipment design and is considered in the 

construction process from early on.  

 

 

Figure 2.2 Bosch TPM pillar model 

To act on the pillar model, a TPM organisation is in place. The TPM manager is responsible for 

implementing TPM. Together with the plant management and the TPM manager of the Electrical 

Drive division, general conditions are set, a budget is set, standards are created, etc. Within the 

plant, the TPM manager has several coordinators to implement TPM at specific Business areas. Each 

production line then has a TPM-supervisor, which is responsible for the planning of TPM activities 

and finally the workers are responsible for the execution. This is depicted in Figure 2.3.  
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Figure 2.3 Bosch TPM organisation 

2.3 Current situation 

This thesis was executed within the manufacturing plants in Bühl. It produces electrical drives 

separated in the sections wiper engines, actuator systems, thermo systems and new business fields. 

The area of interest for this thesis is the wiper engine section. This section consists of several 

armature and motor lines. First the armatures are created on a flow line, after which they are 

assembled into a motor on the downstream assembly line. Most armature and motor lines are in a 

one-to-one connection with each other. The production line investigated in this thesis is the W564, 

which is one of the armature lines. The armature (rotor) together with a stator, are the two main 

components of an electromotor. Sending an electric current through the copper wire – winded 

around an armature stack – the magnets in the stator cause the electromotor to turn and transfer 

the current into a radial motion. An armature is shown in Figure 2.4. 

 

Figure 2.4 A windscreen wiper armature 

The W566 is the motor line, downstream of the armature line. It uses armatures for assembling the 

wiper engines. In order to avoid blocking or starvation, the assembly lines are decoupled from each 

other using a limited stock point – with a capacity of half a shift of production – in between. 
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Together, the lines produce the engines on customer order. On the W564 24 types of armatures are 

produced. They differ on the height of armature stack, number of windings, types of winding, etc. 

Because setups among types only consist of changes in software instruction changes they are 

negligible.    

Production of the armatures is carried out on a flow line which consists of 17 process steps. Each 

station has a cycle time1 of few seconds, which means each section delivers a product to the 

subsequent station every cycle. In order to achieve this goal, each station has to have a mean 

production time less than the cycle time to be able to deliver the subassembly in time to the 

subsequent station and to attain the required line cycle time. As not all assembly steps take less than 

the time available, some stations require more than one machine to keep up with the pace of the 

line. Key figures of the assembly line are presented in Table 2.1. 

Station2   # Machines Average cycle time  

Lamination assembly   

(Paketieren) 

1        

Pre-cleaning 

(Vorreinigen) 

1        

EP coating & Commutator sintering 

(EP-beschichten u. Kommutator ansintern) 

1        

Winding 

(Wickeln) 

5        

Lay wire before Hot Staking 

(Draht legen vor Kopfschweißen) 

1        

Hot Staking 

(Kopfschweißen) 

3        

Lay wire after Hot Staking 

(Draht legen nach Kopfschweißen) 

1        

Turn commutator 

(Kommutator drehen) 

1        

Brush commutator  

(Kommutator Bürsten) 

1        

                                                           
1 Also known as tact-time 
2 At Bosch, stations are known as sections  
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Electrical proofing 

(Elektrisch prüfen) 

1        

Assemble Bearing 

(Kugellager montieren) 

1        

Tumble Bearing  

(Kugellager anrollieren) 

1        

Tumble armature shaft 

(Ankerschnecke rollieren) 

1        

Brush armature shaft 

(Schnecke buersten) 

1        

Proof armature shaft  

(Schnecke pruefen) 

1        

Balancing  

(Wuchten) 

1        

Putting down  

(Absetzen) 

1        

Table 2.1 Key figures of the assembly line under consideration 

The line produces 24 types of armatures, which are produced during 18 shifts per week. Each 

consists of 8 hours. The bottleneck of the line is pre-cleaning with an average cycle time of 96.80% of 

the line cycle time. The buffer between the armature and the motor lines is half a shift in production 

capacity. 

2.4 TPM analysis at Bosch 

As the goal of TPM is to increase equipment effectiveness to its highest potential and to maintain it 

at that level (Ahuja, 2009), the performance of the assembly line is extensively analyzed at Bosch. 

Using the framework presented in scientific literature, Bosch created its own OEE analysis, the result 

of which is shown in Figure 2.5. The total time available for production is 24 hours a day. Because of 

breaks, planned maintenance, etc. the time used for production is smaller. This is called the planned 

operating time, comparable to the loading time in Figure 2.1. The planned operating time is subject 

to losses. The first loss type is availability loss (downtime loss in Figure 2.1). This reflects e.g. 

unplanned breakdowns and setups.  The remaining time is the time available for production; the 

gross production time (net operating time in Figure 2.1). Because of small downtimes and increased 

cycle times, there is a performance loss (speed loss in Figure 2.1) on the machines. Lastly, the parts 

produced are subject to failures; this is covered in the quality losses (defect loss in Figure 2.1). The 
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different types of operating times and losses at Bosch are summarized in Figure 2.5. Each of these 

categories will be further explained in the upcoming paragraphs.  

 

Figure 2.5 OEE overview at Bosch  

The Operational Equipment Effectiveness (OEE) is the key figure for evaluation of the performance of 

production lines at Bosch and it is a reflection of the part of the time planned for production that 

results in valuable output. With the use of Figure 2.5, Bosch calculates the OEE as follows: 

     
                   

                      
      (2)  

   

In the subsequent subsections the different loss times are discussed in detail. Following the way of 

calculation, the planned stoppages will be presented first, followed by the availability losses, the 

quality losses and – finally – the performance losses.  

2.4.1 Planned stoppages 

Every week a time frame is reserved for servicing and preventive maintenance, which is called the 

TPM frame. The tasks executed during this time are described in service plans. Depending on the 

required level of the servicing it is scheduled on a weekly to two-yearly basis. The planning is done by 

the TPM supervisor of the assembly line.    

The line W564 – the armature production line – runs smoother than the W566 – the motor assembly 

line. Because of this, the average throughput of the line W564 is higher. This means that – on 

average – the buffer to decouple the two lines will fill over time. Since a pull system is in use for 

production and this buffer has a maximum capacity, reaching the maximum buffer capacity induces a 

stop of the armature line. Another possibility to prevent exceeding the buffer capacity is to stop 

some of the machines (winding or hot staking machines) thereby increasing the line’s cycle time (i.e. 
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less products are produced per time unit) and reducing the buffer. This increases idleness, during 

which servicing or other preventive maintenance actions can be performed. 

When a time frame for a possible planned maintenance is recognized, it is firstly determined whether 

an action can be performed. If it is possible, a decision will be made on whether the repair can be 

executed by the line employee himself, or whether it requires assistance due to the complexity of the 

task. In case assistance is required, the line employee and the maintenance specialist perform the 

repair together; otherwise the line employee will perform the repair himself. After the repair, a 

functional proofing of the machine is executed to check whether the problem is solved. If the 

function of the machine is restored, the machine is released and is allowed to produce again. In case 

the repair takes longer than half an hour – or when the result of the functional proofing is not as 

required – the maintenance specialist is called for support, after which the machine will be released. 

It is possible that the maintenance specialist is not able to perform the repair either, in which case 

the process specialist is notified. Since the frequency of such occurrence is insignificant, this will not 

be considered in this research. The process of a planned stoppage is depicted in Figure 2.6.   

 

Figure 2.6 Process for preventive maintenance 
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Sometimes imminent failures are recognized (e.g. due to increased noise). If the line is stopped due 

to reaching the buffer capacity, preventive maintenance can be planned before the time due 

according to the service plans. Personal judgment decides whether the component is likely to stay in 

function until the next TPM frame or whether it is due earlier. In the latter case, preventive 

maintenance can be executed in the time frame where the buffer reached its maximum capacity.  

After preventive maintenance has been performed, the buffer is checked whether the buffer has 

decreased enough to start production again. Only when the buffer is too low to perform any new 

maintenance activities, the line will be restarted. Stoppages due to exceeding the buffer capacity – 

without preventive maintenance in the meantime – are considered to be an organizational loss.      

The planned operating time – total time minus planned stoppages – is subject to losses (Figure 2.5). 

The goal at the plant in Bühl is to achieve an OEE of 85%. The losses are further identified to support 

analysis. These losses are quality losses, availability losses or performance losses and will be 

discussed below.  

2.4.2 Quality losses 

Quality losses consist of scrap, rework and missing parts. The time lost is measured based on the 

output of the production line by multiplying the amount of faulty products with the cycle-time of the 

assembly line. Examples of failures that can occur in armatures are; failed connection of coil to 

commutator; broken wires and short circuits. Short circuits are further distinguished as short circuits 

due to contact among coil wires and short circuits due to commutator connection.  
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2.4.3 Availability losses  

Availability losses are further divided into setup, organizational and technical losses. Setup losses 

occur due to a change in products produced on the line. Organizational losses are: losses due to a 

lack of workers; a lack of material; reaching maximum buffer capacity or changes in logistic planning.  

Technical losses occur due to equipment failure and results in corrective maintenance actions. The 

process for handling corrective maintenance is depicted in Figure 2.7. 

 

Figure 2.7 Process for corrective maintenance 

When a failure occurs a corrective maintenance action is performed. A worker will go to the machine 

and estimate whether he can perform the repair himself. In case he thinks he can, he will perform 

the repair. Otherwise, a specialist is called for assistance. If the maintenance action lasts longer than 

half an hour, a specialist is also called for assistance. After the maintenance action, measurements 

are made and the machine is released and can again be used for production. Together with planned 

stoppages, technical losses constitute the focus of this thesis.   
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2.4.4 Performance losses 

Performance losses are the only losses not separately registered. It is calculated by deducting all 

other loss times from the planned operating time. It consist of cycle time-losses (i.e. an increase in 

actual cycle time needed by a station to perform its activities) and minor stoppages. The 

performance loss is measured as follows 

                                                            

                                                                                                                  

Even though performance loss is a result of the state of the equipments on the assembly line, 

performance losses are not in focus in this thesis. Reason is that this type of loss is not recorded. 

Only if the performance losses are too high, a special analysis to find the causes is initiated. Because 

the cause is otherwise unknown, this type of loss is not included in the thesis.  

2.5 Research assignment  

The research assignment for this thesis is to investigate the possibilities for implementing condition-

based maintenance (CBM) at the factory in Bühl. Considering the existing feeling that current 

maintenance policy is rather built on experience than on solid data, the assignment is to generally 

investigate possibilities for maintenance improvement with a focus on the implementation of CBM. 

The main research question of this thesis is therefore formulated as: 

How can Bosch implement Condition-Based Maintenance (CBM) and is it the best maintenance policy 

for further improving the performance of a production line? 

To answer this question, the implementation of CBM has to be investigated. Furthermore, other 

policies should be investigated with which CBM can be compared. This thesis will describe what steps 

need to be taken to implement CBM, how maintenance policies can be compared to each other and 

which one is most applicable in a given situation. First of all it is important to select an appropriate – 

one that has the most improvement potential in terms of maintenance – component. To select such 

a component, the following sub-questions were formulated: 

 How can an appropriate production line be selected for maintenance improvement? 

 How can an appropriate machine be selected for maintenance improvement? 

 How can an appropriate component be selected for maintenance improvement? 
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When an appropriate component has been selected, the question is how to implement CBM. For the 

implementation of CBM, the following sub-questions were formulated: 

 What different types of condition monitoring exist? (section 3.2.3) 

 What type of condition monitoring is applicable to the selected component? (section 7.1) 

 How can condition monitoring be deployed? (section 7.1) 

o How can condition measurements be obtained?  

o Which condition measurements can be obtained?  

 How can condition measurements be processed? (section 7.2) 

o What measures describe the degradation of the component? 

o What is the relation between the chosen parameters and system degradation? 

 How do condition measurements lead to maintenance activities? (sections 7.1 – 7.3 and 

section 8.2)  

o When is the condition of the machine considered to be faulty? 

o When should maintenance actions be taken? 

Lastly, to compare CBM with other maintenance policies, the following questions need to be 

answered: 

 What other maintenance policies exist? (chapter 3)  

 How can maintenance policies compared to each other? (chapter 3) 

 How to implement these maintenance policies? (chapters 7 – 8) 

 Under what conditions is which maintenance policy optimal? (sections 8.2 – 8.3)  

With these questions, the main research question can be answered.  

2.6 Conclusion 

The assembly lines of the armature and the wiper engine are connected to each other using a pull 

principle. A buffer is used to decouple the two lines to avoid downtimes due to variability in 

production speeds. The performance of the lines is evaluated using the Operational Equipment 

Effectiveness (OEE) measure as defined in Total Productive Maintenance (TPM). The maintenance 

activities are executed using a combination of corrective maintenance, time-based maintenance and 

condition-based maintenance. None of these are considered optimal by experts.  The assignment for 

the thesis was thus to further analyze the maintenance process and investigate for potential 

improvement. The assignment for this project came from the Technical Functions (TEF) 2 

department. The department is responsible for central maintenance and is thus interested in 
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optimizing the maintenance practices in the Bühl plant, which can later be transferred to other plants 

within the Electrical Drives (ED) division.  

This thesis is organised as follows: chapter 3 reviews current literature on maintenance and chapter 4 

describes a general framework developed in this thesis for the improvement of maintenance 

practices. Chapters 5 to 9 describe the steps within the framework with first describing the selection 

of an appropriate production line and machine. Chapter 6 describes how to choose a component. 

Chapter 7 describes a methodology for implementing condition-based maintenance, together with 

the first steps of this methodology. In chapter 8 the remainder of this methodology is presented, 

together with a comparison of the analysed maintenance policies. Chapter 9 describes how to 

continuously improve maintenance practices. Conclusions, recommendations and directions for 

further research can be found in chapter 10.  
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3 Literature on maintenance  

The goal of this thesis is to analyse and implement condition-based maintenance. Since condition-

based maintenance is not the optimal policy in all situations, a comparison with other maintenance 

policies needs to be made, before implementing condition-based maintenance. Thus, this thesis 

describes what steps should be taken to implement CBM and how it can be compared to other well-

known maintenance policies. It will describe the complete process with a single component as an 

example. Before this can be done a short review of current research on maintenance will be 

presented.  

Increasingly – when purchasing a machine3 - the total costs over the lifecycle become important. This 

acknowledges that the majority of the costs over the lifetime of a machine are in its usage phase, 

rather than in its initial investment. Figure 3.1 shows that in the German machine building industry, 

an average of     results from usage costs. An average of     is spent on maintenance costs.  

 

Figure 3.1 Life cycle cost distribution (Lanza, Appel, & Werner, 2011) 

Historically, maintenance has been regarded as a cost driver only and has therefore received only 

little attention. Due to recent developments with increasing globalized competition and decreasing 

profit margins, maintenance is becoming increasing strategic importance. This is reinforced by life 

cycle cost analysis. More and more, maintenance is used as a way of attaining a competitive 

advantage. Being both producer and customer of many of its machines, life cycle cost is also 

important for Bosch and thus, so is maintenance.  

                                                           
3 As the thesis will be executed at a manufacturing firm, capital goods will be further referred to as machines 
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“Maintenance is the combination of all technical, administrative, and managerial actions during the 

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

required function” (DIN 13306, 2010). This means that – contrary to recent perception – maintenance 

does not only consist of repair work (corrective), but also of activities that aim at retaining a machine 

in a functional state (preventive). Because no two machines are exactly the same nor will they 

operate in the exact same conditions, the lifetime expectancy – or reliability – of machines differs. 

This means reliability is a stochastic process of which fundamentals – probability density function, 

cumulative distribution function, mean, variance, coefficient of variation, hazard, or failure rate and 

the gamma function – will be discussed using the Weibull distribution in appendix B.  

The basic trade-off of maintenance policies is between the availability of a system and the cost of the 

activities. The more one invests in replacing components, the less will be the likelihood of unplanned 

failures. Thus, the costs for replacements and unplanned failures are inversely related to each other. 

It is possible to determine an optimum between these costs, which is the focus of policy 

comparisons.  

The cost analysis of maintenance policies relies on the assumption that the time between two 

failures is independent and identically distributed. This is modelled by assuming a system is in the as-

good-as-new condition upon repair. Thus, the probability of a system failing after a maintenance 

action is independent of the probability of failure before the replacement. Therefore renewal theory 

can be used. According to this theory4, the expected cost per time unit for a maintenance policy is 

described by: 

                             
                   

                     
 

   

   
   (3)  

As it describes the average cost per time unit, it provides a fair comparison between maintenance 

policies. The next section focuses on explaining the maintenance policies to be compared. A 

categorization of them is presented in Figure 3.2.  Maintenance can be either preventive – before a 

failure has occurred – or corrective – after a failure. Preventive can be scheduled, or executed 

according to a specific condition of the item. Corrective maintenance can be either instantaneously 

or deferred. The details will be discussed in the next subsection.   

 

                                                           
4
 The assumption of perfect repair is not always reasonable. Models covering this aspect use e.g. the as-bad-as-old 

assumption (Barlow & Hunter, 1960), or the assumption that a unit is as-good-as-new with some probability   and as-bad-
as-old with some probability       (Wang & Pham, 1996). The application of these assumptions is out of scope of this 
research. 
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Figure 3.2 Maintenance – overall view (DIN, 2010)  

For further describing the performance of maintenance, the time related should be discussed. This is 

shown in Figure 3.3. The maintenance time is the time between the failure of the system and 

returning the state in a productive state. Maintenance can consist of either preventive or corrective 

maintenance (Figure 3.2). In either case, there is a logistic delay time. This can be due to e.g. 

travelling to machines, pending arrivals of spare parts and specialists (DIN, 2010). Once the resources 

arrived, the active maintenance time commences. This time is also subject to some delay; technical 

delay. Technical delay is connected to a maintenance action, but not part of it. For example, it can 

consist of rendering the equipment safe (DIN, 2010). 

 

Figure 3.3 maintenance times (DIN, 2010) 

With this information, the maintenance action themselves can be reviewed.  
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3.1 Corrective maintenance 

Corrective maintenance (CM) is defined as “maintenance carried out after fault recognition and 

intended to put an item into a state in which it can perform a required function” (DIN, 2010), while a 

faulty state is the state of the machine in which it is unable to fulfil its function; a failure is the event 

leading to that state. As shown in Figure 3.2, such an action can be deferred or immediate.  

