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Abstract

The supply of electricity is important in modern society, so the outages of the
electric grid should be few and short, especially for the transmission grid.A summary
of the history of the Swedish electrical system is presented. The objective is to be
able to plan the maintenance better by following the condition of the equipment.

The risk matrix can be used to choose which component to be maintained. The
risk matrix is improved by adding a dimension, the uncertainty of the probability.
The risk can be reduced along any dimension: better measurements, preventive
maintenance or more redundancy. The number of dimensions can be reduced to
two by following iso-risk lines calculated for the beta distribution.

This thesis lists twenty surveys about circuit breakers and disconnectors, with
statistics about the failures and the lifetime. It also presents about forty condition-
measuring methods for circuit breakers and disconnectors, mostly applicable to the
electric contacts and the mechanical parts.

A method for scheduling thermography based on analysis of variance of the
current is tried. Its aim is to reduce the uncertainty of thermography and it is
able to explain two thirds of the variation using the time of the day, the day of the
week and the week number as explanatory variables. However, the main problem
remains as the current is in general too low.

A system with IR sensors has been installed at the nine contacts of six discon-
nectors with the purpose of avoiding outages for maintenance if the contacts are
in a good condition. The measured temperatures are sent by radio and regressed
against the square of the current, the best exponent found. The coefficient of de-
termination R2 is high, greater than 0.9. The higher the regression coefficient is,
the more heat is produced at the contact.So this ranks the different contacts.

Finally a framework for lifetime modelling and condition measuring is presented.
Lifetime modelling consists in associating a distribution of time to failure with each
subpopulation. Condition measuring means measuring a parameter and estimating
its value in the future. If it exceeds a threshold, maintenance should be carried out.
The effect of maintenance of the contacts is shown for four disconnectors.

An extension of the risk matrix with uncertainty, a survey of statistics and con-
dition monitoring methods, a system with IR sensors at contacts, a thermography
scheduling method and a framework for lifetime modelling and condition measuring
are presented. They can improve the planning of outages for maintenance.
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Sammanfattning

Elförsörjningen är viktig i det moderna samhället, så avbrotten bör vara få och
korta, särskilt i stamnätet. En kortfattad historik över det svenska elsystemet pre-
senteras. Målet är att kunna planera avbrotten för underhåll bättre genom att veta
mera om apparaternas skick.

Det är svårt att planera avbrott för underhåll och utbyggnad. Riskmatrisen är
verktyg för att välja vad som ska underhållas och den kan förbättras genom att
lägga till en dimension, sannolikhetens osäkerhet. Risken kan minskas längs med
varje dimension: bättre mätningar, förebyggande underhåll och mer redundans.
Antalet dimensioner kan igen bli två genom att följa linjer med samma risk, som
är beräknade för betafördelningen.

Denna avhandling tar upp tjugo studier av fel i brytare och frånskiljare med
data om felorsak och livslängd. Den har också en översikt av ett fyrtiotal olika
metoder för tillståndsmätningar för brytare och frånskiljare, som huvudsakligen
rör de elektriska kontakterna och de mekaniska delarna.

Ett system med IR sensorer har installerats på de nio kontakterna på sex från-
skiljare. Målet är att minska antalet avbrott för underhåll genom att skatta skicket
när frånskiljarna är i drift. De uppmätta temperaturerna tas emot genom radio och
behandlas genom regression mot kvadraten av strömmen, då den bästa exponenten
för strömmen visade sig vara 2,0. Förklaringsfaktorn R2 är hög, över 0,9. För varje
kontakt ger det en regressionskoefficient. Ju högre koefficienten är, desto mer värme
utvecklas det i kontakten, vilket kan leda till skador på materialet. Koefficienterna
ger en rangordning av frånskiljarna.

Slutligen förklaras ett ramverk för livslängdsmodellering och tillståndsmätning.
Livslängdsmodellering innebär att koppla en fördelning för tiden till fel med varje
delpopulation. Med tillståndsmätning avses att mäta en parameter och skatta dess
värde i framtiden. Om den överskrider en tröskel, måste apparaten underhållas.
Effekten av underhåll visas för fyra frånskiljare.

En utveckling av riskmatrisen med osäkerheten, en sammanställning av statistik
och metoder för tillståndsövervakning, ett system med IR-sensor vid kontakerna,
en metod för termografiplanering och ett ramverk för livslängdsmodellering och
tillståndsmätningar presenteras. De kan förbättra avbrottenplaneringen.
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Resumen

El suministro de energía eléctrica es importante en la sociedad moderna. Por eso
los cortes eléctricos deben ser poco frecuentes y de poca duración, sobre todo en
la red de transmisión. Esta tesis resume la historia del sistema eléctrico sueco. El
objetivo es planificar los cortes mejor siguiendo la condición de los aparatos.

La matriz de riesgo se utiliza muchas veces para escoger en qué aparatos debería
realizarse mantenimiento. Esta matriz se puede mejorar añadiendo una dimensión:
la incertidumbre de la probabilidad. El riesgo puede ser disminuido siguiendo cada
una de las tres dimensiones: mejores mediciones, mantenimiento preventivo y mayor
redundancia. El número de dimensiones puede reducirse siguiendo líneas del mismo
riesgo calculadas para la distribución beta.

Esta tesis presenta veinte estudios de fallos en interruptores y seccionadores con
datos sobre la causa y el tiempo hasta la avería. Contiene también una visión gen-
eral de cuarenta métodos para medir la condición de seccionadores e interruptores,
aplicables en su mayoría a los contactos eléctricos y los componentes mecánicos.

Se ha instalado un sistema con sensores infrarrojos en los seis contactos de nueve
seccionadores. El objetivo es disminuir los cortes de servicio para mantenimiento,
estimando la condición con el seccionador en servicio. Las temperaturas son trans-
mitidas por radio y se hace una regresión con el cuadrado de la corriente, ya que
el mejor exponente de la corriente resultó ser 2,0. R2 alcanza un valor de 0,9 in-
dicando un buen ajuste de los datos por parte del modelo. Existe un coeficiente
de regresión para cada contacto y este sirve para ordenar los contactos según la
necesidad de mantenimiento, ya que cuanto mayor sea el coeficiente más calor se
produce en el contacto.

Finalmente se explica que el modelado de tiempo hasta la avería consiste en
asignar una distribución estadística a cada equipo. La monitorización del estado
consiste en medir y estimar un parámetro y luego predecir su valor en el futuro. Si
va a sobrepasar un cierto límite, el equipo necesitará de mantenimiento. Se presenta
el efecto de mantenimiento de cuatro seccionadores.

Un desarrollo de la matriz de riesgo, un conjunto de estadísticas y métodos de
monitoreo de condición, un sistema de sensores IR situados cerca de los contactos,
en método de planificación de termografía y un concepto para explicar la mod-
elización de tiempo hasta la avería y de la monitorización de la condición han sido
presentados y hace posible una mejor planificación de los cortes de servicio.
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1

Introduction

Caminante, son tus huellas
el camino y nada más;
Caminante, no hay camino,
se hace camino al andar.
Al andar se hace el camino,
y al volver la vista atrás
se ve la senda que nunca
se ha de volver a pisar.
Caminante no hay camino
sino estelas en la mar.

– Antonio Machado, Proverbios y cantares, Campos de Castilla, 1912

This thesis is about how to improve the maintenance of the electric grid by
knowing more about the components, statistics of their failures and their condition.
Chapter 1 describes infrastructures in general and the electric grid in particular,
while Chapter 2 outlines the history of the Swedish electrical system. Chapter 3
presents methodology in general and Chapter 4 part of the theory about lifetime
modelling. When the background has been presented, Chapter 5 contains the results
in the appended papers and a discussion about them. It also explains a framework
of lifetime modelling and condition measuring. Finally Chapter 6 presents future
work and summarizes.

1.1 Infrastructure systems

An infrastructure composes the material foundation of society such as transport
systems, communication system, energy supply, and water and sewage systems.
Kaijser1 categorizes an infrastructure system from a geographical perspective ac-
cording to: [43, pp 55–57]

1Kaijser is pronounced ["kaJser].
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• Extension: Is the system local, regional, national or international?

• Structure: Is it structured in several levels?

• Shape: Is it point, line or area based? The railway system, the electrical
system and the radio broadcasting system are examples of the three types,
according to where it can be accessed.

• Juxtaposition: Is there another system running together with the infrastruc-
ture system?

Kaijser also claims that the construction of an infrastructure system is uncertain
from an economical perspective, as the initial investments are high, and the future
demand is difficult to predict. When the infrastructure system is built, the pricing
policy can have different goals: fairness between different categories of users or an
efficient use of the system. [43, pp 57–63] From an institutional perspective, Kaijser
discusses three aspects: [43, pp 63–71]

• Ownership: There is a tendency of going from a system owned by its users
(consumers or industrial users), to a public ownership (at different levels) and
finally to a private ownership.

• Organisation: Is there a vertical integration (between the different levels) or
a horizontal integration (between different systems at the same places)?

• Rules: What kind of rules are there? General laws for companies and pub-
lic agencies, specific laws for the infrastructure or agreements between the
different stakeholders?

Kaijser also discusses the technical aspects of an infrastructure system. Then
he distinguishes between the fixed network, composed by nodes and edges in a
graph and the flow through the network. He mentions the importance of reliability,
where he distinguishes between small disturbances and bigger events with mate-
rial damages, loss of life and environmental effects. Both are detrimental for the
confidence in the system. He also defines a strongly coupled system as a system
where disturbances propagate. A control system and/or robustness can mitigate
the disturbances. [43, pp 50–57]

1.1.1 Supply of energy
Kaijser divides infrastructure systems into: transportation, communication and
supply of energy. The energy is used for cooking, heating of dwellings, lighting,
mechanical work and process heating. The first sources were human and animal
work, wind power, hydropower and the combustion of animal and vegetable prod-
ucts. Then coal, gas and oil started to be used. The energy systems should be
divided into systems using the ordinary transportation network and systems hav-
ing their own network (gas, district heating and electricity). [43, pp 46–49]
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Kaijser summarize the electrical system together with other network-based sys-
tems for supply of energy (gas, district heating) as having these characteristics: [43,
p 74]

• line shaped,

• large initial investment,

• natural monopoly,

• strongly integrated,

• coupling production – consumption (no intermediate storage),

• possible juxtaposition with other systems.

Fig. 1.1 is an example of the production of electrical energy. If there is a dam,
hydropower can be regulated quite easily, which is a way to handle the lack of large
storage of electrical energy.

Figure 1.1: The Laforsen dam on the river Ljusnan to the west of Färila in Häls-
ingland. The substation is in left-most part of the image.

