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Executive Summary 

 

With the current demand for greater electricity output, Eskom has had to find ways 

of improving productivity and efficiency. In one attempt to cope with this demand 

they have aimed for a reduction in consumer electricity consumption of 10%. Thus 

far there has been a reduction of 5% which has helped reduce the need for load 

shedding. Consumer demand is however only part of the problem as a backlog of 

maintenance has reduced the electricity output considerably. With switchgear being 

non-operational, the power stations cannot generate enough electricity to meet 

demands. The TX maintenance team is struggling to complete the required 

maintenance and decide upon the optimal usage of outages at the Hendrina power 

station, situated in Mpumalanga.  

 

This project will investigate the reasons leading to Eskom’s Transmission (TX) 

divisions’ maintenance backlog as well as develop a mathematical model to aid TX in 

decisions concerning circuit breaker maintenance at the Hendrina power station, 

which will aim to aid in reducing the current backlog. Dynamic programming will be 

used to determine the minimum cost of maintaining each of the breakers in the ten 

Generation (GX)-owned yards at the Hendrina power station at certain times. An 

optimal maintenance schedule will be provided for utilising planned outages as well 

as suggestions concerning the use of unplanned outages. 

 

The implementation of this model aims to benefit Eskom Transmission by: 

 Providing an adaptable, yet unbiased, programme for determining the 

maintenance schedule of a breaker 

 Lowering system costs 

 Ensuring an acceptable circuit breaker reliability 
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Chapter 1.  Introduction and background 

 

Eskom is a public company owned by the Government of the Republic of South Africa and is 

responsible for the generation, transmission and distribution of electricity.  The company’s 

organisational structure can be seen in the figure below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Organisational structure of Eskom  

 

Electricity is produced at power stations which are run by Eskom’s Generation (GX) division. 

Most of these power stations are situated near coal mines in Mpumalanga.  The electricity is 

then sent from the power stations to the consumer through high voltage power lines. 

Transmission (TX) is responsible for this intermediate stage between the generation and 

consumption of power. Finally, the Distribution (DX) division deals with the customer. Each of 

the three divisions is responsible for the maintenance of their own switchgear, regardless of 

where the switchgear is situated. 

The focus of this project will be on optimizing the maintenance schedule of TX at the 

Hendrina power station which is owned by GX. 
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1.1 Problem description 

 

The Hendrina power station (owned by GX) is divided into ten yards. The yards are also 

referred to as generating units. Each of these yards consists of both GX and TX owned 

switchgear (see appendix A for a list of the switchgear). For simplification purposes this 

project focuses on the maintenance of the TX breakers but the application can be used for all 

TX switchgear. There is one breaker at each of the ten yards. Each division is responsible for 

the maintenance of their own switchgear. Due to safety regulations, maintenance can only be 

done at a particular yard when there is an outage (the power is switched off) at that yard. As 

the yards are situated at a GX owned power station, GX decide when these outages will occur. 

GX has a planned outage schedule over a five year horizon which is only allowed to change 

under extreme circumstances.  

 

The TX divisions’ advised maintenance dates (according to their switchgear manuals) rarely 

occur at the same time as the GX planned outages. TX must therefore decide how to 

rearrange their maintenance dates to overlap the GX outages. Analysis of the breakers and 

their maintenance opportunities over the past few years has shown that there are major 

inefficiencies in TX’s scheduling approach. Although they have tried to have regular meetings 

with their maintenance team to discuss the best outages to use for their maintenance, it has 

resulted in their switchgear being either under or over-maintained.  This inability to 

coordinate their maintenance with GX outages has resulted in a backlog of work at the 

Hendrina power station.  

 

The TX division requires a maintenance scheduling model which will help them decide which 

of GX planned and unplanned outages to utilize in order to keep their switchgear at an 

acceptable reliability while keeping TX costs as low as possible.  

 

1.2. Project aim 

 

The aim of this project is to formulate mathematical models which will effectively schedule TX 

maintenance for planned and unplanned outages at the Hendrina power station as well as 

investigating the underlying causes of the current maintenance backlog. This will be achieved 

by completing the tasks mentioned in both the project scope and Gantt chart. 
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1.3 Project scope 

 

1.3.1 The target 

The project will be completed by the 21
st

 of October 2009 and will result in an optimal 

maintenance scheduling model for the TX division.  The beneficiaries and stakeholders of this 

project are listed below: 

 The TX maintenance team 

 GX division responsible for the Hendrina power station 

 TX employees  responsible for planning maintenance 

 The customers who will benefit from a constant supply of electricity 

 The University of Pretoria 

 Joanne Rita Hedges 

 

1.3.2 Project obstacles 

The current obstacles which are stopping the TX division from carrying out the required 

maintenance include the following: 

 Mismatch between GX planned outages and required TX outages 

 No plan in place for utilizing GX unplanned outages 

 TX’s lack of control over outages 

 TX’s restricted flexibility in adapting to GX outages 

 External factors which cannot be controlled that prohibit maintenance (such as rain) 

 Increased restrictions on outage frequency due to high consumer demand 

 Poor communication between GX and TX 

 Misalignment of goals between GX and TX 
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1.3.3 Intermediate objectives (IO) 

 

 

 

 

 

 

 

1.3.4 Tasks that need to be completed in order to achieve the IO’s 

 

 Analysis of planned GX outage data for both the past and future  

 Determine the required frequency of maintenance of the breakers 

 Investigate the reasons why TX have not been able to utilize the planned and 

unplanned outages effectively 

 Investigate the causes of unplanned outages at the power station 

 Determine the predictability of unplanned outages at the power station 

 Calculate the risks and costs involved in delaying maintenance 

 Calculate the risks and costs involved in over-maintaining the breakers 

 Analyse Eskom’s current and past maintenance strategy 

 Design a mathematical model to determine an optimal maintenance schedule 

 Study literature on maintenance scheduling of similar cases 

The intermediate objectives are the result or new reality that has to be achieved to overcome 

the abovementioned obstacles. They are defined in figure 2: 

 

 

 

 

 

Figure 2: Intermediate objectives 

Reduced/eliminated backlog 

Maintenance scheduling system to 

utilise planned outages 

Maintenance scheduling system to 

utilise unplanned outages 

Improved communication system between GX and TX 

Re-evaluated goals for GX and TX 
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Chapter 2.  Literature review 

 

2.1 Introduction and Background 

With the current demand for greater electricity output, Eskom has had to find ways of 

improving productivity and efficiency. A major field of opportunity exists in maintenance 

scheduling (MS) for the TX division. Eskom follows a preventative maintenance strategy as the 

failure of switchgear results in a very negative outcome. The TX divisions’ current MS 

approach is however inefficient and has resulted in large backlog of maintenance at GX-

owned power stations. 

 

According to Bridgefield Group Inc [1], MS is “the process used to track actual maintenance 

history, monitor equipment status and schedule expected maintenance prior to the 

occurrence of a problem”. A successful schedule of preventive and routine maintenance in 

the TX division will reduce switchgear failures, extend the life of the switchgear, and reduce 

the overall operating costs.  

 

Maintenance scheduling is typically divided into two categories. The first is to schedule the 

maintenance based on a constant schedule. As TX do not have the authority to define a 

constant schedule (eg. Maintain every six months) because Generation (GX) plan the outages, 

this approach is not applicable to the problem at hand. The second is to schedule the next 

maintenance event based on the previous maintenance ending time (or schedule the next 

maintenance after previous maintenance started). This is the way TX must schedule their 

maintenance. 

 

Advances are continually being made in the field of MS, this is largely due to the consistent 

competition in the international market [2]. This review provides the reader with insight into 

the field of MS and its use for TX with the aid of numerous journals, internet sources, books 

and research library extracts. 
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2.2 Historical review  

 

According to Jarrel et al [3], “maintenance has evolved over the years from simply reacting to 

machinery breakdowns (corrective maintenance), to performing time-based preventive 

maintenance, to today’s emphasis on the ability to detect early forms of degradation in 

predictive maintenance practices”. The main goal for each of these developments has been a 

reduction in the cost of operating and maintaining equipment. Important areas of 

maintenance where scheduling principles have been applied are the main industries of oil and 

chemical companies, railways, transport companies, airlines and steel works. It also includes 

the public sector such as electricity generation, defence, and infrastructure [2]. 

 

The discovery of important mathematical principles and theories that underlie the science of 

MS may be credited first to Gerver [4]. In 1972, he first denied the theory that most 

maintenance researchers of that time believed. They believed that the scientific scheduling of 

facilities for maintenance in complex systems could be best achieved by intuition. Gerver 

proposed the first elaborate theory of MS. He added risk considerations into his theory. A 

great advance followed as scientific principles were incorporated into scheduling by 

maintenance practitioners and researchers. 

 

In the 1980’s, the introduction of computers had a major impact on the advancement of MS 

approaches. Computational efficiency greatly increased, thus providing solutions more timely 

and accurately. 

 

In the new millennium many of the early problems encountered by founding researchers 

were overcome with the application of many new concepts [2]. 

 

 

 



 

 

2.3 Eskom’s current approach

 

The TX division currently uses a computer program called Phoenix to schedule their 

maintenance. Phoenix requires the recommended maintenance frequency 

switchgear OEM requirements)

recommended dates for maintenance 

does not accept other inputs such as the planned G

an exact schedule for TX. The program is therefore mostly used as a record keeping reference 

of what maintenance has been completed and what is still due.

 

Since TX do not have a program 

week where possible maintenance date

on a backlog list and evaluated during the meetings

recommended maintenance dates of the

recommended to be maintained 

maintenance to the set outage dates (planned outages) which G

example maintenance on a particular breaker is scheduled for July but an outage is only 

present in January that same year

They try to only move maintenance to earlier opportunities even at the cost of over

maintaining their switchgear. Dop

cost relationship of maintaining equipment too early. 

