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Abstract 
 
Most electricity distribution companies have an ICT based network information system, 
which is used to manage operational and network component related information. Therefore, 
computer based tools and data are already widely available for network planning, operation 
and control. However, even in the state of the art systems there is still valuable data, which is 
can be utilized further to support network asset management. The information exists for 
example in kWh-meter data management systems, power quality measurement systems, 
SCADA and distribution management systems. Available data gives good opportunities to 
develop automatic ICT based asset management functionalities to give more precise 
information for decision-making process. 
 
This thesis concentrates on developing electricity network asset management principles. The 
asset management framework is described and risk-based asset management approach is 
presented. The procedure, how risks in electricity distribution networks can be recognised and 
used as part of maintaining and developing network assets is described. Risk evaluation in this 
thesis is based on a reliability based network analysis including life cycle cost evaluation. 
 
As a basis of reliability based network analysis, detailed information from a electricity 
distribution network component is needed. This includes the structural information and 
information from the surrounding environment of a component, which is used to evaluate 
external failure probability and consequences of a failure of a component. Furthermore, the 
condition of a component can be used to evaluate the risk of the internal failure of a 
component. This thesis presents methodology to evaluate both the external and internal 
conditions of a component.  
 
The work concentrates on defining possibilities to utilise available transformer related data as 
part of the reliability based network analysis. In the analysis, external failure probabilities are 
based on the structural information of the component including inspection information 
combined with environmental factors. At a more detailed level the thesis concentrates to 
develop and evaluate novel methods for a transformer condition assessment. The presented 
condition assessment methodology for a transformer utilizes available structural and loading 
and temperature measurement information. The methodology is based on a calculated 
temperature behaviour and aging of a transformer adapted from the IEC and IEEE loading 
guides. The usability of artificial neural networks (ANN) for temperature and aging 
calculations are discussed and evaluated. The results achieved with loading guides and ANN 
are verified using various measurements including loading, condition and temperature 
measurements. As a results of the thesis, novel methods to utilise available transformer 
loading and temperature information for distribution transformer condition monitoring is 
presented.  
 
The pilot and commercially developed software implementations for reliability based network 
analysis and transformer condition assessment are presented. The usability of the reliability 
analysis and the condition assessment methodology of transformers is verified using several 
case studies with real and fictive networks. Commercialised applications for transformer 
condition assessment and reliability based network analysis are described and the usability of 
the tools in every day practice is discussed. As a conclusion of the studies, the results indicate 
that the developed condition assessment approach for transformers can be used for 
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distribution transformer condition monitoring and also as input information for the reliability 
based network analysis. 
 
As a result of the studies, the comprehensive approach to utilise available information for 
distribution transformer condition assessment as an input of a reliability based network 
analysis is presented. Based on the approach, it is possible to optimise maintenance and 
monitoring actions as part of the life cycle cost evaluation. This is elucidated with a simplistic 
case study, which evaluates costs and benefits for distribution transformer condition 
monitoring system for in-house installed transformers.  
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Introduction  
 
The average size of a distribution company in Finland has increased during the last decades, 
which is following a general trend globally. Electricity distribution company mergers started 
already few decades ago and the phase of mergers increased in Finland in the 1990’s due to 
the changes in legislation and regulation. One of the major changes in utility perspective has 
been that distribution business is needed to be unbundled economically from the sales and 
production. In electricity sales, markets are open for competition and the law of demand and 
supply controls the business. To establish this, exchange market was created for the Nordic 
countries in late 1990s. In distribution business, companies are still operating as a monopoly, 
in which the regulator sets frames for the market including profitability. The regulator put 
pressure on network companies to be more efficient and more reliable than earlier, which 
forces distribution companies to seek new possibilities to manage the assets more efficiently.  
 
Another rapidly proceeding change in distribution business is happening in employee age 
distribution due to high pension rates, which has partly lead to situation that no one in a 
distribution company can fully manage the documentation of the distribution network without 
proper ICT-systems. The changes in the market and operating environment of the electricity 
distribution has changed the asset management principles, which is moving from the earlier 
used experiment-based network management to a systematic ICT-based approach. In practice 
this means that paper and pencil has changed to automated calculation and planning 
functionalities and more efficient working methods based on ICT systems. Most of the every 
day actions, such as planning and operation of the network, rely quite heavily on ICT systems 
and many questions are answered based in the information in the databases, such as: What 
kind of components and environment are we dealing with within the network? Where are the 
most critical assets located? How can we manage assets in an optimal way? How can we 
move from time based maintenance actions to demand based actions? The answers are needed 
because at the moment electricity network companies are facing the fact that there is a need to 
reinvest heavily into the network or boost maintenance activities to keep the networks in 
proper condition. Ageing is not the only challenge in the network; abnormal weather 
conditions have also caused wide-scale interruptions in many countries. Because of this, the 
legislators around Europe have taken the power quality into account in the currently used 
economical regulator models and legislation to push companies to improve the reliability of 
the electricity networks.  
 
At the moment, most of the Finnish distribution companies already have a network 
information system to give information to asset managers. Computer based tools and data are 
widely available for network planning, operation and control. The existing system 
architectures give good possibilities to develop novel methods in optimising investment and 
maintenance strategies according to stakeholders’ needs. When the data quality is adequate, 
there are several possibilities to utilise existing information for example in network modelling 
and strategic planning.  
 

1.1 The author’s role in the studies 
Tampere University of Technology took an active role in network analysis and software 
development work at the end of the 1970s and comprehensive methods for distribution 
network calculations have already been presented in the 1980s [Lak84]. The development 
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work has been continued and several practical implementations have been introduced, such as 
PC-based information and design systems [Par91], distribution network feeder fault 
management [Jär95] and in medium voltage configuration management [Ver97], for example. 
 
As a continuation of the methodology and application development work for distribution 
networks, a research project was carried out in TUT between 2002 and 2005, where the aim 
was to implement enhanced reliability based network analysis as part of the network 
information system. This work was carried out in a reliability based network analysis (RBNA) 
-research team. In the project reliability based network analysis methodology was 
implemented and pilot software developed. The methodology and software implementation 
was carried out in cooperation with Tampere University of Technology (TUT) and Technical 
Research Centre of Finland (VTT).  The members of the team were Pekka Verho, Jussi 
Järvinen, Mikko Oravasaari and the author from TUT and Susanna Kunttu and Janne Sarsama 
from VTT. The project was led by Pekka Verho, who also implemented the practical interface 
for an existing network information system. Jussi Järvinen developed a large part of the user 
interface and was responsible for developing a voltage dip analysis. Mikko Oravasaari 
evaluated the developed application with practical calculations. Susanna Kunttu and Janne 
Sarsama evaluated the statistics aspects and developed the modeling principles for network 
analysis. The author’s role in the team was to participate to the development work of the 
failure rate analysis and especially in developing the methodology for distribution 
transformers the author’s role has been essential. The author, by himself, has carried out  the 
practical implementation of the failure rate, network characteristics and network criticality 
analysis as a part of an existing distribution network and design system. The author 
programmed the list of results of the analysis as a separate application to get an insight of the 
individual results. The working group achieved advantageous results because of the tight 
cooperation between the institutes and several distribution network companies. Finnish 
software developers also financed the work and gave important input into the methodology 
development work during the workshop sessions. Based on the methodology and prototype 
software, Tekla Ltd. was first to commercialise the calculation methodology. As a 
continuation of the development work, the author has adapted the first commercial 
implementation as part of every day practices in Vattenfall Distribution Nordic Networks 
Finland (later Vattenfall Finland), where the author has been working since 2006. This has 
required a lot of preparative work to tune the tool according to the existing network statistics. 
Also some changes in working procedures were done in the organisation. The author has also 
supervised several B.Sc. and M.Sc. theses related to practical studies concerning the tool in 
Vattenfall Finland. 
 
Another important field of research work in TUT has been the developing of condition 
monitoring methods for distribution network components. The author finalised his master 
thesis related to a transformer condition monitoring as part of TESLA TSH project in 2002. In 
this area the author continued the work, which Kirsi Nousiainen started together with Pekka 
Verho. The author’s research work in this research topic concentrated on developing methods, 
which utilise loading measurements from transformer stations with available temperature 
data. During the research work IEC and IEEE loading guide standards for distribution 
transformers and neural networks based methodology have been evaluated. Based on the 
studies, the author has also developed several applications to evaluate the condition of the 
transformer condition The first application is an independent tool for Microsoft operating 
system for PC. The second application was a commercial application implemented by the 
author in PowerQ Ltd. as part of an existing power quality measurement system, which is 
provided as an application service provisioning concept (ASP). The latest pilot concept 
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implementation was carried out by the author with an existing AMR meter in Vattenfall 
Finland, where the whole monitoring concept has been tested with the meter and database 
functionalities as a part of Intelligent Network research program of Vattenfall Group. In this 
work, Markku Kauppinen did the practical implementation of the meter installations in 
existing systems. The author implemented the interface which enable that the measured data 
can be utilised as an input of a condition assessment application and evaluated the usefulness 
of the concept. As a conclusion of the studies the pilot concept will be evaluated to find out 
whether it is in practice economical reasonable to implement for critical secondary substations 
monitoring in Vattenfall Finland. 
 
In the field of maintenance, the author has developed a standardized inspection information 
structure as part of his work in PowerQ Ltd. between years 2003 and 2006. Nowadays the 
standardized structure is used in several Finnish utilities. The approach developed is currently 
a part of the network construction standardization entity provided by HeadPower Ltd. This 
work gives a good basis to evaluate the possibilities to implement comprehensive condition 
assessment approach for distribution transformers also based on available inspection data. 

1.2 Structure of the thesis 
 
In the course of the research work the author has published the main results of the work in 
international publications and conferences. The publications constitute the major part of the 
thesis and the introductive part aggregates the publications as an integrated entity. Chapter 2 
describes the main features of asset management and the concentration is on the life cycle 
costs, risk analysis, maintenance and condition monitoring. The third chapter concentrates on 
the reliability based network analysis developed and the pilot application implemented during 
the research work. Publications 1 and 2 describe the material used to develop methodology, 
the methods selected for the analysis together with example studies with the implemented 
tool. Chapter 4 introduces transformer monitoring possibilities based on the existing loading 
and temperature data. Publications 3 and 4 describe and evaluate the condition assessment 
methods for transformers studied in the thesis both based on the measured temperature values 
and comparison with other condition monitoring measurements. The monitoring methods are 
evaluated and practical requirements for implementation are presented. Chapter 5 describes 
the utilisation of the developed prototype application and the commercialised reliability 
analysis module in everyday practice in a distribution company. This is discussed in 
publication 5. A practical implementation of the developed condition monitoring methods for 
distribution transformers is presented and the main results are described in publication 6. The 
possibilities to implement the condition monitoring functionalities with other available data as 
part of existing network information system and especially the reliability based network 
analysis is presented in publication 7. Also, a business case study for transformer condition 
monitoring is shown as an example of the practical cost/benefit studies. Chapter 6 summarises 
the thesis and lists the main contributions. Also, some possible future development 
possibilities are briefly discussed. 
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2 Overview for asset management 

2.1 Definition of the asset management 
Asset management is currently a widely used trendy phrase which has various interpretations 
in the electricity distribution industry. However, in many cases asset management is defined 
based on the similar principles. [Gov09] defines utility asset management as 
 
“. . .the process of guiding the acquisition, use and disposal of assets to make the most of 
their future economic benefit and manage the related risks and costs over their entire life”  
 
Publicly Available Specification [Pas08], which can be used as a standardized approach for 
asset management, defines asset management as: 
 
“…systematic and coordinated activities and practices through which an organisation 
optimally and sustainably manage its assets and asset systems, their associated performance, 
risks and expenditures over their life cycles for the purpose of achieving its organisational 
strategic plan” 
  
In [Sha05] the definition is: 
 

“… is the process of maximizing the return on investment of equipment by maximizing 
performance and minimizing cost over the entire life cycle of that equipment” 
 
In [Moh03] the definition is: 
 
“… Enterprise Asset Management (EAM) is a discipline for optimizing and applying 
strategies related to asset life cycle investment and work’ planning decisions.” 
 
[Bro04] defines asset management as: 
 
“… the trade-off between risk and return. Investors identify acceptable risk, and asset 
management techniques are used to achieve this level of risk while maximizing expected 
profits.” 
 
All the definitions above present that asset management consists of two parts. The first part 
can be seen as the strategic part of the definition, which identifies the level of the acceptable 
risks. The first part relates directly to the corporate objectives including business values, 
corporate strategy and financial targets in terms of costs, performance and risks, which are set 
by an asset owner as described in [Bro05]. The second part concentrates on the technical 
perspective, which identifies the engineering techniques and utilization of the information to 
maximize the expected return of investments with the risk level defined. The second part 
identifies the technical solutions, which are used to achieve the adequate risk levels. The risk 
level specifies certain limits for the possible technical methods, which can be utilized for asset 
management. Both parts of the definition are really important and in practice, without the first 
part the second part cannot be successfully implemented. The organization itself needs to 
define the allowable risk level, the goal, and to support the implementation of the best asset 
management practices. With proper support, new possibilities for modern management 
principles can be found in the organization when the systems and the knowledge are in 
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sufficient level in the organization as presented in [Lop03]. However, the organizational 
perspective is omitted in this thesis and the focus is on economical and technical aspects, 
which mainly refers to the second part of the definition. 
 
As in [Moh03], it has been pointed out that earlier asset management was mainly driven based 
on an asset-centric approach. This means that the risk level was defined based on the technical 
assets and the shareholder perspective was not as strong a driver or example when focusing on 
network investments. However, nowadays network companies are facing the fact that the 
shareholders are demanding an increasingly better economical performance and at the same 
time an adequate quality level. To fulfill these partly contradictory needs of the shareholders, 
comprehensive asset management needs to find a balance between the economical and 
technical constraints and considers all aspects equally from owning and managing the assets 
to an active role as a service provider.  

2.2 Lifetime cost evaluation 
 
Without a proper approach, balancing the economical and technical aspects can be really 
difficult. It is essential to be able to consider the allowable risk level according to the same 
principles as the economical constraints as presented in [Lak95]. In this thesis, the approach is 
based on modeling the risk as part of the life cycle costs. In the approach the harm caused to 
the customer is also considered in terms of money. With this approach, the economical and 
technical aspects become partially commensurable. The formulation of the asset management 
approach is based on the total life cycle costs F as presented in equation 2.1: 
 

F = Finv + Flosses+Fmaintenance+Ffault costs+Fcust + technical constraints (2.1)  
 
In the equation, Finv refers to the investment costs for the planned investments. Flosses defines 
the costs of network losses due to the power supplied in the network. Fmaintenance covers the 
maintenance costs including overhaul, reparation, inspection and condition monitoring costs. 
Ffault costs defines the total costs for a network company related to fault reparation in a network. 
The fault costs for a distribution company include material and labour costs in case of 
switching and fault repair. The term also includes the loss of revenue when customers are not 
served as well as compensation for the customer due to long interruptions, which are actual 
money for the network company. It can also be considered to take into account other failure 
related costs, for example costs of land changes in an oil leakage situation. Fcust is 
inconvenience costs caused for the customer due to voltage dips, momentary and permanent 
interruptions. These costs are based on the approach, where both the interrupted power and 
the non-delivered electricity is causing harm for customers as described in [Lem94]. 
Customers in this thesis are defined to be electricity users, but electricity sales and production 
companies can also be considered as customers for a network company. The compensation 
principles for sales and production companies are not implemented in the current regulation 
model used in Finland and therefore not discussed in this thesis. However, when evaluating 
for example interruption costs in certain location, it will be valuable to consider also existing 
contracts with the sales and production companies which are affected by an interruption. 
 
All the costs are defined for the whole lifetime of the investment, which is, in terms of an 
electricity company, several decades. In the approach, the risk is considered to be the risk of a 
failure and the consequences of the interruption caused by the failure in terms of money. The 
equation can be used to find economically optimized life cycle costs, when the acceptable risk 
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level for different incidents is defined in terms of money. However, at the same time with the 
life cycle cost evaluation also technical constraints should also be fulfilled, which are depicted 
with the term technical constraints of the equation. The constraints are also affecting to life 
cycle costs and are discussed more in detail in chapter 2.2.1.  
 