Kaijser uses the words transmission and distribution for two levels of the net-
work, which are used quite frequently for the electric grid. However, the Swedish
electric grid is considered to be divided into three parts: the transmission grid, the
regional or subtransmission grid, and the distribution or local grid, with decreasing
voltages and also decreasing redundancy. This classification is due to the owner-
ship.2 Svenska kraftnät owns the transmission grid composed of 400 kV and 220
kV lines, shown in Fig. 1.2. It is divided into bidding areas SE1, SE2, SE3 and SE4,
going from north to south.3 Their borders follow bottlenecks in the transmission
capacity. Fig. 1.2 shows the transmission grid and Fig. 1.3 two transmission lines.

2It can be illustrated schematically as in Fig. 2 in Paper 3.
3They are shown in Fig. 3 in Paper 3.
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Figure 1.2: The transmission grid in northern Europe. (Reproduced with permis-
sion from Svenska kraftnät.)

4
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Figure 1.3: 400 kV transmission lines. (Photo: Tomas Ärlemo, reproduced with
permission from Svenska kraftnät.)

Vattenfall Eldistribution AB, Eon Elnät Sverige AB, Ellevio AB and Skellefteå
Kraft Elnät AB, Öresundskraft AB and Laforsen Produktionsnät AB own regional
grids with connections to other grids. The first three are the biggest ones. The
regional grids have voltages between 30 and 130 kV. There are other companies
with lines at those voltages but only connected to their own distribution grids. One
fourth of the energy is delivered directly from the regional grids to the customers,
often paper or metallurgical industries.

The rest of the customers are connected to a distribution grid with 20, 10, 6 and
0.4 kV lines. There were 157 distributors in 2015. From a technical perspective,
the electrical grid consists of several levels whereas from an organizational level of
two (if the regional grid and the distribution grid has the same owner) or three
levels. [79, p 12–14] Fig. 1.4 shows the distribution areas in Hälsingland, also in
Table 1.1.1. Ellevio AB owns the regional grid. Two overhead lines for distribution
appear in Fig. 1.5.

1.2 Equipment at the substations

The electric power transmission grid consists mainly of overhead lines and a small
amount of cables, which connect at substations. A substation for the transmis-

5



1. INTRODUCTION

Figure 1.4: Distribution areas in and around Hälsingland: The red lines are the
borders. The blue lines is the border between the bidding areas SE2 and SE3 (to
the south), which is a bottleneck in the transmission capacity. (Reproduced from
natomraden.se with permission from Svenska kraftnät.)

Company Abbreviation Ownership
Eon Elnät Sverige AB MED Private

Hamra Kapellags Besparingsskog HMR Commons
Ljusdal Elnät AB LJD Municipal
Härjeåns Nät AB HJN Municipal/private

Ellevio AB HDV Private
Ellevio AB HAL Private

Elektra Nät AB EBN Private
Söderhamn Elnät AB SDN Municipal

Table 1.1: Distribution areas in Hälsingland shown in Fig. 1.4.
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Figure 1.5: Distribution: Two overhead lines to the west of Nikkaluokta in Swedish
Lapland in an area without roads. There is a snowmobile trail marked with red
crosses beside the lines.

sion grid could look like Fig. 1.6. The central part of the substation are the bus
bars, to which the incoming lines are connected through circuit breakers, which
break or make current in order to direct the power flow, disconnect or connect part
of the network or some equipment for maintenance, and protect the network by
disconnecting failed equipment or by preventing instabilities. The circuit breaker
must have a mechanism to suppress the electric arc that is formed when opening an
electric contact through which a high current passes. Another important piece of
equipment is the power transformer, which converts the electric power to a higher
or a lower voltage. So it is the link between networks of different voltages.

There can also be shunt reactors and shunt capacitors at the substation in order
to regulate the power factor by adding inductive or capacitive load. There are also
protective devices such as surge arrestors for over-voltage transients and earthing
switches and disconnectors for getting a safe workplace. The disconnectors are
opened during maintenance in order to isolate other equipment from high voltages.
That other equipment is then earthed. There are also instrument transformers to
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Figure 1.6: Substation: Two overhead lines come from the right and one from
the background. They meet at the bus bars, the sets of three tubes going from the
right to the left. (Photo: Tomas Ärlemo, reproduced with permission from Svenska
kraftnät.)

measure voltages and currents. Those measurements are used by the protection
system, in the control rooms and for calculating the power supplied to or received
from connected networks.

1.3 Availability

The customers rely on the electric grid. One measure of the reliability is unavail-
ability, which is defined as the proportion of the time that there is no supply of
electric energy. In Sweden the unavailability of the distribution networks is about
0.02 %, that is less than 2 hours per year whereas in the regional networks the
average unavailability is lower, around 10 minutes per year [29, p 18, 54]. The
equipment in the electric grid should not fail too often, nor should the preventive
maintenance occur too often, since it requires disconnecting the equipment from the
grid. Also, new installations require disconnections, which means either that some
consumers will be disconnected or that the redundancy and, thus, the expected
reliability will decrease.
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Since the transmission network has such a high redundancy, its unavailability
is zero during a year without extreme events. However, two large outages have
occurred in Sweden in the last 40 year: 27th December 1983 in Hamra and 23rd
September 2003 in Horred. In Hamra, to the northwest of Stockholm, a discon-
nector was overheated and it fell to the ground, still connected to the 400 kV line.
That short-circuit caused the disconnection of the whole substation, which lead to
a complete blackout to the south of line through Dalecarlia and Gästrikland. The
cost was between 200 and 300 million SEK. [76, p 1–3]

In Horred, to the southeast of Gothenburg, a disconnector broke and caused an
arc to the other bus bar. This caused the disconnection of the whole substation,
which transmits the power from the nuclear power plant Ringhals. Then the grid
in southern Sweden was too weak and the grid collapsed to the south of a line
Varberg–Norrköping. Also Zealand went black. The cost was about 500 million
SEK. [71, p 4–5]

External damage includes storms, lightning and damage caused by humans.
The overvoltages caused by lightning are handled by the earthing system and by
surge arrestors, non-linear components that let the overvoltages go to ground. The
damages caused by humans are not further treated in this thesis, although the risk
of sabotage should be considered by the network owners. This thesis concentrates
on failure of the installed equipment.

1.4 Risks in the electrical system

There are several substances that are bad for the environment in the electrical
equipment: SF6 (sulphur hexafluoride) gas in circuit breakers and oil in circuit
breakers and transformers. The big transmission grid companies have instructions
to the general public about what to avoid in the vicinity of overhead lines. From
a working perspective it is more difficult since the workers have to be close to high
voltages as the whole substation is not de-energised, only some bays. Apart from
direct contact, the electric fields can influence how the body works. So there are
rules (AFS 2016:3 in Sweden as an implementation of EU directive 2013/35/EU)
for avoiding electric fields when working in substations.
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History and future

Arvelee, ajattelevi:
"Mitä tuostaki tulisi,
josp’ on tunksin tulehen,
ahjohon asettelisin?"

Rauta raukka säpsähtihe,
säsähtihe, säikähtihe,
kun kuuli tulen sanomat,
tulen tuimat maininnaiset.

Sanoi seppo Ilmarinen:
"Ellös olko milläskänä!
Tuli ei polta tuttuansa,
herjaele heimoansa.

Kun tulet tulen tuville,
valkean varustimille,
siellä kasvat kaunihikse,
ylenet ylen ehoksi:
miesten miekoiksi hyviksi,
naisten nauhan päättimiksi."

Eftertänker, öfverlägger:
"Hvad månn’ deraf kunde blifva
om jag bragte det i elden,
i min ässja det försatte?"

Skräck betog det arma jernet,
skräck betog det och förfäran,
då det hörde elden nämnas,
hårda ord förnam om elden.

Sade smeden Ilmarinen:
"Var häröfver ej bekymrad!
Elden ej sin frände bränner,
gör sin slägting ingen skada!

När du nalkas eldens stugor,
kommer in i lågans boning,
vexer du och blifver vacker,
skjuter upp och blir förträfflig,
görs till goda svärd åt männen,
och för qvinno-band, till tofsar.1"

– Elias Lönnrot, Kalevala, 1849, 9:135–152 (översatt av Karl Collan 1864)

The invention of iron processing was important for mankind. Electricity has also
become indispensable for modern society. This chapter presents mainly how the
Swedish electrical system was built and organised, and it mentions the challenges
for the future as well as the early stages of the electrification of the world.

1Lars och Mats Huldén har kvinnospänne i sin översättning från 1999.
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2.1 Dynamics

Kaijser mentions three phases in the life of an infrastructure: [43, Ch. 4]

• Etablishment: This phase requires a close cooperation between system oper-
ators, equipment producers and end users in order diminish the initial uncer-
tainty. There should be a niche where the new system is better.

• Expansion: The expansion can be done both in space and in the user groups.
The costs can be lowered with economy of scale (bigger devices) and economy
of scope (new groups of users with different demands). In this phase there
might be some technical or institutional bottlenecks to be solved. Sometimes
there are radical changes of the system.

• Stagnation: When there is no place to expand, the system will stagnate.

2.2 History of the early electrification

Eriksson2 sketches the early stages in the use of electricity in the world. The
application to chemistry such as galvanization was known around 1800, but the
available power was too small. The invention of the electromagnet in the 1820s
enabled the invention of the telegraph and in 1844 Samuel Morse built the first
line in the USA. The Germans Werner and Wilhelm Siemens made better designs
of generators in the 1860s thanks to the electromagnet. The electric light started
to be used in lighthouses and streets from the 1850s with arc lamps. Their light
was too bright, so Edison’s invention of the light bulb in 1879 was a way to use
the electric light indoors. [24, pp 180–181]. Edison presented a complete system for
electric lighting at 100 volts at the exhibition in Paris in 1881. [22, p 4:17]

The next subsections focus on the electrification of Sweden and they are mainly
based on Kaijser’s general description in Swedish [43, p 160–178], with some details
from Hälsingland [26], from Stockholm [31] and from other projects [36].