This definition also points out that a failure initiates the maintenance action or repair. By definition, a 

faulty system is only recognized after failure and it is always unexpected. Hence, its corresponding 

maintenance activity is unplanned.  Gits (1992) says that corrective maintenance is always potentially 

effective. This means that irrespective of the hazard rate of an item, the maintenance initiation is 

correct at the moment prescribed. To evaluate CM using equation (3), the expected cycle costs 

are    – the costs for an unplanned action - and the expected cycle length – the time between two 

CM actions – is represented by  . Thus, the costs per time unit for CM are:   

   
  
 

 (4)  

Where  

     are the unplanned maintenance costs; 

     is the expected item lifetime. 

Because a failure is unexpected and corrective maintenance unplanned, the logistic delay (Figure 3.3) 

for corrective is longer than for preventive maintenance (because during a planned action the 

resources are instantly available). The same holds for the technical delay, which consists of e.g. 

setting up test equipment.  On top of that, a failure can lead to damaging other components of the 

machine or cause safety or health risks. Hence, even though corrective maintenance uses the total 

available lifetime of a component and thereby decreases spare part costs there is a drawback; the 

increase in downtime and failures incurred to other components. These drawbacks make this policy 

undesirable. As a result of that, preventive maintenance receives increasing attention, especially for 

situations where there are high safety risks or where downtime costs are high. 

3.2  Preventive maintenance 

Preventive maintenance is “maintenance carried out 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” (DIN, 2010). Summarized, this definition says that the maintenance action is 

carried out before failure and that it is intended to prevent failures or degradation of a machine. A 



22 
 

distinction is made between predetermined and condition-based maintenance (Figure 3.2) each of 

which is presented below.   

3.2.1 Time-Based Maintenance 

Time-Based Maintenance (TBM) – also known as time-directed (Tsang, 1995) or age-based 

maintenance(Wang H. , 2002; Barlow & Hunter, 1960) – is a form of predetermined maintenance. 

More specifically, it is maintenance carried out on the basis of the time a machine is in use, its age. If 

a component fails before the planned replacement age, it is replaced correctively and the preventive 

maintenance action is rescheduled. The goal of this policy is to avoid failure due to wear-out 

phenomena (see Figure 3.4), thus it is a potentially effective maintenance policy in the case of an 

increasing failure rate5 (Gits, Design of maintenance concepts, 1992; Nowlan & Heap, 1978). 

 

Figure 3.4 Bathtub curve 

The main advantage of TBM compared to CM is that the maintenance actions are scheduled and thus 

that the logistic and technical delay are minimized. The big disadvantage is the loss of useful life due 

to (too early) preventive replacements.  

 

 

 

 

 

 

                                                           
5 An explanation on the hazard, or failure rate, can be found in appendix B 
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In TBM maintenance costs are minimized by balancing the cost of preventive maintenance to the 

cost of (unexpected) downtime (see Figure 3.5). 

 

Figure 3.5 Time-Based Maintenance   

For the general case, described by Mann, Saxena & Knapp (1995) the underlying formula for an age-

based policy with replacing age   is:  

   
                 

                  
 

 

 (5)  

Where: 

     are the costs of an unplanned maintenance action; 

     are the cost for of a planned maintenance action; 

       is the probability density function; 

       is the cumulative distribution function. 

The model of TBM has several disadvantages. Firstly, the calculations are based on mean values. In 

case the variance of this mean is large, then the probability of ascertaining the maintenance interval 

with accuracy is small. In many of these cases, the plant is over-maintained (Mann et al., 1995). 

Secondly, this model assumes that the costs of corrective maintenance do not vary over time. This is 

the case because it is usually applied to bottleneck machines, in which downtime is equally severe 

irrespective of the moment of occurrence. In the case where the importance of availability changes 

over time – e.g. due to downtime at the customer of the process – the costs of corrective 

maintenance will change over time. How to incorporate this and how this influences maintenance 

decisions is out of scope, but interesting for future research.  

C
o

st
 /

 U
n

it
 T

im
e

 

Replacement Interval 

Total Costs per Time Unit 

Costs of Corrective Maintenance 

Costs of Preventive Maintenance 

Optimal Policy 



24 
 

3.2.2 Usage based maintenance 

Another form of predetermined maintenance is usage based maintenance (UBM). It is similar to TBM 

because it also uses a fixed parameter after which to exchange a component. In UBM however, the 

number of usages is decisive e.g. the mileage for tires or the number of rotations for an engine. This 

policy could be an improvement if the use of an item is irregular over time. Neither TBM nor UBM 

reflects the variability in strain during the period in use.   

3.2.3 Condition-Based Maintenance 

Condition-Based Maintenance (CBM) uses information about the deterioration of the machine to 

trigger maintenance actions. In contrast, UBM and TBM use a fixed predetermined parameter to 

trigger the activities. It came to exist because Nowlan and Heap (1978) first found that the majority 

of parts (in aircrafts) do not fail because of wear-out, but because of some other reason or failure 

characteristic. In such case traditional preventive maintenance becomes useless. Although many 

failure modes are not age-related, most failures do give some sort of warning of imminence. Since 

returning to breakdown maintenance is not an option in many situations, CBM seems to be the 

answer (Moubray, 1997). Gits (1992) says that CBM is potentially effective if a measurable prognostic 

characteristic is known, which is similar to saying it is potentially effective when the failure rate is 

either increasing or decreasing (Gits, 1984). 

CBM is “preventive maintenance which includes a combination of condition monitoring and/or 

inspection and/or testing, analysis and the ensuing maintenance actions” (DIN, 2010). Condition 

monitoring is “an activity, performed either manually or automatically, intended to measure at 

predetermined intervals the characteristics and parameters of the actual state of an item” (DIN, 

2010). The state (or condition) – that is determined by condition monitoring – of a technical system is 

the physical ability considered relevant to fulfilment of its functions (Gits, Design of maintenance 

concepts, 1992). Monitoring the state or the condition can be done either continuous or periodically 

(Jardine, Lin, & Banjevic, 2006a). Continuous condition monitoring is done during usage and requires 

sensors to register data. This can make it an expensive option; furthermore sensor data can include 

noise. On the other hand periodic condition monitoring requires less initial investment at the 

expense of missing a failure in between two inspections.  

Condition monitoring can be used for either prognosis or diagnosis Jardine et al. (2006a). Diagnosis is 

the identification of the nature of an illness or other problem by examination of the symptoms 

(Oxford, 2010). In terms of CBM this translates to the identification of a failure – or imminent failure 

– by examining sensor information of the system. The method originates from the aviation sector, 
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where it was used to ease failure recognition by summarizing (often contradictory) sensor 

information. Diagnosis is aimed at determining accurately and without false alarms impending or 

incipient failure conditions (Vachtsevanos, Lewis, Roemer, Hess, & Wu, 2006). 

 This report will focus on the decisions and considerations required to improve maintenance policies. 

The expert knowledge on weak spots within the machines is currently sufficient. The focus of this 

report will therefore lie on the improvement of the subsequent actions and how to optimise these.  

Interested readers on signal processing are referred to Tsang (1995), Jardine et al. (2006a), 

Vachtsevanos et al. (2006) and Ahmad and Kamaruddin (2012). For the same reason interested 

readers are referred to literature on data fusion by Hall and Linas(1997), Jardine et al. (2006a) and 

Niu, Yang & Pecht (2010) and the literature on diagnostic models by Martin (1994), Jardine et al. 

(2006a) and Vachtsevanos et al. (2006). 

Prognosis is a forecast of the likely outcome of a situation (Oxford, 2010). In terms of condition-

based maintenance: an occurring failure can be interpreted as the outcome and the current state of 

the machine can be interpreted as the situation. Accordingly, prognosis attempts to predict failures 

before the actual occurrence on the basis of the current state of the system. It is preferred to 

diagnosis as it potentially avoids the downtime costs by predicting and avoiding expensive unplanned 

downtime. In concrete terms prognosis does not only recognize what the state of a system is, but 

also estimates the expected point of failure. This also leads to different models available within 

prognosis either one only determines the remaining useful life or one also includes maintenance 

decisions in such a prediction (Jardine et al., 2006a). 

For the prediction of the remaining useful life (RUL), different models are available. They are based 

on e.g. expert systems, neural networks and fuzzy logic. Because this report attempts to compare 

CBM with other maintenance policies, the focus is on a model that combines an RUL estimation and 

optimal maintenance decisions. Therefore interested readers are directed to the literature on RUL 

estimation models (Jardine et al., 2006a; Peng, Dong & Zuo, 2010) and the remainder of this report 

will focus on models including optimal maintenance decisions. For prognostics incorporating 

maintenance policies Jardine et al. (2006a) distinguish between completely and partially observable 

systems. In this thesis, for a fair initial comparison between the maintenance policies completely 

observable systems are assumed. For the ease of understanding a constant interval monitoring 

system will be analyzed for a single component without a soft failure. This is a simplified version of 

Zhu, Peng & van Houtum (2012). Other models include e.g. variable monitoring intervals (Wang W. , 

2000) and multi-level control limits (Castanier, Bérenguer, & Grall, 2003; Grall, Bérenguer, & Dieulle, 

2002). 
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Conform Zhu et al. (2012) the underlying formula for the CBM-policy is:  

   
                                          

                     
 (6)  

Where: 

     is the cost for an unplanned maintenance action; 

     is the cost for a planned maintenance action; 

     is the monitoring interval; 

    is the number of times the system is monitored during one cycle; 

       is the probability density function; 

       is the cumulative distribution function. 

The adaptation of this policy to the specific case discussed within this thesis; the application of the 

policy; the underlying assumptions and the method for calculating the optimal parameters will be 

discussed in sections 8.2.2.3.1 and 8.2.2.3.2. 
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A summary of the advantages and disadvantages of the different types of maintenance can be found 

in Table 3.1. Corrective maintenance – although it is easy to implement and requires minimal 

management – results in crisis management and large required maintenance crew availability. Time-

based maintenance reduces downtime and increases management control, though it does not 

maximize asset life. Lastly, condition-based maintenance reduces the life-cycle costs and extends the 

item’s lifetime, it is relatively difficult to implement and requires management effort. How the 

maintenance policies perform on the basis of costs will be discussed in chapter 8. 

 Corrective maintenance Time-based 

maintenance 

Condition-based 

maintenance  

Advantages 1. Low cost policy  

2. Requires minimal 

management 

3. Useful on small non-

integrated plant 

1. Management 

control 

2. Reduces downtime 

3. Logistic planning is 

possible 

1. Minimizes downtime, spares, 

induced failures and 

production interference 

2. Allows management and 

logistic control 

3. Reduces life-cycle cost and 

maintenance expenditure 

4. Extends system life 

Disadvantages  1. Usually high 

downtime  

2. No pre-planning time 

3. Crisis management 

4. Ad-hoc high cost 

repairs 

5. Large spare 

inventories 

6. Maintenance crew 

availability 

7. Equipment damage 

1. Does not maximize 

asset life 

2. Difficult to cater for 

varying failure 

pattern 

3. Does not eliminate 

random breakdown 

4. Expensive in terms 

of over 

maintenance  

1. Specification of 

monitoring system 

2. Capital investment for 

instrumentation 

3. Instrumentation 

reliability 

4. ‘finger-printing’ 

reliability 

5. Management effort  

Table 3.1 The effectiveness of different maintenance types (Martin, 1994) 

3.3 Conclusion  

Corrective, time-based, usage-based and condition-based maintenance are the best known 

techniques for maintaining a system in a state where it can perform its desired function. Each of 

them is applicable to a variety of situations, having their particular pros and cons. This report aims at 

describing which situation suits itself for which type of policy. This will be discussed in terms of 

maintenance cost per period of time at Bosch.  
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4 An introduction of the decision framework for improving 

maintenance policies  

The research question for this thesis is “How can Bosch implement Condition-Based Maintenance 

(CBM) and is it the best maintenance policy for further improving the performance of a production 

line?” To answer this question, a general framework has been developed for implementing CBM and 

for improving current maintenance practice. This framework is presented in Figure 4.16. This chapter 

gives a broad overview of the framework. Each of the steps presented in this framework will be 

explained in detail in the subsequent chapters, together with the applied methods.  

Currently, most of the maintenance activities are time-based at the factory in Bühl. Corrective 

maintenance actions and some kind of condition-based maintenance action also occur in the factory. 

Most of these actions are taken on the basis of experience, rather than on solid data or calculations. 

The general opinion exists that there is a lot of potential for improvement. Because this thesis shows 

that there is a lack of well-registered failure data, it is impossible to either confirm or negate this 

potential. It is imperative that better data is collected before it is possible to monitor the effects of 

any improvements in maintenance activities. Because of that, no improvement suggestions are 

suggested to be undertaken before a valid and consistent database exists. Suggestions for improving 

data registration are presented in this thesis. For the remainder of this thesis, the available data will 

be assumed correct and complete. Any weaknesses in the data will be pointed out when appropriate.  

4.1 Selecting the machine 

The first step in improving maintenance policies is the determination of an appropriate production 

line and an appropriate machine. They are selected on the basis of maintenance improvement 

potential. This coincides with column one in the Bosch TPM-pillar model (Figure 2.2); eliminating 

main problems. The goal is to select a machine that has a high influence on the performance of the 

production line in terms of costs, downtime and therewith throughput. Ranking machines based on 

their importance allows focusing on main problems and solving the biggest problems efficiently and 

effectively without unnecessarily exploiting capacity. The selection of the production line and the 

machine to focus maintenance improvement activities on is presented in section 5.3. 

4.2 Selecting the component and the condition indicator 

Maintenance improvements in this thesis are discussed on a component level. Even though machines 

are a complex cooperation of components, this is appropriate because combining maintenance 

activities per machine only saves little setup time. Figuring out which components are of main 
                                                           
6 Any abbreviations used in this framework will be described in the appropriate chapter.  
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importance influencing the machine performance as a whole is an important step for directing 

capacity in efficient and effective ways.  
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Figure 4.1 Decision framework towards improved maintenance policies  

Additionally – for the implementation of CBM – it is required to select a condition indicator related to 

the system’s current state. This condition indicator ideally has a strong correlation with the state of 
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the machine and can therefore be used for planning maintenance activities. The selection of the 

component and the condition indicator is presented in section 6.1. 

4.3 Determining the lifetime parameters 

Once it is clear which component and condition indicator are in focus, some parameters required in 

the analysis phase can be estimated. These are related to the costs for planned and unplanned 

maintenance and the monitoring costs as well as the component lifetime distribution. For the 

component life distribution, the failure behaviour can be modelled using statistical models. Using 

these parameters the average costs per time unit can be calculated. This allows for subsequent 

comparison between maintenance policies. A methodology for implementing CBM is presented in 

chapter 7. Sections 7.1 through 7.3 describe the first three steps of this methodology, focusing on the 

determination of the lifetime parameters.  

4.4 Selecting the maintenance policy 

With the parameters estimated and fitted respectively, corrective maintenance, time-based and 

condition-based maintenance can be compared with each other. The first decision can be made on 

the progress of the failure rate. Subsequently a choice between policies can be made using the 

balance between planned and unplanned maintenance costs. Having calculated the optimal cost per 

maintenance policy, a fair comparison can be made. From this analysis a recommended policy will be 

selected per component. The calculation of the optimal costs per maintenance policy is presented in 

section 8.2. The comparison between the maintenance policies is presented in section 8.3.  

4.5 Continuous improvement  

When all maintenance policies are compared, an optimal policy for an individual component is 

selected. But, by determining the optimal maintenance policy for a single component, the 

performance of the machine and the production line need not to be optimised. Considering the 

critical machines and components identified in the first steps of the process model, subsequent 

systems can be chosen for improvement, all focusing on the main problems as in the TPM pillar 

model (Figure 2.2). Thus, continuous improvement is possible by consequently following the 

proposed process model. This is presented in chapter 9.  
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5 Selecting the machine 

 
Figure 5.1 Process step selection of machine  

The very first step for improving maintenance policies in a factory is choosing a production line to 

focus on. Largely, the decision for the production line and for the production station is similar. 

Because there are often only one or few production lines (within a decision maker’s responsibility), 

the choice is considered straightforward. Focal points can therefore be taken from the machine 

choice and are not discussed separately.  

After a production line has been chosen for improving its maintenance policy, the machine with the 

highest improvement potential should be determined. This coincides with column one in the Bosch 

TPM-pillar model (Figure 2.2); eliminating main problems. The goal is to select a machine that has a 

high influence on the performance of the production line in terms of costs. Ranking machines on 

importance allows capacity to be prioritised.  

5.1 Maintenance costs  

The most important costs in a production line are (raw) material costs, operating costs (e.g. 

electricity), operator wages and maintenance costs. Material and operating costs as well as operator 

wages are assumed to be unaffected by maintenance decisions on the short term. This assumption is 

reasonable since these costs are not directly related to maintenance decisions and are insensitive to 

differences in maintenance policies. Furthermore these costs are difficult to attribute to separate 

machines due to the level of detail in cost registration often existing in large production companies. 

Hence, the focus is on maintenance costs only.  

5.1.1 Planned and unplanned maintenance costs  

Maintenance costs consist of spare-part costs, specialist wages, production loss costs, consequential 

damage costs (e.g. safety hazard or environmental costs) and other penalty costs (e.g. emergency 

deliveries). For analysis these costs are summarized in planned and unplanned maintenance costs. 

Specialist wages, spare parts and production loss costs contribute to planned maintenance costs. 

Production loss costs exist in case there is higher or equal demand compared to production capacity. 
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If a breakdown occurs the time that can be used for production is reduced, thereby reducing the 

number of products that can be sold. These are also called opportunity costs. In case the system 

operates at full capacity, employees that are present to produce in the time of a breakdown will not 

be productive. Consequently, time lost due to repairs always incur extra costs. 

Unplanned costs consist of a penalty on the planned maintenance costs. These costs consist of an 

increased maintenance delay, consequential damage and penalty costs. Maintenance delay is the 

extra time needed for the required resources to reach the machine, compared to the planned 

situation. Additionally, the unavailability of spare parts increases delay time. Consequential damage – 

such as failure in one component causing damage in other components – and other penalty costs – 

such as increased delivery costs due to faster delivery – are not included in this project and are 

suggested for further research. The described planned and unplanned costs can be used for the 

comparison of maintenance policies in a later stage. The next section will present how these costs 

are currently registered at Bosch. 

5.1.2 Maintenance cost registration  

Maintenance costs can be registered on various cost types, depending on both the type of action and 

the type of employee executing the action. Cost categories in place are represented in Figure 5.2. 