In the equation, the investment costs, cost of losses, maintenance costs and fault costs are real 
costs for a network distribution company from the end customer perspective. Costs for 
customer are not directly measurable costs in the distribution company perspective, but due to 
the current regulation practice in Finland, those costs are affecting the profitability of the 
company. Therefore those can also partly be considered real costs for a network distribution 
company. In the present regulation model there are both direct and indirect ways, how the 
customer interruption costs are affecting the profitability as presented in [Emv07]. Based on 
the model, half of the interruption costs can be considered as direct costs for the company, 
when the effect is less than 10 % of the profitability. This and other aspects of the model for 
electricity distribution companies are discussed in more detail in [Hon08]. 
 
The equation 2.1. itself together with the technical constraints is a comprehensive definition 
for the second part of asset management because it takes into account both technical and 
economical aspects. The equation can also be used as part of the approach, where asset 
management is evaluated in the short-term, mid-term and long-term perspective, which is 
discussed in [Sha05]. Risk optimization in the short-term can be considered as part of network 
operation and control optimization, mid-term optimization as part of the maintenance program 
and long-term optimization as part of investment life cycle optimization. 
 
In practice, instead of optimization of the lifetime costs, the investment planning is often 
based on direct investment costs. This means that the total lifetime costs are not 
comprehensively considered in the planning phase even though it is the most important 
investment meter from an economical point of view. This can lead to decisions, where only 
short-term affects are considered. However, there is an increasing trend to develop tools and 
methods for lifetime optimization which gives a proper basis for modern asset management. 
In practice, however, the maintenance costs are also often neglected or considered stable in 
life cycle cost calculations [Ver05]. This is because the costs are often based on time based 
maintenance actions, when costs per kilometer or per unit remain the same through the time.  
 
Also, even though the regulation allows the distribution companies to define more enhanced 
maintenance strategies in Finland, there is in practice often lack of existing data to challenge 
traditionally used practices in distribution network even if promising approaches to optimize 
maintenance policies are described in literature [Hil07].  This is the case because the accurate 
data from a distribution network to define the correlation between failures and maintenance 
actions is not commonly available as a basis for maintenance strategy evaluation. For 
example, correlation between actions based on inspection results and failure rate of a 
component can not be identified based on the statistics and therefore optimization of the 
inspection cycles and importance of the actions is based on the expert knowledge. Therefore 
the effects of alternative maintenance actions are hard to evaluate based on sound statistical 
judgment. Network companies are at the moment gathering information from maintenance 
activities so in the future the amount of available information could help in maintenance 
strategy optimization. 
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2.2.1 Technical constraints 
 
When optimizing life cycle costs of a investment, the designed network structure should also 
fulfil the technical constraints to ensure that the system can be operated safely. The technical 
constraints include safety, mechanical and electrical constraints such as short circuit current 
durability of the component and mechanical endurance to persist wind and ice loads, for 
example. The constraints are commonly defined in regulations, recommendations and 
guidelines defined for electricity industry as common policies or the company’s own 
guidelines. The minimum requirements for constraints are defined in technical standards 
[Sfs07], [Sfs09], [Sfs05] for example, but in many cases the electricity industry branch or 
utilities themselves have defined their own criteria for technical constraints, which lead to a 
more robust and safer network. The technical constraints affect mostly to investment costs, 
but have also some effect for other life cycle costs presented in equation 2.1 such as cost of 
losses.  
 
The technical constraints set the basic requirements for network structures. For example 
safety requirements should always be fulfilled in all parts of the network, which for example 
means that the requirements for minimum distances from the houses is fixed or the step and 
touch voltage is not allowed to exceed defined limits. Also the quality of electricity should be 
at an adequate level; for example the voltage should be within the acceptable tolerance, 
commonly between –10%…+10% on average in common coupling point based on a 10-
minute measurement interval [Sfs08].  The network topology, which means what route 
electricity is being supplied, is affecting the fulfilment of technical constraints. Technical 
constraints are the fundament of network and maintenance planning. In practice the technical 
constraints can be systematically evaluated with existing network planning tools. The 
methodologies to calculate electrical constraints are comprehensively studied in [Wil04], 
[Iee97], for example. In this thesis the concentration is on the economical evaluation of the 
investment and maintenance actions and the technical constraints are assumed to be fulfilled 
in the planning phase. However, the technical constraints can be used as part of network risk 
analysis and the cost equations. This is discussed later on in this thesis. 

2.3 Risk based approach for asset management 
 
The definition of risk is related to the terms damage and the probability of occurrence. The 
total risk of a certain part of the network can be identified using a risk matrix as depicted in 
Figure 1. The risk matrix is one of the most commonly used risk evaluation tools. The terms 
in the matrix vary depending on the source, but the main principle used in this thesis is the 
same as in [Muh08], for example. Also other approaches exist for criticality analysis as 
presented in [Rim99] and in [Nor07], but in general those can be also presented in the form of 
a risk matrix.  
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Figure 1: Risk matrix for risk evaluation 

The risk matrix presented above depicts the correlation between the probability of an 
individual failure and the consequences of the failure. These definitions for the axis of the 
matrix are used in this thesis. The matrix can be linked to life cycle cost evaluation because 
the consequences of the failure can also be considered as economical losses. From a technical 
and economical perspective, the tangible risk in the distribution network can be considered as 
a probability of network supply failure in a certain part of the network and economical losses 
due to the failure. Some other aspects such as reputation and image cannot be directly linked 
to costs and need to be considered as non-tangible risks. Different factors are discussed in 
[San08], for example. The probability of failure is commonly linked to the condition and age 
of the component and is depicted using a bathtub curve as presented in [Wil04]. 
 
The higher the probability of failure and the consequences of the failure of the component are, 
the higher the interruption costs and therefore also the criticality of the component. For 
example in a transmission network the consequences of a failure, when it causes an 
interruption, are always high. Therefore it is desired to keep probability of failure low. In a 
distribution network, the economical losses due to a failure causing an interruption are in 
general somewhat less than in a transmission network. From a risk management perspective 
this means that failures are allowed to occur more often in a distribution network than in a 
transmission network. 
 
The probability of the failure can be defined based on the condition of the component. 
Depending on the definition, also the surrounding environment of a component can be 
considered to be included in the definition of the component. Examples of the environmental 
surrounding factors are trees close to overhead lines or probability of lightning, for example. 
In [Bil01] failure rates are divided based on weather conditions defined in IEEE standard 859, 
and the approach also considers time perspective in a failure rate modelling. The model can 
be considered to include surrounding factors in component definition. Other possibility is to 
model surrounding environment as its own component. For example, in an existing network 
information system the line corridor is handled as its own component group having its own 
characteristics. However, in this thesis the surrounding environmental factors affecting the 
component failure probability are defined to include definition of the component. 
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The condition of the component is considered to have a two-dimensional impact for 
component reliability: external and internal. The external condition relates to the condition 
which can be defined externally based on visual inspections, like to observe oil leakages, 
damaged insulators, need of tree clearance etc. For assessing the internal condition, different 
condition measurements are needed to measure deterioration rate and to define internal 
condition of a component. The condition can be used to define probability of a failure of a 
component.  
 
Based on the probability and consequences of a failure, the investment and/or maintenance 
actions can be focused on the critical components and surrounding environmental factors. The 
described approach can be used for example when evaluating the reliability of a network, 
which is discussed in more detailed in Chapters 3.  

2.3.1 Maintenance as part of the risk based life cycle cost optimization 
Maintenance costs are one part of the total life cycle costs and the optimizing of maintenance 
actions from a asset management perspective is a popular research topic at the moment. The 
fundamental reason to perform maintenance actions is to maintain and/or prolong the 
technical lifetime of a network component or hinder the failure due to environmental factors. 
Aim of maintaining a technical lifetime of a component is to extend the mean time to next 
failure during the equipment lifetime [End99]. The effect of maintenance is depicted in the 
figure below by a bathtub curve, which is used to depict the lifetime of a network component 
from a probabilistic perspective. The picture shows the principle of how maintenance will 
affect the failure probability when accomplished. 
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Figure 2:A bathtub curve showing the impact of the maintenance actions [Wil04] 

 
Maintenance can be considered to include all the planned actions in the network, which 
maintain the component usability in the network. Maintenance policies can be divided into 
two main categories: Corrective or preventive maintenance. Corrective maintenance is a 
reactive approach, where maintenance activities, mainly repair works, are done after a failure 
has occurred. On the contrary to corrective maintenance, preventive maintenance involves a 
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proactive approach, where the component condition is inspected and maintained before the 
failure. Preventive maintenance is often categorized as time-based maintenance (TBM), 
reliability-centered maintenance (RCM) and condition based maintenance (CBM). In many 
industrial sectors also bulk or age-based component replacements are used, which can be seen 
as one part of time-based maintenance [End99]. Time-based maintenance is the most 
commonly used maintenance policy in a distribution network and it is based on fixed time 
intervals, where the interval between repeated maintenance activities is defined based on 
experience or best practice recommendations from the industry guidelines. In practice, some 
maintenance activities need to be done on a regular basis due to regulation, such as earthing 
connectivity measurements, but when deciding for example the timing of the overhauls, it is 
cost efficient to do it based on need if possible. More enhanced preventive maintenance 
methods RCM and CBM have the idea of recognizing the criticality and/or condition of the 
component and based on that, maintenance actions are triggered just in time to avoid failure 
or malfunction of a device. CBM can be seen as a part of the RCM methodology. These 
approaches are discussed in more detail in the following chapter. When utilizing CBM or 
RCM based methods, it is important that the existing legislation and government regulations 
are followed. In addition, one maintenance approach is boosted or improving maintenance 
where some of the network components are replaced with new ones with better functionality. 
This is the case for example when changing spark gaps to surge arresters in overvoltage 
protection and therefore limiting the stress experienced by a protected component. Sometimes 
boosted maintenance actions and other component replacements can be considered as small-
scale investments. 
 
When optimizing the lifetime costs of a network, it is valuable to utilize different maintenance 
policies for different components depending on the criticality of the component. It is also 
essential to know how far maintenance policy will extend the life time of a component. A 
state model to explain the role of random failure and deterioration failure is defined in 
[End99]. In the model, random failure can occur independently of the condition of the 
component, but deterioration failure is dependent on the condition of a component and can be 
affected by maintenance actions. However, to utilise the model further, the stages and effects 
of maintenance actions are needed to define. This is challenging task, because in practice the 
needed information is rarely available. Besides the correlation between the condition and 
maintenance actions, it is important to know the consequences of a failure. This depends on 
the location of a component in the network. With low priority components corrective 
maintenance can be the optimum approach. With high priority components, maintenance 
should be based on preventive actions to avoid failure. Currently the maintenance practices 
used in distribution companies are still mainly based on fixed time interval maintenance 
actions and only for few critical component groups, such as primary transformers, more 
enhanced condition monitoring methods are utilized. To be able to define which approach is 
the most efficient for a certain component, a risk based approach is required. For this the risk 
matrix can be used to define the maintenance and monitoring policies for components or 
component groups.  

2.3.2 Condition monitoring as part of the risk matrix 
 
Reliability centered maintenance approach can be considered as an example of utilizing the 
risk matrix presented in chapter 2.3, where the probability of failure and consequences of 
failure are used to define the component’s criticality. In this thesis, maintenance actions are 
considered to include inspections, overhauls and condition monitoring or continuous 



 11

inspections as defined in [End99]. Based on this, the risk matrix can be applied for all action 
types separately to define the optimal policy for a certain component. An example of 
optimizing overhauls can be found in military industry studies in [Ban08], which introduces 
separately defined overhaul periods according to the battery location. The condition 
assessment measurements can also be used to define which part of the risk matrix the failure 
probability of a component is located. For example in [Hug08] an approach to define the 
health index is described, which is used to define the probability of failure of a component. 
The health index is described to take into account various factors, such as age, measured 
condition and maintenance actions. However, before the utilization of the condition 
measurements, also the consequences of a failure of a certain component should be evaluated 
to define the need of the monitoring. 
 
When evaluating condition monitoring methods in risk matrix perspective will support the 
idea of using different condition assessment methods depending on the criticality of the 
component. Based on the criticality of a component it can be defined how accurately the 
condition of a component needs to be known to avoid unnecessary risks and optimize the 
lifetime. Basically this will lead to the conclusion that the most advanced condition 
monitoring methods, which are at the same time the most expensive, are used only for the 
most critical components, such as primary transformers in certain locations. Current practices, 
however, indicate that when condition monitoring methods are utilized, the methods are 
systematically used for all same type of components without evaluating the benefit of the 
procedure for an individual component. In case of primary transformers, for example gas in 
oil analysis is often done on a regular basis for all components regardless of the location of 
the component. However, when also taking into account the risk evaluation it makes condition 
monitoring somewhat more complex and the need to handle the issue as part of existing ICT-
systems increases. In addition, when developing more comprehensive techniques to utilize all 
available data for condition assessment and risk analysis, it also requires well functioning ICT 
systems to support the approach. 

2.4 Economical evaluation for condition monitoring methods  
 
The major advantage of condition monitoring is that it allows the asset manager to have a 
greater degree of confidence in how the assets are performing and reduces the need to rely on 
simple time-based preventive maintenance. However, the available techniques should be 
evaluated with a cost/benefit approach. This can be considered as a process, which is used to 
define the principles to utilize different condition assessment methods for different network 
components. During the process the criticality of an individual component is evaluated based 
on failure probability and the failure consequences as described earlier in 2.3. The similar 
type of approach can also be used to define the optimal timing of the maintenance actions as 
described in [Kos04] for example.  
 
The evaluation of available methods is needed to be exercised on a regular basis to be able to 
evaluate which assessment methods are economically reasonable to be utilized. This is 
because the costs and the monitoring needs can vary. As an example, the following figure is 
presented to show how different monitoring methods can be evaluated from economical point 
of view:  
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Figure 3: Flowchart of monitoring method evaluation process 

In the approach, after selecting the monitoring technique under evaluation, the first step 
includes the approximation of the direct benefits of the method for example in maintenance 
actions. A monitoring method can decrease the need of carrying out overhauls periodically 
and therefore save costs, for example. In the second step the direct implementation costs of 
the method are defined for every individual component. This includes both the measuring 
equipment and also system development for an individual component or component group. 
The third step is needed to be defined for each component or component group, what kinds of 
consequences will an individual fault cause. For this, reliability analysis can be utilized. In the 
fourth step, it is being approximated how utilizing the monitoring method will affect the 
probability of failure. If the evaluation is carried out as part of the reliability analysis, the 
value is given directly as a result of the analysis. After that the costs of the monitoring system 
is compared to the benefits of the system. On the other hand there are extra costs due to the 
new method and on the other hand, the method will decrease the failure-dependent costs. 
There are also overall costs, such as system costs, which should be considered for all the 
monitored components equally in this point. For all the selected components, this is evaluated 
in phase six. The final step is to define the payback time and also to consider non-tangible 
benefits, such as brand value, strategic targets to make a comprehensive analysis. The 
approach is used in the case study presented in chapter 5.6. 

2.5 Information utilization 
 
To be able to manage assets based on the life cycle cost optimization and risk level evaluation 
in the network, the fundamental issue is adequate information. Information is a very important 
ingredient of the decision-making process and when seeking cost-efficient possibilities for 
asset management, it is first worthwhile to take a glimpse on the existing data and try to figure 
out the possibilities that existing data can offer. Nowadays information is in general stored in 
electrical form by separate systems, which are specialized for a certain purpose. An example 
overview of existing data storages in the electricity distribution company environment is 
depicted in Figure 4. 
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Figure 4: Foundation on the modern asset management system 

 
Even if the system databases are often separate, the interconnections between different data 
structures are widely applied and used as a foundation of the various applications. There exist 
several practical implementations of the integrated data structure from various data storages 
and some practical examples are described in the following list:  

- The network information system is utilizing the data available from multiple 
databases, where the customer loading curve information together with 
component and geographical information is used to manage the distribution 
process [Par91]. This approach has been used in Finland over 20 years and it is 
one of the most fundamental systems in the distribution network industry, 
which utilizes the combined information from the various data sources. 

- The distribution management system is utilizing information both from 
SCADA and from the network information system as a basis of the distribution 
network operation [Ver97]. 

- The system for enhanced customer communication, where real-time operative 
information from SCADA together with customer, component and 
geographical information is combined to offer interruption statistics for an 
individual customer connection point. This information can be delivered to the 
customer via email, SMS or post office depending on the customer need.  

- Enhanced network-planning application, where customer information, both 
load curves and hourly collected loading data from the meter combined with 
component structure and topological information is used to seek overloaded 
components.  