 

 

 

 

 

 

 

 

 

Figure 3: Maintenance investment lost by maintaining a unit too early.

current approach to maintenance scheduling 

division currently uses a computer program called Phoenix to schedule their 

Phoenix requires the recommended maintenance frequency 

) of the different types of switchgear as inputs and represents 

commended dates for maintenance over a 12 year horizon as outputs. However Phoenix

does not accept other inputs such as the planned GX outages, and therefore cannot calculate 

The program is therefore mostly used as a record keeping reference 

of what maintenance has been completed and what is still due. 

do not have a program that schedules their maintenance, a meeting is held every 

where possible maintenance dates are discussed. All uncompleted activities are placed 

and evaluated during the meetings. The maintenance team will 

recommended maintenance dates of their switchgear and first schedule those units which are 

maintained closest to the current time. They therefore allocate their 

maintenance to the set outage dates (planned outages) which GX have determined. 

example maintenance on a particular breaker is scheduled for July but an outage is only 

that same year, TX will try to move the maintenance forward to January. 

They try to only move maintenance to earlier opportunities even at the cost of over

Dopazo et al [5] proposed the following figure

cost relationship of maintaining equipment too early.  
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If TX is notified early enough by GX about an unplanned outage of a particular generating unit 

(and the outage period is long enough to use) they will always use the opportunity if their 

switchgear in that unit needs to be maintained during tha

their switchgear being over-maintained.

 

Due to the difficulties in matching the required TX maintenance with the given planned 

outages, many required maintenance procedures have been missed or are outstanding. This 

method of scheduling maintenance does not evaluate enough options to determine which 

dates are optimal. The costs and reliability associated with moving maintenance earlier or 

later than recommended is not calculated by any method in place. TX would therefore

from a mathematical modelling approach which can evaluate different alternatives and 

minimize costs. 

 

 

Figure 4: Expected maintenance cost in terms of time since previous maintenance

Figure 5: Total maintenance cost in terms of time since previous maintenance (figure 3 + 
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If TX is notified early enough by GX about an unplanned outage of a particular generating unit 

(and the outage period is long enough to use) they will always use the opportunity if their 

t same year. This could also lead to 

matching the required TX maintenance with the given planned 

outages, many required maintenance procedures have been missed or are outstanding. This 

hod of scheduling maintenance does not evaluate enough options to determine which 

dates are optimal. The costs and reliability associated with moving maintenance earlier or 

later than recommended is not calculated by any method in place. TX would therefore benefit 

from a mathematical modelling approach which can evaluate different alternatives and 

Expected maintenance cost in terms of time since previous maintenance 

Total maintenance cost in terms of time since previous maintenance (figure 3 + figure 4) 
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2.4 Mathematical modelling approaches to maintenance scheduling 

 

Some of the existing methods used for maintenance scheduling are listed below: 

1. Integer programming and mixed integer programming 

An integer programming problem is a linear programming problem which contains 

variables which are all non-negative integers. An integer program in which only some 

variable are integers is called a mixed integer programming problem. Ashayeri [6] 

developed a mixed integer linear programming model which schedules production jobs 

and preventive jobs, while minimising costs associated with production, backorders, 

corrective maintenance and preventive maintenance. The model takes into account the 

probability of a breakdown given the length of time since the last maintenance 

occurrence. The model is flexible enough to be adapted to several production scenarios. 

The model assumes that machines deteriorate linearly however, deterioration is often 

stochastic. The linear deterioration assumption is thus used for simplicity. 

 

2. Dynamic programming 

According to Farmer [7], “Dynamic Programming is an optimization technique that 

transforms a maximization (or minimization) problem involving n decision variables into n 

problems having only one decision variable each”. All models have states which are often 

grouped into stages. The decision process is sequential with the transitions occurring from 

each stage to the next. Dynamic programming can be used to solve pseudo-polynomial 

time problems like maintenance scheduling [8]. In the field of maintenance scheduling 

they attempt to minimise system costs and maximise equipment reliability. Reliability can 

be defined as the probability of a breaker working under the required conditions for a 

stated period of time. A reliability function is defined by Nakagawa [9] and included in 

Appendix B. 

 

Three studies on the maintenance scheduling of generator units are discussed below. 

i. Morabito [10], uses a dynamic programming model to find an optimal generator 

maintenance schedule. The author combines dynamic programming with fuzzy 

algorithms to minimize computational time. His model is shown on Appendix C. He 

concludes that combining dynamic programming and fuzzy algorithms is an 

effective approach to solving the maintenance schedule in uncertain conditions. 

ii. In Zurn H.H. et al [11] paper of scheduling generator maintenance it is argued that 

maintenance scheduling methods which schedule each unit at a time, often leads 

to a poor local optimum or to an infeasible solution. The study also noted that 
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scheduling all units simultaneously in the scheduling process, is a computationally 

impractical method. The authors therefore proposed a piece-wise compromising 

method which conveniently grouped generating units and used successive 

approximations dynamic programming. They concluded that this method gave a 

better optimal solution than those which either schedule unit maintenance 

individually or simultaneously. 

 

iii. Yamayee et al [12] developed a multi-component objective function consisting of 

reliability and production cost which incorporates uncertainties such as load 

uncertainties and forced outages of generating units. The authors claim that 

Dynamic Programming (DP) is the most suitable method for sequential decision 

problems and they thus used the method as a framework to solve the optimal 

preventative MS problem. The decision variables considered in the model are 

shown below and those relevant to Eskom’s Transmission divisions’ MS problem 

are indicated. 

 

Decision variables Applicable to 

TX’s MS 
Reason 

Reliability Yes Breakers must have an acceptable reliability 

Hourly load on 

equipment 
No 

As maintenance only occurs during outages which GX 

determine, the loads are not directly affected by TX 

decisions. 

MW capacity of each 

unit 
Yes The capacity of each breaker will affect the cost of 

maintaining that particular breaker 

Production cost No 
This cost is considered by GX when they schedule the 

planned outages. TX’s MS will not influence the 

production costs enough to be considered in the model. 

Consumer demand No 
Used by GX to determine planned outages. TX 

maintenance fits into these outages and they therefore 

don’t need to consider consumer demand. 

Cost of unreliability Yes The reliability of the breakers will affect the cost of 

maintenance 

Maintenance crew 

availability 
Yes There is only one maintenance team and more than one 

job cannot be scheduled at the same time 
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3.   Branch-and-Bound 

Egan et al [13] solved a MS problem of generating units which was developed previously 

by Christiaanse [14] using the Branch-and-Bound method. Both methods yielded the 

same optimal maintenance schedule and thus proved that the Branch-and-Bound 

method can also be used to solve MS problems.  

 

A new branch-and-bound method for scheduling thermal generating units was proposed 

by Chen and Wang [15]. The objective function aimed at minimizing costs. The optimal 

solution could be obtained by using the proposed approach for a reasonable-sized 

system. However, the computational time may be intolerable for large-scale systems. 

 

 

4.   Heuristic and metaheuristic approaches 

Dahal and Chakpitak [16] used metaheuristic-based hybrid approaches in scheduling 

generator maintenance in power systems. It was concluded that the hybrid approaches 

are less sensitive to the variations of technique parameters and thus offer an effective 

alternative for solving generator maintenance scheduling problems. The modelling 

techniques used in the study are listed are: 

 The generic algorithm (GA) 

 Simulated annealing (SA)  

 GA/SA hybrid 

 The Heuristic approach (particularly the levelized reserve method) 

Another study of a preventative maintenance schedule for railway systems by Budai et al 

[16] made use of heuristics. These heuristics were greedy in the sense that they tried to 

combine every activity together. The results of the study showed that one of the heuristic 

methods which were developed gave the most optimal solution. 

The Branch-and-bound method coupled with heuristic knowledge has proved to be 

effective [5], but there are still important obstacles which need to be overcome. Due to 

this, expert systems cannot guarantee an optimal maintenance schedule [18]. 
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5.   Artificial neural networks 

According to Svoboda et al [19], “Artificial neural networks are made up of interconnecting 

artificial neurons (programming constructs that mimic the properties of biological 

neurons)”. They may either be used to gain an understanding of biological neural 

networks, or for solving artificial intelligence problems. These networks have many 

practical applications in power systems including the task of maintenance scheduling. A 

major advantage of neural networks is that they can perform tasks that a linear program 

cannot. In very large, complex maintenance scheduling problems, neural networks may be 

the only feasible method. Sasaki [20] who obtained his Ph.D. in Electrical Engineering, uses 

artificial neural networks to find an optimal maintenance schedule for thermal units. 

Thermal units are found in the electrical power industry. He mapped the maintenance 

schedule onto a neural network in order to obtain an optimal solution and found that the 

approach was effective. 

 

 

 

 

 

 

 

 

 

6. Markov Decision Process (MDP) 

Rajabi-Ghahnavie and Fotuhi-Firuzabad [21] used a MDP to find an optimal policy rather than 

MS for generating units. They found numerous advantages of using a MDP over conventional 

methods which are listed below: 

 It can include the impact of wear-out in MS 

 The impact of maintenance on the failure rate of units is considered 

 The variation in maintenance duration of units due to any delay is reflected in finding 

the maintenance policy 

 The value of reliability is explicitly included in objective function rather than 

considering as a constraint  
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The decision variables which were considered in the MDP formulation and those relevant to 

Eskom’s Transmission divisions’ MS problem are indicated below.  

 

Decision variables 
Applicable 

to TX’s MS 
Reason 

Failure rate Yes Breakers must have a certain failure rate 

Maintenance duration No 
Maintenance only occurs during outages which GX 

determine are long enough for all TX maintenance 

Working probabilities Yes Each breaker has a probability of working or not 

Weakly load No 

As maintenance only occurs during outages which GX 

determine, the loads are not directly affected by TX 

decisions. 

 

In this study an optimal policy was found for three generating units at GENCO and the results 

of the MDP problem are shown in the following tables. 

Data: 

 

 

 

 

 

Optimal policy: 

 

 

 

Table 2: After and before maintenance failure 

rates 

Table 5: Maintenance durations 

Table 3: Working probabilities after and 

before maintenance 

Table 4: Annual load curve 
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2.5 Unplanned outages 

 

GX have implemented a monitoring system which helps them to predict when an unplanned 

outage will take place. However, not all unplanned outages can be predicted. Unplanned 

outages occur either because of equipment failure or operator errors by the GX division 

(unplanned outages) or the TX division. These outages usually vary in duration depending on 

the type of failure which has caused the outage.  