There are different cost categories for damage related maintenance and specialist service (corrective 

maintenance) and for planned maintenance registered on a machine level, the top row of Figure 5.2. 

The bottom row represents the costs that can be registered on so-called cost places, representing 

production lines. Tool maintenance and spare-parts are registered on the cost places, given that they 

are not executed by maintenance specialists.  

As machines are part of the production line, these costs are reflected in the cost place. The 

registration precision of the cost-places is estimated to be up to 99%. Not all of these costs can be 

traced back to machines however, even though they are caused by individual machines.  

 

Figure 5.2 Maintenance Cost Structure 

Due to the different possibilities for cost registration, the tractability of costs to separate machines is 

very difficult. The only costs that are available on a machine basis are the costs registered by 

Cost-Place BVE - Workshop 
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.... 
 Tool 
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maintenance specialists and thus, these are the only numbers reliable enough to use for further 

analysis. This set of costs accounts for about 56% of the total maintenance expenditure. Also in these 

costs, imperfections exist, resulting in less than 50% of the costs being accurately accounted for on a 

machine level. This number drops to about 10% on a component level. Also taking into account that 

there is a different machine structure and component structure within different software 

applications, the information is insufficient to allow for easy cost driver recognition and 

improvement effort results in the future. Consequently, it is important to improve the reliability and 

tractability of maintenance costs. Appendix D describes the suggested improvement for data 

registration. It focuses on both improved data and on an improved way of collecting data.  

5.2 Machine performance  

Assuming similar machine structures, the machine with the most improvement potential is the 

machine with the highest costs. These costs can consist of planned and unplanned costs as described 

in the previous subsection. Assuming that increasing production will increase profit, avoiding 

downtime will also increase profit. This effect will be larger at the bottleneck station7 than at other 

stations. To be able to give a fair overview of the different machines and their total maintenance 

costs, the opportunity costs should thus be included in the comparison. Having a total overview of 

the costs per machine, the most expensive machine can then be selected for maintenance 

improvement.  

In line with the Bosch TPM pillar model Figure 2.2, the focus should be on main problems. Assuring 

that the process suggested in Figure 4.1 does not run indefinitely – also focussing on non-important 

machines – it is suggested to use a Pareto analysis (Lanza, 2011). The resulting ‘class A’ machines 

should be the focus for improving machine performance. After these are optimized, it is useful to 

wait for some time for the improvement efforts to take effect. Only then should the cycle be 

continued.  

5.3 Machine selection at Bosch  

In this thesis, the wiper engine department was selected for the willingness from the employees to 

improve. Furthermore line W564 – an armature line – was selected. For the thesis, this will be 

justified and it will be checked whether this choice is in accordance with the proposed 

implementation process. The first step is to calculate the opportunity costs and to retrieve the 

maintenance costs for the department. Based on this data, the most appropriate production line and 

the appropriate machine can be selected.  

                                                           
7 station with the highest long term utilization (Hopp & Spearman, 2008) 
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The specialist maintenance costs (top row of figure 5.2) for the production lines in the W560 

department are depicted in Table 5.1. For confidentiality, these numbers are depicted as 

percentages. Note that the total costs on the line W564 is almost as high as on each of the motor 

lines, though not quite as high. Because of higher maintenance costs it could be more interesting to 

focus on one of the two motor lines, the line W566 or the W568. To conclude so, the opportunity 

costs also have to be analysed.  

Production line Total costs Wage Material costs Other costs 

Armature W561 14.80% 11.93% 2.68% 0.20% 

W562 15.31% 11.56% 3.28% 0.47% 

W564 17.20% 13.48% 3.28% 0.44% 

Motor W566 18.26% 14.71% 2.84% 0.71% 

W567 16.71% 12.54% 2.77% 1.40% 

W568 17.72% 14.63% 2.28% 0.80% 

Sum    100% 79% 17% 4% 
Table 5.1 Maintenance costs per production line in the W560 department 

5.3.1 Opportunity costs  

Opportunity costs are the cost incurred during the breakdown on a production line and consist of the 

potential profit that could have been made during the time of the breakdown. This can be in the 

sense of the products that could have been produced during this period, the amount of work that the 

operators could have been doing during the breakdown or both. Because the factory in Bühl is 

considered a cost centre within Bosch, costs are minimized rather than profits are maximised. This 

means the opportunity costs in this problem can be reduced to the lost production time of the 

employees due to a machine failure.  

As described in chapter 1, there is currently an over-capacity on the production lines at the factory in 

Bühl. The over-capacity is assumed to be large enough to allow for the current downtime without 

losing revenue. Therefore the opportunity costs are reduced to the amount of work that the 

operators could have done during the period of a breakdown. This can be calculated by the amount 

of workers responsible for operating the production line – summarized in a concept called           

– multiplied with the cost of these workers – represented by the        . To attain the personnel 

cost per minute of downtime, these need to be multiplied with the cycle time on the production line. 

                                         (7)   
 

In case the demand of products is larger than the capacity of a production line, the opportunity costs 

should be increased by the potential revenue of the lost production. Furthermore, potential 

emergency shipments, extra shifts due to reduced capacity or increased amortisation could be 
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included. Hence, the current opportunity costs represent the absolute minimum per minute of 

machine breakdown.  

Presently, opportunity costs are not considered as maintenance costs. This means that no fair 

comparison between unplanned and planned maintenance activities can be made. It is 

recommended to change this in the future. To calculate the opportunity costs due to breakdowns for 

each of the production lines in Table 5.1, the hours that would have otherwise been available for 

production are interesting. The time lost due to machine failures is summed up in Table 5.2. N.B. the 

production network structure is more complex than depicted in Table 5.2. For the purpose of this 

analysis, the numbers are sufficient. 

Production line Sum failure times  Opportunity Costs 

Armature  W561 16.48% 2.67% 

W562 15.78% 2.56% 

W564 16.59% 2.69% 

Motor W566 19.20% 3.11% 

W567 12.78% 2.07% 

W568 19.17% 3.11% 

Sum  100%  

Table 5.2 Opportunity costs 

Table 5.2 shows the failure times in percentages to each other. The total being the sum of the failure 

times during the year of analysis on the production lines in this comparison. Using equation (7), the 

costs for each minute of downtime can then be calculated. The opportunity-cost-percentages 

represent the fraction of the total maintenance costs of all production lines as depicted in Table 5.1. 

Note that the opportunity costs on the line W564 is lower than on the lines W566 and W568. 

Together with the total maintenance costs represented in Table 5.1, this is an indication that it could 

be more useful to focus on one of the costly motor lines.  

5.3.2 The selection of the production line  

Combining the opportunity costs with the maintenance costs registered allows for the selection of 

the production line with the most improvement potential concerning maintenance policies according 

to the framework described in the previous chapter. To do so, the production lines are compared 

accordingly. The combination of these costs is shown in Table 5.3. It can be noted, that the W564 is 

indeed less expensive than the lines W566 and W568. Thus, focusing on one of these lines would 

have had more potential, assuming that the maintenance costs are similarly structured (i.e. the 

machines are similar and no large differences exist in the amount of wear the components suffer and 

the respective wear-out replacement they require). Just comparing the armature lines with each 
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other, the line W564 clearly has higher maintenance costs and thus it is justified to focus on this 

production line.  

Production line Total costs Opportunity costs Maintenance Costs 

Armature W561 14.91% 16.48% 14.42% 

W562 15.31% 15.78% 15.16% 

W564 16.87% 16.59% 16.96% 

Motor W566 18.46% 19.20% 18.24% 

W567 16.31% 12.78% 17.41% 

W568 18.13% 19.17% 18.81% 

Sum    100% 100% 100% 

Table 5.3 Maintenance and opportunity costs per production line 

This identifies the recommended production lines for further maintenance improvement. It shows 

that especially the motor lines have a lot of improvement potential. This is additionally supported by 

analyzing the starvation and blocking times. 

Table 5.4 shows the percentage of blocking compared to each other. The total loss times for all 

production lines are normalised as     , allowing for comparison among the blocking and 

starvation effects. It shows that it happens frequently that the buffer is full on one of the armature 

line, whereas it hardly ever happens that one of the motor lines cannot produce because of a lack of 

armatures. Thus, there is relatively lots of room for maintenance activities on the armature lines.  

Production line Insufficient 
Material  

Insufficient 
Armatures  

Insufficient Other 
Material  

Buffer 
Full  

Armature w561 0.76%   30.09% 

w562 0.93%   22.37% 

w564 0.35%   33.28% 

Motor w566 1.29% 0.73% 0.56% 0.34% 

w567 2.70% 1.12% 1.58% 0.06% 

w568 1.91% 0.72% 1.19% 0.01% 

Sum 100% 7.94% 2.56% 3.34% 86.16% 

Table 5.4 Blocking and Starvation times per production line 

Concluding; the motor lines W566 and W568 are most interesting for analysing current maintenance 

practices because of high maintenance costs and because of blocking the production process.  Even 

when blocking would not have an influence on the throughput of the combined production line, the 

motor lines still have more saving potential. Since however, the assignment from Bosch was to 

analyse the armature line W564, this line was in focus for the remaining research effort.    
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5.3.3 The selection of the machine  

The costs of the processes in the armature line (cf. Table 2.1), that are registered on machine level, 

are depicted in Table 5.58. It shows that the winding machines are by far the most expensive ones. 

This is obvious as this station also has the most machines.  

Station % Cumulative % 

Winding 24.19% 24.19% 

Unknown 10.06% 34.24% 

Balancing 8.59% 42.83% 

Electrical proofing 8.46% 51.30% 

Tumble armature shaft 8.23% 59.53% 

EP coating & Commutator sintering 7.69% 67.21% 

Pre-cleaning 6.99% 74.20% 

Other 6.23% 80.43% 

Lamination assembly 5.59% 86.02% 

Turn commutator 5.30% 91.32% 

Putting down 2.17% 93.49% 

Proof armature shaft  1.29% 94.79% 

Assemble Bearing 1.17% 95.95% 

Brush commutator 1.05% 97.00% 

Hot Staking 0.96% 97.96% 

Tumble Bearing  0.82% 98.78% 

Lay wire after Hot Staking 0.45% 99.24% 

Brush armature shaft 0.43% 99.67% 

Lay wire before Hot Staking 0.33% 100% 

Sum 100%  

Table 5.5 Maintenance costs W564
9
 

When dividing the costs by the number of machines, it shows that a single winding machine does not 

have a large influence on the maintenance costs from the production line. Because however, the 

total cost reduction is of main important within the factory in Bühl at the moment, the choice of the 

winding machines is justified. This is reinforced by the fact that the machines are of the same type 

and thus there is a multiplier effect. Whether the winding machines would still be of main 

importance in the case a high availability of the production line is required is suggested for future 

research. Part of the investigation should focus on the effect of redundancy on the machine 

selection. 

                                                           
8 These costs are manually summarized. The costs as available in the internal data-systems can be found in Appendix C. 
9 It can be noted that the original machine cost structure (depicted in appendix C) differs from the machine cost structure 

as described in Table 2.1. Given the fact that an analysis concerning maintenance requires an unambiguous set of data, it is 

recommended to improve this.  
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Lastly a Pareto-analysis can be made on the maintenance costs per machine. This is shown in Figure 

5.3. From this analysis, the focus of maintenance improvement can be determined with a focus 

remaining on the main issues (conform the TPM Pillar model (Figure 2.2)). It shows that the costs for 

winding are by far the highest when considering that the second most expensive factor is unknown. 

At some distance come other processes like balancing and electrical proofing. The winding process 

thus has the highest improvement potential. Even though the figure does not resemble a classical 

Pareto analysis (20% of the machines causing 80% of the costs), the most important process can still 

be identified. Where to put the boundary between important and not important machines is left for 

consideration of the decision makers.  

 

Figure 5.3 Pareto analysis 

What is left to analyse is how to prevent starvation due to armatures on the W566, even though 

there is a lot of blocking on the W564. This happens while – even though the capacity of W564 is 

higher than the W566 capacity – single instances can create a short-term under capacity resulting in 

starvation at the W566. Since this is considered to be a maintenance planning problem – rather than 

a cost optimization issue – this alignment is left for future research.  

5.4 Conclusion 

This chapter described how to select a production line and a machine for analysing the maintenance 

policies. Not only the maintenance costs themselves proved a decision tool for production line and 

machine selection, but also the opportunity-costs – the lost revenue due to a loss in production 

during a breakdown. This proves to be especially important in the case that there is under-capacity: 
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higher demand than production capacity. The armature line proved not to be the most cost-intensive 

line within the wiper engine department, irrespective of whether there is under-capacity. Especially 

in the case that there would be higher demand that capacity, the motor lines in the wiper engine 

department should be focus for maintenance improvements because it would result in higher 

revenues. Since the manufacturing plant in Bühl is a cost-centre and thus does not value breakdowns 

in lost revenues, it is difficult to identify the most potent line. It is recommended to change this for 

future analysis and decision making. Because the assignment by Bosch was to analyse the armature 

line, this is the focus of the remainder of this thesis.  

Considering that there is a current over-capacity within the manufacturing plant in Bühl, a focus on 

major cost drivers is the single decision variable. The winding machines are indeed the major cost 

driver of the production line and thus will be the main focus of the remainder of this thesis. Because 

of redundancy, it should be investigated whether the choice of this machine within the armature line 

is still justified in the case of under-capacity.   

Proceeding with the winding machines – corresponding to the objective of this thesis – it shows that 

the cost data available for analysing current performance is lacking and it is recommended to resolve 

this before putting any effort in improving maintenance practice. A good database allows not only for 

cost driver recognition, but also for a performance review of implemented improvements. In the 

future it is also interesting to investigate how the armature line with over-capacity compared to the 

adjacent motor line still has a lot of maintenance costs.  
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6 Selecting the component and the condition indicator  

 

Figure 6.1 Process step selection of component and condition indicator 

The focus of this thesis is on the implementation of CBM and the comparison with other 

maintenance policies. Since it is now clear which machine to focus on, the next issue is to select an 

appropriate component (Figure 6.1). This can be done on the basis of registered data or on the basis 

of e.g. a machine disturbance and effect analysis. These methods will be discussed in this chapter. 

Following the selection of critical component(s) is the selection of a condition indicator, on which 

CBM would be possible. Whether the implementation of CBM is indeed a good idea will be discussed 

in chapter 8. 

The decision whether to go for the component decision on the basis of data or on the basis of a 

machine disturbance and effect analysis is dependent on the quality of the data. In case the available 

data is not reliable enough to draw conclusions from, alternative methods need to be applied. In the 

previous chapter it showed that the current registered maintenance costs are 56% of the total 

maintenance costs. Since these are not all reliable either, this data cannot be used for component 

selection. What and how data should be collected, to use it for the selection of the critical 

component is Appendix D. Furthermore, the appendix shortly describes how this data could be used 

for making the selection of a component. Developing a detailed method is suggested for future 

research. The remainder of this chapter will focus on the identification of critical components using 

the machine disturbance and effect analysis.  

6.1 Machine Disturbance and Effect Analysis 

The tool chosen for analysing the machine and to select a component is the Machine Disturbance 

and Effect Analysis (MDEA). This tool is closely related to the Failure Mode and Effect Analysis 

(FMEA) and uses the same methodology. The difference is that the MDEA focuses on the machine – 

rather than on the process or product created on the production line. Guidelines for performing the 
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MDEA (/FMEA) and an explanation on the individual steps can be found in Lanza (2011), Esser (2011) 

and Kartika (2011). The MDEA consists of the following steps: 

1. Do a structural analysis of the machine;  

2. Do a functional analysis of the machine; 

3. Do a failure analysis of the machine; 

4. Evaluate failure modes according to different criteria; 

The result of which can be found in appendix E. In effect this method combines the Fault-Tree 

analysis – used for finding causes for failures – with the Ishikawa-method – used for finding causes 

and effects. In the MDEA, first a structure is created of the machine. After that the functions of each 

of the structural elements is defined and all their failure possibilities and causes are listed. These can 

be evaluated to come up with the Risk-Priority-Number (RPN), to identify the most critical 

components within a machine. The method is ideally executed with experts from different fields to 

assure a variety of perspectives and experiences to the project (Ben-Daya, 2009).    

From the MDEA, the components with the highest RPNs are the inner shield (120); the compact 

module (162) and the clamping tube (180). The main failure on the clamping tube is caused by 

consumables. According to experts, a good solution for that failure should be investigated by 

mechanical engineers. Furthermore, they concluded that the compact module itself is unsuited for 

condition monitoring. This is due to the very small room for sensors, the small fraction of time with 

constant speed and the inability to send signals to a processor. Therefore this component is not 

selected. Specialists did point out that the compact module is part of a building group, the loading 

unit, which is very interesting to further investigate. Thus, the loading unit will be used for further 

research. The inner shield is considered to be very subjective for recognising failures and thus not 

appropriate for further CBM implementation.  

The loading unit is responsible for loading the armature to the appropriate height in the clamping 

tube before the winding starts. An exact height (tolerance      ) is required for an adequate 

winding process. Together with the maintenance, construction and process specialists, the loading 

height was identified as an appropriate condition indicator.  

6.2 Conclusion  

After selecting the machine, the critical component for further analysis needed to be identified. 

Considering that the pilot implementation of CBM and a comparison between maintenance policies 

was required, an adequate component for maintenance improvement needed to be determined. 

This can be done by using cost and failure data or by alternative methods such as the MDEA. From 
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the MDEA three components were identified as critical; the inner shield; the compact module and 

the clamping tube. All components were identified as inappropriate for CBM because of the inability 

to determine the component’s state through condition indicators and because of the lacking 

possibility to use statistical methods on their failure prediction and thus maintenance decisions. By 

extending the analysis to the building group of the compact module however, the loading unit was 

considered appropriate. Thus, this was selected as the component for further research. The loading 

height was identified as the condition indicator that has the highest correlation with the state of the 

component.  
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7 Determining the lifetime parameters  

 

Figure 7.1 Process step determination parameters 

With the knowledge of the component and the respective condition indicator, the next step for 

implementing improved maintenance policies can be made. To determine an appropriate policy for 

the loading unit, information is required on whether the failure rate is increasing, decreasing or 

constant (IFR, DFR and CFR respectively (Figure 7.1)). This chapter focuses on determining 

parameters with which in the next chapter maintenance policies can be compared and with which 

CBM can be implemented.  