 
Some other possibilities are outlined in [But03] and [Yan01] for example. [Wan07] introduces 
an interesting idea to utilize geographical data for automated network planning in urban 
networks. For rural areas similar studies are presented in [Mil08]. However, the algorithms 
are not comprehensive yet and more studies are needed. 
 
As a conclusion, there is almost an endless list of possibilities when seeking novel 
possibilities to utilize existing data in new ways. However, the data utilization should also 
give added value to the asset management and therefore the possibilities detected should be 
evaluated economically. The thesis emphasizes the importance of already existing data and 
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depicts practical implementation of the risk matrix through network reliability assessment 
based on the existing information from the databases. The thesis also introduces some new 
requirements for system integration and data storage.  
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3 Reliability based network analysis  
 

A possibility for network utilities to manage the assets efficiently from a stakeholder and 
regulatory perspective is to utilise reliability based network analysis, which can be used 
to seek optimal sites for investments and maintenance actions. In this thesis the term 
reliability is considered to be the usability (ability to perform a required function under 
given conditions in a certain time frame) of an electrical system, which can be disturbed 
by permanent interruptions, momentary interruptions and voltage sags. The definition is 
mainly the same than defined in [Bro02], but the role of the voltage sags is different. 
Voltage sags are in [Bro02] considered as part of the power quality and the reliability is 
considered to be a subset of the power quality. The reliability is considered in developed 
approach as part of the failure rate analysis. The other important term, availability, is 
defined to include besides usability also the repair time of a component. Availability is 
considered as part of radial network analysis in developed approach. 
 
The first ideas of developing reliability based network analysis methodology for 
electricity networks have been presented already in the 1960’s [Pat68]. Since then, the 
topic has been continuously discussed in literature. Even if the topic has been studied 
quite comprehensively, there are possibilities to develop the analysis further. An 
approach to improve reliability based network analysis has been carried out at TUT 
between 2002-2005 by the reliability based network analysis (RBNA) -research group. 
Publication 1 and 2 present the general concept of the calculation methodology developed 
and the reliability based network analysis prototype implemented. Also some example 
calculations with the computer program implemented are presented. In this chapter some 
relevant aspects of the developed reliability based network analysis methodology are 
elucidated. 
 
In general, the reliability based network analysis is based on the network failure 
probability and consequences analysis and therefore it can be used for risk based asset 
management and the risk matrix defined in chapter 2.3 is utilised behind the analysis. In 
the approach failure probability of the component is identified based on the component 
characteristics and environmental factors. Based on the data, the failure rate is defined for 
all network components. The failure rate information is used to define the position in the 
vertical axis of the risk matrix depicted in Figure 1. The consequences analysis is 
dependent on the component connections and the location of the customer points in the 
network. Based on network topology together with customer and component connection 
information, the consequences in terms of costs can be defined. Individual components 
have their unique consequences when a fault occurs depending on the network structure. 
The position in the horizontal axis at the risk matrix is based on that information. The 
probability of a failure and the consequences of the failure can be used to locate and 
identify critical components in the network.  
 
When using the cost information achieved by the reliability analysis, the life cycle costs 
can also be defined with the analysis. In a comprehensive analysis, investment costs, 
losses, maintenance costs, distribution company failure costs and customer failure costs 
can be defined with the equation 2.1 described in chapter 2.2 based on the reliability 
calculations, load flow analysis and investment cost evaluation. The reliability based 
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network analysis, which includes both reliability and economical calculations, can be 
used to find the most optimal locations and optimal strategy for investments.  

3.1 Reliability based network analysis methodology 
 
Reliability based network analysis introduced in the thesis is divided into four main parts. 
These parts are failure rate analysis, radial network analysis, network characteristics and 
a criticality model. In publication 1 and 2 the terminology differs in some parts from the 
terminology used in the introductive part of the thesis. In the publications, failure rate and 
radial network analysis are used with the same meaning as the terms are used in the 
thesis. The terminology described is not obvious and many other terms are used in the 
literature related to reliability based network analysis. Therefore the different parts of the 
model are being introduced separately in Chapters 3.2-3.5. 
 
The failure rate analysis defines the probability of occurrence of a failure and the radial 
network analysis refers to the analytical simulation for radial systems as described in 
[Bro02]. The analytical simulation for radial system model responses to failures and it is 
used to calculate the impact of a failure for each component. However, the term cost 
model used in publications 1 and 2 is generalised in the thesis to consider all output of the 
analysis by using the term network characteristics. Network characteristics also include 
life cycle cost analysis of the investments. The fourth part, which has been implemented 
as part of the analysis during the research work but not discussed in the publications, is 
the criticality model. The model is described and evaluated in chapter 3.5. The relation of 
the terminology used in publications and in here is described in Figure 5. 
 

 
Figure 5: Terminology used in the introduction and related publications 

Reliability based network analysis can be based on the analytical methodology, where a 
mathematical model is used directly to define system reliability [Bil83]. Another general 
approach is to use indirect methods based on numerical experiments with simulations. 
These methods are called simulation-based methods. In the following chapters, both 
approaches are described and evaluated.  

3.1.1 Analytical network modelling 
 
There are two fundamental techniques for analytical modelling. One is called network 
modelling and the other is Markov modelling [Bro02]. Network modelling is a 
component-based approach, where each component is described by a probability of being 
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available and the probability of not being available. It can be also presented in terms of 
failure rate or in the other words, hazardous rate combined with component repair time. 
In the approach, real network components are modelled as part of series or parallel 
connections according to the network structure, which makes the approach practical.  
 
Another analytical method to define network reliability is Markov model, which is a 
state-based method. The Markov model characterizes a system as a set of states and 
transitions between states that occur at discrete or continuous intervals [Bro02]. The 
states used in reliability analysis often are: component available, component failed and 
component maintained, for example. The states are expressed for each component in the 
network. Examples for utilising Markov models are presented in [Bro96] and [Heg07], 
where the model is used for distribution network. The model itself gives good 
possibilities for reliability evaluation, but in practice, the complexity of the 
parameterisation and the amount of probability transitions becomes too high if 
implemented without simplifications for a distribution network analysis. 
 
Currently practical applications are often utilising analytical methods, where the failure 
rate is predefined to a certain probability level as described in [Zha08], for example. This 
approach has been adapted also in the methodology used in this thesis. The probabilities 
are defined based on the information from statistics and engineering judgement. The 
method used is an event-driven approach, where each failure event is treated separately 
and the consequences of the failure are defined based on the load points affected. The 
example of the event-driven approach is described in [Mäk91]. Another commonly used 
approach is load-point driven, where each load points are treated individually [Ber02]. 

3.1.2 Simulation based models 
 
The current tendency in developing tools and methods for reliability based network 
analysis is to utilise stochastic simulation methods based on probability theory such as 
Monte Carlo analysis. Examples of that can be found in [Ber02], [Sch06], [Slj06], 
[Der07], [Fel07] and [Bla09]. Simulation methods are based on the stochastic behaviour 
of the reliability, which is dependent on the probabilities of the failures. The failure 
probability can be based on various factors such as environment and component type, for 
example. All the factors can be modelled with different probability distribution functions. 
The most well-known distribution functions used in reliability modelling are Weibull, 
exponential and normal distribution functions.  
 
The basic principle of the simulation approach is to utilise distribution functions with 
randomly generated events to define the system reliability in terms of probability. The 
simulation can be consequently treated as a series of real experiments [Ber02]. The 
simulations can be done in random or sequential way. In random approach, the 
simulation triggers randomly chosen intervals. In sequential approach the intervals are 
chosen in a chronological order. The sequential approach is often an appropriate 
approach, in the cases where the simulation events of one interval are dependent on the 
previous interval, which is the case with reliability analysis. 
 

3.1.3 Evaluation of the methods 
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Even if the simulation-based approach should be used for events with a stochastic nature, 
there are certain downsides in modelling. For example, when modelling large-scale 
networks, a lot of calculation capacity is still needed when utilising simulation-based 
tools in practice. This obviously increases the calculation time needed. In every day 
practice, the simulation-based methods often take too much time.  
 
Available statistics are also at the moment too inexact to identify the probability function 
parameters accurately even if in general level a comprehensive amount of data exists. For 
example, the failure probability caused by lightning for transformers protected with spark 
gaps cannot be defined directly based on statistics even if the common failure rate 
probability function for transformers is available. In [Auv04] the same challenge is 
described, when evaluating the condition distribution of poles. This challenge has also 
been issued in [Gon09] where a normally distributed failure rate function is evaluated 
based on the available statistics. The conclusion of the research work described in 
[Gon09] is the obvious need of standardisation of the failure data. In publication [Zic09] 
it is pointed out the same problem in searching correlations between the failure rates and 
maintenance actions. Both [Zic09] and [Gon09] state that empirical approximation is 
needed to find correct parameters for distribution functions for simulation-based 
modelling as mentioned in [Heg07]. Therefore also the probability functions and the 
parameterization of the functions are normally based on engineering judgement, which 
can decrease the accuracy and benefits of the probability based simulations. The RBNA-
research group did similar observations when evaluating and selecting the basic principle 
for reliability based network analysis. Also the deterioration model described in [Auv04] 
is in practice implemented based on analytical methods. Based on the observations 
presented, the analytical network modelling was selected. However, the amount and 
accuracy of data is increasing, which provides better platform to develop simulation-
based approaches in the future. 
 
In a case of an individual fault, analytical methods give accurate results. However, when 
modelling several simultaneous faults during large disturbances, analytical methods 
cannot be used efficiently and simulation based models is needed to be used. This was 
also observed during the RBNA research work, when a simultaneous fault model was 
evaluated. 

3.2 Failure rate analysis 
 
The methodology for the failure rate analysis developed by RBNA research group is 
based on the analytical network modelling. The approach developed differs from the 
traditional analytical reliability analysis described for example in [Mäk91], where 
average failure rates are used for component groups. As defined in [Bro02], the most 
common failure types are internal equipment failures, animals, severe weather, trees and 
human factors.  According to the network statistics, the main failure causes in Finnish 
overhead networks are environmental factors related to wind and storms (44%), snow and 
frost (17%) or thunder (4%) [Et08]. All the factors are highly dependent on the 
surrounding environment of the component. In the developed model, individual failure 
rates are defined for each network component based on the component and surrounding 
environment related information. The approach improves the accuracy of the traditionally 
utilised analytical failure rate modelling. In the literature there are presented also other 
improved component failure modelling techniques, which can take into account various 
factors affecting the probability of failures, such as the weather effects [Zho04], [Alv08], 
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lightning [Lam03] or time [Ret04] for example. However, the models are in general 
evaluating only one individual factor affecting the reliability and therefore none of the 
papers presents a comprehensive approach, taking into account also the surrounding 
environment and condition as part of the failure rate modelling.  
 
In the methodology developed the total failure rate of the component is aggregated based 
on the sub failure rates defined with different surrounding environment and component 
based multiplier factors. This aspect is enlightened more in Publication 1. In the 
approach, the components modelled are overhead line element, covered conductor line 
element, cable element, secondary substation, disconnector station and general 
component type. In addition a general component type exists, which can be identified by 
the user. The failure rates defined for components describe the failure rate for 100 units 
or kilometers per year. In the case of a distribution transformer station, the following 
example presents a detailed description of the approach (the parameter values given are 
indicative). The summary of the definition is given in Figure 6. Each sub-failure rates are 
described separately. 
 

 
Figure 6: Failure rate of a transformer station in the developed model 

Transformer total failure rate  is dependent on 3 sub-failure rates. First sub failure rate 
depicts failure probability caused by lightning (later (FRL), basic value 0,25). (LFR) is 
multiplied with overvoltage protection multiplier w(OVP). w(OVP) can be 0,2 (totally 
protected cable network), 0,5 (surge arrester protection), 1,0 (spark gap protection) or 2,0 
(without any protection).  

 
The second sub-failure rate depicts failures caused by animals (later (FRA), basic value 
0,2), which is multiplied with animal protection multiplier (later w(AP)) and complexity of 
connection multiplier (later w(cc)). w(AP) multiplier can be 0,5 (bird protection in bushing 
and insulated connection cables and current limiting overvoltage protection), 1,0 
(insulated connection cables and current limiting overvoltage protection), 1,5 (uninsulated 
connection cables and spark gaps with bird spikes) or 2.0 (uninsulated connection cables 
and spark gaps without bird spikes). w(cc) describes failure rate of the other components in 
the secondary substation, which are not individually modelled, like capacitors, etc. These 
are considered as additional components in the structure. Multiplier w(cc) is calculated with 
the equation: 

 
w(cc) = 1+ 0.2 x number of additional components   (3.1) 

 
The third sub-failure rate is caused by other faults (later (OF), basic value 0,2) and it is 
multiplied with w(cc) and condition of substation multipliers (later w(CS)). w(CS) can be 0,6 
(nothing critical observed in planned inspection), 0,8 (nothing critical observed, inspection 
is delayed), 1,2 (need of repair observed in planned inspection), or 1,4 (need of repair 
observed, planned inspection delayed). The third failure rate is also multiplied with 
thermal condition multiplier w(TC). w(TC) can be 0,8 (hot spot is being monitored), 1,0 
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(normal situation without monitoring and without observed overloading) or 1,2 (observed 
overload situation based on the calculations). The final multiplier can be considered to be 
simplistic approach to identify benefits of the monitoring method as part of the risk matrix 
evaluation.  

 
The equation to define secondary substation failure rate ss is 

 
ss = w(OVP)* (FRL)  w(AP)* w(CC)* (FRA)  w(CS)* w(CC)* w(TC)* (OF)     (3.2) 

 
So as an example, failure rate of pole mounted secondary substation without extra 
measurements and animal protection and uninsulated connection cables and spark gaps 
with bird spikes installed without any other extra components and inspections done 
adequately without any observations related to overloading is: 

 
ss1 = 1,0 x 0,25 + 1,5 x (1+0,2 x 0) x 0,2  + 0,6 x (1+0,2 x 0) x 1 x 0,2 = 0,72 

failures/100 units per year, which is for each unit 0,0072 failures per year.   
      

An example of boosted maintenance actions, where spark gap protection is changed for 
current limiting surge arresters, uninsulated connection cables for insulated with bird 
protection in bushings, the failure rate for the same component is:  
 

ss2 = 0,5 x 0,25 + 0,5 x (1+0,2 x 0) x 0,2  + 0,6 x (1+0,2 x 0) x 1 x 0,2 = 0,345 
failures/100 units per year, which is for each unit 0,00345 failures per year. 

 
Based on the example, the actions of improving maintenance have an improving effect on 
the failure rate of a transformer. The model was defined in the RBNA research group in 
co-operation with network companies during work group sessions based on the available 
statistics and the engineering judgment. A similar approach is used for all the network 
components modelled. During the research work the analysis concentrated on medium 
voltage network, but a similar approach can be utilised also for other voltage levels. The 
failure rate analysis can be considered to give directly the position in the vertical axis of 
the risk matrix. 
 
The statistical background of the analysis and utilised information from the network for 
parameter definitions are described shortly in Publication 1. The statistics has been 
collected from eight Finnish distribution companies. The material consist of 8500 km 20 
kV over head line, 2500 km 20 kV cable, 7300 disconnectors and 12 470 transformer 
stations. The information included also fault statistics from 1-7 years depending on the 
company. Approximately 2400 permanent and 18400 momentary faults were reported. 
When evaluating momentary and permanent fault factors for overhead lines based on the 
statistics, the installation environment (field, next to road, forest) was recognized to have 
largest influence on fault frequency.  
 
In a case of transformer fault evaluation, totally 320 permanent faults was reported to 
consider secondary substations. Based on the material available, average fault frequency 
for secondary substations was defined to be 0,74 faults/100 sec. substations. As a 
comparison, based on the Finnish national statistics the average secondary substation 
failure rate (between years 1998-2002) is 0,62 faults/100 sec. substations. In the 
evaluation, permanent fault types were categorized based on the Finnish national 
statistics. The categories were used to identify and define failure rate and weight 
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parameters for different failure types. Based on the statistics, the studies to identify and 
categorize effects on a fault rate based on a substation structure, overvoltage protection, 
age, size and installation environment was carried out. More detailed information from 
the studies for all component groups is described in [Ver05]. 
 