2.3 Local electrification

The first power networks in the Swedish cities were the gas works, starting in 1846
in Gothenburg. During the next two decades, 25 new ones were built. The first
ones were privately financed but built with permission of the city council. As the
municipal administrations learned more, they started to build their own gas works.
The first electricity grids were built in the middle of the 1880s by the cities and
some industrial companies. They used direct current, which limited the distances
between producer and consumers. [43, pp 160–161] The first electrical power station
started in Härnösand in 1885. [22, p 4:18]

2Eriksson is pronounced ["e:rIksOn:].
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2.4 Trollhättan: the state gets involved

For the exhibition in Frankfurt am Main in 1891 a three-phase line was built from
Lauffen, 170 km away. It had a line voltage of 15 kV, worked at 40 Hz and transmit-
ted 300 horse powers with an efficiency of around 75 %. This was the break-through
of the three-phase technology, which was used two years later for a 5 kV 70 Hz over-
head line from Hellsjön to the mine in Grängesberg. The efficiency was above 70 %
and 200 horse powers were transmitted 13.7 kilometres. [22, p 4:20–21] This showed
that it was possible with a separation of production and consumption, but a juridi-
cal framework was needed to exploit the power of the waterfalls and the rapids. Two
laws, from 1899 and 1918 respectively, made it easier to utilise the hydropower and
a law from 1902 enabled the expropriation of ground for overhead lines. The ex-
ploitation of the hydropower had three goals: to enhance the general well-being, to
earn money for the state, and to electrify the railways. The state bought the canal
in Trollhättan and then had the rights to build a power plant, which was opened in
1910, owned by the newly established Kungliga Vattenfallsstyrelsen, which headed
the agency denominated Statens Vattenfallsverk. As it was later called Vattenfall,
this name will be used here. The electricity from Trollhättan was transformed to
50 kV, which meant that it could be transferred 100–200 km. [43, p 161] Sweden
was the first state that started to exploit the waterfalls. [43, p 165]

2.5 Rural electrification: the case of Hälsingland

The start of the electrical lighting of an industry in Sweden was the electric arc
lamp lit in 1876 at the saw mill in Marma in Hälsingland. [26, p 11] In 1923 the elec-
trification committee of year 1917 mentioned that there were 241 electrical power
plants in the county of Gävleborg of which Hälsingland constitutes the northern
two thirds3, of which 189 were on the countryside. [26, p 90] Garnert divides them
into four groups: [26, p 90]

• Small plants with DC
From 1900 small power plants with direct current to a few farms were built,
especially after the introduction of tungsten filaments in light bulbs in 1904.
An example is the smith Olof Forsman (1866–1945) who built his own power
plant in 1912 in the parish of Järvsö, a second one when they moved and at
least five new ones for his neighbours. He wound and built the generators
himself. [26, p 76] The lack of kerosene was a reason for using electricity for
lighting. Even if the voltage dropped considerably due to the distance, the
neighbours of the textile industry Holma-Helsinglands linspinneri & väfveri
wanted to be supplied with electricity. [26, p 80–82]

• Peasant companies for supplying the district
3The narrow dashed black line in Fig. 1.4 marks the limits of the county and the red solid line

to the north of OBO shows the border of Hälsingland.
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The peasant companies had a wider scope and distributed AC. An example
is Färila elektriska kraft AB, founded in 1918. The future customers had to
buy shares. The company build a power plant in Stocksboån and distributed
10 kV that was transformed to 380/220 V to the customers, who consisted of
223 farmsteads (only 55 had more than 10 hectares) and 78 other dwellings.
The equipment was delivered by Luth & Rosén. [26, p 86]
Hovra Elektriska Kraft AB, also in the parish of Färila to the west of Ljus-
dal4, was founded in 1919. [26, p 86] At the survey in 1945 the farmstead
Östergården with 14.5 hectares of fields and 398 hectares of wood had three
motors: one at 0.25 kW for the milking machine, another at 0.74 kW for
the water pump and a third at 5.5 kW for the mill, the threshing machine
and the wood cleaver. However the power plant in Skyte could only supply
two threshing machines at the same time. [26, p 188] Other peasant compa-
nies were connected to larger producers such as Hudiksvalls Elverk, Iggesunds
Bruk and Arbrå Kraftverk. [26, p 86]

• Large commercial companies
The industries had both hydropower plants and steam plants to produce elec-
tricity. [26, p 120] Only two companies had more than a local influence:Arbrå
Kraftverk and Bergvik & Ala. [26, p 171] The last one started to build a
sulphite paper mill in 1901 in Bergvik to the south-west of Söderhamn, close
to the streams. [26, p 117–118] The power plant in Arbrå, between Bollnäs
and Ljusdal, started distributing 5 kV in 1898. It was built by Adolf Unger,
who owned several industrial companies. A new power station was built in
1908, which fed a 40 kV line. Axel Wallenberg became owner of the newly
formed company AB Arbrå Kraftverk in 1920.[26, p 86, 119, 124–128] Igge-
sunds Bruk, to the south of Hudiksvall, shifted from steel to paper around
1900. It built new power plants in 1897 (Sågfallet), 1908 (Järnfallet) and 1916
(Pappersfallet). One third of the generated electrical power came from steam
engines. It also bought power from Arbrå kraftverk and agreed to sell power
to several electrical distribution associations in 1919. [26, p 86, 119, 124–128]

• Urban power plants
Hudiksvall got DC in 1885 and two years later AC 2 kV/200 V from Lund
in the parish of Forsa at the initiative of Anders Lindahl, owner of a bicycle
workshop. When he left Hudiksvall in 1900, Holma-Helsingland bought the
installations. Even when the voltage had been increased to 6 kV, the power
did not suffice. The solution was Arbrå Kraftverk, whose owner Adolf Unger
was building a new power plant with 2.8 MW for his own workshop and for
the paper mill Forsså Bruk in Näsviken to the west of Hudiksvall. In 1909
a 40 kV line Arbrå–Näsviken was built and it passed close to Hudiksvall,

4I will use parish for civil parish as the smallest administrative unit, socken or landskommun
in Swedish.
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two years after the first line in Sweden at that voltage. The distribution in
Hudiksvall was transfered to a municipal utility, which started selling power
to Hälsingtuna Elförening on the countryside in 1918. [26, p 86, 135–6]
Edsbyn had a better position as the river Voxnan passes by. Olov Johansson,
owner of a saw mill and a ski factory, founded a power plant for 380 V AC. As
he wanted to extend the distribution to the nearby countryside AB Edsbyns
Elverk was founded in 1918. More power was needed and in 1946 connection
10 kV to Bollnäs Kraft was built. Then all major electrical distributors in
Hälsingland were connected to each other. [26, p 147]

Garnert lists several factors that lead to the electrification: [26, p 68–71, 83]

• Widespread use of hydropower: Mills, saws, flax scutchers and stampers were
driven by streams.

• Connection to new ideas: The peasants travelled across the country selling
their products and transporting goods.

• Availability of capital: The production of flax, timber and, during the First
World War, food made the peasants rich.

• Need for lighting: There was a lack of kerosene during the First World War.

• Electrified industry: Smaller and larger industrial companies were electrified
and they supplied both power and knowledge.

2.6 Stockholm

After having seen some private initiatives with electric lighting the city council
decided to build a steam plant, Brunkebergsverket, which opened in 1892. [31, p
57] The workshop Luth & Rosén built a hydropower plant in Uddby, Tyresö, in
1898. It delivered 270 kW via a 21.5 km 10 kV line. Since the refurbishment in 1983
it delivers 350 kW. [31, p 72] The city council showed an interest for Älvkarleby in
1899 but the state rejected it. Later that year there was an attempt to buy Forsa
waterfall, also in Dalälven, which would require at least a 30 kV line with a length
of 180 km to transfer the power with reasonable losses.

As the demand increased the city council decided in 1900 to build Värtaver-
ket,which had two 1.5 MW generators for 25 Hz and 6 kV. [31, p 62–64] In 1904 the
rapids in Untra in Gästrikland were bought, but the permission to build the plant
was granted in 1914 after more purchases and trials in the courts. It was ready in
1918. Then there was also a new line, 132.6 km and 100 kV, the second highest
voltage in Europe. [31, p 74–77]

Hissmofors was the first power plant in Indalsälven 1897. [67, p 125] It was
built for a sulphite paper mill and at the same time for supplying Östersund with
electricity. [32, p 12]. The rapid Krångede in that river was bought in 1916 by
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Sandvikens Jernverk and other industrial companies. In 1929 the City of Stockholm
entered the group, which started to build the plant in 1931 the building began.
Five years later it began delivering power by a 500 km 220 kV line to Horndal.
More power plants in the same river and the lines Krångede–Järpen and Horndal–
Untra were built in the 1940s. Krångedebolaget, Sydkraft and Vattenfall decided
to collaborate in running the power plants in Dalälven and Indalsälven in 1951. [31,
p 80–81]

In 1928 it was decided to move from 25 Hz, which was the frequency of the first
generator in Untra, to 50 Hz. It took 45 years. During the meantime there were
two separate grids connected by a synchronous converter at Värtaverket. At the
same time the shift from DC to AC in the distribution started. [31, p 70]

2.7 Electrification of the Ore Line

The invention of the Bessemer process started the exploitation of the phosphorous
iron ore in Norrbotten in the late 1880s. The state bought the line Gällivare–Luleå
from a British company that went bankrupt, extended it to Narvik and called
it the Ore Line, Malmbanan in Swedish. The mines were first private, but the
state bought half of LKAB in 1907. Grängesbergsbolaget owned the other half.
Steam locomotives were not regarded as an alternative as they would need two
tracks as they were less powerful. Also there was a tunnel that got filled with
smoke. The mine in Kiruna needed more electricity, so in 1908 the electrification
of the Ore Line was decided. First some shorter segments around Stockholm were
electrified, later Gothenburg–Laxå on the line going from Stockholm. Then in 1910
the electrification of the Ore Line was decided and the Porjus power plant was ready
in 1915. Already in 1900 the fortress of Boden was decided to protect the mines,
another part of the technological megasystem in northern Sweden. [33, p 48-58] In
1926 the line Stockholm–Gothenburg was electrified. [21, p 123]

2.8 Other regional constellations

Sydsvenska kraft ab was created in 1906 and owned by the cities of Malmö, Lund,
Landskrona, Helsingborg, Halmstad and Oskarshamn. In 1945 it owned 26 hy-
dropower stations of 115 MW together with 120 MW in thermal power in its own
area (Scania, Blekinge and the southern part of Småland). It had shares in two
power stations in Faxälven, a tributary to Ångermanälven. [23, Sydsvenska kraft
ab., c 404, vol XIII] Later the name became Sydkraft, which will be used in this
thesis.