 

An opportunity exists for TX to make use of these unplanned outages to do maintenance. If TX 

is notified in time about an unplanned outage which will occur they can decide whether or 

not to utilize the opportunity for their own maintenance. There are many factors which need 

to be considered when deciding to utilize these outages, especially if there is already work 

scheduled during that window of opportunity. There is thus a need for a method which can 

determine whether or not to make use of unplanned outages. 

 

Possible factors to consider in determining whether to use an unplanned outage: 

 Are there enough available resources to utilize the outage? 

 Is the outage long enough to do maintenance? 

 Does the maintenance team have other work scheduled during that time? 

 What is the current reliability of the breaker which could be maintained? 

 What will the reliability of the breaker be at the next maintenance opportunity if it is 

or is not maintained during the unplanned outage? 

 What is the opportunity cost of not using the outage for maintenance? 

 

A cost-benefit analysis could be conducted to determine which course of action to take. 

Dopazo et al [4] optimises a maintenance schedule a new criterion incorporating the financial 

costs/benefits which are incurred by delaying or advancing maintenance. 
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2.6 Literature review conclusion 

A summary of the methods and applications of maintenance scheduling are shown in figure 6. 

From the literature it is apparent that many methods exist for the scheduling of maintenance. 

The size and complexity of the problem plays a role in determining which method to use. 

Eskom’s scheduling problem is not too large and avoiding the use of neural networks may 

simplify the calculations. A popular choice for scheduling maintenance in the power 

generation industry is dynamic programming. Because of the discrete nature of the MS 

problem at Eskom, and benefits of comparing alternative options, dynamic programming is a 

feasible option technique for Eskom’s scheduling problem.  

 

Failures which cause unplanned outages occur in several different types of failure modes such 

as wear, fatigue, fracture, crack, breaking, corrosion, erosion, instability, and so on [31]. A 

cost-benefit analysis approach may be beneficial in deciding whether or not to make use of 

unplanned outages.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Summary of techniques and applications of MS 
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Chapter 3.  Research Strategy 

 

3.1 Approach 

In order to determine an optimal maintenance schedule for Eskom’s TX division, the research 

strategy outlined below will be used in the following sections. The research problem has 

previously been identified as the optimisation of Eskom’s maintenance schedule.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7: Research Strategy 
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3.2 The variables and research participants 

 

The purpose of maintenance is to increase the lifetime of the circuit breakers and the mean 

time to failure. The failure of a circuit breaker refers to the complete failure of the breaker, 

which causes the loss of one or more of its fundamental functions [25]. There are many 

factors which contribute to the failure of circuit breakers which need to be analysed in order 

to determine the variables and research participants for data collection. These factors are 

listed below: 

 Surrounding environment 

 Extinguishing medium/circuit breaker type (air, oil or  SF�) 

 Age of circuit breaker 

 Condition prior to last maintenance 

 Time since last maintenance 

 Manufacturer 

 Quality and type of maintenance (minor or major) 

 

The data and information gathering should correspond to the above mentioned factors to 

determine the variables which will be used in the modelling of the maintenance schedule.  

 

The research participants are those who contribute data and information to aid the 

understanding and solving of the maintenance scheduling problem. For this project the 

participants are mostly Eskom employees who have insight and experience with the current 

maintenance policies.  
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3.3 Data and Information Gathering 

 

Before attempting to gather data, there should be a clear understanding of the way in which 

the circuit breakers operate, as well as how they are maintained. Circuit breakers are one of 

the most common components in power systems. They are automatically-operated electrical 

switches designed to protect an electrical circuit from damage caused by overload or short 

circuit [36]. The circuit breakers at Eskom are classified as high-voltage circuit breakers 

(72,500 V or higher). The circuit breaker type is determined by how it extinguishes the arc and 

consists of three main types, namely, Oil, Air and SF�. Eskom’s circuit breaker population 

consists of 37% Oil, 60% SF�  and 3% Air type circuit breakers. 

 

There are many different maintenance approaches which are used in power systems today. 

They range from traditional scheduled maintenance to more recently developed approaches 

such as Reliability-Centered Maintenance (RCM). Some definitions as defined in [34] are given 

below: 

 Maintenance - Restoration wherein an unfailed device has, from time to time, its 

deterioration arrested, reduced or eliminated. Note: It is common to call this concept 

planned maintenance or preventive maintenance 

 Scheduled maintenance - Maintenance carried out at regular intervals (rigid schedule) 

 Predictive maintenance - Maintenance carried out when it is deemed necessary, based 

on periodic inspections, diagnostic tests or other means of condition monitoring 

 Minor maintenance - Maintenance of limited effort and effect 

 Overhaul - Maintenance or repair requiring major effort and resulting in a significant 

improvement of the device's condition. Note: Occasionally the terms maintenance-

overhaul and repair-overhaul are used to indicate the distinction  

 Minor overhaul - An overhaul of substantial effort yet involving only a limited number 

of parts, whose effect is a considerable improvement of the equipment's condition 

 Major overhaul - An overhaul of extensive effort and duration which involves most or 

all parts of the equipment and results, as far as possible, in the "good as new" 
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condition. Note: A major overhaul usually involves complete disassembly and 

maintenance of all parts of the equipment, and replacement of some 

 Deterioration failure - A failure resulting from the deterioration of a device (aging) 

 

Eskom’s circuit breaker requirements are shown in table 6. This plan is determined by the 

circuit breakers’ OEM requirements. This plan only serves as a guideline in scheduling their 

maintenance as TX does not have the freedom of doing maintenance whenever it is needed at 

GX-owned power stations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Maintenance Type Average Interval Average Duration 

Minor maintenance 1-2 Years 1 Day 

Minor overhaul 3 Years 3 Days 

Major overhaul 12 Years 2 Weeks 

Table 6: Maintenance guideline 
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Chapter 4.  The Mathematical Model 

 
4.1 Introduction 

Eskom’s maintenance scheduling problem is an optimization problem in which the optimal 

usage of given outcomes has to be determined. For these kinds of problems, there are no 

known optimal conditions to check whether a given feasible solution is optimal, other than 

comparing this solution with every other feasible solution implicitly or explicitly [23]. This 

means only enumerative methods like dynamic programming, branch-and-bound, and full 

enumeration can guarantee an optimal solution. 

 

The objective of the TX maintenance plan is to match the maintenance schedule of various 

breakers as closely as possible to their recommended maintenance dates, since there is a cost 

for undertaking the maintenance tasks too early or too late. Breaker reliability should also be 

kept at an acceptable level in order to prevent system failures.  

 

The main types of outages which occur at Eskom that influence maintenance opportunities 

are listed below:  

 

A. Prescheduled outages  

Outages which are prescheduled by GX (planned outages) are a result of a maintenance 

scheduling procedure which determines when a given unit will be out of service for a 

specified period. This is so that periodical, preventative, or repair maintenance can be 

carried out on the unit. 

 

B. Forced outages 

Forced or unplanned outages may be due to: 

i. Outages which occur because of equipment failure or operator errors by the GX 

division. 

ii. Outages which occur because of equipment failure or operator errors by the TX 

division at GX owned power stations. 

 

The model will be based on deterioration failures (aging) and not random failures. 
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In order to develop a dynamic programming model, what must be optimized, as well as the 

system constraints, need to be determined. TX would like to minimize their maintenance 

costs while maintaining acceptable reliability levels of their breakers. The factors which 

influence maintenance costs and reliability are given in table 7. 

Table 7: Factors influencing maintenance costs and circuit breaker reliability 

 

If the deterioration rate of a breaker is known, the reliability of that breaker can be estimated. 

The deterioration rate describes how a unit improves or deteriorates with its age [34]. Aging 

is usually measured based on the term of a failure rate function.  

 

4.2 Model assumptions 

 Correct and consistent maintenance procedures which do not decrease reliability 

 No rain occurs during a planned outage. This helps to simplify the model as it will not 

have to consider the probability of rain 

 The probability of failure increases exponentially with time (aging) 

 Planned outage dates do not change 

 Parts and labour are always available for maintenance since there is rarely more than 

one outage at a time 

 If a circuit breaker fails it is replaced immediately and the model is run again for the 

new breaker 

 The profit generated by each circuit breaker is too complex to determine 

 The failure rate is the same for each of the three types of circuit breakers 

 

Maintenance costs Circuit breaker Reliability 

The type of breaker being maintained The frequency of maintenance 

The labour requirements  System load 

The condition of the breaker Environmental conditions 

The type and number of parts needed for replacements Type of maintenance last performed 

The availability of spare parts Circuit breaker age 
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4.3 Model parameters 

 

Maintenance cost 

The maintenance cost refers to all the costs involved in performing a certain type of 

maintenance procedure. The type of maintenance carried out depends on the condition of 

the circuit breaker. An inspection is usually performed to determine what type of 

maintenance will be required. The different types of maintenance procedures are 

summarised in table 8 [35]. 

Maintenance and Inspection types 

A. Basic Maintenance 

� Operating Mechanism 

� Maintain Contacts 

� Insulating Medium and Arc 

Extinction 

� Replacement of subcomponents 

B. Inspection Tests 

� Operating Mechanism 

� Check Contacts 

� Inspection of Oil 

� Partial Discharge 

Table 8: Maintenance procedures 

 

Maintenance cost is one of the most important variables in the calculation of an optimal 

maintenance schedule. Eskom’s main maintenance procedures, costs and required frequency 

are listed in table 9. The approach which will be followed in this report is to assume that a 

circuit breakers’ condition after maintenance becomes “as good as new”. 