The statistics together with engineering judgement gives quite a comprehensive basis for 
network modelling. However, there are some parts, which can be developed further. For 
example, the model is based on fixed time intervals and the failure rate is presumed to be 
constant independent on the component age or season of the year. However, generally the 
failure rates follow the bathtub curve equation, where an increased failure rate can be 
observed at the beginning and at the end of the lifetime. Another fact is that the failure 
rate is defined mainly based on the component structural and environmental data, but the 
internal condition of a component is not comprehensively used for modelling. In the case 
of transformer, hot spot measurement availability is used to indicate the condition, which 
can be considered to be the first step of the condition evaluation of a transformer. 
However, the model should be more comprehensive and take into account the all 
available information from the network. This is discussed more in chapter 5.  

3.3 Radial network analysis 
 
The approach utilised in the methodology developed can be referred to analytical 
simulation or contingency simulation as defined in [Bro02]. The key of the analytical 
simulation is to model accurately the sequence of events after a fault in the network (can 
be called contingency) to define the consequences for customers interrupted. The basic 
principle in radial network analysis is to model availability, which means evaluation of 
possibilities to isolate the faulted network part and restore the electricity with different 
operational equipment such as switches, disconnectors and fuses based on the network 
topology and in the end repair time of a fault. The practical implementation utilised for 
reliability analysis is mainly based on the principles adapted from [Mäk91]. Radial 
network analysis methodology is developed for distribution networks, which can be 
meshed but are operated radially. This means that there can be back up connections from 
other or the same feeder to supply electricity in case of a fault or a planned interruption. 
The methodology cannot be utilised with non-radially operated networks. 
 
The analysis used in the implemented approach is based on the evaluation of practical 
operation processes in different network utilities. The analysis starts with the assumption 
that in a certain part of the network failure occurs. In the first phase after the failure the 
analysis defines the network feeder without electricity based on the chosen failure 
location. In the next step, the methodology defines the parts of network, which can be 
isolated and restored automatically with line breakers, for example. The approach 
assumes that the line breakers isolate the fault area and restore electricity automatically if 
available. The next step is to seek and define the network parts, which can be isolated and 
restored with remote-controlled disconnectors and identify those areas. The algorithm 
presumes that the control centre is in the first place utilising all available remote 
controlled disconnectors to limit the amount of interrupted customers to minimum. After 
that the algorithm seeks and defines, which part of the network are still without electricity 
and which network areas can be isolated or restored with manually operated 
disconnectors. In practice this corresponds to the situation when the field crew operates 
manually controlled disconnectors close to the fault location. The algorithm also defines 
which percentage of manual disconnectors is used. This corresponds to the situation, 
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when the fault is fast to repair and it is more optimal to repair the fault instead of 
operating devices. Finally the analysis defines the area without electricity, which is 
experiencing interruption, with the length of repair time of the faulted component. Based 
on the radial network analysis, interruption times for different network areas are defined, 
which are dependent on the operating devices existing in the network and the fault repair 
time. Depending, which equipment is needed, the interruption time varies. The approach 
is described also in Publication 2. 
 
The analysis is executed for all network components separately. As a result, the radial 
network analysis defines for example the amount of customer interruption hours for each 
network areas experiencing the interruption in a case of a fault of a certain network 
component. The proposed indicative restoration times for various network components 
are described in Publication 1. However, the values should be based on the individual 
distribution company statistics.  
 
In addition to the above-described analysis, also an analytical voltage dip analysis was 
developed as part of the research work to evaluate how non-interrupted network parts 
experience a fault through a voltage dip or swell. In the case of radially supplied feeders, 
a non-interrupted network part means other feeders supplied by the same primary 
transformer [Jär05]. The voltage dip analysis itself is out of the scope of the thesis, but it 
could easily be added to general consequences model if a dip is considered to cause costs 
for customers. Also, when defining non-tangible the effects voltage dips can be one 
factor in the evaluation. 
 
For network reliability analysis also other computational algorithms can be utilised, such 
as genetic algorithms or ant colony optimisation [Fal09] or fuzzy optimisation [Lan00], 
[Luc07]. In [Amj99] a model is presented to utilise artificial neural networks for 
reliability modelling, where adequate training data is essential. Comprehensive statistics 
is also needed as a basis of the application. The models described have not been used in 
practical implementation and some of them, even if promising needs more verification.  

3.4 Reliability characteristics 
 
The whole network is analysed based on the failure rate analysis and radial network 
analysis to define general characteristics of the network. The failure rate analysis defines 
also failure interruption probability, and momentary failure probability individually for 
modelled network components. The radial network analysis concentrates on analysing the 
consequences of a failure and defines the duration of a failure for customers experiencing 
the interruption caused by a failure. 
 
Based on the individual component failure and consequence data, the system level 
indices like SAIDI (system average interruption failure index), SAIFI (system average 
interruption duration index), MAIFI (momentary average interruption failure index) and 
ENS (Energy not supplied) are aggregated for the network studied. Besides the above-
mentioned indices, also other indices are being used in the literature to evaluate network 
characteristics from the network point of view. For example [Bol07] presents SACDI 
(System Average Customer Dissatisfaction Index) index, which can be used to evaluate 
reliability from the single customer point of view. It is possible to include the index into 
the analysis developed as described in [Hol09]. Also other indices are used as described 
in [Zha08] for example, but those are not implemented as part of the tool. 
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Although the general network indices are available as a result of the analysis, main focus 
in research work has been to define cost of interruption in end customer perspective. In 
the evaluation, cost parameters for different customer groups are used. In this case, the 
costs for customers are not directly actual money for a distribution company and 
therefore widely accepted approach to define the cost parameters is needed. Cost 
parameters have been defined in several customer survey projects, for example in 90’s in 
[Lem94], but the hardened demands for power quality have increased the costs 
extensively later on as described in [Sil05]. [Kiv08] presents example set of cost 
parameters, which can be utilised for cost calculations in modern Nordic society.  The 
Finnish regulation model for years 2008-2011 defines also general values for outage costs 
modelling, which can be used to model customer expectations. Both values are presented 
in Table 1. 

Table 1: Customer cost parameters for reliability calculations [Kiv08], [Emv07] 

 
 
The used parameters should be selected according the company strategy and the values 
can for example be used to emphasise customer expectations or to model future customer 
demands. 

 
The reliability characteristics utilises network reliability information together with 
customer load type and annual load information and based on the combination, the 
customer interruption costs are defined. The interruption cost approach supports the 
network investment priorisation when optimising network operation, maintenance and 
new investments based on the life cycle costs as defined in Chapter 2. The reliability 
based network analysis defines the total life cycle costs for network investments based on 
the network company investment costs, costs of losses, maintenance costs and also 
interruption costs. This has also been discussed in Publications 1 and 2 where the cost 
model has been described as its own part. In Publication 2, a case study for life cycle 
evaluation is presented.  
 
In the approach, maintenance costs are considered to be same per kilometre or per unit 
for defined component groups (overhead line element, covered conductor line element, 
cable element, secondary substation, disconnector station and general component type). 
[Hil08] presents an interesting approach, where network maintenance actions are 
prioritized according the criticality of the component based on importance of the load 
points. In the approach, customer costs are defined to be the measure to define criticality 
and in the study, the importance has been evaluated in three perspectives: Customer costs 
if a component in the network fails, the reduction of customer costs if maintaining the 
component optimally and simulation based annual interruption costs. The costs are 
defined based on the failure rate and fault repair time in the approach. The similar 
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concept could be implemented to develop the analytical RBNA model further. In that 
case, the results could be based on the analytical failure rate and radial network analysis 
by varying the parameters (failure rate, repair time, maintenance costs, etc.) in the 
calculations. The practical challenge in implementation is to gather reliable statistics from 
the correlation between failure rate and maintenance actions performed. 

3.5 Criticality model 
One part of the reliability based network analysis is the criticality model, which is used to 
define the criticality of an individual network component. This is a novel approach to 
make technical and economical aspects comprehensively commensurable. In the model, 
criticality is based on customer costs caused by a failure of the component, mechanical 
condition, electrical condition and safety of a component. The model utilises various 
network information system functionalities and can be used to define the most critical 
parts of the network based on the parameters defined [Ver05]. In the case of a pole-
mounted transformer initiative information as a basis for the criticality analysis is 
presented in the following list: 
 
- Mechanical condition is defined with the condition assessment of the pole and 

disconnector(s) and transformer including low voltage equipment. The evaluation is 
done based on the information existing in the network information system from visual 
inspections. The information is commonly used to categorise network reinvestment 
needs.  

- Electrical condition is based on voltage level, voltage rigidness of the network, 
loading of a transformer and touch voltage. The data is based on electrical calculation 
results and structural information of a transformer. The correction requires often 
network investments. 

- Safety is based on the condition of disconnector(s) and condition of a transformer 
including low voltage equipment, marking of the station and earthing values existing 
in network information system. The data is gathered with visual inspections and 
earthing measurements. The correction requires often network investments. 

- Reliability is based on the customer cost results as described in previous chapters 3.2-
3.4. The reliability information defines the most critical parts of the network in 
reliability perspective based on the failure rate analysis, radial network analysis and 
network characteristics evaluation. In the evaluation, calculated customer costs are 
used to rank the network components.  

 
All the factors presented in the list can by themselves trigger a investment need at a 
network due to various reasons such as systematic rottenness of the poles in large part of a 
network, requirements for step voltage is not fulfilled, loading level in the network is 
above rated values or insufficient reliability level. However, often there are several factors 
affecting at the same time for investment needs and therefore it is valuable to define 
principles to recognise most critical parts due to limited investment budget.  
 
In the approach, the individual mechanical, electrical and safety information for each 
component is scaled to values between 0 and 4, where zero is used to characterise good 
condition and 4 is used for poor condition. The scale is based on the same principles 
traditionally used for poles in Finnish networks. Also all the inspection data in 
standardised structure presented in [Hea06] is based for the same scale and therefore the 
information available supports the approach for individual components. Depending on the 
importance of the data, individual values are again scaled to give a total value for 
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mechanical condition, electrical condition and safety. These are again used with weight 
factors as a basis to find a comprehensive value to depict the criticality of an individual 
component together with the customer costs caused. For example, if the overall 
mechanical condition is 2, the electrical condition is 3, safety is 0 and the costs are scaled 
to be 1, the total criticality is  
 

611013121cos4321 tssafetyelectricalMechanicalcrit CkCkCkCkC   (3.3) 

 
with the weight factors of one. With the weight factors it is possible to emphasise some 
characteristics, such as safety issues in the total criticality. 
 
Similar approach has been developed also in Vattenfall Finland, where in addition to the 
above-mentioned factors for example substation back-up situations are utilized as part of 
the analysis to define the overloaded components. Also the critical areas, such as ground 
water areas are notified in the evaluation. However, also in this case it is hard to find 
universal parameters for modeling and the analysis is used only as a minor supportive tool 
to accomplish the company strategy.  
 
In general, the approach to define the criticality should be part of the life cycle cost 
function. For criticality analysis this can be a more appropriate approach, because this way 
also technical, electrical and safety factors can be benchmarked based on the failure 
probability and consequences analysis. This also supports the fact that all parameters are 
evaluated systematically, how an individual parameter will affect to the failure probability 
and/or consequences of the failure. 
 
The life cycle cost model including both technical and electrical condition and safety can 
be based on independent cost factors, when for example touch voltage risks can be added 
as new cost characteristics to the life cycle function. Another approach is to include the 
criticality characteristics as part of the failure rate methodology. In this case, mechanical 
condition, electrical condition and safety can be used to characterize (increase or decrease) 
the failure probability of the component. The most convenient way and author’s 
recommendation is to use both failure rate and consequences analysis, which together 
defines criticality of a component based on the risk as described in Chapter 2.3. A 
parameter increasing the probability of failure should be handled as part of the failure rate 
analysis, such as the rottenness of the poles. Other factors, which increase the risk of more 
harmful consequences of a failure, should be treated as additional cost factors. Examples 
from the factors are step voltage exceeding the allowed limits (risk of injury or death of 
human) or conductors not fulfilling the short circuit requirements (risk of fire and 
conductor break) or environmental issues like transformers installed in ground water areas 
(risk of pollution of a drinking water area). These factors increase the consequences of the 
failure, but not by themselves increase the possibility of a failure. If implemented like this, 
a separate analysis for criticality is not needed and the total life cycle costs can be used 
also for criticality evaluation.  

3.6 Pilot implementation 
 
The first practical computer based reliability calculation application for distribution 
developed in Finland has been implemented in 1980’s [Mäk91]. Already then the 
calculation tools were presented as an independent software module in a network 
information and design system utilising component and component connection data. The 
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module calculated the reliability of a network and also the life cycle costs as an output of 
the analysis. This is also the case with the pilot implementation developed. 

3.6.1 Network information and distribution management system 
 
In the research work carried out, the pilot implementation is integrated as part of the 
functionality of the existing ABB network information system. Distribution network 
operators are commonly using a similar system infrastructure in Finland, even if the 
integration approaches can vary depending on the system supplier. The functionalities of 
a modern integrated network information and distribution management system are 
depicted in Figure 7. 
 

 
Figure 7: Existing functionality in an integrated information and distribution management system  

Network information system (NIS) and distribution management system (DMS) are 
typically used for various tasks in a distribution company. NIS and DMS are in general 
used separately, but in practice both systems utilize the same data model. The systems are 
often also integrated together and therefore are discussed here as one entity. Network data 
utilized in NIS/DMS forms a comprehensive network model and data can be available 
from various sources as described in Chapter 2.5. If data is not directly available from 
measurements, also other models, such as loading curve models, can be used to generate 
input values for network calculations. 
 
Figure 7 shows that the basic functionalities of the NIS/DMS can be divided into network 
planning, monitoring and control, analysis and documentation. The documentation 
manages the network structure as an entity. It consists of customer data management 
including the possible load history from meter data or customer information system, 
network data management including component structure and component connection 
management, land usage documentation including contracts and also map material and 
city zone material updates. Network monitoring and control focuses on operating the 
network in an optimal level. One part of the monitoring and control is also to gather 
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statistics, which is used as an input for modern reliability based network analysis 
parameterization. Network control also contains switching planning in the network, 
which means interruption and hot line work planning. Network analysis includes all the 
calculation functionalities, which are often used as a sub module in operation and 
planning and it includes electrical and reliability calculation functions. Network and 
maintenance planning utilizes both the mechanical and electrical network information, 
where mechanical information is based on the condition information and structural data 
and electrical information is based on separate calculation functionalities of the network 
analysis. The information is used to manage maintenance actions and investment 
planning. The plans for maintenance and investments are input data for network 
construction, which include project management, contract management and work flow 
management both for investments and maintenance. In practice the construction system is 
mainly a separate system from the NIS/DMS, but nowadays it is being more and more 
integrated to the NIS/DMS functionality. Certain fault and maintenance work orders are 
in some cases already directly generated by the NIS/DMS environment, for example. 
However, the implementation is done through subroutines where a separate workflow 
system is used through the NIS/DMS system. In user perspective, the applications seem 
to be integrated, but in reality there are two separate systems. 

3.6.2 Pilot system for reliability calculations 
  
The prototype system developed is integrated as part of NIS environment. The system has 
been demonstrated and tested mainly with the database, which is a copy of a certain 
timeframe from the database in operative use in Koillis-Satakunnnan Sähkö Ltd. The 
database contains structural information from the network components and their 
connection, geographical maps, customer data and maintenance data. The analysis 
developed aggregates in the first phase information from the database for modeled 
network components including overhead line element, covered conductor line element, 
cable element, secondary substation, disconnector station and general component type. 
For example, the overhead line element is aggregated from the pole and conductor 
information separately stored in the database from a part of the network. Secondary 
substation and disconnector station consist of all components included in the structure. 
The principles of the failure rate model are described in chapter 3.2. The general 
overview of the implemented system is described in Publication 2.  
 
Because of the extensive need of data for the analysis, some generalizations are done if 
information is missing from the database. In some cases the average value of the other 
surrounding components is used, which is the case for example with pole rottenness. 
Another approach used is that the effect of the component characteristics is based on 
default values, if data is missing. For example if the overvoltage protection type is 
missing from transformer station data, spark gaps are automatically defined to be the 
protection method for pole-mounted transformers.  
 