Kraft ab Gullspång-Munkfors was founded in 1906 and owns power stations, for
example the one in Gullspång 22 MW, situated near the steel works. [23, Gullspång,
Gullspång-Munkfors, c 279, vol VI]

Stora Kopparbergs bergslags ab owned 17 hydropower stations in the Dalälven
with a power of 130 MW. It also owned mines, steel works, saw mills and chemical
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plants. [23, Stora Kopparbergs bergslags ab, c 1344-1345, vol XII]
Uddeholms ab owned several hydropower stations in Värmland and produced

531 million kWh electrical power for its steel works, paper works, electrochemical
plants and mines. [23, Uddeholms ab, col 1623–4, vol XIII]

Yngeredsfors kraft ab owned three hydropower plants in Ätran and distributed
electricity to northern Halland and Mölndal. [23, Yngeredsfors kraft ab, c 1298, vol
XIV] It became part of development group (power producer – equipment producer
– industrial consumer) together with Asea and the paper mill Papyrus outside
Gothenburg, initiated and financed by Stockholms Enskilda Bank. [27, p 46]

This structure with power companies and Vattenfall that produced electric
power and municipal utilities that distributed the power exists still today. The
power companies together with Vattenfall assisted the cooperative distribution as-
sociations in the electrification of the countryside. [43, p 167]

2.9 Towards a national system

The Älvkarleby power plant was ready in 1914 and seven years later a line between
Älvkarleby and Trollhättan was ready. It passed by the coal power plant in Västerås
and created a subnational grid, as it was possible to get power from two different
rivers depending on the availability. [43, p 168] Around 1930 Sweden was divided
into about 15 areas that were mainly auto-sufficient with electrical power. [12, p
85]

The prevailing circuit breaker technology could not handle the higher voltages
needed in order to have longer power lines. In 1927 there was an explosion in an
oil circuit breaker in Berlin. Hans Gerdien from Siemens’ research laboratory filed
a patent for the technical principle of the expansion breaker. [46, p 191] The chief
designer at the factory for circuit breakers, Fritz Kesselring, found a design through
experiments. Ragnar Holm at the research laboratory provided later the physical
explanation, as he had presented his dissertation about electrical discharges in gases
at Uppsala University in 1908. Another problem was the stability of long power
lines, which was analysed by Ivar Herlitz in the first doctoral thesis presented in 1929
at KTH Royal Institute of Technology, “The dynamic stability of long transmission
lines”. Herlitz was working for Asea from graduating as an engineer in 1917 from
KTH until his retirement. [35, p 319], [7, Ivar Herlitz, written by Halvard Liander]

Thus the technical bases for a national system were set. In 1938 the power
plants were coordinated and during the war CDL (centrala driftledningen – the
central operational control) was established. [43, p 169] 96 percent of the power
plants were coordinated in 1946. [23, Sverige – kraftillgångar, c 275, vol XIII]

2.10 Vattenfall in the postwar period

In 1946 Vattenfall was assigned the control of the new transmission lines, although
a commission was established to solve conflicts. The three other owners of trans-
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mission lines agreed to let Vattenfall manage them. [43, pp 169–171] Of the six
220 kV lines from Norrland, two already belonged to Vattenfall, two to private or
municipal companies and two were in construction. [23, Vattenfallstyrelsen, c 428,
vol XIV] In 1950s the producers agreed to coordinate production in order to avoid
the need for spare power stations. Then the concept of production collaboration5

became interesting among the producers. It consists in optimizing the production
by using different rivers or changing from hydropower to thermal power according
to the availability and the costs. [36, p 31–33]. First it was used within Vattenfall
but as there were different owners of the power station along a river, they had to
collaborate. In 1964 a power market was created for the 12 largest producers. Then
the structure was established: Vattenfall and 11 large producers, small producers
and large distributors, and small distributors. [43, pp 171–174] Vattenfall had 2300
MW of power, nearly 50 percent of the installed power in Sweden. [51, Vatten-
fallsverket, p 2322] Vattenfall had local offices in Trollhättan, Motala, Älvkarleby
and Västerås apart from Norrland. [23, Vattenfallstyrelsen, c 427, vol XIV] This
indicates the strong position of Sydkraft in the southern part, as Trollhättan is the
southernmost office of Vattenfall.

The available power was estimated at 42 000 million kWh per year of which
32 500 million kWh per year is economically to be exploited. This amount is dis-
tributed as: 15 000 in upper Norrland, 10 000 in lower Norrland, 6 000 in middle
Sweden and 1 500 in southern Sweden. In Norrland 10 percent of the power was
utilized and 75 percent in middle and southern Sweden. [23, Elektrisk kraftdis-
tribution, c 506, vol IV] The largest hydropower stations in 1943 were Älvkarleby,
Trollhättan, Porjus and six stations in Indalsälven and one in Ljungan. [23, Sydsven-
ska kraft ab., c 404, vol XIII] Thus the northern part of Norrland had not been
exploited yet. Table 2.1 shows in detail how much power the rivers in Sweden could
provide in different years. The ratio installed power/available power is shown in
Fig. 2.1. The estimates from year 1944 are about two thirds of the estimates from
year 1969. Rivers 1, 2 and 4, Torne älv, Kalix älv and Pite älv, have been preserved
from large-scale exploitation.

Vattenfall and Asea started to cooperate in developing high voltage equipment
in the 1920s. As a result in the 1950s two pioneering connections were established:
the 400 kV line Harsprånget–Hallsberg (950 km) with 290 MW in 1953 and the
HVDC (high voltage direct current) cable Gotland–mainland in 1954. [43, p 171]
The cable is a monopole at 100 kV with the water as the return conductor. The
power is 20 MW and it connects the 130 kV network on the mainland with the 30
kV network on Gotland. [22, p 4:22] Ivar Herlitz was also involved in the design
of the 400 kV line. [7, Ivar Herlitz, written by Halvard Liander] There would have
been about forty 220 kV lines from Norrland to have the same capacity as eight
400 kV lines. [12, p 85–86]

5It is called samköring in Swedish and samkjørning in Norwegian.
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River Available Utilized Available Utilized Utilized
power power power power power
(MW) (MW) (MW) (MW) (MW)
1944 1945 1969 1969 1991

Torne älv 743 1 1194 2 2
Kalix älv 669 0 1050 0 0
Lule älv 1693 126 3310 1651 4328
Pite älv 451 5 829 5 50
Skellefte älv 364 53 804 491 1034
Ume älv 1252 42 2395 1431 2023
Ångermanälven 1275 33 2229 1992 2528
Storsjön–Indalsälven 1338 643 2209 1711 2078
Ljungan 368 116 593 271 591
Ljusnan 689 63 1069 501 771
Siljan–Dalälven 882 342 1421 806 1080
Mälaren–Norrström 105 77 149 79 83
Vättern–Motala ström 91 115 119 141 165
Emån 38 18 55 21 20
Mörrumsån 35 12 44 21 19
Helgeån 27 8 47 28 28
Lagan 89 107 120 129 129
Nissan 43 15 65 26 49
Ätran 49 43 76 67 67
Viskan 21 23 41 25 25
Klarälven–Göta älv 648 603 930 979 1060
Others 2130 99

Table 2.1: Hydropower in the main rivers in Sweden, listed clockwise from north
to south along the east coast and then towards the north. The actual numbers
are from 31th December of each year. The estimates of the available power are the
average discharge, i.e. the mean water flow, which can be smaller than the installed
capacity, planned to handle the spring flood. [23, Sverige – Sjöar och vattendrag,
col 258, vol XIII], [68, Tab 112, p 137], [69, Tab 118, p 104]
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2. HISTORY AND FUTURE

Figure 2.1: Explotation of the hydropower in the Swedish rivers: The dotted black
line shows the situation in 1945, the dash-dotted blue line the situation in 1969 and
the dashed red line the situation in 1991. The numbering of the rivers is the order
in Table 2.1.

2.11 Mergers of electrical companies in Hälsingland

During the mid-1940s Hälsingland was electrified except for some parts in the north-
west and some fishing hamlets. Only 7 percent of the rural households lacked elec-
tricity in 1943. In 1940 the state gave grants for the remaining electrification. [26, p
241–2] An inspector from Statens elektriska inspektion stated in 1947 that many of
the small distributors did not have staff with the required technical knowledge. Also
they had a tendency to save money instead of investing in new equipment and main-
taining the old one. He also claimed that only half of them had enough hydropower
and that the overhead lines were not dimensioned for a larger consumption. [26, p
241–3] This period meant also mergers of the distributors. The committee about
electrical power Elkraftsutredningen 1943 regarded 2000 consumers as a minimum.
For example, Holma-Helsingland had 1560 customers in the 1960s. 63 percent of
the electrical distributors had disappeared in Hälsingland in the mid-1960s. Fur-
thermore, the DC and one-phase networks were rebuilt as three-phase networks and
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380 V became a standard. In Bollnäs the households had to give the appliances to
Bollnäs Kraft to have them rebuilt for 220 V. [26, p 245–8]

2.12 Introduction of computers

The models for stability of power lines developed by Ivar Herlitz grew more complex
as the number of lines increased. The calculations were done on the computer Besk
in the mid-1950s, later on a big IBM 2090, owned by the Swedish Defence Research
Institute (FOA), until Vattenfall bought its own computer in the mid-1960s. First
Sydkraft and later Vattenfall developed methods to optimize the usage of the water
in the hydro-electric dams. The Sydkraft engineers started using Besk in the 1950s
for these calculations. [44]

Vattenfall wanted to have a computer system to control the grid in order to
avoid a blackout such the one in Ontario and the north-eastern part of the USA
on 9 November 1965. The name of the system became TIDAS (Total Integrated
Data Acquisition System). The computer part was developed by TRW in Houston,
Texas in the USA and the data transmission part by ASEA-LME-Automation. The
requirement was that 1000 measurement from 150 sites should be transmitted every
8 second to the central control room. [44]

TIDAS was put in operation in 1977 and improved the reliability as the staff in
the control room got a better view of the state of the electric grid. That reduced the
number of short and middle-sized outages. TIDAS also lead to saving a middle-
sized hydropower station per year, as it made it possible to follow the optimal
production plan. It was the last big project in the collaboration between Asea/ABB
and Vattenfall. [45]

2.13 Introduction of nuclear power

In 1956 Parliament approved the so called Swedish path, which consisted in the con-
struction of heavy water reactors, which could use natural uranium, not enriched,
and would give both power and plutonium for nuclear weapons. AB Atomenergi
was established as a company to develop the technology. It was owned partly by
the state. Asea delivered components and Vattenfall was to own the new reactors,
Ågesta to the south of Stockholm and Marviken to the east of Norrköping. Only
the first one was commissioned.

In 1965 Oskarshamnsverkets Kraftgrupp AB ordered a commercial light-water
reactor. That was the turning point for the Swedish line and 12 reactors were
installed in the south and middle parts of Sweden. The effects of the Swedish
path were that Asea and Vattenfall learned nuclear technology and that the state
established both laws and agencies connected to nuclear power. [43, pp 174–176]
Stockholm Energi become a shareholder of Oskarshamnsverkets Kraftgrupp AB and
of Mellansvensk Kraftgrupp AB, who owns Forsmark together with Vattenfall. [31,
p 96-98] In total 12 reactors were built.
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The transmission grid was expanded in the south to connect the nuclear power
plants to the big cities. [12, p 87] In 1979 an application was presented to con-
struct a 800 kV line from Forsmark to Stockholm and in 1980 turned down due
to environmental objections by the public. Asea worked with a high voltages in
North America (a 735 kV line in Quebec and a research programme with American
Electric Power for more than 1000 kV). [36, p 261–3] A smaller joint company is
STRI, the Swedish Transmission Research Institute, founded in Ludvika in 1989
and owned by Vattenfall and ABB. [36, p 265–6] Now ABB owns it entirely.

2.14 Restructuring in 90s

Table 2.1 shows that the rivers in Norrland have acquired much more hydropower
from 1945 to 1991. In 1989 the eight 400 kV was ready after increasing the voltage
of a 220 kV line. The increase in Indalsälven and Ljungan is not that big, which
can be due to an early industrialization.

The structure of the electric sector was in 1991: [36, p 144–6, from Mats Bladh]

• 8 big companies,

• 152 municipal organisations, either part of the administration or as a separate
company,

• 60 consumer cooperatives (ekonomisk förening, abbreviated ek. för., literally
economic association),

• 44 companies jointly owned by municipalities, by smaller companies or coop-
eratives.