The maintenance policies that are compared within this thesis are Corrective Maintenance (CM), 

Time-Based Maintenance (TBM) and Condition-Based Maintenance (CBM). The comparison will be 

made on the basis of the expected cost per unit of time as described in the literature review in 

chapter 3. Since the Weibull distribution10 is frequently used within the reliability literature, this will 

be the basis for the lifetime distributions.   

In order to implement CBM and to compare the maintenance policies, a five-step methodology is 

proposed. The first four steps are for the implementation of CBM. If these steps are performed, the 

required data for calculating optimal policies using TBM and CM are also obtained. These can be used 

for a comparison of all policies in step 5 of the methodology (Figure 7.2). For the implementation of 

CBM, real-life condition measurements are required (step 1b). These measurements can be 

transformed to the general path model (equation (8)) which is the basis for fitting a time-to-failure 

distribution (Lu & Meeker, 1993) (steps 2 and 3).  

 

 

 

                                                           
10 See appendix B for details on the Weibull distribution.  
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The general path model describes the degradation of a component and uses this to model the time-

to-failure distribution for a component. It is described as follows: 

                    (8)  

Where: 

                

       is the initial degradation; 

      is the degradation exponent; 

         is the degradation slope; 

      is the time of the observation. 

   and    are deterministic variables, whereas   is a Weibull distributed variable with shape 

parameter   and scale parameter  . The justification of the use of this model is presented in section 

7.3. 

Because this thesis is a pilot implementation of CBM, no condition measurements are made yet. To 

investigate the potential of the policy, these are required however. Step 1a uses an alternative 

method for attaining the condition measurements, which will be presented in section 7.1. In the 

alternative case a Weibull distribution can also be fitted on the transformed values of the general 

path model (steps 2 and 3). Thus, the values obtained using real-life measurements are equal to the 

values obtained using the method described in section 7.1. Using the obtained time-to-failure 

distribution of the component – following from steps 2 and 3 – the optimal policy parameters can be 

determined for the maintenance policies (step 4). The last step is to compare the optimal outcomes 

of each of the policies with each other and select the appropriate strategy (step 5). This methodology 

is depicted in Figure 7.2. The first three steps will be explained in this chapter, the final two in the 

chapter 8.  
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Figure 7.2 Five-step CBM implementation and maintenance policy comparison methodology 

7.1 Obtaining condition measurements 

For using CBM, condition measurements describing the current state of the system are required. 

These measurements are made either periodically or continuously and describe the condition of the 

system. The measurements will be directly taken from the system in case CBM is already 

implemented (step 1b). In that case, the condition measurements are obtained and this step is 

concluded. For the loading unit, the condition measurement to be taken is the loading height as 

discussed in 6.1. Because continuous monitoring was considered inappropriate by experts because of 

the required investment – which is undesirable due to the current focus on cost reduction discussed 

in chapter 1 – further focus will be on the application of periodic monitoring.  

 In the case of this research, the decision for CBM has not been made yet and the potential of the 

policy has to be investigated first. Thus, real-life measurements of the loading height are not yet 

available. In this case condition measurements can be simulated (step 1a). This section describes how 

expert knowledge about a component can be translated into a (linear or exponential) model 

describing the degradation of a component’s condition. This is known as a deterioration, or 

degradation model11. With this model, discrete condition measurements can be simulated which 

serve as a basis for transformation to the general path model (equation (8)) with which a time-to-

failure distribution can be fitted (Lu & Meeker, 1993). The obtained condition measurements are the 

same as would be obtained using real-life measurements.  

                                                           
11 The terms deterioration model and degradation model will be used interchangeable in the remainder of this thesis.  

1. Obtain condition measurements 

•   Simulate condition measurements  

•   Obtain real-life measurements 

2.  Transforming condition measurements to the general path model 

3.  Fit time-to-failure distribution 

4.  Calculate optimal policy parameters 

5.  Compare policies  
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From chapter 6, the loading unit was determined to be appropriate for further analysis. The 

condition indicator of the loading unit identified by specialists is the loading height, more specifically 

the height of the loading unit in the ground-condition. Assuming all other parameters – e.g. electrical 

parameters, setting the distance travelled from ground- to working-condition – remain unchanged, 

the ground-condition is in direct correlation with the final loading height in the work-condition. Using 

this assumption, the loading height – used in the remainder of this thesis – refers to the ground-

condition of the loading unit of the winding machine.  

The loading height can be influenced mechanically and electrically. Since electrical parameter 

changes are usually induced by mechanical irregularities, further focus is on mechanical changes. A 

mechanical influence on the loading height is e.g. the shift between the engine axis and the loading 

unit gearing wheel. This influence can be linear or exponential. In case cumulative damage does not 

have a significant effect on the rate of degradation, there is said to be a linear effect. In case 

cumulative damage does have a significant effect on the rate of degradation, the change is 

exponential (Elwany & Gebraeel, 2008). According to experts, the loading unit suffers of exponential 

wear. This also makes sense from a mechanical perspective; imagine a transmission of an axis with a 

gear wheel being pressed on each other. This means the two do not move in relationship to each 

other due to friction. As soon as this friction drops below some required friction, the two will shift in 

relation to each other. When losing required friction, the gear wheel and axis will shift, losing even 

further friction. Thus, as soon as initial wear – losing friction – occurs, the faster subsequent occurs. 

Hence, exponential degradation is a good assumption. To model exponential deterioration, Elwany 

and Gebraeel (2008)  propose the model as presented in Appendix F. This model is adapted in line 

with the simplification on the error term used by Lu and Meeker (1993). The new model then 

becomes12:  

            
        (9)  

Where: 

       is the degradation measurement at time  ; 

     is the initial degradation; 

     is the random variable describing the lifetime distribution; 

     is the random variable describing the shape of the degradation curve; 

     is the time at which the measurement is taken; 

     is a normally distributed error term with mean   and variance   .  

                                                           
12 Because the general path model by Lu and Meeker (1993) is used for further analysis, using this model is beneficial to 

avoid a trivial transformation of the condition measurements to a lifetime distribution. 
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With this model, important characteristics of the degradation of the loading unit can be visually 

aligned with the expert knowledge to come up with a practical model (including measurement 

errors) of the component’s degradation. This can then be represented by the model by choosing 

appropriate parameters. The aspects of expert knowledge that should be covered by this model 

are13: 

 The shape of the degradation curve 

 The theoretical frequency14 of condition measurements;   

 The average lifetime of the component;  

 The start of degradation; 

 The failure level; 

 The variance in the condition measurement.   

By creating graphs the shape of the degradation curve; the frequency of the condition 

measurements; the average lifetime; the start of degradation; the failure level and the variance in 

the condition measures can be depicted. With these graphs (Figure 7.3, based on equation (9)) the 

expectations of expert on the failure behaviour can be simulated to come up with a practical wear-

curve. This curve is the basis for discrete simulated condition measurements. These discrete 

simulated values (figure 7.4) are the same as the real-life condition measurements that would be 

obtained in case CBM is already implemented. From here on, simulated and actual values will be 

used interchangeable as the values have the same properties, thus Figure 7.4 uses the name discrete 

condition measurements. It should be kept in mind though, that even though these values represent 

actual values, they are simulated in this thesis. In case CBM is already implemented, the same 

operations can be performed on the actual condition measurements obtained from the machine. For 

the loading unit, the process of translating the expectations of experts to a wear-curve is described 

below. 

A new component starts at a loading height of           . Using a combination of expert 

expectation and available data, the loading unit’s average lifetime is estimated to be 180 days. The 

component is expected to suffer from exponential degradation. The condition of the component is 

measured on a daily basis and the loading unit is considered failed when the loading height 

reaches     . Thus, the loading unit is expected to reach the failure threshold           

after        . Measurement errors of up to       are expected.  

                                                           
13 With the implementation of improvement data-gathering as suggested in appendix D, much of the component 

information could be extracted from data rather than specialist expectations.  
14 This frequency is not the one that will be used in practice after the implementation of CBM. An optimal monitoring 

frequency will be determined in section 8.2.2.3.2. 
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The initial degradation (  ) and the failure threshold ( ) can directly be inserted into the practical 

degradation model from equation (9) without any transformation.    and    in relation to the 

observation time determine the average lifetime. These values were varied until the practical 

degradation was compliant with the expectation of the experts. This is depicted by the ‘practical 

degradation’ curve in Figure 7.3. 

 

Figure 7.3 Expectation of the loading unit’s degradation, the theoretical degradation 

The parameters that are filled in equation (9) to create Figure 7.3 are: 

               
               

Where: 

      represents the initial degradation of the component; 

     represents the failure threshold; 

     determines the shape of the degradation curve; 

      determines the average lifetime; 

The variance     for the condition measurements – the amplitude of the wear-curve compared to 

the trend of the degradation – was set as Normal distributed with mean   and variance    . The 

initial degradation      is assumed to be the same for each component as the loading height is set 

on this level. This is furthermore required for the renewal process assumption described in chapter 3.          

In section 7.2, the general path model (Lu & Meeker, 1993) will be used to fit a time-to-failure 

distribution on the condition measurements. To do so, discrete values – with a one-day interval – are 

taken from the practical wear curve (Figure 7.3) to represent the condition measurements that 
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would have been taken real-life in case CBM was already implemented, thus equating the simulated 

values obtained from the practical wear-curve with currently fictitious real-life condition 

measurements. This results in the discrete condition measurements-curve depicted in Figure 7.4. 

Furthermore, the degradation of the component without measurement errors is depicted in Figure 

7.4 under the name ‘theoretical degradation’. This coincides with the practical degradation, omitting 

the measurement errors and is only presented for reference.  

 

Figure 7.4 Theoretical degradation and discrete condition measurements for the loading height   

The simulated discrete condition measurements (equal to the real-life daily measurements in case 

CBM was already implemented) of the loading height can be used for step two of the methodology; 

transforming condition measurements to the general path model.  

For the application of condition monitoring to other items the same methodology can be performed 

as described in this section. Other condition indicators can e.g. be vibration data, acoustic data, oil 

analysis data, temperature, pressure, moisture, humidity, weather and environment data (Jardine et 

al., 2006).  

7.2 Transforming condition measurements to the general path model 

The discrete condition measurements –either taken directly from the machine or simulated using the 

method described in the previous section – serve as a basis for transformation to the general path 

model, before fitting a Weibull distribution on the time-to-failure distribution. The transformation 

from the wear-curve to the general path model will be executed using the methodologies described 

in Lu and Meeker (1993) and Zhu et al. (2012). The transformation assumes a general path or random 

coefficient model representing the sample degradation. Using the transformed values, the 
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probability for a component to reach its failure level in any given amount of time can be described by 

transforming the Weibull distributed lifetime into a reciprocal Weibull distributed time-to-failure (see 

appendix B for an explanation on the reciprocal Weibull distribution).  

The theoretical degradation path of the loading unit, simulated in the previous section, is given by 

equation (9). However, the assumption at this moment is that the lifetime behaviour represented by 

this model is unknown. This would also be the case when real-life condition measurements would 

have been taken, rather than simulated measurement values. Without any further information on 

the actual degradation path, a model needs to be fitted describing the lifetime and the time-to-

failure distribution.  

 Suppose actual degradation path of the loading unit is given by                    with the 

parameters as described in section 7. This model is deliberately chosen dissimilar to the practical 

degradation model to avoid a trivial fit: in case the model of the actual degradation is equal to the 

model of the assumed degradation, it could be too straightforward to make a fit, resulting in the 

same parameters for the obtained model compared to the initial model. Furthermore, the error term 

– used to represent measurement errors in the practical degradation model – is omitted for 

understanding and because estimation methods already take measurement errors into account.  The 

transformations are executed using the methodologies described in Lu and Meeker (1993) and Zhu et 

al. (2012): 

Suppose actual degradation path of the loading unit is given by                    with the 

parameters as described in section 7 Zhu et al. (2012).The probability that the degradation at time   

does not exceed a threshold   is equal to the probability that the passage time   of the threshold   

is less than time  : 

                                 

                     
    

   
   

        
    

   
    

  
    

    
 
 

 (10)  

     

Hence, the time-to-failure distribution         follows a reciprocal Weibull distribution, because the 

lifetime distribution       follows a Weibull distribution where: 

   = failure time; 

o The distribution function of   can be written as 

                              ; 
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            = the observed degradation; 

o   , the initialisation of all units (of the same component) is fixed in accordance with 

experts; 

o    is varied to compare the performance of a linear (      and polynomial 

deterioration (      fit; 

   = failure threshold; 

o   is a deterministic variable set in accordance with experts; 

 

    
    

   
     

  
    

    
 
 

                        

    

 
       

  
    

    
 
 

 
                                  

    

       
   

 
 
    

    
 
 

 
  

    

    
 
 

   

    

With these models, the time-to-failure distribution can be fitted and the probabilities for CM and PM 

can be attained. This will be described in the following section.  

7.3 Fitting the time-to-failure distribution 

Combining the degradation measurements following from step 1 and the models from step 2, the 

values for   – the degradation slope – can be calculated using the transformation described in 

equation (10). This paragraph describes the possible Weibull fit for this data, which can subsequently 

be used for the calculation of the probabilities of PM and CM after    (where   represents the 

maintenance interval and   the number of inspections). The next chapter describes – using the 

nested enumeration algorithm described in Zhu et al. (2012) – how to optimise the values for the 

control limit ( ) and the maintenance interval   to come up with the minimum costs for the CBM 

policy.  

With the transformed values of   from the previous chapter – determining how long it will take to 

reach the failure level given initialisation and lifetime distribution – the time-to-failure distribution 

can be fitted. This thesis uses the software MATLAB to do a Maximum Likelihood Estimate (MLE). The 

exact fitting of the Weibull distribution is out of scope for this thesis. Readers are referred to Rinne 

(2008), Zuo, Jiang and Yam (1999) and Robinson and Crowder (2000). Furthermore readers 

interested on fitting a Weibull distribution using a Least Square Estimate (LSE) using failure time-data 

are referred to Appendix 2 of Jardine and Tsang (2006b) for a description of Weibull analyses.  
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The Weibull distribution was fitted on the simulated condition monitoring data obtained in section 

7.1 using         . This was done to be able to compare the results from a linear (        

   ) and a polynomial fit (           ) on the condition measurement data. The fitted scale 

parameters –    and    (using      and      respectively) – and shape parameters –    and    – are: 

                    

                     . 

With the attained distribution for  , the probability of PM at                 and the probability of 

CM15 in the interval            ;                    can be calculated. The probability of PM 

is calculated at point   . This represents that the degradation of the item at time    should be 

between the control level   and the failure level  . The probability of corrective maintenance in the 

interval             represents exceeding the failure level   if at the previous inspection     

     the degradation did not exceed the control level. This is described in equations (11) and (12). 

                                   (11)  

   

                                          (12)  

   

For further understanding, this is visualised in Figure 7.5; the deterioration line represents actual 

degradation of an item over time.    and    represent the time that the control and failure 

threshold are passed respectively. Equation (11) thus calculates the probability that the degradation 

on inspection at time    is larger than   – but lower than   – given that the control limit   has not 

been passed at time       . In such case a preventive maintenance action will be executed at 

time   . Equation (12) calculates the probability that   is reached before the inspection at   , given 

that   has not been passed at the inspection at time       . Thus, this represents the probability 

of a corrective maintenance action at time   . 

                                                           
15 The adapted assumptions compared to the model by Zhu et al. (2012) are presented in section 8.2.2.3.1. The original 

assumptions are presented in appendix G. 
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Figure 7.5 Example deterioration with control and failure threshold  

These probabilities can be calculated with16: 
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   (14)  

For every maintenance period it should hold that the combined probability of preventive and 

corrective maintenance equals 1. Using renewal theory (see chapter 3) and the probabilities 

calculated using equations (13) and (14) the total cost for the CBM policy can be calculated: 

        
         

         
 (15)  

Where: 

          is the average expected cost per time unit; 

            is the expected cost per maintenance cycle; 

            is the expected maintenance cycle length. 

Details of the calculations and the assumptions of the model are discussed in section 8.2.2.3. 

                                                           
16 Readers interested in the details of these formulas are referred to Zhu et al. (2012). 
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7.3.1 Observed complications  

The described transformation method has been shown effective in previous research efforts by e.g. 

Zhu et al. (2012) and Hoeks (2012). Because however, those reports do not aim at comparing CBM 

with especially TBM, several complications do not arise. These complications have to do with the 

shape of the hazard rate and appropriate values for the degradation exponent. The problems that 

occurred will be described in this section and are suggested for further research. N.B. the estimation 

of the component (lifetime) parameters could be simplified by more accurately recording failure data 

within the maintenance databases. Suggestions on the improvement of these databases can be 

found in appendix D.   

7.3.1.1 Hazard rate 

As described in Gits (1992), corrective maintenance is potentially effective in all shapes of hazard 

rates whereas TBM is only effective in case of an increasing failure. CBM is only effective in case of an 

increasing or decreasing failure rate. Thus, the only fair comparison among all three maintenance 

policies is using a situation in which there is an increasing failure rate.  

As described in section 7.3, it has been attempted to fit a Weibull distribution on  . This results in a 

reciprocal – or inverse17 – Weibull distribution on the item’s lifetime as described by the 

transformation in equation (10). The hazard rate of the attained distribution was decreasing or 

unimodal, depending on the value for   as observed in earlier work by Kundu and Howlader (2010) 

and Zuo et al. (1999). A unimodal hazard rate means that the hazard rate has a steep increase, 

followed by a decrease. Since a unimodal or decreasing failure rate does not allow for fair 

comparison between CBM and TBM, an alternative had to be applied.  

7.3.1.2 The degradation exponent  

The second method attempted was to fit a reciprocal Weibull distribution on   – the parameter 

determining the degradation slope – basically reversing the transformation as described by Lu and 

Meeker (1993). Although no strong arguments in favour of an inverse Weibull distributed   exist, the 

gained practical advantage by attaining a Weibull distributed lifetime distribution was ground for 

proceeding with this method.  

Methods – other than the LSE and MLE – for estimating the parameters of the inverse Weibull 

distribution consist of the method of proportions, the method of moments, a heuristic algorithm and 

a plot on inverse Weibull probability paper. The implementation of these techniques is left outside of 

                                                           
17 The terms reciprocal and inverse are used interchangeably throughout the remainder of this report.  
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this thesis due to time constraints. Readers are referred to (Jazi, Lai, & Alamatsaz, 2010) for further 

information on these methods.  