 

 

 

 

 

 

 

Table 9: Main Maintenance procedures at Eskom 

 

Maintenance Type Maintenance Cost Required Frequency 

Preventative R15 000 3Years 

Trip Test R5 000 1Year 

Major Overhaul R150 000 12Years 

Replacement of CB R1.3 -1.5 million - 



 

 

Reliability and aging 

The age of a circuit breaker has an influence on the frequency and type of maintenance which 

it will require. This is due to its components aging and becoming less reliable over time. Figure 

8 shows the age distribution of Eskom’s circuit breakers as well as the proportion of them 

which are Air, Oil and SF6. The graph shows that more of the older breakers are of the oil 

type, whereas the younger breakers are mostly SF6 breakers. The mean age of Eskom’s circuit 

breakers is 20 years. 

 

 

Maintaining an acceptable reliability for the circuit breakers is very important for ensuring 

that the Transmission system is stable. The most popular measurement of the reliability of 

circuit breakers is failure rate.  Failure rate refers to the rate at w

during a specific time. As summarized in table 10, the data analysed is on 760 circuit breakers 

over a period of 5.83 years (from 

The mean failure rate for this peri

 

Voltage 

kV 

Sample size 

Breaker 

Years 

400 4430.8 

Figure 8: Circuit Breaker Age distribution

Table 10: Failure rate 

has an influence on the frequency and type of maintenance which 

it will require. This is due to its components aging and becoming less reliable over time. Figure 

8 shows the age distribution of Eskom’s circuit breakers as well as the proportion of them 

ich are Air, Oil and SF6. The graph shows that more of the older breakers are of the oil 

type, whereas the younger breakers are mostly SF6 breakers. The mean age of Eskom’s circuit 

Maintaining an acceptable reliability for the circuit breakers is very important for ensuring 

that the Transmission system is stable. The most popular measurement of the reliability of 

circuit breakers is failure rate.  Failure rate refers to the rate at which the circuit breakers fail 

during a specific time. As summarized in table 10, the data analysed is on 760 circuit breakers 

over a period of 5.83 years (from 2003 to 2008). This totals 4430.8 breaker

The mean failure rate for this period is 0.03638 failures per breaker-year (failure rate)

No. of 

failures 

Major 

Failures per 

breaker-year 

Failure Type:

Mechanical   Electrical   

161 0.03638      48.15%            40.74%       11.11%

Mean        20y

Std Dev     12yr

: Circuit Breaker Age distribution 
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Maintaining an acceptable reliability for the circuit breakers is very important for ensuring 

that the Transmission system is stable. The most popular measurement of the reliability of 

hich the circuit breakers fail 

during a specific time. As summarized in table 10, the data analysed is on 760 circuit breakers 

). This totals 4430.8 breaker-years of service. 

(failure rate). 

Failure Type: 

Mechanical   Electrical    Other 

48.15%            40.74%       11.11% 

Mean        20yr 

Std Dev     12yr 



 

 

As aging is a major contributing factor towards circuit breaker reliability, maintenance 

becomes increasingly more import

failure of the circuit breakers and the failure causes. Eskom’s mean circuit breaker age of 20 

years is very close to the mean time to failure shown below.

 

Figure 10 shows the cause of failure and at what age these failures occurred. It can be seen 

that a high number of mechanical failures occur for circuit breakers between 15 and 20 years 

of age. The majority of electrical failures occur later in life than the mechanical failures. These

causes of failure will affect the type of maintenance performed during the circuit breaker life.

Figure 9: Mean time to failure

Figure 10: Failure ages and types

As aging is a major contributing factor towards circuit breaker reliability, maintenance 

becomes increasingly more important for older breakers. Figure 9 shows the mean time to 

failure of the circuit breakers and the failure causes. Eskom’s mean circuit breaker age of 20 

years is very close to the mean time to failure shown below. 

 

 

 

 

 

 

 

 

 

 

failure and at what age these failures occurred. It can be seen 

that a high number of mechanical failures occur for circuit breakers between 15 and 20 years 

of age. The majority of electrical failures occur later in life than the mechanical failures. These

causes of failure will affect the type of maintenance performed during the circuit breaker life.

Mean time to failure 

Failure ages and types 
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As aging is a major contributing factor towards circuit breaker reliability, maintenance 

shows the mean time to 

failure of the circuit breakers and the failure causes. Eskom’s mean circuit breaker age of 20 

failure and at what age these failures occurred. It can be seen 

that a high number of mechanical failures occur for circuit breakers between 15 and 20 years 

of age. The majority of electrical failures occur later in life than the mechanical failures. These 

causes of failure will affect the type of maintenance performed during the circuit breaker life. 

 

 

 

 

 

 

 

 



 

 

The probability of failure (figure 1

failures of circuit breakers of a certain age divided by the total number of circuit breakers 

that age. 

 

Figure 12 illustrates a skewed distribution showing that there has most often been one to four 

failures per month over the last five years.

 

 

Figure 11: Probability of failure at a certain age

Figure 12: Number of failures per month distribution

The probability of failure (figure 11) at a certain age can be found from the total number of 

t breakers of a certain age divided by the total number of circuit breakers 

12 illustrates a skewed distribution showing that there has most often been one to four 

failures per month over the last five years. 

Probability of failure at a certain age 

Number of failures per month distribution 
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Reliability and maintenance

Maintenance is performed in order to increase the reliability of the circ

et al [25] studied the effects of maintenance on the reliability of circuit breakers using a 

probabilistic model. The model is based on a quantitative connection between reliability and 

maintenance. The model illustrates that a circuit breakers’ state changes over ti

eventual failure F. At each state an inspection (

whether to do minor maintenance (M) or major maintenance (MM). These maintenance 

occurrences then determine which new state the breakers will be 

failure rates if no maintenance is ever performed. 

to D3, etc. The mean time from D1 to F is 9.5 years.

 

 

The study was then repeated with maintenance occurring

values of 0.027/yr between D1 and D2, 0.0296/yr between D2 and D3, 0.04/yr between D3 

and F. This gave a much greater life expectancy of 17 years. The

maintenance has a great impact on the reliability of circuit breakers and is thus very 

important. 

 

 

 

 

Figure 13: Failure rates and mean inspection, maintenance and failure durations

Reliability and maintenance 

is performed in order to increase the reliability of the circuit breakers. Endrenyi 

studied the effects of maintenance on the reliability of circuit breakers using a 

probabilistic model. The model is based on a quantitative connection between reliability and 

The model illustrates that a circuit breakers’ state changes over ti

eventual failure F. At each state an inspection (I1, I2, and I3) can occur in order to determine 

whether to do minor maintenance (M) or major maintenance (MM). These maintenance 

occurrences then determine which new state the breakers will be in. Figure 1

failure rates if no maintenance is ever performed. I.e. 0.33/yr from D1 to D2, 0.29/yr from D2 

to D3, etc. The mean time from D1 to F is 9.5 years. 

The study was then repeated with maintenance occurring, this resulted in new failure rate 

of 0.027/yr between D1 and D2, 0.0296/yr between D2 and D3, 0.04/yr between D3 

. This gave a much greater life expectancy of 17 years. These results conc

maintenance has a great impact on the reliability of circuit breakers and is thus very 

 

Figure 13: Failure rates and mean inspection, maintenance and failure durations
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uit breakers. Endrenyi 

studied the effects of maintenance on the reliability of circuit breakers using a 

probabilistic model. The model is based on a quantitative connection between reliability and 

The model illustrates that a circuit breakers’ state changes over time from D1 to 

) can occur in order to determine 

whether to do minor maintenance (M) or major maintenance (MM). These maintenance 

in. Figure 13 shows the 

I.e. 0.33/yr from D1 to D2, 0.29/yr from D2 

resulted in new failure rate 

of 0.027/yr between D1 and D2, 0.0296/yr between D2 and D3, 0.04/yr between D3 

se results conclude that 

maintenance has a great impact on the reliability of circuit breakers and is thus very 

Figure 13: Failure rates and mean inspection, maintenance and failure durations 
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Model parameters summary 

 

The inputs and outputs of the required model are shown in figure 14 below. 

 

  

 

 

 

 

 

 

 

 

 

 

Inputs 

Starting reliability 
The reliability of the breaker at the point in time when the 

schedule is calculated 

Maintenance cost 
The cost of doing maintenance on a circuit breaker in a certain 

condition 

Time periods The time between one planned outage and the next 

Probability of failure 

after maintenance 

The probability of failure  of the circuit breaker after 

maintenance is done (“as good as new” condition) 

Change in probability of 

failure over time 

The amount with which the reliability of the circuit breaker 

decreases per time period 

 

                                         

Outputs 

Once the network of alternative paths is calculated, the probability of failure at each state 

due to each decision can be determined. 

Figure 14: Inputs and outputs of the model 

Inputs Outputs 

Predicted reliabilities for 

the optimal schedule 
Change in reliability over 

time 

Dynamic 

Programming 

Recursion 

Predicted reliability for 

alternative schedules 

The optimal path 

(schedule) 

System costs resulting from 

alternative schedules 

Starting reliability 

Maintenance costs 

Time periods 

Probability of failure 

after maintenance 
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4.4 Defining the states and stages 

The states can be defined as the probability of failure of the breaker. This probability changes 

from one state to the next. The stages are defined as the available planned outages 

(determined from the GX outage schedule) which can either be used to do maintenance or 

not. Figure 15 shows the state-stage relationship of the model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in figure 15, there are two options at the beginning of each stage (outage). These 

options are either to make use of the outage and maintain the breaker, or to not use the 

outage and not do maintenance. The consequences of these two actions on system costs and 

reliability are summarized in the table 11. 

 

 System costs Probability of failure 

Do Maintenance Cost incurred to do maintenance Decreases 

Do not do maintenance 
Cost of next maintenance 

procedure may increase 
Increases 

Table 11: Consequences of maintenance decisions 

Figure 15: Graphical dynamic programming model 

M M 

M 

D 
D 

D 

D 

D 

r   

Months between  

Outages (tp):                            t1 t2 t3 

Stage 

1 

Stage 

2 

Stage 

3 

Key: 

M = Maintain 

D = Don’t maintain 

r = Probability of not 

failing 



 

29 
 

4.5 The Recursion 

 

Using the probability of failure  

The probability of a circuit breaker failing given that it is a certain age and has a certain 

reliability is used in recursion 1. These probabilities can be derived from failure data and OEM 

specifications. The Matlab code can be seen in Appendix D. 