1991 2002 2014
ABB’s power assets Fortum Fortum
Bålforsens kraftab/Båkab (SCA) Sydkraft Eon
Graningeverken Graningeverken Eon
Gullspång Fortum Fortum
Stora Kraft Fortum Fortum
Sydkraft Sydkraft Eon
Uddeholm Fortum Fortum
Vattenfall Vattenfall Vattenfall

Table 2.2: Changes in ownership of the largest electrical companies from 1991 to
2002 and to 2014. ABB owned the power producers and distributors Skandinaviska
Elverk, Smålands Kraft and Yngeredsfors and they were sold to Fortum.

In 2009 100 municipal councils had sold the retail business and 51 the net-
work. Then 41 percent of the customers had been transferred to the four big

22



2.14. RESTRUCTURING IN 90S

1966 1989 2016 Abbr
Bålforsens kraftab Eon Elnät MED
Ljusdals Energiverk Ljusdal Elnät LJD

Härjeåns Kraft Härjeåns Nät HJN
Arbrå Kraftverk Hälsingekraft∗ Fortum/Ellevio HAL

Iggesunds Bruk Iggesunds Bruk/Ellevio HAL
Hudiksvalls Energiverk Fortum/Ellevio HDV

Bollnäs Kraft AB Hälsingekraft Fortum/Ellevio HAL
Färila Kraft AB Hälsingekraft Fortum/Ellevio HAL

Edsbyns Elverk Elektra Nät∗ EBN
Bergvik & Ala Stora Kraft Fortum/Ellevio HAL
Söderhamns stads Elverk Söderhamn Elnät SDN

Table 2.3: Changes in the ownership of the main electrical companies in Hälsing-
land. ∗ means a name change without a new ownership. Iggesund’s owner Holmen
AB has kept its power assets. [26, p 246, 250] [36, ch 5] [35, p 136] [39, p 17]

companies. There remained six “offensive” municipal utilities (Gothenburg, Hels-
ingborg, Linköping (Tekniska Verken), Lund, Skellefteå and Västerås (Mälaren-
ergi)). Malmö Energi was bought by Sydkraft and Stockholm Energi by Fortum.
The changes of the big companies are presented in Table 2.2. There were three
processes: internationalisation, consolidation – merger between small municipal
utilities or purchase by a bigger one – and that the industry sold its power re-
sources. [36, p 144–6, from Mats Bladh] Fortum sold its network to a group of
pension funds in 2015 and Ellevio became the new name.

The result of this process in Hälsingland is shown in Table 2.14. The distribution
areas are shown in Fig. 1.4. AB Skandinaviska Elverk, owned by Asea, bought
Bollnäs Kraft AB in 1935 and Färila Kraft AB in 1947. It also owned the Färila
rapids in Ljusnan as well as some rapids in Voxnan, a tributary to Ljusnan. [35, p
136–137] Most of the shareholders of AB Edsbyns Elverk, who owns Elektra Nät,
live in Hälsingland. [20, s 9] Hudiksvalls Energiverk was apparently sold after the
definition of the distribution areas.

The Minister of Industry Per Westerberg decided to form a separate agency
for the electric transmission grid, Svenska kraftnät, with the tasks of: operation
and maintenance of the transmission grid, responsibility of the frequency and the
voltage, and the external connections. Vattenfall kept the production and the
regional and local grids and the split occurred in 1992. [36, p 98–100] Then the
agreements about the transmission grid and about the production coordination
between Vattenfall and the ten largest producers were substituted by direct rules
set by the state, an institutional change listed in Section 1.1. The next step was
the right to buy from any producer or reseller, introduced in 1996. Then Nord Pool
become a market for electricy in Sweden and Norway. [36, p 135–139]

Another development in this period was the outsourcing of the maintenance.
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Instead of having their own departments of lineworkers and technicians the electric
companies decided to buy those services from separate companies, in some cases
belonging to the same group. When Stockholm Energi started the collaboration
with Imatran Voima (IVO, the future Fortum) and formed Birka Kraft AB in 1997,
about half of the employees, 700–800 people, were placed in Birka Service AB, who
wer responsible for maintenance, contracts by tender and consultancy. [36, p 172–
173] Vattenfall has done the same by forming Vattenfall Service. Eon’s former
maintenance department is now a separate company named One Nordic.

2.15 International connections

A 25 kV cable between Sweden and Denmark (Helsingborg and Helsingør) was
installed in 1915. [12, p 87] Sydkraft exported about 10 percent of its production to
Denmark in 1945. [23, Sydsvenska kraft ab., c 404, vol XIII] That link has become
four 130 kV lines connected to the regional grid. Later two 400 kV AC cables to
Zealand and two HVDC cables to Jutland have been installed. [72, p 67, 79]

The first connection to a Norway was a 80 kV to Narvik for the railway (the
Ore Line) in 1940. Now it operates at 130 kV and it was been followed by four 400
kV lines along the border. There are also connections at lower voltages. [72, p 55,
67, 79], [12, p 87]

The first connection to Finland was a 275 kV line in 1959, which was taken away
in 2016. Two 400 kV lines followed and one more is planned in the north. There are
a two HVDC links to Finland to the north of Åland, the first one was installed in
1989. [72, p 55, 57, 67], [12, p 87] Both Bornholm and Åland are fed from Sweden.
More HVDC links have been installed between Sweden and Lithuania, Poland and
Germany. [72, p 55, 57, 67]

2.16 Reliability throughout history

The electric grid grew adding a new voltage level in each step: local, regional,
national. There is a cycle: stagnation – invention of new technology (higher voltage
for rivers further north, nuclear power when the rivers are exploited) – expansion
again, following the phases in Section 2.1. Then the investments were spread out in
time. The further you need to transmit power, the higher must the voltage be as in
Table 2.4. The internationalization came early if the distances were small. When
a new voltage level was added to the grid, the redundancy in production increased
as with higher voltage it is possible to transmit power longer distances. Until the
1940s there was not a national system yet, just some regional systems.

When the rivers in the northern part of Norrland were exploited, the power
had to pass by many devices from producer to consumer. Then the reliability of
each device must be higher as it is a parallel system in reliability sense. With the
present Nordic system, cascading faults can happen, which requires more of the
stability and the protection systems. At the big outages (Hamra and Horred), the
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grid has been split by the protection systems. The cause has been one single failure
that disconnected a whole substation from the grid. The demand for availability
and the more complex system increase the requirements of the equipment to stand
unexpected loads in order to avoid cascading faults. Also with increasing distance
from production to consumption, the equipment should have a higher availability
since the power passes by more devices, all of which should work. Another way to
get that availability is by redundancy, by adding devices and lines in parallel. With
more information transfer across the grid thanks to TIDAS, it has been possible
to avoid instabilities and to save power by using the most suitable power plant.
The unavailability has decreased 100 minutes in 40 years according to Fig. 2.2.
For Sydkraft the trend has been the same, from an weighted unavailability of 40
minutes per year in the 1960s to less than 20 minutes per year in the 1990s for the
regional grid, due to more redundancy, i.e. extra lines that can be used in case of
a fault. [52, p 169–170]

Figure 2.2: Yearly average outage time for Vattenfall’s high voltage customers (130
kV–20 kV) due to failure in Vattenfall’s system. The y-axis has outage time in min-
utes and the x-axis the years. Åska means thunder, brytarfel breaker failure, pro-
duktionsbortfall loss of production and storstörning large disturbance. (From [76],
reproduced with permission from Svenska kraftnät.)
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Voltage Loss per 100 km Power transmitted
380 kV 0.5–1 % 1000 MW
200 kV 1.5 %
130 kV 2–2.5 % 100–150 MW
70 kV 5–6 %
10 kV 1 MW
0.4 kV 75 kW

Table 2.4: Losses and transmitted power in overhead lines at different voltages. [74,
p 757], [26, p 248]

The characterisation given in Section 1.1.1 is relevant having in mind the history.
In Sweden there is not just one monopoly but several. The distributors, the regional
grid companies and Svenska kraftnät have their own monopolies. This thesis is
focused on the equipment in the substations of the transmission grid, which can be
regarded as a point-based network, since the connections require a transformation
substation to be built. The distribution grid is a line-based network since the
customers can be connected anywhere along the lines. Cogeneration – generation
of electricity and heat at the same time – is an example of juxtaposition in Sweden
as there are many district heating networks.

The grid does not depend directly on the source of the electricity. However
different sources have different geographic distribution. Now wind power is sub-
stituting nuclear power. Then the focus of the production shifts north, which will
utilize more of the transmission capacity through some limiting cuts in the network.
Also the variability of wind power require larger capacity in the lines.

2.17 Challenges for the Swedish transmission grid

The changes in production require additional transmission lines. The two Barse-
bäck reactors have already been closed and more reactors will be shut down, such
as Oskarshamn 1 and 2 and Ringhals 1 and 2. A fifth reactor is being built in
Olkiluoto in south-western Finland and there are plans for a sixth one in the north
(Pyhäjoki). The installed wind power increases and it needs new connections (sub-
stations and lines). As wind power has more variation than hydropower, the ca-
pacity of the transmission system should in general increase. In Sweden there is
a need for another 400 kV line from the north to the south. The power flows are
also changed as there are now more connections to other countries through HVDC.
There are several lines and substations that need to be renovated or replaced. With
increasing demand for capacity, it is difficult to get outages for installations and
maintenance. [72, ch 6–7]
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Method

Tesman: Tænk dig, du, tante, — hele den kufferten havde jeg stoppende
fuld af bare afskrifter. Det er rent utroligt, du, hvad jeg har fåt samlet
sammen rundt om i arkiverne. Gamle mærkelige sager, som ingen men-
nesker har vidst besked om —
Frøken Tesman: Ja, ja, du har nok ikke spildt din tid på bryllupsrejsen,
du, Jørgen.

– Henrik Ibsen, Hedda Gabler, første akt, 1890

There are nomothetic sciences and idiographic ones. The first ones strive to
formulate mathematical laws for explaining the world, whereas the second ones
study individual, unique developments. This division was formulated by Heinrich
Rickert (1863-1936), a member of the Southwest School of the Neo-Kantianism and
it corresponds fairly well to the division into natural sciences and humanities, al-
though large parts of historical geology, botanic and geography are idiographic. [24,
p 88–90]. The nomothetic sciences are based on quantitative methods and the id-
iographic on qualitative ones. [42] Rickert explained that the principle for choosing
which ones to study in an idiographic science should be based on philosophical
theory. [23, Rickert, vol XI, c 489]

Although engineering is based on natural sciences, there are some idiographic
methods, for example, if only a few different constructions are studied. Also the
retrieval of data from documents benefits from the hermeneutical method developed
in the idiographic sciences.