Due to time constraints these methods could not be further investigated and an attempt for fixing 

appropriate parameters arbitrarily was made, still attempting to keep the original data 

characteristics. It showed that using appropriate parameters for the final lifetime distributions 

translated into infeasible parameters for  , resulting into reaching the maximum cumulative density 

too early. Reason for that turned out to be values for    larger than 1, inflating the influence of 

usage time on the degradation.  

7.3.2 Summary of observed complications 

No methods were found to solve the presented issues, thus making a fair comparison between CM, 

TBM and CBM impossible. Because the aim of this thesis is to describe the behaviour of these policies 

and to implement CBM, the choice has been made to continue with fictitious numbers. The 

numerical values used for further research are presented in the paper by Zhu et al. (2012), as they 

have proven to work. As these values results in a unimodal hazard rate, it only allows for a fair 

comparison between CM and CBM. The comparison between TBM and CM will be made separately, 

for fair comparison. The numeric values for the comparison of TBM and CM are chosen to represent 

characteristics of the degradation process as presented in section 7.1.   

What is left to do before the comparison is an estimation of the planned and unplanned 

maintenance costs and the inspection costs;       and    respectively.  

7.4 Estimating the cost parameters 

For optimising TBM and CBM18, the costs for planned and unplanned maintenance costs and the 

inspection costs;       and    respectively are used.   

The preventive – or planned – maintenance costs      are comprised of the material and personnel 

cost only. Even though there are also opportunity-costs when performing preventive maintenance, 

these costs are assumed to be minimal as the action is planned, thus the required resources are 

available. This means the preventive maintenance costs consist of the component replacement or 

repair cost plus the wage for the maintenance specialist to replace or repair the component.    

The corrective – or unplanned – maintenance costs      consist of the preventive maintenance 

costs, added with a penalty cost. Thus                    . This is because corrective 

                                                           
18  CM cannot be optimised (/is already optimal) as there is no decision to make.  
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maintenance incurs extra costs such as e.g. maintenance delay; diagnosis costs; spare part retrieval 

costs; higher opportunity costs; potential safety and environmental hazard costs; the probability of 

not meeting the planned lead-time and potential more expensive emergency shipments.  

The inspection costs      are dependent on the type of monitoring. As monitoring can be done both 

periodically by employees and continuously by sensors, the cost structure is different in both cases. 

For the comparison of maintenance policies, it is assumed that only periodical inspections will take 

place, each with invariable costs. Future research on this topic could be on the effect of the 

investment in sensors being the maximum on the (manual) monitoring costs.  

Since current cost and failure data are unreliable, an arbitrary number is taken for preventive 

maintenance costs to only investigate the balance between the preventive and corrective costs as a 

reason to choose for a specific maintenance policy. Afterwards a sensitivity analysis will be executed 

on other parameters to see whether they influence the acquired conclusions.  

7.5 Conclusion  

This chapter described how to estimate the parameters required for next chapter’s comparison of 

the corrective, time-based and condition-based maintenance policies. A five-stage method is 

suggested to come from degradation measurements, or simulated degradation values to a failure 

time distribution. Having complications with fitting appropriate lifetime distribution parameters, the 

numerical values for further analysis are taken from Zhu et al. (2012) and adapted to the specific 

situation investigated in this thesis. With these distributions, the failure probabilities can be 

calculated which will be used for calculating optimal policies in the next chapter. Due to known 

problems with the attained hazard rate, the policies CM and CBM will be compared separately from 

CM and TBM. The comparison between CM and CBM will use the transformation as described in this 

chapter with the parameters from Zhu et al. (2012), adapted to fit the situation under investigation. 

The comparison between CM and TBM will use scale and shape parameters that result in a 

corresponding expected lifetime only. The policies will be compared with each other by varying the 

values for corrective and preventive maintenance with each other. The considerations for choosing 

an appropriate maintenance policy will be presented using sensitivity analyses.   
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Figure 8.1 Process step selection of maintenance policy 

As described in chapter 5, unplanned maintenance actions suffer from a penalty cost compared to 

planned maintenance. Because increasing preventive maintenance decreases the probability of 

corrective maintenance, increased cost can be avoided by an investment in preventive maintenance. 

On the other hand, planning too much preventive maintenance also has a negative effect on total 

maintenance cost affecting the useful life of the component (i.e. replacing too early). Making a trade-

off between these costs leads to optimal maintenance policies.  

This chapter describes how to optimise the presented policies and how to compare them with each 

other. Following from the parameters determines in chapter 7, the failure rate of a component is 

increasing (IFR), decreasing (DFR) or constant (CFR). Solely on the basis of this knowledge an initial 

selection can be made on the maintenance policies to compare (see Figure 8.1). Because of the 

unimodal hazard rates resulting from the method described by Lu and Meeker (1993), a full 

comparison between all policies is impossible. This chapter first describes how CM, TBM and CBM 

can optimised, before going into a comparison. A sensitivity analysis will be conducted on the 

singular maintenance policies and a comparison will made separated comparing CM and TBM and 

another comparing CM and CBM. Finally, a validation with real-life cost data – comparing the 

outcome of the calculations presented with the actual costs currently observed at Bosch – is 

considered of the utmost importance. Since no detailed data is available however, this is left out of 

scope.  

8.1 Determining the failure rate 

An increasing failure rate means that the likelihood of an item failing increases over time. Thus, most 

items are expected to fail because of age-related problems. This is represented by the last part of the 

bath-tub-curve (Figure 3.4). A decreasing failure rate is a situation in which an item is less likely to fail 

once it is in use longer (left part of the bath-tub-curve). Finally a constant failure rate shows that 

failures do not occur due to some trend, but due to random effects. Contrary to the previously 
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existing belief, Nowlan and Heap (1978) showed that DFR – together with CFR – are the most 

frequently occurring failures.  

Assuming all parameters are known, it is time to select an appropriate maintenance policy. As shown 

in Figure 8.1, the selection of the maintenance policy is dependent on the failure rate – or hazard 

rate, see appendix B. In case the failure rate is decreasing (DFR), it will not be optimal to choose a 

time-based maintenance policy (Gits, 1992). Similarly, in the case of a Constant Failure Rate (CFR), 

the random effects on the component are of a larger influence on its performance than its age, thus 

analysing these random effects are recommended (Moubray, 1997). In case there is an Increasing 

Failure Rate (IFR), all policies could be optimal (Gits, 1984). Thus, only in case of a decreasing or 

increasing failure rate is there a fair choice between maintenance policies.  

In the subsequent section the three maintenance policies will first be analysed individually, 

describing the optimisation possibilities and basic trade-offs. In the following section, comparisons 

among the policies will be made using sensitivity analyses.  

8.2 Calculating the optimal policy parameters 

The next step in the methodology described in chapter 7 is to calculate the optimal policy 

parameters. This section presents the calculations required for the different policies and interprets 

the results using a sensitivity analysis. Comparisons among policies will follow in the next section.  

For performing the calculations all parameters should be known. Since it has been shown in chapter 

7 that a full comparison of all maintenance policies is impossible, separate analyses are made. 

Because of the different assumptions on the lifetime and time-to-failure distributions, different 

parameters are required to reflect this. Therefore, some parameters are dependent on the applied 

comparison and others are general. The general parameters – which do not change per comparison – 

are the maintenance and inspections costs. These will be: 

                         

The parameters that do change are all parameters connected to the lifetime and time-to-failure 

distributions. These parameters will be presented in the following sections. 

8.2.1 Setting the lifetime parameters for policy comparisons  

8.2.1.1 Corrective vs. Time-Based Maintenance   

As described in section 8.1, corrective maintenance (CM) and time-based maintenance (TBM) require 

an Increasing Failure Rate (IFR) for a fair comparison. Since it was not possible to generate an IFR 

with the method described in chapter 7 (see section 7.3.1), other parameters were chosen for the 
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comparison between CM and TBM. They reflect the described requirement of the hazard rate as well 

as the lifetime expectation of the loading unit.  

Using the Weibull distribution for the lifetime, an IFR can be attained by choosing a shape parameter 

    larger than 1. For some comparable results with the practical situation, the scale parameter     

has been chosen in combination with the shape parameter to reflect the expected lifetime as 

determined in section 7.1. An infinite number of combinations between the shape and scale 

parameter will fulfil requirement. The CM-TBM comparison scale and shape parameter chosen are: 

          

Using equations (27), (30) and (32) from Appendix B, the scale and shape parameters can be used to 

determine the mean lifetime and the coefficient of variation (CV) of the component: 

                

The mean lifetime shows that the attained lifetime is close to the     days expected lifetime based 

on expert knowledge as described in section 7.1. A CV of      corresponds with low variability (Hopp 

& Spearman, 2008).     

The lifetime distribution is represented by      – the probability density function – and      – the 

cumulative distribution function (see appendix B). These are: 

       
 

 
  

 

 
 
   

 
  

 
 
 
 

 (16)  

And  

         
  

 
 
 
 

 (17)  

8.2.1.2 Corrective vs. Condition-Based Maintenance  

As described in chapter 3, a fair comparison between corrective maintenance (CM) and condition-

based maintenance (CBM) is possible if there is either an IFR or DFR. Continuing with the 

methodology introduced in chapter 7, the parameters chosen for the comparison between CM and 

CBM are adapted from Zhu et al. (2012) to reflect the lifetime as expected by experts. Only the value 

of the scale parameter     has been modified to compare to the lifetime as determined in section 

7.1. The parameters are: 

                               

These parameters are then filled in the equations described in section 7.2.: 
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The distribution for   is  

         e
  

 
 
 
 

 (20)  

This results in a mean lifetime (using equation (26)) and CV (using equation (31)) of: 

                 

The mean lifetime shows that the attained lifetime is close to the     days expected lifetime based 

on expert knowledge as described in section 7.1. A CV of      corresponds with low variability (Hopp 

& Spearman, 2008). With these parameters, the analysis of the individual maintenance policies can 

start. 

8.2.2 Optimising the maintenance policies  

8.2.2.1 Corrective Maintenance  

In Corrective Maintenance (CM), the cycle length is the time between two failures. The costs per 

cycle are the unplanned maintenance costs, as the failures are always unexpected. Thus: 

   
  
 

  

Where:  

      is the unplanned maintenance costs;  

     is the expected lifetime of an item. 

This policy uses a component until failure. This means no further calculations need to be made as 

there is no decision to be made. With the parameters summarized in section 8.2, the costs for CM 

can be calculated. The expected lifetime – assuming a Weibull distribution – can be calculated using  

             
 

  

     19    
 

 
  

                                                           
19 See appendix B for an explanation on the gamma-function     
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The average expected costs per time unit, using the parameters described, are: 

  
  
 

 
     

        
 
  

 
     

     
         

Obviously these costs increase when increasing   , because the lifetime of the item stays the same 

while the unplanned maintenance costs increase. When the cost of unplanned compared to planned 

maintenance costs are low, this seems to be a good policy.  

8.2.2.2 Time-Based Maintenance   

With Time-Based Maintenance (TBM), the cycle length is   times the probability that the item lasts 

longer than the predetermined maintenance interval   plus the expected cycle length given that it 

will fail before  . The costs per cycle are the probability that the item fails before   times the cost of 

an unplanned maintenance action plus the probability of being in function until   times the 

probability that the lifetime is longer than  . Thus: 

  
                 

                  
 

 

 

Where: 

        is the probability density function; 

        is the cumulative distribution function;         
 

  
    

      are the unplanned maintenance costs;  

      are the planned maintenance costs.  

The decision variable is  , the replacement age.    – the optimal replacement age – can be found by 

enumerating   and choosing the minimal value for  .      and    for the values presented in section 

8.2 are: 

         
                   

                   
  

 

       

with        . Figure 8.2 furthermore shows a rather classical trade-off for TBM. It shows that the 

preventive maintenance costs are highest when the replacement interval is very small. This is due to 

unnecessary component replacements. The longer this interval gets, the lower the preventive costs. 

At some point the corrective maintenance start playing a role; as soon as there is a probability of an 

item breaking down, the expected costs of corrective maintenance rise. The total average cost per 

time unit is the sum of these two and is depicted in Figure 8.2. 



62 
 

 

Figure 8.2 Maintenance costs using a Time-Based Maintenance policy 

8.2.2.3 Condition-Based Maintenance 

For Condition-Based Maintenance (CBM), the model as proposed by Zhu et al. (2012) will be applied 

as justified in section 3.2.3. The model will be adjusted according to the specific situation that came 

out of the analysis thus far. The underlying assumptions for this model will be discussed in the next 

section followed by the adaptation of the model by Zhu et al. (2012) in section 8.2.2.3.2 and the 

method for calculating the optimal monitoring interval and control threshold in section 8.2.2.3.3. 

8.2.2.3.1 Model and assumptions  

The model described by Zhu et al. (2012) covers a situation where there are multiple systems under 

investigation, each with multiple components. Maintenance actions can only be performed by 

sending maintenance crew and equipment to the field and the system operation has to be 

interrupted. Consequently, high setup costs are charged for maintenance actions on components. 

Thus, they argue, it is beneficial to cluster maintenance actions over multiple components, avoiding 

setup costs. Due to convenience they analyse a fixed maintenance intervals with the assumption that 

at least one component will fail per maintenance interval. The condition of the components is 

monitored continuously. Furthermore it is assumed that components will continue to function after a 

so-called soft failure with a lower performance, thus incurring extra costs during the period between 

the occurrence of the soft-failure and the maintenance action. Finally – because the calculation for 

the optimal solution becomes intractable for a system with a large amount of components – a nested 

enumeration approach is suggested. Decomposing the overall system into individual component 

optimisation problems, the optimal control threshold and maintenance interval are calculated. 

Subsequently, the minimum average costs rates for the overall system with the corresponding 

interval is determined. The assumptions are described in the article (Zhu et al. 2012).   
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For the application within this thesis, several modifications needed to be made to correspond with 

the specific situation at Bosch. However, there are also some assumptions that remain the same. To 

avoid confusion, the discussion of the assumptions modified and left unchanged is presented in 

appendix G.  

The assumptions that are used for further calculation within this thesis are split up into assumptions 

that are different to the one presented by Zhu et al. (2012) and the assumptions left unchanged.  

The assumptions different to the one presented by Zhu et al. (2012) are: 

 The components are monitored periodically at the cost of   ; 

 The overall system consists of a large number of independent components; 

 A component ceases to operate as soon as its condition indicator reaches the failure 

threshold, there is thus a hard failure;  

 Setup costs for maintenance actions are ignored.  

The assumptions left unchanged are: 

 A preventive maintenance action costs   , a unplanned maintenance action costs   ; 

 The components in the overall system behave independently; 

 Maintenance actions are set up at fixed maintenance points   ,    ; 

 The time horizon is infinite; 

 Maintenance actions restore the condition of components back to their initial degradation 

levels (also known as “repair-as-new”). 

With these assumptions, the model by Zhu et al. (2012) can be modified. This is presented in the 

following section.  

8.2.2.3.2 Adapting the condition-based maintenance cost model 

Also in CBM the method relying on the renewal process assumption is used for calculating the costs 

of the policy. As before, the optimal policy is attained when the decision variables are chosen such 

that they minimise the average cost per time unit. The remaining question is thus how to choose the 

decision variables such that the average costs are minimised. This section describes the model that is 

used for calculations, based on the findings in this research, resulting in the assumptions presented 

in the previous section. How to calculate the optimal parameters for this policy is described in the 

next section.   
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The average cost for a CBM policy can be described as the division of the expected cycle length 

divided by the expected cycle costs. For CBM, the expected cycle length is the probability that an 

item passes the failure threshold in interval            . This should be calculated over all 

possible intervals   . The expected cycle length can be calculated using: 

                             

   

 
(21)  

The expected cycle costs are calculated by multiplying the probability of preventive maintenance at 

   with the preventive maintenance costs plus the probability of corrective maintenance times its 

costs plus the costs of monitoring at each interval  . This should also be calculated per number of 

intervals  . The paper by Zhu et al. (2012) also includes a soft failure term in the expected cycle 

costs. For clarity and simplicity these costs are omitted. The effects of omission are discussed in the 

sensitivity analysis in section 8.3.2.  

The expected cost per maintenance cycle can be calculated using: 

                                                              

   

 
(22)  

Where: 

                 are calculated as in equations (13) and (14) respectively; 

        are the costs of a preventive maintenance action; 

       are the costs of a corrective maintenance action; 

       are the monitoring costs. 

This equation now includes the monitoring costs and omits the soft-failure costs. In equation (22) the 

first probability refers to the preventive maintenance costs and the second probability depicts the 

corrective maintenance costs. They are each multiplied with the appropriate costs. Corrective and 

preventive maintenance both have their own specific costs; the unplanned (  ) and planned (  ) 

maintenance costs respectively. Both in corrective as well as preventive maintenance, costs are also 

made for monitoring. Because this is done periodically, the costs for each monitoring instance is 

attributed. This explains the factor   multiplied with the monitoring costs. 
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With the expected cycle costs and the expected cycle length, the average costs per day can be 

calculated with: 

   
                                                      

                     
 (23)  

Where: 

        is the probability density function 

        is the cumulative distribution function   

      are the unplanned maintenance costs  

      are the planned maintenance costs  

      are the monitoring costs 

In the subsequent section, this model is optimised by minimising the average expected maintenance 

costs.  

8.2.2.3.3 Optimising Condition-Based Maintenance  

The optimisation model that is used within this thesis is:  

 

   
 

        
         

         
       (24)   

                     

This model says that the average maintenance costs per day are minimized with varying the control 

limit   between    – the starting degradation level – and   – the failure level. The decision variables 

are   and  . These are optimized using the nested enumeration algorithm described by Zhu et al. 

(2012). This can be found in Appendix H. This algorithm calculates an optimum for each component  , 

part of the system consisting of   components. Thus, the optimal costs are calculated per component 

by first optimizing the control limit per component and then by inspection interval  . This is done for 

each component and inspection interval. The optimal inspection interval is then attained by 

comparing the optimal maintenance costs per time unit per component. Since in the actual situation 

the setup costs for monitoring   are low, it will not have an influence on the monitoring frequency. 