In the implementation, there was a possibility to utilize existing modules from an existing 
NIS developed by ABB and thus, the basis of the network data model together with 
interface to customer information system (CIS) was already available as well as a 
graphical interface for presenting the results. The failure rate and voltage dip analysis as 
well as the output of network characteristics was implemented with Microsoft Visual 
Studio tool mainly with C++ programming language. The system interface is depicted in 
Figure 8. 
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Figure 8: Prototype application for reliability based network analysis 

3.6.3 Case studies with the application 
 
The developed application has been utilized for various case studies with real and 
imaginary network data. Some studies with real network data are described in Publication 
2.  Other studies made with the tool are described in [Ora05], [Pyl04] and [Jär05] for 
example. The most comprehensive evaluation of the analysis is described in [Ora05] 
where the analysis implemented has been used to study a four-feeder imaginary network. 
The studies are based on the optimization of the network structure in reliability point of 
view by utilizing the cost equation presented in Chapter 2. In all the studies mentioned the 
real costs and customer costs are separated and can be evaluated separately.  
 
The studies were mainly done for medium voltage (MV) network, but in some cases also a 
1 kV network structure had been evaluated as one option when reinvesting in the MV 
network. The concentration on higher voltage level in distribution network is motivated by 
the fact that almost 90 % of all customer interruptions are due to medium voltage 
networks. In the case studies, the reliability based network analysis is used to compare 
different investment strategies from the network reliability point of view. The first 
traditionally described and studied approach is to optimize the level of automation in the 
network. This consists of finding optimal locations for disconnectors and circuit breakers. 
In many cases when defining the cost benefit ratio in terms of reduced customer minutes 
or customer costs, the increase in automation is the most beneficial investment. This 
approach can be considered to be short-term investment evaluation where maximum 
benefits are obtained in short-term and the investments can be done over quite a short time 
period. Other generally studied issues are, for example, the location of the substations and 
optimizing the type and route of conductors. For example in case of an overhead line, a 
tree falling on the line causes almost 70% of faults, and thus the optimization of the line 
route and type is really a critical issue. These types of investments are commonly based on 
regional development plans, which commonly consider a time period longer than 15 
years. This approach can be considered to be a long-term approach where life cycle cost 
evaluation is a really essential part of the analysis. The investments based on the regional 
plans can be triggered with certain actions, which could be the age of the components or a 
predefined increase in power consumption, for example. In general, the most cost optimal 
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strategy to improve reliability in life cycle cost perspective is dependent on the network 
structure and the level of automation in the network.  

 
The main contribution of the studies is that the methodology and the basic principles of 
modelling are of great worth in reliability based distribution network analysis. As a 
conclusion of the case studies, the implemented approach is giving good basis for total life 
cycle cost evaluation. There are uncertainties in cost and failure rate parameters used in 
the studies, which are needed to be adjusted according the demands of the modern society 
and distribution company strategy.  
 
The analysis could also be used for strategic planning of the investment budget for 
forthcoming years based on the component structural data together with the failure 
statistics and general consequences analysis. This is in some cases a really critical issue 
and for decision making it could give a better understanding also from the total life cycle 
perspective for the organization. At the moment this approach does not exist in the tool 
but it is worthwhile to consider this aspect if the analysis will be developed further. In 
[Jen09] it is discussed a similar approach, where component group level asset strategy 
optimization is processed as part of the other network planning tools.  
 
The fundamental methodology of the model itself gives good possibilities to develop the 
model further, when there is more information available from the database. One aspect, 
which is at the moment not so comprehensively modeled in the analysis, is the aspect of 
maintenance with actions such as inspections, condition measurements and overhauls. The 
evaluation of the different maintenance practices as well as the need and accuracy of 
monitoring is an obvious development area in the modeling to give a comprehensive view 
of the lifetime cost optimization. This is discussed for the case of a transformer in the 
following chapters. 
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4 Calculation methods for transformer condition 
modelling  

 
One of the focus areas of modern asset management is the efficient utilisation of the available 
information to estimate the condition of the assets. The condition assessment can be based on 
quite simple indicators, such as age, but in the electricity network, the components need to be 
assessed with more detailed information. For this, structural component and inspection data 
together with failure statistics can be utilised to give some indication of the risks based on the 
surrounding environment and external component condition. The other critical part is to 
identify the internal condition of a component. In this chapter condition monitoring methods 
for transformers are discussed.  
 
Condition monitoring has in [Ste97] been defined as: 
 

“... a predictive method making use of the fact that most equipment will have a useful life before 
maintenance is required. It embraces the life mechanism of individual parts of the whole 
equipment, the application and development of special purpose equipment, the means of acquiring 
the data and the analysis of that data to predict the trends". 
 
In practice, it means the utilisation of available condition monitoring information to assess the 
remaining in-service time of a component before need of maintenance or replacement. The 
term most equipment is considered here so that statistically there could be few components in 
large population, which can be faulty before utilisation of the component. In electricity 
distribution network analysis in this thesis it is considered to be close to zero.  
 
In general, a component experiences both the stresses of a normal situation and also 
extraordinary stresses for example due to lightning. The extraordinary stresses can be called 
stochastic stresses. The component durability against stochastic stresses depends on the 
remaining lifetime of the component, which can be identified with condition measurements. 
As the time goes by, the component will lose its original strength and the stress durability of 
the component decreases. The stresses which a component could stand when it is new can 
lead to a failure of the component after a while. 
 
The measured condition information of network components has been increasing due to the 
fact that many network companies are slowly shifting the maintenance practices from time-
based maintenance to more condition-based maintenance. Condition based maintenance is a 
component related subjective approach, where condition assessment of a component is used 
as a basis for timing the maintenance actions. For assessment, additional condition 
measurements are sometimes applied. The measurements can be continuous on-line 
measurements or done separately on- or off-line. Both methods are discussed in this thesis as 
part of the condition monitoring methods. The decision to select the monitoring approach 
used is in practice dependent on the voltage level and for example in a transmission network, 
the risks are much higher than in a distribution network. Therefore monitoring methods are 
almost exclusively used in transmission networks on a regular basis. However, when utilising 
a systematic risk-based approach, it will possibly lead to a change in the current practices and 
also for the most critical components in a distribution network some condition monitoring 
methods could be utilised. A method which can be used in the evaluation of a condition 
monitoring method is depicted in chapter 2.4. 
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In this chapter the main focus is on condition monitoring methods for oil-immersed 
transformers. The similar approach, which is presented in the thesis for oil-immersed 
transformers, has been developed also for dry-type transformers by the author. However, there 
was not measurement data available from dry type transformers and therefore, the methods 
could not have been evaluated with the implemented algorithms. Also, almost all transformers 
used in electricity network are oil-immersed and in general dry-type transformers are only 
utilized in special locations. Therefore the thesis concentrates on studying oil-immersed 
transformers.  

4.1 Technical lifetime of a transformer 
 
The lifetime of a transformer can be based on technical and economical factors. The technical 
lifetime of a transformer is based on the technical condition of the transformer. The 
economical lifetime is based on the annual operating costs. When the operating costs are 
higher than the annual investing and operating costs of the new unit, the economical lifetime 
in that location is expired. Sometimes also the term strategic lifetime is used. The term is used 
when the economical lifetime is ended for one location but there is still technical lifetime left. 
By relocating the component in a new site, there is still economical lifetime left in the new 
location. The economical lifetime can be evaluated with the equation presented in Chapter 2. 
This part of the thesis concentrates on evaluating the technical lifetime of a transformer.  

4.1.1 Stress factors affecting a transformer 
 
There are four main types of stress factors affecting a transformer during its lifetime; 
electrical, mechanical, environmental and thermal stresses. The stress will occur because of 
the normal usage of the component or due to stochastic stresses caused by extraordinary 
events.  Extraordinary events can create mechanical stresses beyond the durability of the 
transformer. This can happen for example because of a short circuit close to transformer 
feeding bus. In practice only few failures have been directly related to old age and the 
condition of the insulation structure. Instead, the actual technical lifetime of a transformer 
depends to a high degree on extraordinary events. These types of stresses are discussed in 
chapter 3, where the failure probability methodology developed takes into account the 
individual environmental factors, such as lightning, and structural characteristics of the 
component, such as overvoltage protection in the case of a transformer. However, the thermal 
aging of a transformer and extraordinary events affect each other according to the following 
figure: 
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Figure 9: The relationship between aging and extraordinary events [Heg07] 
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It can be seen in the figure that normal stresses and extraordinary events lower the stress 
endurance of the component. The figure is applicable for one failure mechanism at time, 
which can be considered to be in the case of a transformer condition of the insulation, which 
affects the mechanical strength of the component. Depending on the time of observation, the 
remaining lifetime is dependent on residual strength and the occurrence of possible stresses. 
The residual strength or deterioration level can be considered as a property of the component, 
which affects the failure probability of the component. However, independently from residual 
strength of a component, extraordinary stresses can destroy or decrease radically residual 
strength of a component in a short time. This is often the case when studying the fault 
statistics, when the primary reason of a failure is often considered to occur only because of the 
occurrence of extraordinary stress [Cig95]. In a case of a transformer, examples of a 
extraordinary stress is high hot spot temperature due to emergency overloading or overvoltage 
due to lightning. However, deterioration level and remaining life time of a component affects 
the ability to tolerate both extraordinary and normal stresses and therefore residual strength 
can be used in some degree to evaluate acceptable risk level for a component. 
 
The deterioration level or other words, aging, of a transformer is mainly related to the 
condition of the paper insulation, which also partly defines the durability against 
extraordinary stresses. The condition of the paper defines the technical lifetime of a 
transformer in normal usage as described in Publication 4. The technical lifetime is dependent 
on the thermally activated chemical processes, which slowly deteriorate the insulation. The 
phenomenon is similar to baking paper aging in a hot oven. The colour of the baking paper 
changes after a while and it breaks easily to parts when touching the paper. The paper is 
deteriorated because of the high temperature in the oven. In the same way the losses caused 
by electrical currents heat the insulation and decrease the mechanical strength of the 
insulation paper. The aging of the paper is mainly dependent of temperature, but will also be 
increased due to moisture and/or impurities in the oil as described in Publication 4 and in 
[Noi00] for example. Also extraordinary stresses can affect to the mechanical strength level.  
 
In this chapter, the focus is on the thermal aging phenomena of a distribution transformer 
insulation, which can be used to define the condition of a transformer. When a condition of 
the transformer can be defined, it can be used to evaluate the residual strength of the 
insulation of the component and used also for example as an input parameter in a failure rate 
analysis. 

4.1.2 Thermal aging of a transformer 
 
The deterioration rate and aging of transformers is dependent on the thermal hot spots of their 
insulation structure. Usually the hot spots are occurring roughly in the same locations in the 
insulation and that fact can be used in the evaluation of aging. The term hot spot is used in 
this thesis to define the hottest location inside the insulation structure which is also the 
weakest point in the paper. Hot spot temperature can be used to determine the technical 
lifetime of a transformer.  
 
The aging of a transformer is based on the mechanical condition of the insulation paper, 
which is directly related to historical hot spot temperature values. Relative aging (L) generally 
follows Montsinger’s equation as described in [Iec05] for thermally upgraded paper:  
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Where A1 and p are material dependent constant parameters (quality of cellulose products and 
environmental parameters such as moisture content, etc.)  

 depicts the absolute temperature in Kelvin and  
h depicts temperature in Celsius degrees.  

 
In case of transformer, the temperature value is related to the hot spot temperature. Based on 
the equation, the hot spot temperature can be used to define the loss of life of a transformer, 
when the constants A1 and p are defined according the insulation material used [Iec05]. 

4.2 Existing condition monitoring methods 
 
In the literature there exist various possibilities to assess the condition of a transformer 
insulation, for example dissolved gas analysis [Mye98], [War03], polarisation/depolarisation 
measurements [Bhu03], [Bhu04], furanic compound analysis [Ari07], [Höh05], [Ste03], tan 
delta analysis [Set05], [Ram08], partial discharge measurements [Lop08], [Tat01], frequency 
response analysis [Sin07], [Oli80] and traditional temperature measurements [Liv05] and oil 
quality analysis including dissolved gas analysis together with loading history, furan analysis 
and power factor analysis [Nad08], for example. Also several summaries have been published 
of existing methods as described in [Sah03], [Bol02], [Arv08], [Wan02], [Kri00], [Abb07]. 
The summaries also depict some monitoring techniques utilised for bushings, cooling and tap-
changes. Publication 4 gives a short overview of the commonly used condition assessment 
methods and commercial measurements.  
 
The literature review is not comprehensive, but it shows that the measurement techniques 
have been studied through the decades and the research work is still active in developing and 
implementing new measurement methods. The measurement principles have been rather 
comprehensively studied and various evaluations and practical applications can be found both 
for distribution and power transformers. The measurement studies found in the literature 
mainly concentrate on defining the internal condition of the transformer insulation paper with 
indirect measurements, because direct measurement of the paper is difficult to accomplish.  
 
The literature review of the measurement methods also reveals that in many cases even if the 
measurement method itself is comprehensively studied, almost for all measurement 
techniques novel approaches are found, which improve the analysis of the results. Another 
conclusion of the review is that in general, an increasing amount of comprehensive data 
models are developed to utilise available information from the network. In [Zha09] the 
methodology to utilise rough set theory with power transformers is discussed. In this case, 
various measurements are used with inspection data to create a condition model. However, in 
this approach operational failure data is not used. In [Kol09] a health index for power 
transformer condition assessment is described, where also the operating condition and 
monitoring results are used for definition. The model is still under development, but it gives a 
quite comprehensive approach for condition assessment of power transformers. However, in 
the model structural information is not utilised comprehensively. In above-mentioned cases, 
the input data is an essential ingredient in modelling and a large number of external 
measurements are used. The methods described are utilised only for the most important 
network components and mainly in transmission or regional network level because the costs 
of the methods are usually too high for distribution transformers.  
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There are studies, where condition measurement information is utilised also for distribution 
components [Dar94], [Han07], [Jak05], but normally that is not economically reasonable. 
There is a need to concentrate development work of condition assessment methods for 
distribution network components on utilising information provided by the existing systems. In 
addition some inexpensive measurements can be used. When comprehensive data is not 
available, also the accuracy and reliability of the condition assessment is needed to be 
evaluated. If the condition assessment information is used as a fact regardless of the accuracy 
of the input data, it can give false directing signals for maintenance, for example. In this 
chapter, the approach of utilising available ambient temperature and loading information from 
the ICT systems for distribution transformer condition assessment is discussed and evaluated.  
 

4.3 Utilisation of loading standards  
 
Besides direct condition measurements, condition assessment for a transformer can also be 
based on mathematical equations and loading measurements. The insulation of an oil-
immersed transformer consists of oil impregnated paper structure, where oil circulates inside 
the transformer casing. While a transformer is supplying end customers, the current 
circulating in coils and flux losses are heating the insulation structure and at the same time 
decreasing the mechanical lifetime of the transformer. The aging mechanisms are defined in 
IEEE and IEC loading standards. In general, the standards concentrate on giving guidance to 
load the transformers close and above their nameplate ratings. The standards also define 
simplistic equations to define thermal behaviour as well as the aging rate of a transformer. In 
this thesis the concentration is on studying equations adapted from standards IEC publication 
60354: Loading guide for oil-immersed transformers [Iec91] and IEEE standard C57.91: 
IEEE Loading Guide for Mineral-Oil-Immersed Transformers, Annex G [Iee95]. Also 
CENELEC harmonization document HD 428.4 S1: Three-phase oil-immersed distribution 
transformers 50 Hz, from 50 to 2500 kVA, with highest voltage for equipment not exceeding 
36 kV. Part 4: Determination of the power rating of a transformer loaded with non-sinusoidal 
currents [Cen94] is used to evaluate loading when harmonic currents exist in the network. 
 

4.3.1 Equations for thermal modeling 
 
Based on IEC 60076-7 [iec05], which is an updated version from [Iec91], the theoretical hot 
spot temperature can be calculated for also distribution transformers. Equation 4.2. is based 
on the equation presented in  [iec05] and can be used to calculate the hot spot temperature g 
based on the simplistic equation: 
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where, a is ambient temperature,  

oi is top-oil temperature rise at beginning of the calculation
or is top-oil temperature rise in steady state at rated losses,  

R is the ratio of load losses and no-load losses at rated current,  
K is per unit load,  
xo is oil exponent,  
t is interval between measured loading values,  
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 is average oil time constant,  
H is hot spot factor,  
gr is average winding to oil temperature gradient at rated current and  
yw is winding temperature exponent.  

 
The winding time constant is needed to be taken into account, if measurement period is short 
enough. In the IEEE C57.91 a similar approach is used. More information is given in 
Publication 3 and in [Pyl02], for example.  
 