 

F�(r) = the minimum cost of maintaining a breaker in outage p, p + 1, … , P, given that the 

breaker has reliability r at the start of outage p. 

r     = the reliability of the breaker (in terms of probability of not failing) 

d    = the given deterioration of reliability per month (increase in probability of failure/month)  

t�  = the number of months to the next planned outage p. 

U    = the given upper bound of reliability (“As good as new” probability of failure after 

maintenance) 

M� = the given maintenance cost for maintaining a breaker which has reliability r 

C
  = the estimated value of a circuit breaker at the end of the scheduling period, where: 

C
  = (Purchase Price of Asset - Approximate Salvage Value) ÷ Useful Life of Asset 

 A    = Circuit breaker age 

 S    = the given minimum desired probability of failure (set by TX) of the circuit breakers  

 

For p=P=5: 

F�(r) = min     Maintain: M� - C
 ∗ (u −  d ∗ tp) + C
 (1 – (u – d*t�)) 

                          Don’t maintain: -  C
(r −  d ∗ t�) + C
 (1 – (r – d*t�)) 

  

For p < P: 

F�(r) = min    Maintain: M� + F���(u - d*t�) 

             Don’t maintain: F���(r - d*t�) 

 

Where:    d, t�, U, r, M�, C
 , S ≥ 0 

And:  r ≥ S 

Start at F�(r) and work backwards to  F� (user specified r). 
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Illustration of model variables 

Each of the ten yards (labelled U1 to U10 in figure 16 and 17) at the Hendrina power station 

has a planned outage schedule over a certain number of years as shown below. There is one 

breaker in each yard and the model is run for each yard. 

     Figure 16: Financial year 2008/2009 

    Source: Renae De Jager (Generation), Lilly Van Der Westhuizen (Transmission) 

    Figure 17: Financial year 2009/2010 

 

As shown in figure 17, there are a certain number of months between the planned outages 

for every yard. This time period is denoted as “tp” in the recursion. Each planned outage is 

denoted as outage “p” and an outage is defined as the stage you move to in the recursion. 

The recursion calculates a maintenance schedule for one breaker at a time and the outage 

dates for that corresponding yard in which the breaker is situated are therefore used in the 

recursion.  

 

 

*The values in figure 16 and 17 are for illustrative purposes only 

Tp = T1* 

Outage P=2 

Outage P=1 
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4.6 Model verification and validation 

 

During the design and development of the dynamic programming model, care was taken to 

continuously validate and verify the model. The model results were thoroughly analyzed and 

criticized to check if they made logical sense and met the aims and goals which the model was 

intended to meet. Appropriate assumptions were made where information was either 

unavailable or too complex to measure. The verification and validation process is shown 

below. 
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Figure 18: Model verification and validation 



 

 

4.7 Finding the probability of failure

These probabilities can be estimated from observing the failure data history of the circuit 

breakers as well as management experience.

period, the aging effect on probability of failure 

when the failure rate is plotted over a longer time interval, the probability of failure follows 

an exponential distribution. The model can however be adapted to accept a different 

probability of failure distribution. 

 

The probability of failure of an aging circuit breaker increases over its lifespan

aging. Ageing is usually measured based on the term of a failure rate function [

al [26] find the probability of failure of a circuit breaker by usi

failure rate (λ) of a circuit breaker is known, finding the probability of failure over a time span 

can be calculated as shown below

 

 

 

 

 

 

At Eskom, the circuit breaker

probability of a failure occurring is: 

          Pr(X>0) = 1 - ���� = 1 

             

Using this equation which is based on

between the probability of failure and time can be seen in figure 1

that the probability of failure distribution is exponential in the long run. 

The graph is however linear for time intervals

thus be argued that the use of a linear equation is sufficient to model the reliability drop 

between outages as they are rarely longer than 16 months apart.

Finding the probability of failure 

probabilities can be estimated from observing the failure data history of the circuit 

breakers as well as management experience. For the data analyzed in this report over a 5 year 

period, the aging effect on probability of failure seems as if it is increasing 

when the failure rate is plotted over a longer time interval, the probability of failure follows 

The model can however be adapted to accept a different 

probability of failure distribution.  

probability of failure of an aging circuit breaker increases over its lifespan

Ageing is usually measured based on the term of a failure rate function [

] find the probability of failure of a circuit breaker by using Poisson distributions. 

of a circuit breaker is known, finding the probability of failure over a time span 

as shown below: 

circuit breakers have a failure rate of 0.0363 failures per year, 

probability of a failure occurring is:  

= 1 - ���.������  ,       Where t is expressed in years.

hich is based on past data on Eskom’s circuit breakers

the probability of failure and time can be seen in figure 19 and 20

that the probability of failure distribution is exponential in the long run.  

The graph is however linear for time intervals 67 months or less (shown in figure 

thus be argued that the use of a linear equation is sufficient to model the reliability drop 

between outages as they are rarely longer than 16 months apart. 
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probabilities can be estimated from observing the failure data history of the circuit 
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sing linearly. However, 

when the failure rate is plotted over a longer time interval, the probability of failure follows 

The model can however be adapted to accept a different 

probability of failure of an aging circuit breaker increases over its lifespan mostly due to 

Ageing is usually measured based on the term of a failure rate function [9]. Binh Dam et 

ng Poisson distributions. If the 

of a circuit breaker is known, finding the probability of failure over a time span 

failures per year, thus the 

Where t is expressed in years. 

past data on Eskom’s circuit breakers, the relationship 

20. Figure 19 shows 

67 months or less (shown in figure 20). It can 

thus be argued that the use of a linear equation is sufficient to model the reliability drop 



 

 

 

The decay rate (denoted as “d” in the model) is 0.2812, which is the 

figure 20. 

Figure 19: Long-run relationship between the probabilit

Figure 20: Linearly fitted graph of

Regression convergence results from curve fitting

 

 

 

 

 

 

(denoted as “d” in the model) is 0.2812, which is the gradient of the line in 

run relationship between the probability of failure and time 

Linearly fitted graph of probability of failure and Time (Lab Fit Software)

Regression convergence results from curve fitting 
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Chapter 5.  Model execution 

5.1 An example 

 

The dynamic programming model was run for the following real Eskom scenario: 

 16 year old Circuit Breaker that was last maintained 1 month ago   (i) 

 Starting probability of not failing (Now) = (ii) – (iii)*(i)  = 99.3% 

 Probability of not failing directly after maintenance = 99.6%            (ii) 

 Decrease in probability of not failing per month = 0.2812%              (iii) 

 Desired minimum probability of not failing = 96% 

Planned outage intervals (tp):  

Outages 1 2 3 4 5 End state 

Months 

between 
9 3 6 12 2 Nearest year end 

Solution 

Decision 

Use outage Leave outage Use outage Use outage Leave outage Ending salvage worth 

 

Graphical Optimal maintenance path: 
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The program results show the different probabilities of not failing at each stage, the cost of 

the optimal path and which outages to do maintenance (M) and 

Figure 21 is the actual model output displayed to the user screen.

 

The solution is thus to maintain during outage 1, don’t maintain during outage 

during outage 3, maintain during outage 4 and

 

5.1.1. When the minimum desired probability

One of the model constraints states that the circuit breakers probability of not failing may not 

fall below a specific user defined value. This is however not always possible as the time 

between given outages could be spaced s

the minimum (as maintenance could not occur in

only way the minimum probability can be met is through the use of unplanned outages which 

occur randomly between the planned outages. As for the Matlab 

display an error message and the maintenance team should record this as a high priority 

breaker for the next available unplanned outage. The scenario is shown in Appendix E.

 

 

 

Figure 21: Model output 

the different probabilities of not failing at each stage, the cost of 

the optimal path and which outages to do maintenance (M) and to not do maintenance (D).

is the actual model output displayed to the user screen. 

to maintain during outage 1, don’t maintain during outage 

maintain during outage 4 and don’t maintain during outage 

When the minimum desired probability of not failing cannot be met

One of the model constraints states that the circuit breakers probability of not failing may not 

fall below a specific user defined value. This is however not always possible as the time 

between given outages could be spaced so far apart that the probability would drop below 

as maintenance could not occur in-time to prevent this). In this scenario the 

only way the minimum probability can be met is through the use of unplanned outages which 

e planned outages. As for the Matlab program

display an error message and the maintenance team should record this as a high priority 

for the next available unplanned outage. The scenario is shown in Appendix E.
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the different probabilities of not failing at each stage, the cost of 

not do maintenance (D). 

 

 

 

 

 

 

 

 

 

 

to maintain during outage 1, don’t maintain during outage 2, maintain 

don’t maintain during outage 5. 

of not failing cannot be met 

One of the model constraints states that the circuit breakers probability of not failing may not 

fall below a specific user defined value. This is however not always possible as the time 

o far apart that the probability would drop below 

. In this scenario the 

only way the minimum probability can be met is through the use of unplanned outages which 

program, in this case it will 

display an error message and the maintenance team should record this as a high priority 

for the next available unplanned outage. The scenario is shown in Appendix E. 
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5.2 Analysis of results 

 

The model parameters which can be changed by the user (besides available outage dates) to 

suit their specific scenarios are listed below: 

a) Minimum probability of not failing required 

b) Circuit breaker age (years) 

c) Depreciation method and salvage cost 

d) The failure rate 

e) The cost of maintenance  

f) Probability of not failing directly after maintenance 

 

 

The “cost” values given by the model should not be seen as the actual costs which Eskom will 

incur as it does not include the profits which the circuit breaker would make, but only the 

circuit breakers’ salvage value in order to maximize reliability. The cost also doesn’t include 

any prior maintenance costs incurred before running the model. It is thus only for the model 

to weigh the benefit of a higher reliability (and corresponding salvage value) against the cost 

of the maintenance procedures required to obtain this reliability. A negative cost indicates 

that the expected income (or salvage value) is higher than expenses. 