Thus, for simplicity, this term is omitted.  
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The algorithm then becomes: 

for all          do  

 for all          do 

 
       

         

         
 

 

 end for 

                      

end for  

                    

With this nested enumeration algorithm, the optimal costs per day can be calculated by varying   

and  . This is shown in Figure 8.3. It shows the daily average costs determined by the control limit, 

controlling for  . Increasing   raises costs by allowing more inspections – with the respective costs – 

during a maintenance cycle. When   gets high enough, the probability for a preventive replacement 

diminishes and thus decreases the costs. This comes at the trade-off for higher repair costs, which 

increase the costs again after the optimal control limit.  

 

Figure 8.3 Maintenance costs using a CBM policy  

Looking at the total expected cost per time unit varying the monitoring interval  ,   first decreases, 

and after an increase decreases again. This is due to the omission of the soft failure term (Zhu et al., 

2012) in this thesis. If the soft failure would have been included, exceeding the failure threshold 

would result in a decreased productivity of the component, thus incurring higher costs. Because the 

failure term is not included, failing before    does not result in extra cost between the moment that 

the failure threshold is exceeded and the time of the next inspection. Thus, increasing   does result 
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in a longer cycle length, without increasing the cycle costs. Hence, it is reasonable to take the first 

minimum showed in Figure 8.4. Furthermore the control limits are shown in Figure 8.4.  

 

Figure 8.4 Optimal total average maintenance costs and control limit related to   

The optimal cost for the CBM policy is: 

               
         

         
        

With        and      . This policy can subsequently be compared to CM. This will be discussed 

in the section 8.3.2.  

8.3 Comparing the maintenance policies 

The fifth and final step of the CBM implementation methodology, presented in chapter 7, is 

comparing the maintenance policies among each other. First CM will be compared with TBM in 

section 8.3.1. The comparison between CM and CBM is described in section 8.3.2. The parameters 

used in the calculation are as presented in section 8.2 unless mentioned otherwise.  

8.3.1  Comparing Corrective and Time-Based Maintenance  

As mentioned in the section 8.2.2.2, TBM makes a trade-off between the preventive and corrective 

maintenance costs and tries to avoid corrective cost at the expense of increased preventive 

maintenance. This feeds the expectation that the relationship between the corrective and preventive 

maintenance cost determine the optimal solution. This expectation is graphically represented in 

Figure 8.5. It shows that when    is less than or close to   , TBM is as expensive as CM. reason for 

this is that there is no incentive of doing preventive maintenance to avoid repairs. This is also shown 
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by   , which is large in these cases20. Only when repairs become more expensive than preventive 

replacements, is it interesting to replace preventively. This is shown by a lower increase in TBM costs 

compared to CM costs. Furthermore this is supported by the replacement age decreasing over time.  

 

Figure 8.5 Influence of relationship    and    on the optimal CM and TBM policy 

Another influence on the choice of maintenance policy is the failure rate – influenced by  . The 

effect of varying   is shown in Figure 8.6. Here is shows that for a   smaller than 1, CM performs 

better than TBM. This is caused by the influence of   on the average lifetime of the item, which 

becomes larger. TBM should also show this effect, though is not represented in this figure as there is 

a maximum on  . As soon as   is larger than 1, TBM becomes less expensive than CM. This effect 

results from an investment in preventive replacements, thereby avoiding repairs.  

                                                           
20 N.B. The maximum of   is 380 in this example. Thus, these   correspond with no preventive replacement, which is equal 

to CM. this shows in the same average costs 
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Figure 8.6 Influence of   on the optimal CM and TBM policy 

Thus, it can be said that TBM is preferred to CM in the following cases: 

 Preventive maintenance is less expensive than corrective maintenance; 

 The failure distribution has an increasing failure rate (    . 

In other cases TBM and CM are indifferent; the costs are similar. Consequently – in case the hazard 

rate of a component at Bosch is found to be increasing – TBM is preferred to CM in case the costs for 

corrective maintenance are similar to or higher than the preventive maintenance costs.  

Concluding, TBM is interesting, because it will not result in worse decisions than using CM.  Since 

implementing TBM requires adequate data on corrective and preventive maintenance costs – as well 

as insights in the failure behaviour of a component (the loading unit in this case) – it serves as a 

motivation for improving data.  

As a validation, the results in this section were compared to similar research efforts. Since they 

resulted in the same conclusions, these conclusions are considered validated. In the next section CM 

will be compared with CBM.  

8.3.2 Comparing Corrective with Condition-Based Maintenance  

CM – as concluded in the comparison with TBM – has increasing costs when the corrective 

maintenance costs increase. For CBM, the effect of increasing the unplanned maintenance costs      

is shown in Table 8.1.  

Caution is required when interpreting the results where the costs of CBM are lower than the costs for 

CM. Because there is no punishment for failing before the monitoring interval    – described in 
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section 8.2.2.3.2 – the average costs will keep decreasing when increasing  , even to a point where 

the costs for CBM are lower than the costs for CM. Because in a situation where the maintenance 

interval     approaches infinity the maintenance policy effectively behaves as CM, the costs should 

be similar. As the average costs per time unit for CBM are lower than the costs for CM in case     

    , these results are not presented. Thus, the analysis starts from 
  

  
  . 

  
                 

3 80 11,27 8,2 16,66 

5 70 11,61 8,1 27,76 

7 75 11,77 8,1 38,86 

10 80 11,88 8,1 55,52 
Table 8.1 Influence of relationship    and    on the optimal CM and CBM policy 

The tendency is that, the larger the corrective maintenance costs compared to the preventive 

maintenance costs, the shorter the monitoring interval gets and the lower the control interval. This 

shows how the algorithm induces an increased monitoring frequency to avoid corrective 

maintenance actions.  Furthermore the increase of average maintenance costs for CM is considerable 

larger than for CBM. This is due to the fact that preventive maintenance actions are carried out to 

avoid corrective maintenance actions. 

Further sensitivity analyses were carried out, starting with varying   for fixed values 

of             . The results are shown in Table 8.2. It shows that even though the costs for CM 

increase for an increase in   – caused by the decreased expected lifetime – the costs for CBM stay 

relatively stable. This shows that the CBM policy is robust. Further analysis is needed to check 

whether these results also hold for lower values of  . In this thesis that was not possible due to the 

omission of the soft failure, discussed in section 8.2.2.3.  

                 

8 65 8,1 178,98 11,79 39,11 

10 75 8,1 162,53 11,99 43,07 

15 90 8,1 145,62 12,35 48,07 
Table 8.2 Influence of   on the optimal CM and CBM policy 

Increased values for the monitoring costs were also analysed. In case the monitoring costs are as 

high as the preventive maintenance costs, CBM still results in an optimum. Increasing the monitoring 

costs much further makes no sense as it gets unrealistic. Furthermore the costs of installing sensors 

should be investigated, to see whether it is cost-effective to measure the machine condition on a 

continuous basis. When the monitoring costs increase beyond the preventive maintenance costs, the 
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model provides counterintuitive results. Since this is not a likely situation, this is not further 

investigated.   

For Bosch, the following lessons can be learned from this comparison.  

 CBM is a relatively robust maintenance policy, performing well in a variety of situations. This 

is logical as it makes a balance between monitoring costs and preventive and corrective 

maintenance costs. It is expected that it will even perform better than TBM in a variety of 

situations because it takes into account the actual degradation of the component, rather 

than relying on the average lifetime.  

 The insights gained by condition monitoring have multiple positive benefits; not only allows 

it for making better maintenance decisions, it also provides more insight into the 

degradation behaviour of the machine and thus provides maintenance personnel with easier 

failure recognition. Currently, the labour costs contribute for the largest part to the total 

maintenance costs. With the implementation of CBM on multiple components on one 

machine, it will be easier to recognise well-functioning components. Because this helps 

excluding failure causes, in effect it allows for faster failure diagnosis and thus lower wage 

costs.  

 Due to periodic insight in the condition of the machine, maintenance actions are easier to 

plan. It allows the maintenance specialist at each point in time to proof whether a 

maintenance action is useful. This could allow for failure avoidance in situations where full-

capacity is required at the cost of losing availability in low capacity requiring situations. Thus, 

management and logistic control are supported (Martin, 1994).   

 CBM is by far the most complicated maintenance policy to implement and it requires a 

significant capital investment for either installing sensor-equipment or for organising 

maintenance in a different way.  

 Specific instrumentation for the condition monitoring can be required and it required a 

relatively high management effort.  

Even though disadvantages exist – the final 2 bullets – though, it is still recommended to further 

investigate the implementation of condition-based maintenance. 
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8.4 Conclusion  

This chapter calculated the optimal parameters using fictitious numbers, for the individual policies 

investigated within this thesis; corrective maintenance, time-based maintenance and condition-

based maintenance. Corrective maintenance does not require any optimisation as it does not include 

any decisions. Time-based maintenance can be optimised by varying the preventive replacement 

age. Condition-based maintenance can be optimised using a nested enumeration algorithm. 

Corrective maintenance and condition-based maintenance perform well in the case of both 

increasing and decreasing failure rates, whereas time-based maintenance only performs well in case 

of an increasing failure rate.  

With the distributions available, the corrective and condition-based maintenance were compared. 

Time-based maintenance was compared with corrective maintenance. It turned out that time-based 

maintenance performs better than corrective maintenance in case the corrective maintenance costs 

are higher than the preventive maintenance costs. Increasing the failure rate has a positive effect for 

time-based maintenance in comparison to corrective maintenance. 

Condition-based maintenance and corrective maintenance were also compared. Here, it shows that 

condition-based maintenance usually performs better and furthermore is very robust. Furthermore 

the weakness of the currently implemented version of the condition-based maintenance policy was 

pointed out, the omission of the soft-failure rate and future research was identified for calculating 

the influence of available sensor equipment on the market, to avoid high monitoring costs.  

Due to the problems with the transformation described in section 7.3.1, it is not possible to compare 

condition-based maintenance directly to time-based maintenance. Some general comments are 

however still possible. Firstly, time-based maintenance uses average lifetime values for determining 

the optimal policy, whereas condition-based maintenance monitors the actual condition of the 

machine to initiate maintenance actions. Because the load on a component during its lifetime can 

vary, taking maintenance actions based on the state of the component is very useful. Secondly, due 

to the monitoring within condition-based maintenance, not only bad-, but also good-functioning 

components can be identified. In case condition-based maintenance would be applied to multiple 

components, it will be faster to recognise failing components and thus decreasing the diagnosis time 

and costs correspondingly. Thirdly, because the condition of the machine can be determined at each 

point in time, planning maintenance activities becomes more flexible. This however, also leads to 

some downsides of condition-based maintenance compared to time-based maintenance.  
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Time-based maintenance is easier to execute, as it requires little management effort. Furthermore 

time-based maintenance will be cheaper to implement as it does not require identifying condition 

indicators, determining measuring possibilities and performing actual measurements. Lastly, it is 

easier to optimise the maintenance decisions using time-based maintenance that is the case for 

condition-based maintenance. Even though such disadvantages exist – after an increased failure and 

cost registration – it is still recommended to implement condition-based maintenance.  

This chapter showed how to calculate and implement each of the maintenance policies and it 

provided the missing jigsaw for the methodology presented in chapter 7. The following chapter will 

focus on the last part of the overall framework presented in chapter 4: continuous improvement. 

Chapter 10 finalises this thesis with conclusions and recommendations.  
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9 Continuous improvement  
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Figure 9.1 Process step continuous improvement  

After identifying the optimal policy for a component, another component can be investigated. As 

pointed out in chapter 5 and in line with the Bosch TPM pillar model (Figure 2.2), the effort of 

improving maintenance policies should stay focused on main problems. Because not all components 

have a high influence on either the maintenance cost or the availability, these should not be included 

for improvement. The decision frame with which to separate essential from non-essential 

components was presented in chapter 5.  

After improving all components within a machine, also separate machines on the production line can 

be individually assessed on improvement potential, using the same method. Because it takes time for 

improvement effort to take effect, continually going through the cycle within the framework is 

inefficient. Thus, some time should elapse between the ending of the first improvement cycle and 

the start of the next. How much time should be between different framework cycles is situation 

specific and will not be further discussed. Within this waiting time, also other production lines within 

a department can be analysed using the same framework presented in chapter 4.  
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10 Conclusions and recommendations  

The research questions focused on the implementation of condition-based maintenance and its 

benefits compared to other well-known maintenance policies. A framework was developed for 

improving maintenance policies starting from the selection of a production line, the selection of an 

appropriate machine and component and to optimise several maintenance policies on a component 

level. A methodology was developed to go from condition data obtained at a component towards the 

analysis and optimisation of three different maintenance policies being corrective maintenance (CM), 

time-based maintenance (TBM) and condition-based maintenance (CBM). With comparing and 

implementing three well-known maintenance policies known in the literature, the research questions 

are considered to be answered.  

10.1 Practical conclusions and recommendations 

The identification of critical machines is based on the cost-data that is currently available. On a 

production line, about 99% of the maintenance costs are estimated to be correctly attributed. This 

number reduces to approximately 50% and 10% on a machine and component level respectively. Not 

only does the available data not fully reflect the actual costs, it also neglects downtime costs in the 

form of lost production, increased costs due to possible emergency shipments and redundancy of 

machines. This combination of low registration accuracy makes it very difficult to make well-

informed maintenance decisions. Before going further into improving maintenance activities, it is 

recommended to improve this.  

Even though there is a large occurrence of blocking on the downstream production line of the 

armature line under investigation, the maintenance costs are still very high. How this is possible 

given the amount of time available for performing planned maintenance actions and thus avoiding 

unplanned maintenance costs is peculiar and could be a direction for future research. 

The machine disturbance and effect analysis was used in this thesis for identifying important 

components. Currently the method in place at Bosch puts equal weight on the repair costs, repair 

time, safety hazards and output loss. This does not reflect the relative importance of these factors 

within Bosch. Aligning the weights to their importance can be achieved by extending the machine 

disturbance and effect analysis to a multi-criteria decision analysis. Readers on the topic of multi-

criteria decision analysis are referred to Guitouni and Martel (1998) and Al-Najjar and Alsyouf(2003). 
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From the cost data that is available, wage costs turned out to be the major cost driver for 

maintenance. Because a large part of these costs are created by diagnosis, easier diagnosis will 

decrease those costs. The implementation of CBM can help with a better understanding on the 

reasons for failure, as well as faster diagnosis and thus shorter downtimes and lower costs.   

With the estimated numbers used in this research, it has been shown that the implementation of 

CBM can be beneficial in a number of situations. It increases insight in the behaviour of machines and 

components; it is a robust maintenance policy in terms of costs; it allows for detailed maintenance 

planning and it potentially decreases diagnosis times and maintenance costs. Supported by findings 

in the literature, CBM has the potential for significant maintenance costs reduction. Therefore it is 

certainly worth further investigating the possibilities of implementing CBM.  

Before the implementation of CBM makes sense, it is imperative however that some groundwork is 

performed. In the future, it should be easier to make a trade-off between avoiding corrective 

maintenance actions at the cost of increasing preventive maintenance actions. Specifically required is 

detailed insight in the cost of corrective and preventive maintenance costs at specific points in time, 

also including opportunity-costs. Furthermore, detailed information on machine and component 

failure is required to analyse lifetimes, pinpoint cost drivers and evaluate improvement efforts. To do 

so, different databases should be aligned with each other, providing for data being comparable 

amongst each other. Improvement suggestions on that topic have been made.   

After the data registration has been improved, there are multiple opportunities for further research. 

The most important ones are: 

Cost of downtime 

Currently, the costs for maintenance are considered separately from the cost of machine downtime. 

This leads to an under-evaluation of downtime costs. Combining these costs allows for better 

maintenance decisions. After implementing an increased effect transparency, the effect of lost 

income due to downtimes can be analysed.  

Furthermore there is a relationship between the soft failure costs and the opportunity costs included 

in   . How to process the decrease in corrective maintenance costs due including soft failure costs 

should be subject for future research. Also a minimum repair policy is interesting for further 

research. 
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Redundancy effects on machine selection 

Machines are currently selected by identifying the most expensive station within a production line. 

However, not every station has the same amount of machines. In case there are multiple machines 

within a station, the effect on the throughput is less severe than with single machines only. Especially 

in the case of under-capacity, this effect needs to be taken into account through the effect on 

opportunity costs. How to do this is suggested for further research.  

Variable period condition monitoring 

The condition-based maintenance approach within this thesis focused on fixed periodic monitoring. 

It is recommended to investigate the effect of variable period condition monitoring in the future. 

Readers are referred to methods discussed in (Wang W. , 2000; Grall, Bérenguer, & Dieulle, 2002; 

Castanier, Bérenguer, & Grall, 2003).  

Continuous condition monitoring  

Also the application of continuous condition monitoring should be investigated. More specifically the 

technical aspect of the implementation can be further investigated. For example: the way to 

implement sensors; how to process the data; what infrastructure should be available to process the 

data and how the infrastructure can generate maintenance activities. For more prognostic methods, 

readers are referred to Peng et al. (2010). 

It is worth to note that within Robert Bosch GmbH, more specifically Bosch software innovations, 

software is already available for analysing data and automatically determines defects and failures. 

Planned maintenance and condition monitoring can also be performed by such software. It can be 

investigated to what extent this software is applicable to the situation in Bühl. 

Optimizing spare-part stocking 

Currently, spare parts are kept on stock in different maintenance pools using the same components. 

Better communication could decrease those stock-levels and thereby decrease the tied up capital. By 

combining stock keeping with maintenance decisions, this could be further improved.  

Multi-item maintenance models 

This thesis focused on the analysis of maintenance policies for single components. In case there are 

interdependencies among machines or components, multi-item models are available which could 

further decrease maintenance costs.  
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Imperfect maintenance  

The comparisons made in this thesis rely on renewal theory, which assumes components to be as-

good-as-new after a maintenance action is performed. As shown, this assumption does not always 

hold. Using either the as-bas-as-old assumption (Barlow & Hunter, 1960), or a combination of both 

as-good-as-new and as-bas-as-old (Wang & Pham, 1996) is a topic for future research.  

Clustering 

Clustering, as described by van Dijkhuizen and van Harten (1997), is not beneficial on a component 

level due to low setup costs for maintenance. Possibly, it can be beneficial though on a machine level 

i.e. perform maintenance activities on multiple machines simultaneously when stopping the 

production line, thus reducing the opportunity costs incurred. This can be subject for further 

research.  

10.2 Scientific conclusions and recommendations  

Increasing failure rate transformations 

In this thesis, the condition-based maintenance model as proposed by Zhu et al. (2012) was 

investigated which built on the general path model as described by Lu and Meeker (1993). It turned 

out that the transformation suggested by Lu and Meeker resulted in a decreasing or unimodal failure 

rate, thus not allowing for a full comparison between all maintenance policies. What transformation 

is required for attaining increasing failure rates can be a direction for future research.  