In IEEE C57.91 Annex G more detailed equations are used to model the temperature behavior 
of a transformer. The equations are based on the fluid flow conditions occurring in a 
transformer during transient conditions. For these equations, a small value for time increment 
should be selected. Functions for calculations are presented below. For hot spot calculations, 
the hot spot can be determined with the following terms: 
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where  BO is bottom fluid temperature rise over ambient,  

WO/BO is the temperature rise of fluid at winding hot spot location over bottom fluid 
temperature and 

H/WO is the winding hot spot temperature rise over the temperature next to hot spot 
location.  

 
In a fluid, the winding, hot spot and average fluid temperatures depend on the generated heat, 
heat losses and also on the mass of the structure according to the equation: 
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where X is the winding the temperature (W), hot spot temperature (HS) or average fluid 
temperature (O),  
MX is the mass related to the calculated temperature rise at spot X,  
Cp is special heat factor of the mass related to the calculated temperature rise,   

X(t)  is the temperature of the spot X at time t.  
 
QGEN,X is defined with the equation for hot spot and windings: 
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where X refers to hot spot or winding,  

K is per unit load,  
X is the temperature at spot X,  
X,R   is the temperature at spot X at rated load,  
K is temperature factor for resistance correction,  

PX is the losses at point X,  
PER_X is the rated eddy current losses at point X, and  

t is time increment for calculation.  
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Average heat generated in fluid QGEN, O is based on the equation below: 
 

CsWLOSTOGEN QQQQ ,,         (4.6) 

 
where  Qs is the heat generated by stray losses,  

Qc is the heat generated by core and  
QLOST,W is the heat generated by winding.  
 

In general, heat losses QLOST,X is defined based on the equation for hot spot and winding: 
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where X2 is the calculated temperature as the closest to spot X,  

X2,R is defined temperature closest to spot X at rated load,  
X,R  is the viscosity of the fluid at spot X at rated load,  
X is the viscosity of the fluid at spot X.  

 
For fluid heat losses QLOST, O, the equation is: 
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where  AO is average fluid temperature in tank and radiator 

  is ambient temperature,  
PT is the total losses based on the winding, eddy current, stray and core losses and  
R depicts the same values at rated load.  
 

For bottom fluid temperature, the equation differs from equation 4 and it is defined to be: 
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where O  is the average fluid temperature,
z is the exponent for top to bottom fluid temperature difference, 

TO, R  is the rated top fluid temperature in tank and radiator,  
BO, R  is the bottom fluid temperature at rated load.  

 
The fluid temperature in winding ducts is calculated with: 
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 Where HHS is per unit winding height from hot spot location,  
x is the exponent for duct fluid rise over bottom fluid,  

TDO,R is the rated fluid temperature at top of the duct,  
PW is winding losses and  
PE is winding eddy current losses.  
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In general the equations presented in [Iee95] Annex G depict the thermal behaviour of the 
transformer based no the thermal flow inside a transformer. The temperature of a location is 
dependent on the heat generated in the location, the heat losses in the location and the mass 
related to the spot. Generated heat depends on the spot temperature, loading and electrical 
losses. Heat losses depend on the temperature difference between two spots (winding and 
fluid, for instance), the viscosity of the fluid when fluid is transferring the heat and the 
electrical losses in the spot. The measurement period also affects the values. The mass related 
to spot is considered to reserve or release heat energy and therefore it is limiting the rate of 
change of the temperature. 
 
The equations are a simplistic presentation of the equations used as a basis of the calculations 
in Publication 3 and 4. For example, viscosity is also dependent on the temperature, which is 
not shown above. More detailed descriptions of the equations are available in [Iec05], [Iee95] 
and in [Pyl02], for example. 

4.3.2 Evaluation of the models 
 
Even if the basic thermal models presented in loading standards [Iec91] and [Iee95] are rather 
similar, there are some differences in the thermal constraints and aging rates. For example in 
[Iec91] the rated aging is defined to occur at a hot spot temperature of 98 oC and in [Iee95] at 
a hot spot temperature of 110 oC. It is stated in [Iec91], however, that if the insulations are 
thermally upgraded, the rated temperature value is 110 oC.  In [Iec91] the expected lifetime is 
30 years and in [Iee95] it is approximately 20 years. Even if the temperature, which doubles 
the aging, is approximately the same 6 oC, the technical lifetime determined according to the 
standards of the transformer differs between the two standards. According to [Iec91] the 
lifetime of a transformer is only 15 years with a hot spot temperature of 104 oC, which easily 
reveals that the lifetime expectation is dependent on the standard used. In [Iee95] Annex G 
the equations also define more accurate methods based on a more detailed structure of a 
transformer, which does not exist in standard [Iec91]. 
 
The studies presented in Publications 3 and 4 are based on [Iec91] and IEEE C57.91 Annex 
G. The used [Iec91] standard has been updated in 2005 and the replacing standard is IEC 
60076-7 [Iec05], which is part of the IEC standard series for Power transformers. According 
to [Iec05] the same exponent factors are used for the distribution transformers than in [Iec91]. 
[600076-7] emphasises that when the size of a transformer increases also the hot spot 
temperature is more difficult to determine. If compared [Iec91], [Iec05] defines a different life 
expectancy equation for non-thermally upgraded paper and for thermally upgraded paper 
when [Iec91] only mentions that the rated temperature values are different. In [Iec05] a 
similar lifetime equation than in [Iee95] is used for thermally upgraded paper. This brings the 
ANSI/IEEE and IEC standards closer in a general level and removes the contradiction of 
defining the loss of life. Also in [Iee95] annex G it is defined that for older transformer types 
without thermally upgraded insulation, the rated hot spot temperature is 95oC. This is quite 
close to a hot spot temperature of 98oC presented in [Iec05].  
 
In [Iec05] also the presentations of the equations are updated if compared to [Iec91], for 
example the temperature equations consist of more accurate definitions for time parameters. 
However, in the case of a distribution transformer, the equations can be formalised to a 
similar form than the ones used in [Iec91] if the recommended thermal characteristics for 
distribution transformer are used and the measurement period is equal or more than 10 
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minutes. In case of medium and large transformers, the equations used change the model of 
the thermal behaviour of a transformer if compared to [Iec91]. The practical study to evaluate 
the calculated hot spot temperature results between the standards is presented in [Chi07]. 
Based on the study, it can be seen that the equations given in [Iec05] is leading lower 
temperature values in overloading situations for power transformers over 100 MVA if 
compared to the equations given in [Iec91]. Also the recommended temperature limits for hot 
spot and top oil have been updated in some parts in [Iec05]. For distribution transformer the 
limits for hot spot temperature in emergency loading situation is not presented, but it is 
preferred to use value of 140oC as in [Iec91]. Also the definition of the loss ratio is updated 
and tap changer position is presented to be taken into account in [Iec05] as in [Iee95]. 
However, in the case of a distribution transformer, the tap position is not adjusted in normal 
situation and therefore it has not been taken into the consideration in these studies. 

4.3.3 Transformers supplying non-sinusoidal loads 
Equations presented in [Iec91] and [Iee95] presumes that the loading current is totally 
sinusoidal. However, in the network there are locations where a high amount of current 
harmonics is present in the load current and which causes extra losses in the transformer 
supplying the load and heats the insulation more than with a sinusoidal load. The expected 
current harmonics are commonly considered in the planning phase to dimension the iron core 
and to define the loadability of the transformer. The dimensioning can be based on the 
standards IEEEC57.110 and CENELEC HD428.4 with the measured momentary harmonic 
current content [Iee98], [Cen94] In this thesis CENELEC HD428.4 is utilized to evaluate the 
effects of the measured harmonic currents on the thermal behaviour of a transformer. The 
equation to calculate K-factor is used to define the effects of the current harmonics for 
loading: 

 
 
 

    
 (4.11) 

 
where  e is the effective value of eddy current loss ratio to total losses with a fundamental 

frequency,  
I1 is the loading current with fundamental frequency,  
I is total current, n is harmonic current number,  
q_i is frequency dependent increase in coil resistance due to skin effect.   
 

The equation is used to define a multiplier for the measured fundamental loading factor. More 
information is presented in [Cop00], [Pyl02], for example. The study to evaluate the effects of 
current harmonics in thermal modelling is presented in Publication 3. 

4.3.4 Suggested improvements for modelling 
 
Suggestions for improvements and comments regarding the loading guides are presented in 
literature. In [Sim98] it is claimed for better fibre optic measurements to improve thermal 
modelling. [Nor03] presents that in emergency situations calculation methods given in [Iec91] 
yield low temperature values. [Pet02] states that the IEEE exponents x, y and z are needed to 
be predefined individually if the transformer is supplying heavy loads on a regular basis. New 
approach for temperature modelling based on heat transfer theory is presented in [Sus05], 
which is also recognized in [Iec05]. Also other type of novel approaches have been developed 
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as described e.g. in [Rad03], where a numerical solution of differential equation is used to 
define the temperature values. [Pig09] presents an approach, where a self-healing expert 
system is utilised for modelling. The model is similar with the artificial neural network model, 
which has been evaluated in Publication 3. 
 
In many cases new models, suggestions and comments can be used to improve the equations, 
but at the same time the improvements make the model much more complex and much more 
technical information is needed, which limits the usability of the data available for small 
power transformers and for distribution transformers. For example information from 
distribution transformer commissioning tests with accurate structural information is not in 
practice available and therefore it is important that the methodology adapted is based on 
limited structural information if wanted to be applicable in large scale monitoring 
applications. However, the model is needed to be accurate enough to give adequate results for 
decision-making process. This thesis concentrates on studying a condition monitoring 
approach, where mainly nameplate information with network loading and simplistic external 
measurements are utilised for transformer condition-monitoring. Even if the more 
sophisticated model presented in IEEE C57.91 Annex G, which is taking into account of 
various detailed structural aspects, such as type, of cooling liquid, resistance and viscosity 
changes due to temperature fluctuation, is evaluated, the information needed for modelling is 
based on the nameplate values and approximations suggested in the standards. 

4.4 Artificial Neural Network modeling 
 
Artificial neural network (later ANN) has been used in many applications to model physical 
phenomena also in the field of electricity distribution as described in [Zho07], [Wol93] for 
example.  
 
ANN can be considered as a black box model, which takes in the input parameters and based 
on these gives the output information. In practice, ANN is formed in several neuron layers, 
which include input and output layers and in many cases also hidden layers. The output of the 
analysis is based on the training data, which is used to define correlation between input and 
output values and to tune the neurons of a selected model. When utilizing ANN, a 
mathematical equation based model to characterize the process is not needed.  
 
ANN is one promising approach, which can be used to model accurately the thermal 
behaviour of a transformer in a practical manner, because detailed information from the 
behaviour of a transformer and detailed transformer structure data may not be needed. In this 
thesis, ANN is used to model internal temperature behaviour of a transformer based on input 
values of ambient temperature, three phase currents and one previous output temperature 
value of the neural network. The hidden ANN neuron layer consist of five hidden neurons, 
which are used to process the input values with weight factors defined based on the training 
data. The output value can be hot spot temperature of a transformer to be used as a basis of 
life time calculations. In the approach two-layer perceptron neural network structure is 
selected as a basis of modelling. The general structure of the selected ANN is depicted in 
Figure 10. All input vectors are connected together with all hidden layer neurons. The 
network is trained based on Levenberg-Marquad method.  
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Figure 10: General structure of the utilised ANN perceptron network  

The modelling itself is implemented with MATLAB Neural Network Based System 
Identification Toolbox. The optimal structure of the developed method has been defined 
empirically and during the studies several ANN structures and training methods have been 
evaluated. The structure of the ANN used with practical studies is described also shortly in 
Publication 3. The input and output parameters correspond to the mathematical methodology 
presented in standards [Iec91] and [Iee95]. 

4.5 Discussion and evaluation 

4.5.1 Loading guides as part of the thermal modelling 
 

Publications 3 and 4 evaluate the thermal behaviour of the transformers studied based on 
mathematical equations adapted from loading guides presented in 4.3. In general the results 
emphasise the role of the available input information. Publication 4 and other studies such as 
[Pyl02] made by the author reveal that if appropriate parameters for the modelling of the 
transformer studied are not selected the results may become inaccurate. In the case when a 
transformer is supplying pure sinusoidal loads, the difference between the measured and the 
calculated values can be some degrees of Celsius. When the transformer is supplying non-
sinusoidal loads, the methodology adapted from [Cen94] is leading to more accurate results 
when data from current harmonics is used to define the additional losses. 
 
The methodology can also be used to monitor temperature behaviour of a transformer, when 
there is a risk of failure due to high temperature values. High hot spot temperature values 
exceeding predefined temperature limits can be used for example to trigger and send alarm to 
control centre to inform increased risk of failure of a transformer. This can be beneficial for 
example in the large disturbance situations when the decisions are needed to be done rapidly 
and there may not be enough time to concentrate sufficiently to analyze the status of the 
network. 

4.5.2 ANN evaluation in thermal modelling 
 
Publication 3 reveals that the correctness of the ANN model output is highly dependent on the 
selected ANN structure and training data available for the transformer. The evaluation results 
described in Publication 3 also reveal that the modelling of the temperature values should be 
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based on an adequate training set. The training set should cover comprehensively all the 
interesting input-output combinations. Otherwise the results may not correctly follow the 
temperature behaviour of the transformer.  
 
ANN can be a valuable approach when the model is utilized for a group of transformers of the 
similar structure type with a comprehensive training set. In practice this means that 
transformers should be categorized based on the structure of the transformer to be able to 
model the transformers in a large scale. For this, a lot of measurement information is needed. 
This requires systematic data collection before it can be implemented in practical level. The 
developed ANN-based approach can also be used to forecast possible overloading situation of 
a transformer, when historical information is available and used as a basis of modelling. In 
many cases it would be beneficial to have information some minutes in advance about the 
possible risk of a high hot spot temperature.  
 
For a distribution transformer modelling the ANN-based approach developed is quite 
challenging to utilize, because it could be economically unreasonable to collect the needed 
data. However, for a primary transformer the information is already more comprehensively 
available because of existing loading and temperature measurement and monitoring systems. 
In many primary substations loading, ambient and sometimes oil temperature information are 
already measured continuously, which could provide possibilities to utilize method quite 
efficiently. If the data is available, the comprehensive training data is possible to gather for 
primary transformers based on the existing measurement information. In this case, 
transformers can be classified for example based on the technical structure and possibly also 
based on the installation environment (in-house or outdoors).   

4.5.3 Evaluation of the technical lifetime calculation 
 
Publication 4 discusses the aggregated lifetime consumption of the two primary transformers 
studied. As a result of the research work, one of the main contributions is that if the calculated 
hot spot temperature is much lower or much higher than the rated hot spot value, the 
temperature values should be used only as an indicative value to define the aging of the 
transformer. In practical manner this has also been indicated in loading standards, where 
limits for application of the equation have been set. In standard [Iec91] the equation is 
proposed to be valid in temperature range between 80 and 140 oC. If the temperature is out of 
the specified interval, the equations are not adequate for aging modelling as also shown in 
Publication 4.  
 
When modelling and monitoring the temperature behaviour of the transformer, it is extremely 
important to consider high hot spot temperature values. This is because high internal 
temperatures can trigger to the formalization of gas bubbles in transformer oil, which can 
rapidly lead to a failure. According to [Nor03] gas bubbling can already start at 100 oC if the 
conditions are right, which should be considered in temperature monitoring. [Iec05] proposes 
the limit of 140 oC for hot spot temperature value to avoid bubbling with 2 % moisture 
content. Bubbles will affect to the electrical strength of the transformer but those can also 
increase internal pressure in a transformer and cause oil leakages in the bushings. Even the 
short periods of high temperature values can lead to electrical breakdown of a transformer 
[Nou00]. 
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4.5.4 Requirements for practical implementation 
In practice the equations adapted from IEC 60354 give more accurate results than the model 
adapted from IEEE C57.9.1 Annex G, if the calculation is based on nameplate information. 
However, both the equations studied can be used for hot spot temperature monitoring of the 
transformer, if measured loading data is available and the parameters are selected according to 
the transformer studied. If the reference parameters adapted from loading guides are used, the 
error increased some percentages. In practice, the error can be taken into account when 
developing applications based on the methodology. For example the alarm level can be set to 
90 % of the maximum allowed value, which gives an adequate safety marginal to avoid 
overloading. Also if the data is used for condition assessment, the safety marginal can be set 
to an adequate level to be able to notice too high temperature values without risk of failure. 
This can for example be based on a probability analysis with a correctly selected distribution 
function.  
 