3.1 Interpretation of documents

Berglund1 presents a method to interpret documents. When studying an archive,
it is necessary to know the criteria according to which the documents have been

1Berglund is pronounced ["bæRJl0nd].
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disposed of. [4, p 131] Within source criticism there are some criteria to value the
trustworthiness of source: [4, p 147]

• Proximity: When and where was the source created?

• Dependence: Does the source depend or refer to other sources?

• Tendency: Who created the source? What was the purpose of the creator?

The sources should also be suitable and every relevant source should be included. [4,
p 151]

The work orders are the main type of document for studying the condition
and failures of equipment in the electric grid. They are the reports of the work
done at substations and on overhead lines and other parts of the gird. The work
orders consists of function checks and reports of failures, so they tell what actions
of preventive and corrective maintenance have been carried out. There might be
some other work orders related to the connections to be carried out. At Svenska
kraftnät the work orders have been transferred to a database. In order to find them,
the denomination of every apparatus must be used, based on the substation, the
bay and the type of apparatus. Sometimes older work orders are in binders at the
substation.

A work order is normally written at the substation by a technician or a lineworker
and it does not depend on other sources. The third criterion for valuing the work
order, tendency, means in this case estimating the skill and the attitude of the
technician. So finding and valuing the sources is normally not a big problem for
work orders when applying source criticism. Interpretation of a work order can
cause some trouble.

An individual’s life-world is expressed as an observable behaviour, which will be
assigned a meaning when interpreted. The pre-understanding or preconception of
the researcher together with the observed behaviour will give an understanding of
the observed individual. With new observations the process can be repeated to get
a better understanding as shown in Fig. 3.1. [34, pp 186–191] Sometimes it is called
the hermeneutical circle, as loops back to the understanding when new observations
appear. [42, Hermeneutik, p 62]. This method used in qualitative studies is similar
to a Bayesian approach in quantitative studies with the pre-understanding as the a
priori distribution and the resulting understanding as the a posteriori distribution.
Fig. 3.2 is a copy of Fig. 3.1 in order to show the similarity. The difference is that the
hermeneutic method is qualitative, whereas the Bayesian method is quantitative.
The Bayesian method can be used to incorporate expert knowledge, especially when
there is not enough data. [73, p 17]

This method of connecting the technician’s life-world with the documents pro-
duced can be applied to a work order from a function check of a semi-pantograph
disconnector. The resistance values are given for “from point to point 1” and “from
point to point 2” without any drawing of where point 1 and 2 are. With the
preconception of how such a disconnector is measured, there are two plausible in-
terpretations of the work order: with and without the main contact, and with and
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3.1. INTERPRETATION OF DOCUMENTS

Figure 3.1: The hermeneutic circle drawn as a process where understanding im-
proves.

Figure 3.2: The Bayesian method of increasing the knowledge.
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without the connection. The basis for the first interpretation is the numbering of
the measurement points in the protocols used. The motivation for the second inter-
pretation is that often there are work orders without a drawing but with resistance
values with and without the connection (the clamp around a tube or a wire).

This is an example of discourse analysis, which is based on the patterns of the
language that are used within a domain. [42, Diskursanalys, p 38] The work order to
be interpreted is compared to other work orders. When the data has been extracted
from the documents, the quantitative methods can be applied.

3.2 Experimental and observational studies

During an experimental study, one or several variables are changed in a treatment
group. There is also a control group without treatment. The assignment to the
control and to the different treatments should be random. An observational study
does not have any treatment. It can be done backwards or forwards. A backward
study examines what has been recorded in workorders and other documents. During
a forward study it is possible to add measurements, either periodical or continuous.
The experimental and the observational studies are called empirical studies.

The explanatory variables in a study can be of different kind. Vejde2 describes
the different types of scales: nominal, ordinal, interval and ratio. The nominal
scale has no order and it a classification. The ordinal scale is ordered but there is
no equidistance. In rare case there is a zero. It is used in pedagogics, sociology
and psychology. The interval scale has meaningful relation between the numbers
expressed as a difference. The centigrade scale for temperature is an interval scale
as 0 degrees centigrade is not an absolute zero. Finally the ratio scale incorporates
an absolute zero. The Kelvin scale for temperature is an example as the ratio of two
temperatures indicates the distance from zero. [77, p 37–38] A qualitative variable
has a nominal or an ordinal scale, whereas a quantitative variable has an interval
or a ratio scale. [42, p 83]

2It is pronounced ["vEJd9].
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Lifetime modelling

Sommarminnen

Jag drömmer om en sjö med skogsbeklädda stränder,
om vass och sand och vattenskvalp och änder,
om näckros, solsken, ormbunk, ljung och alar
om vilda orkidéer, fukt och mörka dalar,
om gamla båtar, musselskal och stenar,
om branta backar, tallar, granar, enar
om djupa kärr med vita hjortronblommor.

Snöfall

Nu faller snön så mjuk och vit
i våra gråsvarta nejder,
och jag är hjärtetom och trött
på både sorger och fröjder.

Jag minns en dag i kyligt guld
och flammande blommors skålar
då hösten stod i kröningsskrud
med krona av bleka strålar.

Sen fladdrade löven dag för dag.

Jag kände mig tommare dag för dag.

Vad tjänar det då att leva.

– Edith Södergran, ur Ungdomsdikter 1907–1909 , 1961
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Nature display a yearly cycle: flowering in spring, splendour in summer, decay in
autumn and snow and ice in winter, when the species have different strategies such
as food storage, hibernation and migration. Lifetime modelling or survival analysis
tries to explain how the failures of a type of equipment are distributed in time.
Although the name suggests that the failures are total, i.e. that the equipment
must be replaced, the theories developed with lifetime modelling can be applied to
any kind of clearly defined event. Blom defines a lifetime process as a stochastic
process X(t), t ≥ 0 with two states called 0 and 1, such that: [5, p 9/5]

Pr(X(t+ ∆t) = 1|X(t) = 0) = h(t)∆t+ o(∆t) .
where h(t) is a non-negative function called the intensity function and o(∆t) goes
faster to 0 than ∆t. The process is time-continuous in a discrete space.

As the two states 0 and 1 can be defined arbitrarily, lifetime modelling can
handle any class of clearly defined events. State 1 can go from a small repair
such as a burnt fuse to the need for a complete replacement. The only thing is
to have the same definition throughout the whole analysis. Data about failures
should be collected first. The next step is to analyse the data and possibly fit a
statistical model. The objective of lifetime modelling is to decide when to maintain
the equipment and when to replace it.

A complication in lifetime modelling is how to handle repairable objects. One
central question is: In what condition is an object that has been repaired after
a failure? There are two common ways to answer that question. The first one
is optimistic and assumes that the object is as good as new after a repair. The
other one is more pessimistic and supposes that the object is as bad as old, that
is, the object follows the standard degradation curve. The main difference is that
in the first case, the object is regarded as one unit, which is completely repaired,
whereas in the second case, only one part is repaired and the other ones have
degraded according to their age. The two cases are the extremes and the reality is
somewhere in between.

4.1 Censoring

The failures in the components of a power transmission system are rare during an
observation period, as the components are designed to have a low failure rate. This
makes it difficult to analyse the failures statistically, since they are few. Then the
components which did not fail should be included with the time that they spent in
the study. The phenomenon that the time when an event occurs is not known with
accuracy is called censoring and it appears also in medical statistics. If there is no
censoring, the data set is complete. According to the type of inaccuracy, censoring
can be divided in three categories illustrated in Figure 4.1:

• Left censoring
The event is before/to the left of a known time. The actual moment of the
installation is not known, only that it happened before the study started.
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Figure 4.1: Different kinds of censoring. The events occur at X, but the observer
only knows that the event happened somewhere along the line.

• Right censoring
The event is after/to the right of a known time. The actual moment of the
failure is not known, only that the apparatus was working, when the study
finished or the apparatus was taken out of the study for some reason.

• Interval censoring
The event is somewhere within an interval. The actual moment of failure
is not known, only one inspection at which it still worked and another later
inspection when it had stopped working, are recorded.

Rausand1 and Høyland2 have made a classification of censoring according to
the design of the study: [63, p 467-9]

• Type I
The time is limited. At time T , the study is interrupted.

• Type II
The number of events is limited. After N failures, the study is interrupted.

• Type III
This is a combination of type I and type II. The study is interrupted after N
failures or at time T .

1Rausand is pronounced ["ræusan:].
2Høyland is pronounced ["høylan:].

33



4. LIFETIME MODELLING

• Type IV

In types I–III, the censored components have always lasted longer than those
that failed. The only difference is when the study ends. With censoring
of type IV, the censored and the non-censored are normally not separated
in time. One type of study with censoring of type IV consists in checking
at a specific time which components have failed in a population installed
at different times. When some components leave the study due to failures
of other types or for other reasons, the censoring is of type IV. It is called
systematic multiple censoring in [60, p 35] or random censoring in [25], since
the censoring time of a specific component can be seen as described by a
random variable.

There are cases when it is not known when a certain apparatus was installed,
but it is recorded that it was in service in a certain year. By symmetry this case
is the same as when there is censoring because the study finished before all devices
had failed.

Sometimes the denominations type I and type II are switched. Gnedenko et
al have only types I–III, but they divided them further according to whether the
component that fails is replaced (type C) or not (type B) [28, p 169-180]. The
censoring of one component should be independent of what happens to another
component.

4.2 Non-parametric models

If nothing about the distribution of the lifetime is known, non-parametric models
can be used. They estimate some of the functions that determine the distribution
as the probability density function f(t), the cumulative density function F (t), the
survival or reliability function R(t) = 1−F (t), or the failure rate or hazard function
h(t) = f(t)/R(t). The first two functions are the ones normally used in mathema-
tical statistics. The survival function is interesting in reliability since it tells how
big a proportion of a population is still working at time t. The distributions that
are normally used have between one and three parameters.

An example of a non-parametric method in the quality of electric power is
the spectrum of the voltage, which shows what other frequencies than 50 Hz are
present. A measurement of the first harmonic at 100 Hz is a parametric method,
since then we have a parametric model Asin(100πt+φ) and we are looking for the
two parameters A and φ.

The main use of the non-parametric method is to check if the distribution has
an increasing or decreasing failure rate. The two cases are abbreviated as IFR and
DFR respectively. Three common non-parametric methods are presented below.
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4.2.1 Kaplan-Meier estimator
The Kaplan-Meier estimator estimates the reliability function R(t) as described
in [63, p 475]. Let ti where i = 1, . . . , n, be the dataset of n sorted times of events
consisting of both failures and censoring and ntot be the total number of devices.
The number of failed devices are di and the number of censored devices ci for each
time ti. By introducing the number of events it is possible to handle both the time-
continuous and the time-discrete case by the same formulas. Then the number of
devices under test ni at every time ti is needed:

ni = ntot −
i−1∑
j=1

(dj + cj) .

Naturally n1 = ntot. Then the estimate of the reliability function is:

R̂(t) =
∏
j∈Jt

nj − dj
nj

.