 

 

The following section will run the recursion with various different parameters for 3 different 

outage schedules to illustrate the models results and sensitivity to various inputs. The 3 

different outage schedules are as follows: 

 

Schedule 1:  

Outages 1 2 3 4 5 

Months between 9 3 6 12 2 

 

Schedule 2: 

Outages 1 2 3 4 5 

Months between 5 2 11 8 7 

 

Schedule 3: 

Outages 1 2 3 4 5 

Months between 8 12 11 14 10 
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a) Minimum probability of not failing required 

The recursion was run for a range of possible required minimum reliabilities and their 

corresponding optimal maintenance schedules and costs are summarized in table 12, 13 and 

14 with respective outage schedules 1, 2 and 3. Parameters (b) to (f) are fixed as in the 

example used in section 5.1. 

 

 

 

 

 

 

 

 

As seen in the above tables, the maintenance schedule is influenced by the desired minimum 

reliability which Eskom would like to maintain. It is also more expensive to maintain higher 

reliabilities. Table 14 only has one solution (to always maintain), this is logical as the outages 

are all spaced approximately 12 months apart which is the optimal frequency of maintenance 

according to OEM specifications. 

 

 

 

 

 

Minimum probability of not failing wanted (%) Maintenance Schedule Cost (R) 

96.3 to 100 Not possible* - 

95.7 to 96.2 {M D M M D} -508040 

89 to 95.6 {M D M D M} -514230 

Minimum probability of not failing wanted (%) Maintenance Schedule Cost (R) 

96.6 to 100 Not possible* - 

95.4 to 96.5 {D M M M M} -469320 

89 to 95.3 {D M M D M} -499320 

Minimum probability of not failing wanted (%) Maintenance Schedule Cost (R) 

95.7 to 100 Not possible* - 

89 to 95.6 {M M M M M} -389750 

Table 12: Model output for schedule 1 

Table 13: Model output for schedule 2 

Table 14: Model output for schedule 3 

* “Not possible” indicates that the probability of not failing decreases beyond the 

minimum value for the outage intervals available. 
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b) Circuit breaker age (years) 

The recursion was run for a range of possible circuit breaker ages and their corresponding 

optimal maintenance schedules and costs are summarized in table 15 and 16 outage schedule 

1 and 2 respectively. Parameters (a), and (c) to (f) are fixed as in the example used in 5.1. 

 

Age 

(years) 

Maintenance Schedule Cost (R) 

1 {M D M M D} -1226700 

5 {M D M M D} -1035100 

10 {M D M M D} -795520 

15 {M D M M D} -555950 

20 {M D M M D} -316390 

25 {M D M M D} -76826 

30 {M D M M D} 12740 

 

 

Age 

(years) 

Maintenance Schedule Cost (R) 

1 {D M M M M} -1200700 

5 {D M M M M} -1005600 

10 {D M M M M} -761860 

15 {D M M M M} -518080 

20 {D M M M D} -280516 

25 {D M M M D} -46576 

30 {D M M M D} 30670 

 

 

From table 15 and 16 it can be seen that age affects the maintenance schedule cost more 

than the actual schedule. The desired minimum acceptable probability of not failing plays a 

larger role in determining the schedule. This is due to age having an effect on the salvage 

value. In table 16 the maintenance schedule changed for breakers over the age of 20. 

 

c) Depreciation method  

The Straight line depreciation method is currently being used in the model. If this method 

changes it will affect the circuit breakers’ salvage value which could then change the models 

output. Eskom will have the flexibility to edit this method in the model to suit their needs.  

Age 

(years) 

Maintenance Schedule Cost (R) 

1 {M D M D M} -1241400 

5 {M D M D M} -1047500 

10 {M D M D M} -805080 

15 {M D M D M} -562700 

20 {M D M D M} -320330 

25 {M D M D M} -77950 

30 {M D M D M} 13240 

Age 

(years) 

Maintenance Schedule Cost (R) 

1 {D M M D M} -1230700 

5 {D M M D M} -1035600 

10 {D M M D M} -791860 

15 {D M M D M} -548080 

20 {D M M D M} -304290 

25 {D M M D M} -60513 

30 {D M M D M} 50580 

Table 15: Schedule 1, and 96.2% minimum reliability Table 15b: Schedule 1, and 95.6% minimum reliability 

Table 16: Schedule 2, and 96.5% minimum reliability Table 16b: Schedule 2, and 95.3% minimum reliability 



 

 

d) The failure rate 

 

As discussed previously in section 

0.03638 failures per breaker-year. In time

size can be analysed, the maintenance team may want t

the failure rate differ from the current value, the model should be adapted to the new value.  

For the purpose of this report, the current failure rate is used in the model. 

 

In a worldwide study on circuit breaker 

breaker years of service were studied. The average failure rate for a circuit breaker operating 

between 300kV and 500kV was found to be 0.0121 failures per breaker year 

probability of not failing vs. time 

three times smaller than the failure rate at Eskom and is probably due to the much larger 

sample size which was studied.

 

 

Running the model with this failure rate and the variables used in example 

schedule1) yields the results in table 1

 

 

Comparing table 17 with table 12, i

can be set higher than the values at Eskom, but the recommended maintenance schedules 

are the same. 

Minimum probability of not fail

98.5 to 100 

98.3 to 98.4 

95 to 98.2 

Figure 22: Graph using worldwide circuit 

Table 17: Results using worldwide circuit breaker failure data

As discussed previously in section 4.7, the failure rate of Eskom’s’ circuit breakers is currently 

year. In time, when more data is collected and a larger sample 

size can be analysed, the maintenance team may want to recalculate this failure rate. Should 

the failure rate differ from the current value, the model should be adapted to the new value.  

For the purpose of this report, the current failure rate is used in the model. 

In a worldwide study on circuit breaker reliability data, 20 000 circuit breakers with 77892 

breaker years of service were studied. The average failure rate for a circuit breaker operating 

between 300kV and 500kV was found to be 0.0121 failures per breaker year 

vs. time for this failure rate is shown in figure 22. This failure rate is 

three times smaller than the failure rate at Eskom and is probably due to the much larger 

sample size which was studied. 

Running the model with this failure rate and the variables used in example 

the results in table 17 below. 

Comparing table 17 with table 12, it can be seen that the minimum probability of not failing

can be set higher than the values at Eskom, but the recommended maintenance schedules 

failing wanted (%) Maintenance Schedule 

 Not possible* 

 {M D M M D} 

{M D M D M} 

Graph using worldwide circuit breaker failure data 

Results using worldwide circuit breaker failure data 
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’ circuit breakers is currently 

when more data is collected and a larger sample 

o recalculate this failure rate. Should 

the failure rate differ from the current value, the model should be adapted to the new value.  

For the purpose of this report, the current failure rate is used in the model.  

000 circuit breakers with 77892 

breaker years of service were studied. The average failure rate for a circuit breaker operating 

between 300kV and 500kV was found to be 0.0121 failures per breaker year [27]. The 

this failure rate is shown in figure 22. This failure rate is 

three times smaller than the failure rate at Eskom and is probably due to the much larger 

 

 

 

 

 

 

 

 

 

 

 

 

Running the model with this failure rate and the variables used in example 5.1 (with 

 

 

 

 

 

probability of not failing 

can be set higher than the values at Eskom, but the recommended maintenance schedules 

 Cost (R) 

- 

-520110 

-522270 



 

 

e) The cost of maintenance  

Following Dopazo’s [5] method of finding the overall maintenance 

derived in figure 25. In figure 23, circuit breakers’ value is seen as an investment which is spread over 12 months (OEM recommended 

maintenance). 

Figure 23: Maintenance investment lost by maintaining a unit too early.

Time

Figure 24: Expected maintenance cost in terms of time since previous 

maintenance 

method of finding the overall maintenance cost incurred over time, the total maintenance

circuit breakers’ value is seen as an investment which is spread over 12 months (OEM recommended 

 

 

 

 

 

 

 

 

 

 

investment lost by maintaining a unit too early. 

Figure 25: Total maintenance cost in terms of time since 

previous maintenance 

Months since last 

maintenance 

Time 

Months since last 

maintenance 

Expected maintenance cost in terms of time since previous 
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total maintenance cost used in the model is 

circuit breakers’ value is seen as an investment which is spread over 12 months (OEM recommended 

Months since last 

maintenance 

Total maintenance cost in terms of time since 
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By using the total maintenance cost in figure 25, the model takes over-maintaining into 

account. Below are the results from the model being run for using only the actual 

maintenance cost (figure 24). The following values are constant: 

 

 16 year old Circuit Breaker that was last maintained 1 month ago      (i) 

 Starting probability of not failing (Now) = (ii) – (iii)*(i)  = 99.3% 

 Probability of not failing directly after maintenance = 99.6%               (ii) 

 Decrease in probability of not failing per month = 0.2812%                 (iii) 

 Schedule: 

 

 

 

Result using figure 24: 

 

 

Result using figure 25: 

 

 

Comparison of the two results shows that an extra maintenance procedure was 

recommended when using the maintenance cost graph that does not consider over-

maintaining. By using the costs from figure 25, the model effectively avoids maintaining 

too frequently. The difference in the cost values are due to the variances in the two 

maintenance cost graphs used. Thus, even though figure 24 gives a lower cost output, this 

cost is underestimated as it doesn’t consider over-maintaining in the long-run. 