The author’s conclusion based on the studies is that to model thermal behaviour of a 
transformer sufficiently, the ratings of the transformer, ambient temperature and measured 
loading of the transformer information should be measured. The ratings are typically 
comprehensively stored to the NIS system and can be considered to be available for most of 
the transformers. Ambient temperature is used as a fundamental value of the thermal models 
and it can fluctuate considerably depending on the location and time. Therefore correct 
temperature values should be available for modelling. The measured loading values from the 
transformer including the measured current harmonics if existing should also be used. The 
data can also be based on average loading curves, but then the difference between the 
measured and calculated top oil and hot spot temperature is dependent on the accuracy of the 
selected loading curves. Loading of a transformer based on the loading curves can differ over 
200% from the measured loading values as described in [Kuj09] and therefore probabilistic 
methods are needed to define adequate safety margins if using loading curves. 
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5 Reliability based network analysis and transformer 
condition assessment in practice 

 
This chapter describes practical experiences and tools related to the developed reliability 
based network analysis and transformer condition assessment based on the loading 
calculations. The tools developed are described and evaluated shortly in the introductive part 
of this thesis. More detailed descriptions from the approaches is available in the publications 
included in this thesis. Publication 5 describes the experiences how the reliability based 
network analysis methodology has been integrated as part of every day practice in a network 
company. In the introduction the utilization of the commercial application as well as the pilot 
analysis tool in practice is discussed. The first implemented application for transformer 
temperature calculation, which has been used in research work, is described in this chapter 
with practical evaluation of the tool. Publication 6 describes the ASP software implementation 
for distribution transformer monitoring and Publication 7 shows the approach, where the 
developed transformer condition assessment methodology has been tested with automatic 
meter reading data. Both concepts are shortly discussed in this chapter. Based on the 
experiences and data available, also the concept how to implement condition assessment as 
part of the reliability based network analysis is described. Finally a business case to evaluate 
the benefits of the developed condition assessment methodology is given as an example. The 
implementation of the business case requires modern ICT system integration, which is already 
available in modern network utilities. 

5.1 Utilization of the analysis in the research work 
 
After the RBNA –project, the implemented demonstration application has been used in many 
ways as part of the research work and also for real network studies in TUT. In the field of 
research work, the application has been used to evaluate the effects of over voltage protection 
for network components [Ver07], for example. This is also one important aspect when 
studying the failure statistics of a transformer. In general, approximately 1/3 of all the 
transformer faults in Finland are due to climatic phenomena, mostly thunder [Et08]. The 
information of sudden overvoltage failures and statistics together with condition information 
can be used for example to evaluate increase in the risk of a failure due to the aging of the 
transformer. Related to this, TUT has also made practical overvoltage protection testing in co-
operation with Vattenfall Finland to get knowledge of current limiting surge arresters and to 
study the critical overvoltage levels of distribution transformers. In the studies, current 
limiting surge arresters were studied to indicate overvoltage stress levels of the arrester 
compared to spark gaps. The tests revealed that the current limiting surge arresters are 
behaving similar to spark gaps at the beginning of their operation. 
 
The pilot application has also been used to evaluate the benefits and possibilities to use 
distributed generation to improve network reliability through intended islanding. This has 
been discussed in [Ant08]. The tool has also been used to evaluate alternative network 
investments for some utilities in total life-cycle perspective as reported in [Ver06], [Kiv08] 
and [Mar09]. As a conclusion, RBNA-project has offered a good basis to utilize the analysis 
both for different research challenges and practical network studies.  
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5.2 RNA/AM analysis 
The development work of a commercial reliability based network analysis and asset 
management (later RNA/AM) module started right after the RBNA -research project ended in 
year 2005. The development work was based on the RBNA –research project results. During 
the one year development work, RNA/AM module was implemented as part of the Tekla 
Ltd’s network information system.  The implementation was done in close cooperation with 
Vattenfall Finland. Because the data structure of NIS was different from the one used in 
research work, some modifications were implemented for calculation principles. One of the 
most important conceptual changes in modelling principles was to adapt information available 
from the background maps. This data was used to define in what kind of environment (forest, 
road or a field area) network components are located. This is very efficient way to utilise data 
extensively as part of the analysis. In original implementation this was done based on the pole 
soil information available from the database, which can be misleading for example in tree 
cutting areas. The implementation of the tool and practical cases studies are described in 
Publication 5 and in [Hai07] for example. The studies are done in Finnish medium voltage 20 
kV distribution networks with isolated grounding, where also auto-reclosing sequences are 
used to clear temporary faults in the network.  
 
Nowadays the RNA/AM tool is used in a few network utilities. An example of the user 
interface together with database relations is depicted in Figure 11. Currently interfaces 
between network information system and customer information system (CIS) and supervisory 
control and data acquisition (SCADA) exist and the interface for meter data management 
system (MDMS) is being developed. 
 

CISCIS

SCADASCADA

MDMSMDMS

 
Figure 11: Xpower user interface together with database external database relations 

5.2.1 RNA/AM module utilisation 
 
Nowadays RNA/AM analysis is utilized for strategic network planning in Vattenfall Finland. 
However, before large-scale utilization of the RNA/AM, the reliability analyses parameters 
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have been adjusted according to the distribution network area. Some adjustments of initial 
parameters were made based on the statistical information available from the network as 
described in [Pyl08]. The statistics used have systematically been collected after year 2004. 
 
The RNA/AM tool has been used to give guidance for strategic decisions, selecting 
reinvestment sites from the network, finding optimal investments from the reliability point of 
view and also to update the planning principles of the network. Publication 5 summarizes the 
utilization experiences with the practical examples. Also [Hol09] describes in more detail an 
analysis case done with the reliability based network analysis, where the analysis is used to 
evaluate the novel reliability index SACDI. The index can be used to give guidance to 
indicate which part of the network customers suffer from unacceptable power quality. As a 
result of the research, the tool was proven to give a good basis for the implementation of the 
SACDI index as part of existing RNA/AM module. Now the implementation work of the 
index has started for commercial application.  
 
Based on the practical experiments, the tool has proven to offer good information to focus 
investments in large network area and also to evaluate the investment strategies. When 
seeking reinvestment sites, RNA/AM analysis is used together with other available data from 
the system, for example age and condition information. This is necessary because there could 
be local variations not recognized with the general reliability analysis. Also the age and the 
condition of the network are needed to be taken under consideration, when finding optimal 
reinvestment locations. 

5.3 Transformer condition assessment 
 
This chapter summarizes the practical implementation of the developed methodology for 
transformer condition evaluation. There are several practical implementations done regarding 
condition assessment of transformers in different aspects, which can be used to evaluate how 
the methodology is optimal when implemented in large scale. The usability of the applications 
is also evaluated. 

5.3.1 Stand-alone application 
 
In Publication 3 and 4, the first practical implementation for transformer condition assessment 
based on the methodology adapted from the standards [Iec91], [Iee95] and [Cen94] is shortly 
mentioned. The application was an independent Microsoft Windows application programmed 
with Visual Basic programming language. The application has been used to evaluate the 
methodologies adapted from the loading standards as part of the research work. The tool 
utilizes Microsoft Access database, where all measurement data has been stored. Data 
modifications are needed to do manually. The developed application has also an extension 
part, which utilizes load curve information available from the network information system and 
it can also take into account the loading curve probability functions. Loading curves have 
been studied as an example, but the results in [Kuj09] have shown that if loading curves are 
used, it could lead to remarkable differences if comparing the calculated and measured values 
when there are only few loading points connected. This part of the application has been used 
only for demonstration purposes, but it could be used for dimensioning transformers for new 
locations, when historical data is not available. The application interface dialogues are 
depicted in Figure 12. 
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Figure 12: Stand-alone application for transformer temperature and aging calculations 

In practical perspective, this type of a stand-alone system can be utilized for dimensioning a 
transformer and also to study some critical transformers if suspected to be overloaded or 
overheated. In many utilities this type of applications are neglected, because it will take too 
much effort to collect and evaluate the data for only one transformer at a time. When the 
developed condition monitoring methodology is needed to be implemented in practice in 
larger scale, the methodology should be integrated as part of the existing software tools. Also 
the data needs to be collected automatically from the measurement devices.  

5.3.2 Power quality measurements in condition assessment 
 
The first commercial application to provide transformer condition assessment based on the 
methodology described in Chapter 4 has been introduced in Publication 6. Based on the 
research work, PowerQ Ltd. commercialized the application and the condition assessment 
functionality has been integrated as part of the power quality evaluation. When power quality 
measurements are done in secondary substation, the same measurement data can also be used 
to assess the condition of the transformer together with load measurements. The condition 
assessment is provided based on the application service-provisioning (ASP) concept. The 
application itself is programmed with C# programming language in Visual Studio .NET 
environment. The tool utilizes MySQL database through ODBC connection, which is 
managed with external application as introduced in Publication 6. The application is depicted 
in Figure 13.  
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Figure 13: Interface of the transformer condition assessment tool as part of the power quality application 

 
The application development reveals potential possibilities to implement the condition 
assessment methodology as part of the existing software tools. ASP concept offers new 
approach also for application management, because the providing company does all the 
needed administrative tasks. In the field of www-based application development the described 
tool was among the first applications provided for distribution network companies in Finland. 
The practical experiences contributed that the methodology could provided added value for 
other applications as an additional functionality.  

5.3.3 AMR concept in condition-monitoring 
 
Application development steps described above have proven that the developed condition 
assessment methodology should be integrated as an additional functionality of the existing 
applications. One possibility is to integrate methodology as part of NIS functionalities and 
utilize existing loading information from the history or based on load curves as part of the 
condition assessment. 
 
Nowadays modern kWh meters equipped with remote reading ability (AMR meters) are 
installed increasingly every year in Finland. It has been stated that over 80 % of all customer 
points should have AMR meter at the end of the year 2013 [Raj09]. Besides customer 
measurements, the same meter can be used also for transformer condition-monitoring. In 
Vattenfall Finland, all the meters are already AMR meters, which give a good basis also to 
implement comprehensive condition monitoring for distribution transformers. The concept of 
utilizing meters in distribution transformer monitoring is presented in Publication 7. As a 
contribution of the study, the concept is proven to be possible to be integrated as part of the 
existing system infrastructure by taking an advantage of the existing data communication 
system and existing data storages. This gives good possibilities for large-scale 
implementation.  
 
The developed AMR meter concept can be used also to monitor continuously high 
temperature values, which can rapidly lead to an electrical breakdown of a transformer. In the 
implementation, if the measured temperature is exceeding a predefined limit, it is possible to 
generate and send an alarm message from AMR meter to the SCADA system. SCADA 
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system is used to monitor the network status in a control centre. In this way, the same 
temperature information can be utilized as part of network operation to avoid unwanted 
overloading situations and component failures. 

5.4 General condition assessment concept for distribution 
transformers  

This chapter gives an overview of the data available in existing systems for transformer 
condition assessment. At the moment one trend in research work is to develop comprehensive 
models to assess the condition of a network component. However, almost in all cases the 
models are aiming to develop models for transmission network components and models based 
on different approaches have been presented for power transformers [Zha09], [Kol09] and for 
the whole substations as presented in [Far09], [Gje09] for example. The models utilize usually 
data from the operative system and network information systems. Condition monitoring 
information is often based on external measurements, which is an appropriate approach when 
assessing primary network components. Also in distribution level, similar principles can be 
utilized for condition-monitoring, but in many cases external measurements are not 
economically reasonable to do. In the following chapters, the possibilities to utilize available 
data in existing systems for distribution transformer condition assessment are discussed. The 
condition assessment information can be utilized also further for example as a basis of the 
reliability analysis to define more accurately the failure rate of individual components.  

5.4.1 Structural and inspection information 
Fundamental data for the component evaluation is based on utilising structural component 
information. One of the most important information is age, because when the failure 
probability follows for example the bathtub curve, component failure rate tends to increase 
with older components. Also other structural information is valuable, such as nameplate 
values for loading and losses calculations. There are studies, where more precise component 
information including failed part and earthing class have been collected from fault cases as a 
basis of the component failure analysis as presented in [Auv04]. Even if not adapted as an 
everyday practice, these types of studies give good platform to develop and utilise structural 
data more efficiently.  
 
Inspection data can also be used to evaluate the condition of a transformer externally. Based 
on the visual inspection information it is possible to make judgments of the susceptibility of 
external mechanical component failures, such as oil leakages for example. This information 
can be utilized also as part of condition evaluation. The approach has been partly 
implemented in existing reliability based network analysis methodology presented in Chapter 
3. However, in that case the inspection data utilization is in practice limited mainly for poles 
and other inspection data, like condition of transformer bushings, were not defined because 
the stored inspection data was not comprehensively available. However, in the criticality 
model, the methodology to consider also other inspection information has been described to a 
certain extent also in the research work done by RBNA -research group. Nowadays there is a 
commercial development work started to standardize inspection data, which creates a basis for 
better utilization of the inspection data. The inspection specification with the severity 
evaluation is already used in several network utilities in Finland. The specification of 
distribution transformer inspection data includes for example condition of the bushings, 
rustiness of the oil tank, contamination level of the bushings, condition of the oil tank cork 
and the level of oil volume. A risk based approach to find correct visual inspection needs is 
described in [Gje08]. The approach is quite promising for example to define the needs 
depending on the installation environment even if discussed in general level. The collected 
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visual inspection information can be used to assess the condition of a transformer related to 
external mechanical failures as a basis for failure rate analysis. 

5.4.2 Loading information 
 
Based on the author’s experiences from the developed monitoring methodology for 
transformer condition assessment, the methods described in Chapter 4.3 can give valuable 
information to rank transformers based on the aging in a large-scale transformer condition 
assessment. In the near future, historical loading data collected with AMR-meters is available 
from all network customers. The loading information available and the developed 
methodology provide novel approach to assess the condition of a transformer based on the 
available measurement data. The existing meters store the loadings of customers on an hourly 
basis and the measurement data can be used to define loading of a transformer supplying the 
customers. Even if the hourly values can lead to some inaccuracies in thermal modelling 
because of the long measurement interval, it still provides sufficient information for example 
for transformer ranking. In most critical locations it is possible also to install an additional 
AMR meter to collect more accurate information. Additional measurements including load, 
ambient and possible oil temperature measurements at secondary substations can be used for 
network monitoring with meter alarm functionalities. In a case of extra measurement, the 
appropriate measurement interval is approximately 10 minutes, because in that case 
overloading of a transformer can be observed before the transformer is destroyed. In this case, 
the system should inform control centre, if the defined hot spot levels are exceeded. This can 
be done on an IED or SCADA level. A case study, how the critical locations for additional 
measurements can be selected is presented in chapter 5.6.  
 
When utilising the methodology, it is essential to measure ambient temperature close to the 
evaluated secondary substation as a basis for the calculations. Even if the ambient temperature 
information should be based on the measurement, in general additional temperature 
measurement only for condition assessment of a distribution transformer is not reasonable to 
do. However, for example Finnish Meteorological Institute and Finnish Road Administration 
already do commercial temperature measurements comprehensively around Finland, which 
can be used as a basis of the calculations and no additional measurements are needed. When 
the data is aggregated from customer based loading and external ambient temperature 
measurements, the calculated hot spot temperature information for transformer condition 
monitoring can be used for network planning and maintenance.  

5.4.3 Condition monitoring methods 
 
There are various on- or off-line condition monitoring measurements commercially available 
as described in 4.2, which can be used to give historical information of the condition of a 
transformer. The measurements are commonly done only for power transformers, but when 
studying criticality of the component, the measurements can be beneficial also for distribution 
transformers. This is the case for example with critical transformers supplying shopping 
centres with large-scale cooling systems. Also in the locations, where the replacement of the 
component requires a lot of preparative work, the additional measurements can be used for 
controlled replacement of the component. This is the case for example in urban networks with 
transformers installed under the street, for example. The locations, where the measurements 
are beneficial, can be evaluated with the approach described in Chapter 2.4. In the evaluation, 
different measurement techniques are needed to categorise based on the reliability of the 
technique before the utilisation.  