Load dependencies in reliability analysis 

Currently, reliability analysis on components is performed irrespective of the variable load possible 

over the lifetime of components. Thus, the effect of variations in load on the expected lifetime of 

components is often unknown. This has the most impact on time-based maintenance policies. 

Elwany and Gebraeel (2008) provide a suggestion for sensory updated prognostics in condition-based 

maintenance. How this can be extended to e.g. TBM can be a direction for future research.  

State dependent maintenance policy 

In the literature on maintenance, the item in focus is assumed to have an effect on the throughput of 

the production line. In the case of redundancy of machines, or of the occurrence of blocking within 

the production network, this assumption does not always hold. Maintenance costs are thus 

dependent on the state of the production line. Hence, it is suggested to develop a maintenance 

model that takes into account the state of the production line, represented by a variation in the 
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unplanned maintenance costs. Factors that should be included are the forerunning of upstream to 

downstream production lines; redundancy; the product type – and thus the variation in cycle time 

per station – and planned inspections or maintenance actions. 

Three-parameter Weibull curve fitting 

Within the literature, there is no clear distinction between curve fitting and distribution fitting. Many 

of the methods focus on the fitting of Weibull distributions to failure times. How to fit Weibull 

distributions to degradation data is missing, especially for a three-parameter Weibull distribution. 

The same holds for reciprocal or inverse Weibull distributions. Methods described in (Jazi et al., 

2010) can be direction for future research.  
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Appendix A: Armature description  

 

 

Figure 0.1 An armature  
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Appendix B: the (reciprocal) Weibull distribution  

This appendix describes two important distributions used throughout this thesis; the Weibull 

distribution and the reciprocal Weibull distribution.  

The Weibull distribution 

The Weibull distribution is a generalization of the exponential distribution and describes the lifetime 

distribution of some component. The probability density function (pdf) therefore describes the 

probability that a component fails at time  . It is represented by the formula 
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Using this, the mean expected lifetime can be calculated using the formula: 
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The function     , is defined for positive   as (van Berkum & Di Bucchianico, 2009): 
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The variance can be calculated using: 

                       
 

  

   (29)  

        
 

 
     (30)  

With the mean and variance, the coefficient of variation (CV) can be calculated. This is a relative 

measure for variability, comparing the standard deviation to the mean lifetime. It is calculated using: 
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 (32)  

The cumulative distribution function (cdf) describes the probability of a component failing before 

time   and is represented by 

         
  

   
 

 
 

 (33)  

With the cumulative distribution function, the reliability of a component, the probability that the 

component will hold longer than time  , can be calculated. It is defined as   

             (34)  

The Weibull distribution has three parameters:   (the shape parameter),   (the scale parameter) and 

  (the location parameter). In order to explain the effect of these parameters it is useful to first 

describe the hazard rate.  

The hazard rate, or failure rate,      is the probability of a component failing at time  , given that it 

functioned well until time  . It is described by 
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The hazard, or failure rate, can be constant, decreasing or increasing. A constant failure rate (CFR) 

describes a process where the likelihood of an item failing is irrespective of the amount of time it has 

been operative before. In the case of a decreasing failure rate (DFR), the likelihood of failure 

decreases as time develops, whereas the opposite happens in case of an increasing failure rate (IFR). 

DFR is often referred to as problems occurring because of burn-in or infant mortality. With an IFR, 

failures are due to wear-out or age-related problems. The shape of the distribution and therewith 

the type of failure rate in the Weibull distribution is influenced by the shape parameter of the 

distribution. 
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The shape parameter determines the shape of the distribution. Holding parameters   and   constant 

and varying for   then shows the influence of the parameter. This is shown in Figure 0.1. 

 

Figure 0.1 Effect of varying    on the pdf   

It shows that with varying   the shape is changes. Hereby different distributions can be depicted. 

When    , the Weibull distribution is equal to the exponential distribution and when       , it 

looks similar to the normal distribution. Another effect of varying   can be seen in the hazard rate as 

shown in Figure 0.2. When changing  , the failure rate changes. In case    , the failure rate is 

decreasing. In case    , the failure rate is constant and in case    , the failure rate is increasing.   

 

Figure 0.2 Effect of varying    on the hazard rate 

As depicted in Figure 0.3, the scale parameter represents the spread of the pdf. In case      , 

                . This means that irrespective of  , around     of the components failed 

at      . That is why   is also called the characteristic life.  
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Figure 0.3 Effect of varying    on the pdf 

Since       , the probability of a component failing before time   equals 0. This also means that 

for    ,       . That is why  , the location parameter, is also called the failure free period. 

    represents a failure free period, whereas     represents the component being in worn out 

at the moment it is put into use.  This is shown in Figure 0.4. 

 

Figure 0.4 Effect of varying   on the pdf 
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The reciprocal Weibull distribution  

If   denotes a random variable from the Weibull distribution, then the distribution function for 

      is called the inverse or reciprocal Weibull distribution (Jazi, Lai, & Alamatsaz, 2010). For the 

basic Weibull distribution, the distribution function is given in equation (24). The reciprocal or inverse 

Weibull distribution has the following distribution and density function respectively: 

             
  

 
  

 
 

 (36)  

               
 

 

  

 

  (37)  

For a further discussion on this distribution, readers are referred to (Jazi, Lai, & Alamatsaz, 2010) and 

(Kundu & Howlader, 2010). 
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Appendix C: Costs of the W564 (SAP) 

Equipment Total Costs Wage Material 
Costs 

Other Costs 

Summe 100.00% 78.36% 19.08% 2.41% 

 9.82% 8.40% 0.38% 1.04% 

Wickelmaschine 2 9.51% 6.94% 2.55% 0.00% 

Anker prüfen und beschriften 
G.D.G. 

8.26% 5.10% 2.76% 0.35% 

Wickelmaschine 4 5.27% 4.91% 0.36% 0.00% 

Kommutator Drehmaschine 5.17% 3.11% 2.04% 0.02% 

Elektrostatische 
Pulverbeschichtung 

4.71% 4.45% 0.21% 0.04% 

Wuchtautomat Balance System 4.52% 3.71% 0.68% 0.13% 

EP-Kommutator aufpressen 3.85% 3.30% 0.50% 0.04% 

Wickelmaschine 3 3.68% 3.35% 0.33% 0.00% 

Rolliermaschine Thommen 3.39% 2.54% 0.75% 0.09% 

Wickelmaschine 5 3.11% 1.88% 1.22% 0.00% 

WT - Umlauf 2.60% 1.96% 0.18% 0.46% 

Anker rollieren 2.19% 0.64% 1.55% 0.00% 

Wickelmaschine 1 2.04% 1.56% 0.47% 0.00% 

Anker Ent.-Beladen 1.90% 1.12% 0.75% 0.04% 

Wellenmontage 1.76% 1.35% 0.40% 0.00% 

EP-Beschichten 1.65% 1.65% 0.00% 0.00% 

Lamellen abstechen 1.64% 1.16% 0.47% 0.00% 

WT-Umlauf 1.45% 1.41% 0.00% 0.04% 

Anker Ent.- und Beladen 1.44% 0.70% 0.74% 0.00% 

Frässtation 1.19% 1.19% 0.00% 0.00% 

EP-Maske reinigen 1.17% 0.55% 0.62% 0.00% 

Kugellager montieren - 
aufpressen 

1.12% 1.11% 0.01% 0.00% 

Paketieren 1.11% 0.88% 0.17% 0.06% 

Anker in Kiste beladen 1.07% 1.07% 0.00% 0.00% 

EP-Kühlstrecke 1.06% 0.70% 0.35% 0.00% 

Schnecken prüfen 1.05% 0.99% 0.06% 0.00% 

Kommutator Bürststation 1.02% 1.02% 0.00% 0.00% 

WT-Umlauf  EP-Anlage 0.97% 0.97% 0.00% 0.00% 

EP-M-Static ( SILO ) 0.89% 0.89% 0.00% 0.00% 

Absetzer 0.85% 0.78% 0.00% 0.07% 

Kugellager fixieren - rollieren 0.80% 0.65% 0.15% 0.00% 

Hydraulikaggregat 0.80% 0.80% 0.00% 0.00% 

EP-Übersetzer / Messen 0.79% 0.39% 0.40% 0.00% 
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EP-Abstreifband 0.77% 0.55% 0.22% 0.00% 

Kopfschweißmaschine 1 0.64% 0.58% 0.06% 0.00% 

Drehkreuz 0.57% 0.33% 0.24% 0.00% 

Transportband 0.48% 0.42% 0.06% 0.00% 

Draht legen nach HT 0.44% 0.24% 0.20% 0.00% 

Schnecken Bürststation 0.42% 0.42% 0.00% 0.00% 

Wasser-Kühlgerät 0.41% 0.41% 0.00% 0.00% 

Pakethöhe messen 0.41% 0.26% 0.14% 0.00% 

EP-Staubsauger (Ringler) 0.39% 0.39% 0.00% 0.00% 

EP-Vorreinigen (Drehteller) 0.39% 0.39% 0.00% 0.00% 

Härteüberwachung 0.36% 0.33% 0.00% 0.03% 

Kopfschweißmaschine 2 0.24% 0.24% 0.00% 0.00% 

EP-Beschichtungsbad 0.24% 0.24% 0.00% 0.00% 

Drehkreuz 0.21% 0.21% 0.00% 0.00% 

Prüfrechner 0.21% 0.21% 0.00% 0.00% 

Kistenumlauf / Hublift 0.20% 0.20% 0.00% 0.00% 

EP-Drehteller beladen 0.19% 0.19% 0.00% 0.00% 

Draht legen vor HT 0.18% 0.18% 0.00% 0.00% 

Linienequipment 0.17% 0.17% 0.00% 0.00% 

EP-Anker demaskieren 0.15% 0.15% 0.00% 0.01% 

Konturprüfstation Neuro Check 0.15% 0.15% 0.00% 0.00% 

EP-Spindel beladen 0.15% 0.15% 0.00% 0.00% 

Messstation 0.14% 0.13% 0.00% 0.00% 

Hydraulikaggregat 0.12% 0.12% 0.00% 0.00% 

EP-Drehteller entladen 0.10% 0.10% 0.00% 0.00% 

EP-Generator (Himmel) HIT 25 0.09% 0.06% 0.03% 0.00% 

Schaltschrank 5201 
Wuchtautomat 

0.06% 0.06% 0.00% 0.00% 

Lamellen verdrehen 0.06% 0.06% 0.00% 0.00% 

EP-Spindelantrieb (Beladen-
Seite) 

0.06% 0.06% 0.00% 0.00% 

EP-Kommutator zuführen 0.06% 0.06% 0.00% 0.00% 

Kopfschweißmaschine 3 0.06% 0.06% 0.00% 0.00% 

Hydraulik-Aggregat für 
Kugellagermontage 

0.02% 0.02% 0.00% 0.00% 
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Appendix D: Cost Registration  

A method for determining critical components on the basis of maintenance data is possible next to 

methods such as the MDEA, discussed in chapter 6. Currently there are two systems registering the 

cost and failure data; a production loss system, the SBO tool and a cost system, SAP. The SBO tool 

currently registers the amount of production lost due to a variety of downtimes. SAP registers costs 

which are attributed to e.g. maintenance actions, spare part withdrawal and tool repairs. The data 

within these two systems does not coincide, which makes it very difficult to make reliable analyses 

frequently. Since that is required for not only identifying critical machines, but also for assessing the 

result of improvement actions, having a good database is imperative. This appendix describes what 

characteristics data should have and how it is recommended to be collected in the future. 

For identifying critical components on the basis of cost and failure data, good data is required. ‘Good’ 

data fulfils several requirements that are missing nowadays. These characteristics are: 

  Data available on equipment level 

o Ideally the data would be available on a component level. The first step towards 

achieving that level of detail is to increase the level of detail to a machine (or 

equipment) level.  

 Reliable data 

o Currently, the ordering process for spare-parts is organised in such a way that it is 

complicated to make separate orders per machines. Therefore, orders tend to be 

made on a production line level and attributed to one machine on the production 

line, not reflecting the actual demand by that machine.  

 Consistent data  

o Currently, several software tools operate in parallel registering failure and cost data. 

The machine structure within these systems does not coincide with each other. 

Comparing or complementing this data is thus difficult or impossible. For analyses to 

be made on a frequent basis, it is required that the databases are consistent.  

 Complete data 

o Several stations at the production line in the analysis have multiple machines. This is 

to attain the required cycle-time from the longest lasting product on the production 

line. However, not all the products on the line necessarily require this capacity. In 

such case, a breakdown on one of the machines within that station does not result in 

an output loss on the production line. The result is that not all downtimes are 

registered. To determine the lifetime of the machines, this is required.  
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Currently several databases exist adjacently, all of which needs to be manually fed by production 

employees. This not only induces major indirect registration effort, but also mistakes in registration. 

To resolve this problem a poka-yoka responsible system is recommended in which it is both faster for 

employees to register right as it is more difficult to do right than wrong. Thus, it is recommended to 

go away from the manual, failure–likely method, to an automatic, failure avoiding method. 

Furthermore different systems should be concatenated and aligned with each other. A suggested 

database should have the form as depicted in Table 0.1. It is imperative to avoid summarizing data in 

the initial registration to allow for ease of analysis later on; data summarisation is easily achieved at a 

later point in time.  
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Table 0.1 proposed data structure 

The suggestion is to feed the data into the programs by scanners, making it easier for employees to 

register and thereby better. A better data structure allows for a multitude of purposes, such as: 

 Calculation of lifetime parameters; 

 Calculation of wage-material balance;  

 Calculation of degree of autonomy; 

 Calculation of cost per failure; 

 Failure behaviour per machine; 

 Failure behaviour per component; 

 Preventive maintenance tracking; 

 Etc.  

The ease of registering is of main importance, to make sure employees need limited amount of time. 

The registration framework is presented in Figure 0.1. In this framework, the machine operator will 

be responsible for creating a maintenance entry. Later on, maintenance actions can then be related 

to an initial breakdown, independent of whether these actions occur during breakdown or 

afterwards (which would occur when repair actions are executed only after component 

replacement).  
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Figure 0.1 Registration framework  

A task force has been set up for the improvement of the data registration. The exact implementation 

of automated registration is suggested for future research.  

With the data registered as proposed, it will be easier to pinpoint cost-driving components with a 

method, much like the one described for identifying critical production lines and machines as 

described in chapter 5. It also allows for a multi-item maintenance concept as lifetime and cost data 

on a component level will be available even before they are identified as relevant. Thus, after 

recognising important components, one can immediately start with a subsequent analysis, rather 

than first having to record data about the component on a detailed level. Furthermore, detailed data 

on a component’s failure and cost data allows for easier spare-part analysis, where the same 

information is required about a component’s lifetime behaviour.  
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Appendix E: MDEA winding machine  
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1 Ausrichten     
          

  
      

1.1 Niederhalter    Anker axial 
ausrichten 

Beladerichtung 
n.i.O. 

1 4 1 2 4 

Niederhalter 
falsch 
ausgerichtet 

1 1 4 

1.3 Ausrichter   Anker radial 
ausrichten 

Anker nicht im 
Wickelposition 

1 4 1 2 4 

Dichtung 
verschlissen 

1 1 4 

2 Beladen                       

2.1 Servomotor 
(beladen) 

Kompaktschlitte 
ansteuern 

WM wird nicht 
beladen 1 5 1 5 5 

Lager 
Verschlissen 9 1 45 

2.2 
1 5 1 5 5 

Steuerung 
kaput 

9 1 45 

2.3 Servomotor 
(entladen) 

Kompaktschlitte 
ansteuern 

WM wird nicht 
entladen 1 5 1 5 5 

Lager 
Verschlissen 9 1 45 

2.4 
1 5 1 5 5 

Steuerung 
kaput 

9 1 45 

2.5 Kompaktschlitte Belade-Einheit 
hoch u. runter 
fahren 

WM wird nicht 
beladen 

1 6 1 5 6 

verschleiss 
(lager / 
Kugelgewin
detrieb) 

9 3 162 
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2.6 Belade-Einheit Anker in 
Spannzang laden 

Beladehoehe 
n.i.O. 1 3 1 2 3 

Ausrichter 
verbogen 9 3 81 

2.7 Anker 
beschaedigt    
(crash bei 
Beladen) 

1 3 1 2 3 

Spannzange 
gebrochen 
durch 
Verschleiss 

9 3 81 

2.8 Wickelwerkzeu
g beschaedigt       
(crash bei 
Beladen) 

1 3 1 2 3 

Spannzange 
gebrochen 
durch 
Verschleiss 

9 3 81 

2.9 Entlade-Einheit Anker aus 
Spannzang holen                                                             

Anker 
beschaedigt    
?? 1 3 1 2 3 

Spannzange 
gebrochen 
durch 
Verschleiss 

9 3 81 

2.1
0 

kann das Anker 
auch 
beschaedigen 
durch falsch 
entladen? 
Nehme an nur 
wenn es danach 
gegen 
werkzeuge 
laeuft? 