 

 

 

 

 

 

Outages 1 2 3 4 5 

Months between 9 3 6 12 2 

Minimum probability of not failing wanted (%) Maintenance Schedule Cost (R) 

98.5 to 100 Not possible* - 

98.3 to 98.4 {M D M M M} -522230 

95 to 98.2 {M D M D M} -522230 

Minimum probability of not failing wanted (%) Maintenance Schedule Cost (R) 

96.3 to 100 Not possible* - 

95.7 to 96.2 {M D M M D} -508040 

89 to 95.6 {M D M D M} -514230 



 

42 
 

f) Probability of failure directly after maintenance 

 

The recursion assumes that the circuit breaker returns to an “as good as new” state after 

maintenance. This assumption is made because the reliability of circuit breakers is expected 

to be very high at all times and the purpose of maintenance on these circuit breakers is to 

meet this criterion. According to Pham [28], maintenance can be categorized according to the 

degree to which the operating condition of the item is restored by maintenance. These 

categories are summarized in table 18: 

 

 

 

 

It may however be assumed that in practice, human error is inherent in the maintenance 

process which often leads to imperfect repair. As this is very difficult to measure in terms of 

numerical values for the recursion, using imperfect repair may require too much uncertain 

estimation to keep the model valid.  Perfect repair is thus assumed. 

 

 

 

 

 

 

 

 

Maintenance Action Description 

Perfect repair Maintenance action restores the system condition to “as good as 

new” I.e.  After maintenance the system has the same failure rate 

function as a new one 

Minimal repair Maintenance action restores system to the failure rate it had when it 

just failed 

Imperfect repair Maintenance action restores the system condition to somewhere 

between “as good as new” and “as bad as old” 

Worse repair Maintenance action that undeliberately makes the system failure rate 

or age increase but the system does not break down 

Worst repair Maintenance action that undeliberately makes the system fail or 

break down 

Table 18: Maintenance actions and their affect on equipment condition 
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5.3 Alternative model - Optimizing the time intervals between maintenance 

A second approach to deciding which outages to use is given below. 

Since the planned outages from GX have specific time intervals between them, all the 

intervals between possible maintenance procedures can be calculated. The OEM 

requirements of the circuit breakers give recommended maintenance frequencies. If these 

recommended frequencies (time intervals between maintenance procedures) are known, 

they can be compared to the planned outage intervals available. Once they are compared, 

those available planned outages which are spaced the most like the recommended intervals 

can be chosen for maintenance. This is similar to the current approach at Eskom and will 

therefore be used as a comparison with the results of the dynamic programming model. 

 

This idea is shown in figure 26. Assume that maintenance occurs at Outage1 and the OEM 

requirements state that maintenance should be 12 months apart. The next Outage after 

Outage1 which is the closest to 12 months away from Outage1 is Outage3. This becomes the 

recommended outage to use. After maintenance occurs at Outage3, the next Outage which is 

the closest to 12 months away from Outage3 is Outage5. Outage5 therefore becomes the 

next advised maintenance procedure. This method will carry on until the end of the known 

outage times and the optimal usage of the given outages will be found, in turn optimizing the 

maintenance schedule. 

 

 

 

 

 

 

 

 

 

12 

12 

9 

Outage1    Outage2                           Outage3                                                         Outage4   Outage5             Outage6 

3 6 

7 

15 

Interval length (months) 

Figure 26: Optimizing time intervals between maintenance 
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5.3.1 Computational results of the alternative model 

 

The same example as in 5.1 is used below with schedule 1, 2 and 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D 

Optimal Schedule: { D M M M D} 

Closest 
Closest Closest 

Outages 

M M M D 
9 3 6 12 2  

D 

Optimal Schedule: { D M M D M} 
Outages 

M M M D 
5 2 11 8 7 

Optimal Schedule: { M M M M M } Outages 

11 
M M M 

M 
8 12 14 10 

M 

Schedule 1 

Schedule 2 

Schedule 3 
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5.4 Comparing the results  

 

Table 19 summarizes the model results of both the dynamic recursion (with varying parameters (a), (b) and (e)) and the alternative model. It 

can be seen that only when outage schedule 3 was used, the results of the two models were the same. This is because these outages were all 

approximately 12 months apart which is the optimal maintenance frequency in both models. However, for varying parameters such as age, 

maintenance cost and an acceptable minimum probability of not failing, the alternative model was not dynamic enough to be affected. The 

dynamic programming model is thus effective in considering important factors to make the most optimal decisions.  

 

 

 

 

 

 

 

Schedule Minimum prob. 

of not failing 

Dynamic recursion 

results from (a) 

Dynamic recursion 

results from (b) 

Dynamic recursion 

results from (e) 

Alternative 

model 

Different 

results? 

1 None {M D M D M} {M D M D M} {M D M D M} {D M M M D} Yes 

2 None {D M M D M} {D M M D M} {M M M M M} {D M M D M} Yes 

3 None {M M M M M} {M M M M M} {M M M M M} {M M M M M} No 

1 Yes, 96.2% {M D M M D} {M D M M D} {M D M M M} {D M M M D} Yes 

2 Yes, 96.5% {D M M M M} 
{D M M M M} and 

{D M M M D} 
{M M M M M} {D M M D M} Yes 

3 Yes, 95.6% {M M M M M} {M M M M M} {M M M M M} {M M M M M} No 

Table 19: Model output summaries 

(a) Minimum probability of not failing required 

(b) Circuit breaker age (years) 

(e) The cost of maintenance  

Key: 



 

 

Chapter 6. Conclusion and f

 

The dynamic programming model presented in this report was run for various scenarios 

which Eskom may encounter. The results 

decisions which the maintenance team 

variables which could be explored further in an attempt to improve the model even more. 

These options are discussed below.

 

6.1 Using varying failure rate

The failure rate of circuit breakers 

analyzing available data but the failure rate often varies over the life of the breaker

al [29] presents a varying failure rate curve for circuit breakers (shown in figure 

The circuit breaker failure data 

the circuit breakers as it is only over a five year period. It can thus be argued to be insufficient 

to derive equations for the failure rate of Eskom’s circuit breakers ove

employees can however do these calculations and further develop the model. Afshar et al 

[30] derived a mathematical expression for the average failure rate (λ(t)) versus time (t). The 

expression, using a 4 degree polynomial is as follows:

Figure 27: Varying failure rate

Conclusion and further research 

dynamic programming model presented in this report was run for various scenarios 

which Eskom may encounter. The results from the model provide an aid to the maintenance 

decisions which the maintenance team need to make on a regular basis. H

which could be explored further in an attempt to improve the model even more. 

These options are discussed below. 

Using varying failure rate 

of circuit breakers used in this report was assumed to be constant from 

he failure rate often varies over the life of the breaker

] presents a varying failure rate curve for circuit breakers (shown in figure 

 

 

 

 

 

 

 

 

circuit breaker failure data which is studied in this project is not over the entire lifespan of 

the circuit breakers as it is only over a five year period. It can thus be argued to be insufficient 

to derive equations for the failure rate of Eskom’s circuit breakers over their lifetim

employees can however do these calculations and further develop the model. Afshar et al 

] derived a mathematical expression for the average failure rate (λ(t)) versus time (t). The 

expression, using a 4 degree polynomial is as follows: 

 

 

 

 

Varying failure rate 
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dynamic programming model presented in this report was run for various scenarios 

provide an aid to the maintenance 

However, there are 

which could be explored further in an attempt to improve the model even more. 

used in this report was assumed to be constant from 

he failure rate often varies over the life of the breakers. Zhang et 

] presents a varying failure rate curve for circuit breakers (shown in figure 27). 

which is studied in this project is not over the entire lifespan of 

the circuit breakers as it is only over a five year period. It can thus be argued to be insufficient 

r their lifetime. The TX 

employees can however do these calculations and further develop the model. Afshar et al 

] derived a mathematical expression for the average failure rate (λ(t)) versus time (t). The 



 

 

6.2 The effect of system load on reliability

The electricity demand varies throughout the year and thus affects the load which the circuit 

breakers are exposed to. The yearly demand curve 

effect which this varying load has on circuit breaker reliability should be studied further and 

possibly incorporated into the model.

 

6.3 Incorporating labour restrictions

The model currently assumes that labour is always available. A 

model in the future could be adding dates where labour will be unavailable to perform 

maintenance activities. This may occur if there is prescheduled maintenance at another 

power station as the maintenance team is responsible for

of power plants. The model should then assume a “Don’t Maintain” decision if the outage 

dates overlap with dates where labour is unavailable and proceed to calculate the optimal 

schedule without that outage. 

 

6.4 Determining the income generated by circuit breakers

When determining the costs involved at each stage due to each decision, a more accurate 

system would include the income generated by the circuit breakers. 

measured by determining the loss of

this loss is known, a value for each day the breaker is running could be determined. 

 

Figure 28: Varying demand 

The effect of system load on reliability 

The electricity demand varies throughout the year and thus affects the load which the circuit 

breakers are exposed to. The yearly demand curve at Eskom is shown in figure 28 below. 

has on circuit breaker reliability should be studied further and 

possibly incorporated into the model.  

Incorporating labour restrictions 

The model currently assumes that labour is always available. A possible adjustment to the 

model in the future could be adding dates where labour will be unavailable to perform 

maintenance activities. This may occur if there is prescheduled maintenance at another 

power station as the maintenance team is responsible for maintaining breakers at a number 

of power plants. The model should then assume a “Don’t Maintain” decision if the outage 

dates overlap with dates where labour is unavailable and proceed to calculate the optimal 

 

ng the income generated by circuit breakers 

determining the costs involved at each stage due to each decision, a more accurate 

system would include the income generated by the circuit breakers. This could perhaps be 

measured by determining the loss of electricity to consumers when a circuit breaker fails. If 

this loss is known, a value for each day the breaker is running could be determined. 
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The electricity demand varies throughout the year and thus affects the load which the circuit 

is shown in figure 28 below. The 

has on circuit breaker reliability should be studied further and 

 

 

 

 

 

 

 

 

 

 

 

possible adjustment to the 

model in the future could be adding dates where labour will be unavailable to perform 

maintenance activities. This may occur if there is prescheduled maintenance at another 

maintaining breakers at a number 

of power plants. The model should then assume a “Don’t Maintain” decision if the outage 

dates overlap with dates where labour is unavailable and proceed to calculate the optimal 

determining the costs involved at each stage due to each decision, a more accurate 

This could perhaps be 

electricity to consumers when a circuit breaker fails. If 

this loss is known, a value for each day the breaker is running could be determined.  
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6.5 Incorporating unplanned outages 

The proposed dynamic programming model does not include the use unplanned outage. 