If the curve is convex, the failure rate decreases as the curve gets less steep with
time. A convex curve has a positive second derivative, whereas a concave curve has
a negative second derivative. It is also called product-limit estimator [60, p 67] and
life table in [2]. It is also described in [1, section 3.1].

4.2.2 Nelson-Aalen estimator
The Nelson-Aalen3 estimator is an estimate of the cumulative failure rate function,
which is given by:

Z(t) =
∫ t

0
h(u)du =

∫ t

0

f(u)
R(u)du = − lnR(t) .

With the same definitions of ti, ntot, di, ci, and ni as in the preceding section, the
Nelson-Aalen estimator is defined according to [63, p 475] as:

Ẑ(t) =
{

0 if t < t(minj∈Jt j)∑
j∈Jt

dj

nj
if t ≥ t(minj∈Jt j) .

If the curve is convex, then the failure rate increases. If it is concave, the failure
rate decreases. It can be used to estimate R(t) as: [63, p 482]

R∗(t) = exp
(
−Ẑ(t)

)
.

It is asymptotically equivalent to the Kaplan-Meier estimator [60, p 67]. Sometimes
it is called just the Nelson estimator and it is also explained in [1, section 3.2]. The
Nelson plot has the axes switched. [38, p 65]

3Aalen is pronounced ["O:len].
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4.2.3 TTT plot
The TTT plot shows the total time in test and is calculated as follows [63, p 486-
487]:

• Suppose that all n units are in use from time 0 and that the observation is
ended at time t. Let Ti be the time to failure for unit i.

• Sort the times to failure and denominate the ordered times as t(i).

• The total time on test, T (t), equals the total observed lifetime of the n units
at time t. The total time on test is calculated at the failure times t(i) as:

T (t(i)) =
i∑

j=1
t(j) + (n− i) t(i) for i = 1, 2, . . . , n .

• Finally the coordinates are normalized and the TTT plot is given by:(
i

n
,

T (t(i))
T (t(n))

)
for i = 1 2, . . . , n .

If the TTT plot is convex, the failure rate decreases and if it is concave, the
failure decreases. Thus, its behaviour is the opposite of the Nelson-Aalen plot. This
can be explained by the fact that T (t(i)) is related to the inverse of the failure rate
at t(i). Gnedenko et al have also a test, which ends when r units have failed or the
total time on test exceeds a predefined quantity [28, p 178-179].

4.2.4 Examples
Tippachon et al studied different protective devices in Thailand [75]. There were
2151 fuses in their study, of which 619 failed. Unfortunately they did not report
whether they failed due to a shortcircuit or due to an internal cause. It is not clear
how the censoring was done. As it was an observational study, the censoring should
be of type IV. In order to be able to calculate, we assume that the censoring was
of type I, that is, the observation stopped when all the recorded fuses had failed,
at earliest at year 10. In a type IV study the censoring times can be any positive
number. In the tables given in the paper the failures are summed for each year and
the year 1 is maybe left out to avoid the early failure period in the bathtub curve.
The formulas for the TTT plot should be adapted to a discrete time scale. Let dj
be the number of failures during year j and N the total number of fuses. Then the
total time on test is:

T (i) =
i∑

j=2
j · dj + (n−

i∑
j=2

j · dj) i .
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The relative position of the middle failure each year is:

∑i−1
j=2 dj + di/2

N
.

The TTT plot is calculated in Table 4.1, where the last two columns are plotted in
Figure 4.2.

As a comparison the Nelson-Aalen estimator is given in Table 4.2 and it is
plotted in Figure 4.3. The reliability function is shown in Fig. 4.4 based on Table 4.2
and Table 4.3. As the Nelson-Aalen curve is concave, the failure rate is decreasing,
whereas the TTT plot is convex, which also implies decreasing failure rate. The
same conclusion comes from the reliability function.

Year Number of Time on Remaining Total Relative
failures test for fuses time postition

the failed on
fuses test

i di
∑i
j=1 j · dj n−

∑i
j=1 dj

2 308 308 1843 2151 0.0716
3 110 528 1733 3994 0.1688
4 90 798 1643 5727 0.2152
5 52 1006 1591 7370 0.2483
6 40 1206 1551 8961 0.2696
7 10 1266 1541 10512 0.2813
8 6 1308 1535 12053 0.2850
9 3 1332 1532 13588 0.2871

Table 4.1: TTT of the fuses in [75].

Lindquist et al studied 1546 circuit breakers in Finland and Sweden, which
operated during 16 384 years in total [55]. They were divided according to the
function, the manufacturer, the type and the operating frequency. The failures
were classified as close-operation lock, open-operation lock and remaining failures.
The close-operation lock failures for one type of shunt reactor breaker are analysed
in Table 4.4, where the Nelson-Aalen estimator is calculated. The two first columns
come from [55, first part of table 5]. In this study they give the censoring times,
which are mixed with the failure times, so the censoring is of type IV. Instead of
using time they used the number of operations (open-close), since it is assumed
that the operations cause more wear than time. The first and the last column are
plotted in Figure 4.5. As the Nelson-Aalen plot is convex, the failure rate increases.
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Figure 4.2: TTT plot of the fuses in [75].

Year Number of Number of Failure Accumulated
failures observed rate failure

devices rate
i di ni di/ni

∑i
j=1 dj/nj

2 308 2151 0.1432 0.1432
3 110 1843 0.0597 0.2029
4 90 1733 0.0519 0.2548
5 52 1643 0.0316 0.2865
6 40 1591 0.0251 0.3116
7 10 1551 0.0064 0.3180
8 6 1541 0.0039 0.3219
9 3 1535 0.0020 0.3239

Table 4.2: Nelson-Aalen estimator for the fuses in [75].
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Figure 4.3: Nelson-Aalen plot of the fuses in [75].

Year Number of Number of Probability Survival
failures observed of survival or reliability

devices function
i di ni (ni − di)/ni

∏j
j=1(nj − dj)/nj

2 308 2151 0.8568 0.8568
3 110 1843 0.9403 0.8057
4 90 1733 0.9481 0.7638
5 52 1643 0.9684 0.7397
6 40 1591 0.9749 0.7211
7 10 1551 0.9936 0.7164
8 6 1541 0.9961 0.7136
9 3 1535 0.9980 0.7122

Table 4.3: Kaplan-Meier estimator for the fuses in [75].
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Figure 4.4: Estimation of the reliability function using Kaplan-Meier and Nelson-
Aalen estimators for the fuses in [75].

Figure 4.5: Nelson-Aalen plot for close-operation lock failures in [55].
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Number of Censored Counter Devices Failure Accumulated
operations if 1, else in rate failure

failed operation rate
t(i) i ni = n− i+ 1 1/ni

∑i
j=1 1/nj

141 1 1 26 0 0
151 1 2 25 0 0
152 0 3 24 0.0417 0.0417
204 1 4 23 0 0.0417
315 1 5 22 0 0.0417
432 1 6 21 0 0.0417
437 0 7 20 0.0500 0.0917
592 1 8 19 0 0.0917
673 0 9 18 0.0556 0.1472
765 0 10 17 0.0588 0.2060
836 1 11 16 0 0.2060
888 1 12 15 0 0.2060
944 1 13 14 0 0.2060
1080 1 14 13 0 0.2060
1152 1 15 12 0 0.2060
1196 0 16 11 0.0909 0.2970
1366 1 17 10 0 0.2970
1381 1 18 9 0 0.2970
1572 1 19 8 0 0.2970
1670 0 20 7 0.1429 0.4398
1745 0 21 6 0.1667 0.6065
1892 0 22 5 0.2000 0.8065
1937 0 23 4 0.2500 1.0565
1985 1 24 3 0 1.0565
2089 1 25 2 0 1.0565
2332 1 26 1 0 1.0565

Table 4.4: Nelson-Aalen estimator of the close-operation lock failures in [55].
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4.3 Parametric models

If the family of distributions is known, a set of parameters should be determined,
and then the parametric models can be used. The classical way to check that is
to plot on a paper with special axis, such as a logarithmic paper, a normal distri-
bution paper or a Weibull paper. If the result is a solid line, then the distribution
belongs to that family and its parameters can be determined by some geometrical
constructions. The distributions are only defined on the positive half-axis, (0,∞).
Here four common distributions are presented. The Weibull distribution and the
gamma distribution reduce to the exponential distribution for certain parameter
choices. The exponential has a constant failure rate. The log-normal distribution
is a modification of the normal distribution to the positive half axis.

4.3.1 Exponential distribution
The probability density function of the exponential distribution is:

f(t;λ) = λ exp (−λt) .

It is straightforward to get the cumulative distribution function:

F (t;λ) = 1− exp (−λt) ,

and the failure rate function:

h(t;λ) = f(t)
R(t) = λ exp (−λt)

1− (1− exp (−λt)) = λ .

So the exponential distribution has a constant failure rate. The parameter λ is
denominated the scale parameter as it only scales the distribution along the t-axis.

4.3.2 Weibull distribution
The probability density function of the Weibull4 distribution is:

f(t;λ, β) = β λ (λ t)β−1 exp
(
−(λt)β

)
.

It is straightforward to get the cumulative distribution function:

F (t;λ, β) = 1− exp
(
−(λt)β

)
,

and the failure rate function:

h(t;λ, β) = f(t)
R(t) =

β λ (λ t)β−1 exp
(
−(λt)β

)
exp

(
−(λt)β

) = β λ (λ t)β−1 .

4Weibull is pronounced ["veIb0l:].
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The parameter β is called the shape parameters, as it modifies the shape. When
the shape parameter is less than 1, the failure rate decreases and when it is greater
than 1, the failure rate increases. When the shape parameter is 1, the Weibull
distribution reduces to the exponential distribution. As the failure rate of the
Weibull distribution can both decrease and increase, it is often used. Meeker and
Escobar claim that [60, p 86]:

The theory of extreme values shows that the Weibull distribution can be
used to model the minimum of a large number of independent positive
random variables from a certain class of distributions.

The Weibull distribution appears as a minimum taken over many distributions, so
it works as a series system, which is relevant in reliability, as a chain is not stronger
than its weakest link.

4.3.3 Gamma distribution
The probability density function of the gamma distribution is:

f(t;κ, λ) = λ(λt)κ−1

Γ(κ) exp (−λt) .

In the denominator appears the gamma function, which is an extension to the
factorial, defined for an integer κ, as Γ(κ) = (κ − 1)!. The cumulative probability
function and the failure rate function do not have closed forms. The parameter λ
is also here called the scale parameter. When κ, called the shape parameter, is less
than 1, the failure rate decreases and when it is greater than 1, the failure rate in-
creases. When the shape parameter is 1, the distribution becomes the exponential
distribution. The gamma distribution appears as the sum of κ independent expo-
nential random variables with parameter λ. The failure rate approaches a constant
level of λ when the time increases [60, section 5.2].

4.3.4 Log-normal distribution
When a stochastic variable X is distributed according to the log-normal distribu-
tion, the logarithm of X, lnX, is distributed according to the normal distribution,
which gives this density function:

f(t;µ, σ) = 1
tσ
√

2π
exp

(
− (ln t− µ)2

2σ2

)
.