 50

5.5 Transformer condition assessment as part of a reliability 
analysis 

 
The implemented reliability based network analysis takes into account the environmental 
factors and some structural data affecting the failure rate probability, such as lightning and 
overvoltage protection, for example. These factors are affecting mainly the occurrence of the 
extraordinary stresses and the average durability against stresses of the transformer, but do not 
for example take into account the aging factors or accomplished maintenance actions for the 
components comprehensively. Inspection and condition monitoring information can be used 
as additional information for the failure rate probability evaluation. Also a maintenance 
program, when utilised as part of the reliability based network analysis, can be used for 
example to evaluate the usefulness of the selected maintenance strategy in terms of failures. 
The general approach to take into account normal and extraordinary stresses in failure rate 
evaluation together with maintenance information is depicted in Figure 14: 
 

 
Figure 14: Reliability based network analysis enhanced with component condition information 

In the figure, the failure rate analysis is dependent on structural and surrounding 
environmental data, but also on monitoring, inspection and maintenance data. Structural data 
is used to define initial stress level of the transformer as described in chapter 3.2 and 
surrounding environment data is used to define the extraordinary stresses affecting to 
transformers. Maintenance, inspection and monitoring data is used to define where in the life 
curve a component is located as described in 4.1.1. The possibilities to utilise the inspection 
data are described in 5.4.1. Also direct condition monitoring measurements can be used, if 
data is available. The maintenance data including timing of the overhauls, for example, is also 
affecting the failure probability in the network. Monitoring data used from distribution 
transformers can be based on the approach described in chapter 5.4.2. Depending on the 
strategy, failure probability is affected. This data can be used to optimise the maintenance 
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strategies for individual components as described in 2.3.1 including inspections, overhauls 
and condition-monitoring. The approach can be used for example when defining, where 
condition measurements are needed. This can be started with current situation by defining, 
which components have the highest criticality based on reliability based network analysis. 
When these components are found, the next step is to utilise condition measurements for these 
components. The approach can be used to evaluate the effects of the condition measurements 
for the reliability of the component. When the reliability analysis is carried out with additional 
measurements, the added value of the measurements is defined for each component, which 
can be used in cost/benefit evaluation. In this way, the additional measurement needs based 
on the criticality can be defined. Similarly, the approach can be used for optimising 
maintenance actions when correlation between maintenance actions and reliability is known. 
 
Also, when developing the analysis further, factors affecting the consequences of a failure can 
be included to the radial network analysis. The factors are described in the Figure 14 with the 
term surrounding dependent consequences. These types of factors are safety and electrical 
requirements and environmental factors, which do not affect the failure probability, but are 
affecting the severity of the fault. Safety is for example a really important issue, because when 
lacking it is affecting the failure consequences of the whole network company. Also factors 
such as electrical requirements can lead to more severe consequences if humans are in danger 
when a failure occurs due to improper short circuit durability or earthing conditions. Also the 
installation environment is affecting the consequences, because for example a fire in city area 
is much more harmful than a fire in the countryside.   

5.6 Business case: implementation of the measurement system 
 
From the electricity distribution company point of view, it is important to calculate the 
benefits of the new techniques before implementation, if the measurements are not necessity 
due to intolerable risk level. The evaluation can be carried out by using a business case study. 
For the condition monitoring methods, the procedure defined in chapter 2.4 can be used. In 
the business case study described below, the payback time of the investment is evaluated. In 
this case, risk level is considered already to be in the sufficient and therefore the business case 
is directly linked to economical calculations. 

5.6.1 Background information 
 
In this case study, the developed approach for condition monitoring assessment for 
distribution transformers is evaluated. The case evaluates the benefits of AMR monitoring 
concept presented in 5.4.3 to be utilised with transformers installed to the basements of 
apartment houses. The total population of the meters is 400 units and those are presumed to 
operate in the same environment (similar customers, similar loading, etc.), which simplifies 
the evaluation. In the example, hypothetical values are used, but it gives an overview of the 
procedure. The AMR concept itself is discussed more in detail in Publication 7. 
 
Maintenance costs in general consist of measurement costs, inspection costs and overhaul 
costs. When evaluating direct savings of the condition monitoring method, primary 
maintenance cost which can be directly affected, is the inspection cost. In this case, the 
inspections are done normally annually because of the criticality of the installation 
environment. When the monitoring method is implemented, inspections can be done every 
third year. This is because the door status can be monitored (open/closed) and also the loading 
and temperature values can be directly followed with the meters. This will decrease the annual 



 52

costs of inspection by 67 %. In terms of money, if one inspection costs approximately 200 € 
per unit, it will decrease inspection costs by 133,3 €/a per unit.  
 
In the case of distribution transformer, failure rate due to aging is in this case approximated to 
be f = 0,0025 failures/a for one unit because all the installed transformers are rather old and 
operating relatively high loading level. More accurate values for individual transformers are 
available e.g. from reliability and loading analysis. In this case, it is assumed that 50 % of the 
faults can be avoided with the monitoring method. In the case of failure, the consequences 
will cause interruption for the large customer group. In feeder level, the interruption time 
before isolation and restoration is approximated to be 45 minutes (city area) and the 
interrupted power is 1,5 MW as an average (not including customers supplied directly by 
faulted transformer). Based on this, the interruption costs caused for all customers supplied by 
the interrupted feeder due to 45 minutes interruption are: 
 
Kcust_1=  1500 kW * 1,13 €/kW + (1500 kW *0,75h)*11,33 €/kWh= 14 441 € (5.1) 
 
The faulted transformer is assumed to supply load of 250 kW when interruption occurs 
(supplying several customers) and the size of the transformer is 315 kVA. The length of the 
interruption is defined to be 6 hours and 45 minutes due to replacement of the unit. One 6-
hour interruption will cause interruption costs for customers of 
 
Kcust_2=  250 kW * 1,13 €/kW + (250 kW *6 h)*11,33 €/kWh= 17 277 €  (5.2) 
 
The principle supposes that the costs are calculated according to the regulator model with cost 
parameters approximated for the year 2009 and the need of the power is assumed to be same 
for the whole six-hour period. In practice, an interruption of six hours is rather short if the 
walls are needed to tear down. All the faults are in this case assumed to be similar. The 
regulator model cuts the costs of customers to 50 % from the distribution company point of 
view, which is taken into account in the regulation model directly.  
 
The repair work and material costs are approximated to be 60 000 €. If work is ordered in 
advance during the working hours, it will decrease the costs by 15 000€/fault. In the studies 
the avoided faults because of the monitoring method decrease annual costs by 7500 €. In this 
case other environmental and media risks are neglected. 
 
The implementation costs for method utilisation consist of meter costs, meter-reading costs 
and ICT-system costs. When utilising existing ICT systems, the only extra costs for systems 
are data transfer and storage fees. Meter costs are approximated to be 300 €/unit, reading costs 
are 50 €/a,unit and data storage costs are 50€/a,unit. Besides that, also the implementation 
costs of the application are needed to be considered. In this case, development costs are 
evaluated to be 30 000 € and the annual operation costs for ICT are 2000 €. 

5.6.2 Business case evaluation 
 
When evaluating the business case, the pay back time can be defined with the following table. 
The calculated costs and savings are presented annually. The table presents the case, when 
investments and system implementation are done in year 0 and in year 1 the normal operation 
starts. 
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Table 2: Business case for basement installed distribution transformer monitoring with AMR meters 

Year Year 0 Year 1 Year 2 Year 3 Year 4 Year 5 Year 6
Costs
Investment, meters 120 000 € - - - - - -

Application project 30 000 € - - - - - -
Application, annual - 2 000 € 2 000 € 2 000 € 2 000 € 2 000 € 2 000 €
Total annual costs 150 000 € 42 000 € 42 000 € 42 000 € 42 000 € 42 000 € 42 000 €
Savings
Inspections - 53 333 € 53 333 € 53 333 € 53 333 € 53 333 € 53 333 €
Fault costs, regulation - 7 930 € 7 930 € 7 930 € 7 930 € 7 930 € 7 930 €

Fault repair costs - 7 500 € 7 500 € 7 500 € 7 500 € 7 500 € 7 500 €
Total annual savings 0 € 68 763 € 68 763 € 68 763 € 68 763 € 68 763 € 68 763 €
Annual total result -150 000 € 26 763 € 26 763 € 26 763 € 26 763 € 26 763 € 26 763 €
Accumulated total result -150 000 € -123 237 € -96 473 € -69 710 € -42 947 € -16 183 € 10 580 €

40 000 € 40 000 € 40 000 € 40 000 €Annual meter costs 0 40 000 € 40 000 €

 
 
As can be seen from the table, the investments are covered with these parameters in seven-
year period and break-even year would be in Year 6 based on direct cash flow calculations 
and when the interest and inflation rates are neglected. In this case study, application costs are 
the only fixed costs. If the population is for example 800 units, break even year will be Year 
5. In general, larger population decreases break-even point in this case study. However, the 
break even year will be Year 5 even with the population of 3200 units.  
 
The case is an example how the benefits of the measurements can be evaluated. The approach 
is quite simplistic, but it gives an overview, how the calculations can be done. Other 
possibility, which is traditionally used, is to utilize interest rates for investments and use the 
whole investment period, such as 20 years to define savings. However, because IT 
development is proceeding quite rapidly all the time, the approach is beneficiary to evaluate 
savings realized in early phase after the implementation. In this case, intangible benefits are 
not studied.  
 
In this approach, one specific component group is evaluated as one entity, because all the 
parameters are considered to be same for all transformers. However, depending on the 
location, the benefits of the condition monitoring can vary remarkably. To evaluate individual 
components, reliability based network analysis can be used to define more accurate values for 
individual locations. In this way, it is possible to evaluate strategy case by case. The obstacle 
in this approach is in practice the variations and management of the different components in 
different locations. 
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6 Summary and discussion 
 
This work has concentrated on the development of the reliability based network analysis and 
more in detail to answer the following question from the distribution transformer perspective: 
How it is possible to optimize life cycle costs by utilizing existing data for condition 
assessment. For this, calculation models to define the thermal behavior and aging of 
distribution transformers are evaluated from various perspectives. Also several practical 
applications have been implemented and presented in this thesis both for reliability analysis 
and for distribution transformer condition evaluation. An approach to utilize transformer 
condition assessment information as part of the reliability based network analysis has been 
presented. Also a simplistic business case to evaluate benefits of the transformer condition 
monitoring and assessment as part of the reliability analysis has been described.  
 
The topic covered in this thesis is currently one of the main interest areas in distribution 
companies in Europe. The importance of the optimization of asset management is increasing 
due to tightening regulation, which at the same time demands both the economical efficiency 
and improved power quality. To manage the partly contradictory demands, new methods to 
optimize life cycle costs especially in the field of maintenance are presented in this thesis. 
 
Based on the research work, the following main contributions have been presented in this 
thesis: 
 

1. Risk based approach for network reliability analysis is presented. In the approach the 
failure probability (failure rate) defines the occurrence of the risk and radial network 
analysis defines the consequences of the failure. Together the failure probability with 
the consequences of the failure defines the criticality of the component. The approach 
is integrated as part of the reliability based network analysis, which is used to optimise 
life cycle costs.  

2. Advanced failure rate analysis based on structural and environmental data for network 
components is presented. The model can be used to differentiate the reliability based 
on the main environmental and structural factors of the network comprehensively. 

3. Radial network analysis for fault isolation and restoration is presented. The analysis is 
used to model the behaviour of the network when the fault occurs as part of the 
reliability based network analysis.  

4. Criticality analysis to make network reliability, electrical and mechanical condition 
and safety commensurable is presented in the thesis. The approach is proposed to be 
integrated as part of life cycle cost evaluation   

5. Novel methods for distribution transformer condition monitoring based on the 
calculated temperature and aging are evaluated. The methods are adapted from the 
loading guide standards. The methods can be utilised both for network operations and 
for maintenance and investment planning. Also practical applications are presented. 
Also the usability of the methodology is evaluated and it seems to be adequate for 
distribution transformer condition assessment and monitoring with certain limitations. 

6. Artificial neural network method for transformer temperature and aging calculations is 
presented and evaluated. The method can be utilised with comprehensive training data 
for transformer temperature modelling. Adequate data is not currently available for 
distribution transformers, but for primary transformers the methods could be utilised 
easier. 
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7. The practical requirements for implementation of condition monitoring methodology 
for distribution transformers are presented both at a methodology and system level. In 
methodology perspective, historical loading and ambient temperature values are 
needed. The methodology is needed to be part of the existing systems in distribution 
network analysis. In primary transformer level, the methodology can be implemented 
also as a separate application combined with other existing condition measurement 
information. 

8. The basic approach to consider the external and internal condition of a transformer as 
part of the failure rate analysis is presented.  

9. A comprehensive approach for distribution transformer condition assessment based on 
inspections, condition monitoring data and other maintenance data is presented. The 
information can be used as a basis of the failure rate information. The approach can be 
used to optimise maintenance actions for individual components. Life cycle costs of a 
transformer can be more comprehensively optimised with the developed approach 
especially from the maintenance perspective of a distribution transformer. 

10. Business case to evaluate AMR based transformer monitoring concept is described. 
The evaluation elucidates the basic approach to combine condition monitoring 
information as part of the reliability based network analysis. 

6.1 Future studies  
 
In this thesis, the approach for distribution transformer condition assessment together with 
comprehensive reliability analysis has been presented. Also general guidelines to develop a 
comprehensive approach for transformer condition evaluation are given. Based on the studies, 
practical implementation of the condition monitoring methodology adapted from the loading 
standards as part of the reliability based network analysis can be done. 
 
There are also topics revealed during the research work, which are needed to be developed 
further before the comprehensive condition assessment approach and maintenance programs 
can be used as an integrated part of the reliability analysis. The research work needed includes 
the evaluation, how different maintenance actions including condition monitoring correlate 
with the failure rate. For example, the accuracy of the different monitoring methods vary and 
this is needed to be considered when utilising the information as part of comprehensive 
condition assessment. This requires evaluation of the existing statistics and use of robust 
engineering judgement. Later on, when proper statistics are available, it may also be possible 
to find probability functions for different factors to define an adequate risk level. Besides that, 
system development is obviously required for practical implementation of the approach. 
 
One aspect, which is not studied in the thesis, is the utilisation of the experienced fault 
stresses as part of the failure rate analysis. Fault data is in modern DMS stored directly from 
SCADA to the network database, which gives possibilities to evaluate more accurate fault 
information as a basis of the condition assessment. The information, which can be used for 
transformer condition evaluation is the number of the faults experienced, fault current, fault 
type and location. The above-mentioned factors affect the internal condition of a transformer. 
For example short circuits create electromagnetic forces, which can cause vibrations as 
discussed in [Lia03], [Art93] for example. SCADA based fault statistics can be used for 
primary transformers, because the fault statistics are quite comprehensively available from 
medium voltage network. For circuit breaker, this type of approach is described in [Els07] for 
example. With AMR meters, number of experienced faults is also available from the low 
voltage network. This data can also be used for condition assessment of a distribution 
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transformer. Also, if the fault location is restored to the system, this information can be used 
to define the short circuit currents through the distribution transformers affected. The short 
circuit current can again be used to define the mechanical stresses caused for the transformers 
during the fault situations. 
 
Another aspect to develop reliability based network analysis further is to evaluate available 
map information to consider environmental factors more precisely. Currently forestry 
information is used as a basis of the analysis. The map information opens new possibilities to 
implement novel functionalities for reliability analysis and for other applications. For example 
satellite pictures and available map information can be used to identify the most risky 
components from the safety point of view, when geographical position is available from 
estates classified to be critical. These type of estates can be schoolyards and kindergartens, for 
example. Also information from the ground water areas can be utilized as a basis of the 
consequence analysis in a case of oil-immersed transformers. Altitude contour lines can also 
be used to define the components, which are in hoarfrost areas. The information can be 
utilized when defining failure rate of the overhead lines.  
 
Utilization of the ANN methods can be developed further for transformer modelling. The 
approach developed can be used also to forecast future loading and temperature values, if the 
historical information is available. This can be essential information when evaluating the state 
of the network in a control centre. A next step could be to evaluate the possibilities to utilize 
the methodology for primary transformers and evaluate benefits of the approach. 
 
 The studies presented in this thesis have concentrated on the transformer, which is only one 
of the main components in the distribution network. For other components, similar 
approaches can be developed. There exist several condition monitoring models in the 
literature for example for cables [Lya00], [Bol01] and switches [Shi02]. The possibilities to 
utilize the models as part of the reliability based network analysis are worthwhile to study 
further.  
 
In reliability based network analysis, the probability of operational failure is not recognized, 
which is a basic part of the reliability methodology as described in [Bro02]. This is a major 
aspect for example when optimizing disconnector overhauls. The aspect was considered 
during the RBNA-project, but in that time the decision was to ignore it in the first phase. In 
future development this could be worth of taking into account when optimizing maintenance 
actions. 
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