Therefore, if a breaker is maintained during an unplanned outage which falls within the time 

period that the model is run for, the model will not reset the breakers reliability. Further 

study into incorporating any unplanned outages used should be explored. 

 

6.6 Environmental conditions 

Environmental conditions also affect a circuit breakers’ state. Harsh outdoor environments 

may cause higher failure rates than more moderate conditions. The International 

Electrotechnical Commission have defines three different climatic conditions which circuit 

breakers should withstand [31]. These are summarised in table 20 below. 

 

Condition Limits for efficient circuit breaker operation 

Ambient air temperature (AT)* AT ≥ (-25)°C 

Altitude (AL) AL ≤ 1000m above sea level 

Atmospheric conditions 
Dust, smoke, corrosive or flammable gases and salts 

in the atmosphere should not be excessive 

 

  

 

Further study into different failure rates in various regions of the country could thus be 

analysed and incorporated into the model’s failure rate.  

 

 

 

 

 

 

 * The abbreviations used in table 20 are not standard abbreviations 

Table 20: Climatic conditions 
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6.7 Conclusion 

 

The current method of maintenance scheduling is inefficient as it has resulted in a 

maintenance backlog from confusion of when to use outages. This method is also inconsistent 

due to no set procedure being in place. 

 

Through the use of dynamic programming, a mathematical model has been developed to 

schedule TX maintenance. This model aims to provide a consistent and unbiased method of 

scheduling maintenance when it can only be done on certain planned outage dates. The 

model considers various factors which affect maintenance decisions such as failure rate, time 

since last maintenance, the age of the circuit breaker and the maintenance costs. The model 

results are logical and aid in making the decision of using a planned outage or not. However, if 

the planned outages are spaced very far apart (more than 12 months), a maintenance backlog 

will still occur and the model will only serve as reassurance that the circuit breakers are either 

in acceptable states or not.  

 

Eskom Transmission will benefit from the following by implementation of the model: 

 An adaptable model 

 Breakers of an acceptable reliability 

 Useable maintenance schedule 

 Reliability knowledge even in the event of a maintenance backlog 

 Lower system costs from avoiding over-maintenance 

 Lower safety risk 

 Higher power output from more breakers in-service 
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Appendices 

Appendix A: Transmission switchgear  

 

 Busbars 

 Transformers lines 

 Current transformers 

 Voltage transformers 

 Circuit breakers 

 Isolators 

 Capacitors 

 Reactors 

 Static var compensator (SVC) 

 Control equipment 

 High-voltage operating sticks 
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Appendix B: Reliability 

 

Reliability [8] 

 

Suppose that a nonnegative random variable X (X ≥ 0) which denotes the failure time of a 

unit, has a cumulative probability distribution F(t) ≡ Pr{X ≤ t}, and a probability density 

function f(t) (0 ≤ t < ∞) i.e., f(t) = dF(t)/dt (failure density function) and F(t) = � �( )
�

!
 du 

(failure time distribution). 

 

The survival distribution of X is 

R(t) ≡ Pr{X >t} = 1− F(t) = � �( )
�

!
 du ≡ F(t)  

 

which is called the reliability function, and its mean is 

μ ≡ E{X} = � "� (") 
�

!
 dt = �  

∞

!
R(t) dt or the MTTF (mean time to failure). 

 

R(0) = 1 and R(∞) = 0, unless otherwise stated. Note that F(t) is non-decreasing from 0 to 1 

and R(t) is non-increasing from 1 to 0. 
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Appendix C: Dynamic algorithm by Morabito  

 

Morabito F.C [9] formulated the following dynamic programming recursion: 

If there are n generating units in the system which need to be maintained in a period of N 

stages, then MS of each unit should be optimized in terms of objective function under a series 

of constraints. The objective function is assumed to consist of two components i.e., electrical 

energy production cost and minimum system risk. The objective function in any stage 1 is 

written as:  

 

#$( %$) = min &$,( = min ∑ &$(%$, *$) 

where,  

&$(%$, *$) = ./  (%$, *$) +  .1 (%$, *$)  

In which 

./  = expected electrical energy production cost of each generating unit stage i 

.1  = system’s unreliability cost in stage i 

%$ = State variable describing whether or not maintenance of a particular unit can be               

completed in stage i or not. 

*$  = decision variable which is expressed as  

 

*$ (%$) =          0        if generating unit i is not on maintenance in stage i 

                          1       if generating unit i is on maintenance in stage i 
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Appendix D – Matlab code for Recursion 

clear all 

  

%~~~~~~~~~~~~~~~~~~~Variables~~~~~~~~~~~~~~~~~~~~~~~~~ 

  

maintenanceCost = [0,80000; 3,55000; 6,20000; 9,7000; 12,5000; 15,10000; 18,55000; 21,80000; ]; 

flag = 1; 

outage_span = 0;             

relm = zeros(6,6);          % Reliability matrix 

minCost = zeros(6,6);       % Minimum cost matrix 

interval = [0,0,0,0,0,0];   % Months between maint opportunities - 5 outages 

 

% sets initial schedule path  

syms M;             % M = Maintain 

syms D;             % D = Don't maintain 

syms X; 

schedule = [M,M,M,M,M]; 

Maintenance_schedule = [M,M,M,M,M;X,M,M,M,M;,X,X,M,M,M;X,X,X,M,M;X,X,X,X,M]; 

Total_cost = 0; 

  

lastMaint = input('Please enter time since last mainternance in months: '); 

interval(1) = input('Please enter time, in months, from now until the first outage: '); 

interval(2) = input('Please enter time difference, in months, between first and second outage: '); 

interval(3) = input('Please enter time difference, in months, between second and third outage: '); 

interval(4) = input('Please enter time difference, in months, between third and fourth outage: '); 

interval(5) = input('Please enter time difference, in months, between fourth and fifth outage: '); 

IntervalWithlastMaint = interval(1) + lastMaint; 

  

Age = input('Please enter circuit breaker age: '); 

   

for i = 1:1:5 

    outage_span = outage_span + interval(i); 

end 

  

%last interval time = difference between outage 5 and next year end for salvage purposes 

interval(6) = 12 - rem(outage_span,12); 

PlanningDur = interval(1) + interval(2) + interval(3) + interval(4) + interval(5) + interval(6) 

Depreciation = 50000*(Age + (PlanningDur/12));              

Salvage = 1500000 - Depreciation 

   

while flag == 1 

    decayRate = 0.2812;    

    MaxR = input('Please enter upper reliability percentage after maintenance: '); 

    MinR = input('Please enter lower reliability percentage wanted: ') 

    InitialR = MaxR - (lastMaint*decayRate);  

     

disp(['   ']) 

    if ((max(interval))*decayRate) > (MaxR -MinR) 

display('Minimum reliability can not be met with given constraints'); 

    else 

        flag = 0; 

    end 

end 
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% Code for creating reliability matrix - relm 

  

for i = 1:6 

    for j = 1:6 

        if i == 1 

            if j == 1 

                relm(i,j) = InitialR - decayRate*interval(j); 

            else   

                 

% If the reliability after a maintenance step falls below the reliability of not maintaining the same breaker, 

then that breaker will take on the higher non-maintenance reliability. The purpose is to prevent 

maintenance occurring which would in theory cause the breakers reliability to worsen.  

% 'If' statement below.  

  

        if MaxR - decayRate*interval(j) < relm(i,j-1)-decayRate*interval(j) 

                    relm(i,j) = relm(i,j-1)- decayRate*interval(j); 

                else 

                    relm(i,j) = MaxR - decayRate*interval(j); 

                end             

            end                         

        else 

            if j > 1 && i <= j; 

            relm(i,j) = relm(i-1,j-1) - decayRate*interval(j); 

  

            end 

        end                

    end 

end 

  

% Code for calculating minimum cost matrix and optimal path 

  

for j = 6:-1:1 

    for i = 6:-1:1 

        if j == 6    % last stage 

           minCost(i,j) = ((-Salvage*relm(i,j)) + (Salvage*(100-relm(i,j))))/100; 

        end         

           if i < 6 && j < 6  && i <=j 

              timeSinceMaintenance = 0; 

              for k = j:-1:((j+1)-i) 

                  timeSinceMaintenance = timeSinceMaintenance + interval(k); 

              end 

            

                 if relm(i+1,j+1) < MinR; 

                     % Must maintain if falls below minimum reliability 

                        for k = 1:1:8 

                            if timeSinceMaintenance >= maintenanceCost(k,1); 

                                A = maintenanceCost(k,2)+ minCost(1,j+1); 

                                minCost(i,j) = A;  

                                Maintenance_schedule(i,j) = M; 

                            end 

                          end 
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                 else 

                  % A is used to calculate the maintaining cost per stage,              

                    for k = 1:1:8                         

                         

                       if timeSinceMaintenance >= maintenanceCost(k,1); 

                          A = maintenanceCost(k,2)+ minCost(1,j+1); 

                       end 

                    end 

                     

                    % B calculates not maintaining cost per stage,               

                    B = minCost(i+1,j+1); 

                  

                     

                        if A < B 

                           minCost(i,j) = A; 

                           Maintenance_schedule(i,j) = M;                                 

                        else 

                           minCost(i,j) = B; 

                           Maintenance_schedule(i,j) = D;                                    

                        end 

                                       

                            

                 end                                    

         end         

    end 

end 

  

i = 1; 

for j = 1:5; 

    if Maintenance_schedule(i,j) == 'M'; 

        schedule(j) = 'M'; 

        i = 1; 

    else 

        schedule(j) = 'D'; 

        i = i +1; 

    end 

end 

  

minCost 

  

  

  

disp(['Reliability Matrix:']) 

disp(['   ']) 

disp(relm) 

disp(['   ']) 

disp(['Minimized total cost of optimal path:']) 

disp(['   ']) 

disp(minCost(1,1)) 

disp(['   ']) 

disp(['Maintenance Schedule']) 

disp(['   ']) 

disp(Maintenance_schedule) 

disp(schedule) 
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