Wickelwerkzeu
g beschaedigt 

1 3 1 2 3 

Spannzange 
gebrochen 
durch 
Verschleiss 

9 3 81 

2.1
1 

  Fehler bei 
Drahtlegen 
(steht falsch im 
WT) 

1 3 1 2 3 

Spannzange 
gebrochen 
durch 
Verschleiss 

9 3 81 

2.1
2 

Federstift 
beladen 

Anker gegen 
Niederhalter 
druecken zum 
ausrichten 

Beladehoehe 
n.i.O. 1 4 1 2 4 

Federstift 
verschmutzt 1 4 16 

2.1
3 1 4 1 2 4 

Federstift 
gebrochen 1 2 8 

2.1
4 

Winde 
abreissen 1 4 1 2 4 

Federstift 
verschmutzt 1 4 16 

2.1
5 1 4 1 2 4 

Federstift 
verschmutzt 6 4 96 

2.1
6 

Daempfer Belade-Einheit 
daempfen 

Erhoehter 
verschleiss 
Schlitten Be - 
Entladen 

1 2 1 2 0 

Daempfer 
verschlissen 

6 3 0 

2.1
7 

Zylinder Belade-Einheit 
vor u. 
rueckfahren 

Stop (wird nicht 
beladen) 1 3 1 2 3 

Dichtung 
verschlissen 9 1 27 

3 Wickeln - 
Spannrohr 

    
          

  
      

3.1 Zylinder Spannrohr 
oeffnen 

spannrohr 
oeffnet nicht 1 3 1 2 3 

Dichtung 
verschlissen 9 1 27 

3.2 Gabel Spannrohr 
oeffnen 

spannrohr 
oeffnet nicht   (-
> crash wenn 
nicht weit 
genug 
geoeffnet --> 
beschaedigung 
Welle u. 
Spannzange) 

1 4 1 2 4 

Schrauben 
bewegen 
sich in 
Buchse 

9 2 72 

3.3 
1 4 1 2 4 

Schrauben 
gebrochen 9 2 72 

3.4 
1 4 1 2 4 

Bohrbuchse 
kaput 9 2 72 
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3.5 Schrauben Gabel 
Hochheben 

Bewegt sich in 
Bohrbuchse -> 
Spannzange 
oeffnet nicht 
(weit genug) 

1 4 1 2 4 

Verschleiss 

9 2 72 

3.6 Bohrbuchse Schrauben 
fixieren 

Schraube 
bewegt sich -> 
Spannzange 
oeffnet nicht 
(weit genug) 

1 4 1 1 4 

Verschleiss 

9 2 72 

3.7 Drahtklemmhue
lse 

Draht klemmen 
vor wickeln 1. 
Spule 

Anfangsdraht 
vom 1. Hacken 
gezogen 1 3 1 2 3 

Drahtklemm
huelse ist 
abgeschaltet 
(wird nicht 
benutzt) 

5 0 0 

3.8 
1 3 1 2 3 

Drahtklemm
huelse 
verschmutzt 

5 3 45 

3.9 
1 3 1 2 3 

Fuehrungs-
wagen 
defekt 

9 1 27 

3.1
0 

1 3 1 2 3 
Zylinder 
Defekt 

9 1 27 

3.1
1 

Servomotor Spannrohr 
drehen waehrend 
wickeln 

Dreht der Anker 
nicht 1 4 1 4 4 

Lager 
Verschlissen 9 2 72 

1 4 1 4 4 
Steuerung 
kaput 

9 1 36 

3.1
2 

Spannzange Anker festhalten Spannzange 
bricht 1 4 1 2 4 

Crash bei 
beladen 1 2 8 

1 4 1 2 4 Verschleiss 1 2 8 

3.1
3 

Amco Backen Welle schuetzen 
von kratzen 

Amco Backen 
werden 
duenner 

1 4 1 2 4 
Verschleiss 

4 5 80 

3.1
4 

Tellerfeder Spannrohr 
schliessen 

Spannrohr 
schliesst nicht 
mehr 

1 4 1 2 4 
Verschleiss 

9 3 108 

3.1
5 

Spannrohr Anker festhalten Anker verdreht 
waehrend 
wickeln 

1 4 1 2 4 
Verschleiss 
Amco 
Backen 

9 5 180 

4 Wickeln - 
Spindelbaugr
uppe - 
Bakkenhub 
(2x) 

    

          

  

      

4.1 Servomotor Kugelgewindetrie
b drehen 

Backen fahren 
nicht Auf u. zu 1 3 1 4 4 

Lager 
Verschlissen 9 1 36 

4.2 
1 3 1 4 4 

Steuerung 
kaput 

9 1 36 

4.3 Kugelgewindetr
ieb 

fuehrungswagen 
vor u. rueck 
fahren 

Backen fahren 
nicht Auf u. zu -
> Stop 
maschine 

1 5 1 3 5 

Lager 
Verschlissen 

9 1 45 

4.4 Federpaket Kraft von 
Kugelgewindetrie
b abholen 

Kugelgewindetri
eb kaput 

1 3 1 2 3 Verschleiss 9 1 27 

4.5 
1 3 1 2 3 

Verschmutz
ung 

9 1 27 
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4.6 

1 3 1 2 3 

Unsach-
gemaesse 
Bedienung 
(z.B Falsch 
einstellen) 

9 1 27 

4.7 Fuehrungswag
en 

wickelbacken u. -
spindel vor u. 
zurueck fahren 

Wickelbacken 
Position stimmt 
nicht 

1 4 1 2 4 
Verschmutz
ung 

9 1 36 

4.8 1 4 1 2 4 Verschleiss 9 1 36 

5 Wickeln - 
Spindelbaugr
uppe - 
Spindelantrie
b (2x) 

    

          

  

      

5.1 Servo Motor wickelarmen 
rumdrehen 

stop von 
maschine 1 3 1 4 4 

Lager 
Verschlissen 9 1 36 

5.2 
1 3 1 4 4 

Steuerung 
kaput 

9 1 36 

5.3 Zahnrieme bewegung 
servomotor 
uebertragen auf 
wickelspindel 

Wickelarm nicht 
in richtige 
Position 

1 3 1 2 3 

Verschleiss 

7 2 42 

5.4 Riemenscheibe bewegung 
servomotor 
uebertragen 
Zahnrieme 

Beschaedigung 
Riemen -> 
Wickelfehler 

1 4 1 2 4 

Verschleiss 

7 1 28 

5.5 Riemenscheibe bewegung 
zahnriem 
uebertragen auf 
spindel 

Beschaedigung 
Riemen -> 
Wickelfehler 

1 4 1 2 4 

Verschleiss 

7 1 28 

6 Wickeln - 
Spindelbaugr
uppe - 
Wickelspinde
l 

    

          

  

      

6.1 Lagerbock Festlager fixieren Verschleiss 
Lagerbock 
durch Unwucht 

1 6 1 6 6 
Lager hat 
Spiel 9 1 54 

6.2 Lager drehen Spindel 
ermoeglichen 

Wickelbacken 
Position stimmt 
nicht 

1 6 1 2 6 
Verschleiss 
Lager 9 2 108 

6.3 
1 6 1 2 6 

Verschleiss 
Lagerbock 9 1 54 

6.4 hoeherem 
verschleiss 
Zahnriem  

1 6 1 2 6 
Verschleiss 
Lager 9 1 54 

6.5 
1 6 1 2 6 

Verschleiss 
Lagerbock 9 1 54 

6.6 hoeherem 
verschleiss 
Wickelbacken 

1 6 1 2 6 
Verschleis 
Lager 9 1 54 

6.7 
1 6 1 2 6 

Verschleiss 
Lagerbock 9 1 54 

6.8 Wickelarm Draht um Anker 
wickeln 

Wickelarm 
bricht -> 
beschaedigung 
Wickelwerkzeu
ge 

1
0 

4 1 4 10 
Unwucht 

4 2 80 

6.9 
1
0 

4 1 4 10 
Draht nicht 
gut abge-
schnitten 

4 2 80 
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7 Wickeln - 
Drahtklemme
r 

    

          

  

      

7.1 DRS Ventil Luft geben an 
Zylinders 

Aufhaengefehle
r 

1 3 1 3 3 
Verschleiss 

9 1 27 

7.2 Zieht Draht aus 
Drahtklemmer 

1 3 1 3 3 
Verschleiss 

9 1 27 

7.3 Zylinder Drahtklemmer 
vor und zurueck 
fahren 

Stop Maschine 
1 3 1 2 3 

Dichtung 
verschlissen 4 2 24 

7.4 Zylinder Drahtklemmer 
hoch u. runter 
fahren 

Drahtreste nicht 
abgeworfen -> 
Drahtreste mit 
eingewickelt 

1 3 1 2 3 

Dichtung 
verschlissen 

4 1 12 

7.5 Zylinder Drahtklemmer 
spannen 

Draht nicht 
aufgehaengt 1 3 1 2 3 

Dichtung 
verschlissen 4 1 12 

7.6 Draht nicht im 
Drahtklemmer 1 3 1 2 3 

Dichtung 
verschlissen 4 1 12 

7.7 Daempfer Klemmgabel 
bremsen bei vor- 
u. rueckfahren 

Erhoehter 
verschleiss   1 2 1 2 2 

Verschleiss 
4 2 16 

7.8 Verregelung fixiert 
Drahtklemmer 

Stop Maschine 

1 3 1 2 3 

Verschleiss 

4 1 12 

7.9 Fuehrungswag
en 

bewegungen 
Drahtklemmer 
fuehren 

Drahtklemmer 
funktioniert 
nicht richtig 

1 4 1 2 4 

Ver-
schmutzung 

7 1 28 

7.1
0 

Drahtklemmer Drahtrest 
entsorgen    

Drahtreste nicht 
abgeworfen -> 
Drahtreste mit 
eingewickelt 

1 2 1 3 3 
Fuerhrungs
wagen kaput 7 1 21 

7.1
1 

1 2 1 3 3 
Daempfer 
kaput 

7 2 42 

7.1
2 1 2 1 3 3 

Falsch 
eingestellt 7 1 21 

7.1
3 

Draht klemmen 
fuer anhaken 

Aufhaengefehle
r 1 2 1 3 3 

Fuerhrungs
wagen kaput 7 1 21 

7.1
4 

1 2 1 3 3 
Daempfer 
kaput 

7 2 42 

7.1
5 1 2 1 3 3 

Falsch 
eingestellt 7 1 21 

7.1
6 

Daempfer Drahtklemmer 
richtig vorfahren 
lassen 
(Anschlag) 

Drahtklemmer 
fahrt zu weit 
vorne 

1   1 2 2 Verschleiss 6 3 36 

1   1 2 2 
nicht richtig 
eingestellt 6 3 36 

8 Drahtfuehrun
g 

    
          

  
      

8.1 Drahtfassgeber ueberpruefen ob 
Drahtfass leer ist 

Stop Maschine 
1 2 1 2 2 

Ver-
schmutzung 1 1 2 

8.2 Drahtroller Draht fuehren Drahtbeschaedi
gung 1 2 1 2 2 

Lager 
Verschlissen 1 1 2 
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8.3 
1 2 1 2 2 

Beschae-
digung 
Keramik 

1 1 2 

8.4 Vorbremse Draht auf 
spannung halten 

Schlupf 
1 3 1 3 3 

Lager 
Verschlissen 9 1 27 

8.5 
1 3 1 3 3 

Gummi 
verschlissen 1 3 9 

8.6 Hauptbremse Draht auf 
spannung 
bringen vor 
wickeln 
(Drahtzug) 

Draht wird nicht 
richtig 
angehangen 

1 3 1 2 3 
Lager 
Verschlissen 9 1 27 

8.7 
1 3 1 2 3 

Steuerung 
kaput 

9 1 27 

8.8 
1 3 1 2 3 

Gummi 
verschlissen 1 3 9 

8.9 Draht wird nicht 
richtig gewickelt 
(Wickelkopf zu 
hoch) 

1 3 1 2 3 
Lager 
Verschlissen 9 1 27 

8.1
0 

1 3 1 2 3 
Steuerung 
kaput 

9 1 27 

8.1
1 1 3 1 2 3 

Gummi 
verschlissen 1 3 9 

8.1
2 

Geber Ueberwickelabfra
ge 

Stop Maschine 
1 2 1 2 2 

Falsch 
eingestellt 4 2 16 

8.1
3 

DRS Ventil Federarm hoch 
halten 

Aufhaengefehle
r 

1 3 1 3 3 
Verschleiss 

9 2 54 

8.1
4 

Federarm daempfung von 
drahtabfrage                                                            
ausgleich 
wickelgeometrie 

Aufhaengefehle
r 

1 2 1 1 2 

geht nicht 
kaput 

9 1 18 

9 Wickelwerkz
euge 

    
          

  
      

9.1 Innenglocke draht an 
Kommutator 
haken 

Drahtbeschaedi
gung 
(Windungschlus
s) 

1 4 1 5 5 
Wickelarm 
ab-
gebrochen 

1 4 20 

9.2 

1 4 1 5 5 

Crash durch 
falsche 
Anker-
beladung 

1 4 20 

9.3 

1 4 1 5 5 

Wickel-
backen 
unachtsam 
geruestet 

1 4 20 

9.4 1 4 1 5 5 Verschleiss 6 4 120 

9.5 
1 4 1 5 5 

Unsach-
gemaesse 
Behandlung 

6 4 120 

9.6 Aussenglocke draht durch 
innenglocke 
fuehren 

Drahtbeschaedi
gung 
(Windungschlus
s) 

1 4 1 5 5 
Wickelarm 
abge-
brochen 

1 4 20 

9.7 

1 4 1 5 5 

Anker 
katapultiert 
durch falsch 
abschneiden 
Draht 

1 4 20 

9.8 1 4 1 5 5 Verschleiss 1 4 20 

9.9 
1 4 1 5 5 

Unsach-
gemaesse 
Behandlung 

1 4 20 
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9.1
0 

1 4 1 5 5 

Wickel-
backen 
unachtsam 
geruestet 

1 4 20 

9.1
1 

draht 
abschneiden 1 4 1 5 5 

Wickelarm 
abgebroche
n 

1 4 20 

9.1
2 

1 4 1 5 5 

Anker 
katapultiert 
durch falsch 
abschneiden 
Draht 

1 4 20 

9.1
3 

1 4 1 5 5 
Verschleiss 

1 4 20 

9.1
4 1 4 1 5 5 

Unsach-
gemaesse 
Behandlung 

1 4 20 

9.1
5 

Wickelbacken draht fuehren bei 
wickeln 

Wickelbacken 
beschaedigt -> 
Drahtriss 

1 4 1 5 5 
Verschleiss 

1 5 25 

9.1
6 1 4 1 5 5 

Unsach-
gemaesse 
Behandlung 

1 5 25 

9.1
7 1 4 1 5 5 

unachtsam 
geruestet 1 5 25 

9.1
8 1 4 1 5 5 

Wickelarm 
abge-
brochen 

1 5 25 

9.1
9 

Aussenglocken 
beschaedigt 1 4 1 5 5 

unachtsam 
geruestet 1 5 25 

9.2
0 

innenglocken 
beschaedigt 1 4 1 5 5 

unachtsam 
geruestet 1 5 25 
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Appendix F: exponential degradation model (Elwany & Gebraeel, 

2008) 

Elwany & Gebraeel (2008) proposed the following model: 

              
     

   
  (38)  

Where: 

       is the degradation measurement at time  ; 

    is the initial degradation; 

    is the random variable describing the lifetime distribution; 

    is the random variable describing the shape of the degradation curve; 

       is the error term that is assumed to follow a Brownian motion process.  

This model represents exponential deterioration, whereas linear deterioration is also presented in 

the paper. The model allows for sensory updating, which is out of scope of this thesis. Interested 

readers are referred to Elwany & Gebraeel (2008) 
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Appendix G: Alternated assumptions 

As described in section 8.2.3.1., the CBM model in this thesis differs from the original model as 

proposed by Zhu et al. (2012). Changes have been made to the assumptions for a better fit to the 

situation analysed, or for simplicity. Which assumptions remain unchanged, and which assumptions 

have been changed are reviewed in this appendix.  

The assumptions that remain unchanged are: 

 A preventive maintenance action costs   , a unplanned maintenance action costs    and a 

monitoring action costs   ; 

 The components in the overall system behave independently; 

 Maintenance actions are set up at fixed maintenance points   ,    ; 

 The time horizon is infinite; 

 Maintenance actions restore the condition of components back to their initial degradation 

levels (also known as “repair-as-new”). 

The assumptions that differ to the ones presented by Zhu et al. (2012) are presented below, along 

with the implications on the model: 

 Alternate assumption 1 

o Assumption Zhu et al. (2012): The overall system consists of a large number of 

systems. 

o Alternate assumption: The overall system consists of a large number of independent 

components. 

o Implications: In the article by Zhu et al. (2012), each individual system within the 

overall system consists of a small number of components. Within this thesis there 

are only a limited number of systems, however, the number of components per 

system is larger. Thus, this assumption does not induce any changes in the model.  

 Alternate assumption 2 

o Assumption Zhu et al (2012): the system is continuously monitored. 

o Alternate assumption: the system is periodically monitored at the cost of   . 

o Implications: a component that exceeded the failure threshold is only detected upon 

inspection.  

 Alternate assumption 3 
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o Assumption Zhu et al. (2012): The system continues its operation with a lower quality 

on its performance when the degradation of components exceeds the failure 

threshold (also known as “soft failure”). 

o Alternate assumption: a component ceases to operate once it reaches the failure 

threshold, thus it has a hard failure.  

o Implications: because a higher (or lower) loading height does result in the possibility 

of increased costs – not the certainty – the analysed situation requires a soft failure 

to be modelled. At Bosch, having a lower loading height would only be observed by a 

drop in product quality; it is not directly apparent that this is caused by an increased 

(or reduced) loading height. Thus, in case the component exceeds the failure 

threshold, the system will continue to operate and a soft-failure will occur. However, 

for simplicity this effect is omitted within this research. The implication is that within 

the model in this thesis, there is no extra penalty for failing before a maintenance 

action. Thus, failing far before a maintenance action will result in seemingly low 

costs. The effect of this is discussed in section 8.3.2.  

Furthermore there is an effect of omitting the soft failure on the corrective 

maintenance costs. Presently, corrective maintenance costs include opportunity 

costs. The opportunity-cost-part of the corrective maintenance costs is affected in 

case an item will continue to operate when increasing the failure threshold. Because 

insufficient data currently exists on opportunity and sequential damage costs, 

including it currently would be senseless. How to valuate these costs in future 

models should be subject for future research.   

 Alternate assumption 4 

o Assumption Zhu et al. (2012): high setup costs are charged for maintenance actions 

on components. 

o Alternate assumption: setup costs for maintenance actions are low. 

o Implication 1: within the nested enumeration algorithm described in Zhu et al. (2012) 

(see appendix F), the control level and maintenance interval are first optimised per 

component. Afterwards, the minimum average cost rate for the overall system is 

determined, adjusting for the high setup costs for the maintenance action. Since the 

setup cost at Bosch is low, no such alignment needs to be made. This means that the 

model implemented within this thesis analyses individual components, optimising 

the control threshold and maintenance interval for single components. This reduces 

the complexity of this model. For the manufacturing plant in Bühl, the setup costs 
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will always be low because of the ease of access of single machines. Whether this 

holds in other situations in Bosch, should be considered when appropriate.   
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Appendix H: the nested enumeration algorithm by Zhu et al. (2012) 

 

for all          do  

 for all     do 

 for all              do 

 
          

            

            
 

 

 end for 

   
                                   

 end for 

 
         

 

 
    

    

   

 
 

end for  

                     