There is no closed formula for the cumulative probability function and the fai-
lure rate function. The log-normal distribution can be used to model repair or
maintenance times [50, p 53].
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4.3.5 Estimation of the exponential distribution
The estimate of the scale parameter λ has a closed formula: [63, p 504]

λ∗ = n∑n
i=1 ti

.

4.3.6 Estimation of the Weibull distribution
For the Weibull distribution, the formulas get more complicated and an equation
must be solved numerically to get α∗: [63, p 504].

n

α∗
+

n∑
i=1

ln ti −
n
∑n
i=1 t

α∗

i ln ti∑n
i=1 t

α∗
i

= 0 .

Then there is just a straightforward calculation:

λ∗ =
(

n∑n
i=1 t

α∗
i

)1/α∗

.

4.3.7 Estimation of the gamma distribution
As with the Weibull estimation, the parameter κ must be estimated first numeri-
cally [9, p 45]:

ln κ− Γ′(κ)
Γ(κ) − ln( 1

n

n∑
i=1

ti) + 1
n

n∑
i=1

ln ti = 0 .

Then there is just a calculation:

λ̂ = nκ∑n
i=1 ti

.

4.3.8 Estimation of the log-normal distribution
As the log-normal distribution is related to the normal or Gaussian distribution
and it has also closed formulas [19, p 55]:

µ̂ =
∑n
i=1 ln ti
n

, and

σ̂2 =
∑n
i=1(ln ti − µ̂)2

n
.
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4.3.9 Examples
The fuses presented in section 4.2.4 were estimated to follow a Weibull distribution
with λ = 0.0172 per year and β = 0.5221 [75, table V]. Since β is less than 1, the
failure rate decreases as already found by the TTT and Nelson-Aalen plots. The
failures in the open-operation lock follow a Weibull distribution with λ = 0.0004533
and β = 1.8 [55, table 4]. Thus the failure rate increases.

4.4 Goodness of fit

As verification, the data set should be compared to the distribution with the esti-
mated parameters. A standard method is the χ2-method [53, section 6.4.1]. Then
the possible outcome, here the positive half-axis (0,∞), is divided in k segments.
k should be at least one more than the number of parameters of the distribution.
Next the theoretical distribution of n samples on those k segments is calculated and
denominated Ei for i = 1, . . . , k. This is compared to the empirical distribution Oi
for i = 1, . . . , k:

χ2 =
k∑
i=1

(Ei −Oi)2

Ei
.

The test statistic χ2 is asymptotically χ2-distributed with k − 1 degrees of
freedom. Then if the test statistic χ2 is too big given a specific level of confidence,
the data set does not match the distribution.

Another possibility is to use the Kolmogorov-Smirnov test [53, section 6.4.2].
The statistic in this case is the maximum difference between the cumulative distri-
bution function of the distribution and the empirical distribution function of the
data set with n samples:

Dn = sup
t
|Fn(t)− F (t)| .

The empirical distribution function is given by:

Fn(t) = 1
n

n∑
i=1

diH(t− ti) ,

where di is the number of failures at time ti and the Heaviside step function is
defined to be right-continuous, that is, H(0) = 1. Critical values for Dn can be
found in [53, Table VI in the appendix]. If Dn exceeds that value for a given n and
a given confidence level, the data set does not come from that distribution.

4.4.1 Example
Tippachon et al used the Kolmogorov-Smirnov test to evaluate how well the esti-
mated Weibull distributions fitted the data about the failures of the four protective
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devices. Table 4.5 is a copy of [75, table III] with the notation used in this thesis.
The cumulative probability functions are plotted in Figure 4.6. The maximal dif-
ference between the empirical and the estimated cumulative probability functions
is 0.0265, which is less than 0.0293, the critical value for a significance level of 0.05
and for 2151 objects. Then Tippachon et al conclude that Weibull estimation fits
the data well.

Year Number Empirical Empirical Weibull Cumulative
of probability cumulative cumulative probability

failures density probability probability function
function function function difference

i di fn(i) = di/n Fn(i) FW (i) |Fn(i)− FW (i)|
2 308 0.1432 0.1432 0.1580 0.0148
3 110 0.0511 0.1943 0.1915 0.0028
4 90 0.0418 0.2362 0.2189 0.0173
5 52 0.0242 0.2603 0.2424 0.0179
6 40 0.0186 0.2789 0.2631 0.0158
7 10 0.0046 0.2836 0.2817 0.0019
8 6 0.0028 0.2864 0.2987 0.0123
9 3 0.0014 0.2878 0.3143 0.0265

Table 4.5: Kolmogorov-Smirnov test for the fuses in [75].
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Figure 4.6: The empirical (blue solid line) and the Weibull (red dash-dotted line)
cumulative probability function for the fuses in [75].
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5

Maintenance planning based on
condition measuring

Mäkelä: Olittepa silloin ymmärtämättöminä,
mutta nyt seisotte miehinä kannallanne;
ja järkevä, terve mies voi mitä hän tahtoo;
sentähden osoittakaat sekä provastille
että koko maailmalle mitä miehuus voi.

Mäkelä: Då var ni allt oförståndiga,
men nu står ni som män för er sak;
och en förnuftig, frisk man kan vad han vill;
därför bör ni visa såval prosten
som världen vad manlighet rår med.
– Aleksis Kivi, Seitsemän veljestä, 4. luku, 1870 (översatt av Elmer Diktonius

1948)

This chapter presents how the papers in this thesis are related to condition
measuring, which is an extension of condition monitoring defined in [18, p 20] as
the process to get the answers to questions like these:

• Can I postpone maintenance, e.g., on the tap changer?
• Can I make more use of the asset, e.g., operate at higher loading?
• Can I continue to rely on the asset, e.g., continue to operate a

suspect unit, but avoid a catastrophic failure?

Thus the definition of condition monitoring is based on the kind of decision it
should support: the permitted load of the equipment and the planning of preventive
maintenance or replacement. Threshold alarms that trigger corrective maintenance
are not included. The decisions can be in both directions – to postpone or to
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advance some preventive maintenance, to increase or to decrease the permitted
load.

5.1 Prioritising using the risk matrix

Before introducing condition monitoring, it is necessary to choose which apparatus
to monitor. A commonly used tool is the risk matrix, where the probability of
failure and the consequences of failure appear along the two axes. The risk is
calculated as the product of them and used for prioritising. The risk matrix does
not include the uncertainty of the probability. Paper 4 adds a third dimension to
the risk matrix – the uncertainty of the probability. Then there are three types of
actions for improving a technical system in order to minimise the risk:

• More accurate measurements: If the uncertainty is too large.

• Increase of redundancy or operational change: If the consequences are too
big.

• Preventive maintenance: If the probability is too large together with a rea-
sonable uncertainty, the condition is bad and some maintenance is needed.

More accurate measurements and preventive maintenance will be discussed in this
chapter. Increasing redundancy equals installing new equipment. It is also pos-
sible to diminish the consequences of an equipment failure by starting electricity
production in another place. In this case there should be less flow passing by the
equipment in question. These two ways of diminishing the consequences are not in
the scope of this thesis.

Paper 4 presents a method for deciding when it is worth increasing the mean of
an estimate of the probability if the variance of the estimate decreases.

5.2 Definitions

This thesis uses the term condition for parameters that tell something about how
well an apparatus works, especially related to the probability of failure. The con-
dition is a ratio scale as explained in section 3.2, which is a difference with respect
to [17], where an ordinal scale is used for the condition defining five states: normal,
aged, defective, faulty and failed. Here the condition will be a continuous variable
and the classification will occur later.

Condition monitoring refers in [18, p 20] only to special systems installed to
measure the condition of an equipment continuously. The measurements can be
processed to get a parameter that describes the condition. Here condition monitor-
ing includes also systems that use measurements carried out for other purposes such
as operation, protection or charging. Sometimes those measurements are excluded
from the concept of condition monitoring.
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The drawback with condition monitoring is the need for a measurement device
to be installed at every component that is to be monitored, which can be too
expensive. Thus there is need for a wider concept, called condition measuring, which
includes also measurements carried out with a measurement instrument temporarily
connected to the equipment. It means in this thesis any method that uses already
available or new measurements, which can be continuously or periodically done,
with or without de-energising the equipment. The only criterion is that the purpose
of the condition measuring should be to plan the maintenance or the replacement
or to change the allowed load of the equipment.

Hence the procedure of condition measuring is the same as for condition moni-
toring, and the procedure is basically the same: measure some parameters and then
calculate the condition. The purpose is also the same: decisions about permitted
load and preventive maintenance. Thus condition monitoring is continuous condi-
tion measuring. The other type of condition measuring is called intermittent and
it is divided into:

• In-service: The device to be measured is still in-service. An example is ther-
mography.

• Off-service in-grid: The device to be measured is still connected to the grid,
at least partially. Svenska kraftnät requires the possibility of measuring the
motor and coil currents, the timing, and the movements during the opening
and closing of a circuit breaker when it connected to high voltage. [70, p 19].
The limits for a circuit breaker in good condition are shown in Paper 11 and
in [66, p 5–7]. With a double-bus bar double-breaker layout in the substation,
it is possible to carry out these measurements.

• Off-service off-grid: Then the device is de-energised. Examples are the resis-
tances measurements used in [80] and [47]. They are done with an interval of
several years, since the number of possible outages per year is low.

If the input does not consist of measurements but instead of the number of
operations, the short-circuit currents that the breaker has broken or a similar data
that indicates some kind of load or stress, the procedure is called condition assess-
ment. Then the connection between the gathered data and the predicted reliability
is statistical and normally with a higher uncertainty than for condition measuring.
All these procedures are denominated condition estimation and their relations are
shown in Fig. 5.1.

5.3 Reliability chain

Maintenance can be planned according to the process going from left to right in
Figure 5.2. The first step is to get data about the electrical apparatus, which
can be converted to an estimate of its condition. The next step is to relate the
condition to a prediction of the reliability of the apparatus as the remaining life.
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Figure 5.1: The relation between condition estimation, assessment, measuring and
monitoring as a Venn diagramme.

The possible maintenance actions, ranging from small preventive maintenance such
as lubrication to repair of broken parts or even replacement, should be compared to
make a decision. Presently there are commercial systems for condition monitoring
of different electrical equipment, but the further steps are not often taken into
account in a structured manner. The reliability chain is redrawn and explained in
the following sections.

Figure 5.2: The reliability chain in Paper 3, originally presented in Paper 6 .

5.4 Detailed estimation of time to failure

The basic method of managing a technical system consists of knowing the statistical
distribution for the time to failure of every component of the system. Then the
methods in Chapter 4 can be used for each of the components using the states
are working (0) and failed (1). Within the same analysis the definition of failure
should be the same. Either you have an estimate for one of the three functions:
the probability density function, the cumulative distribution function or the failure
rate function. The estimates could be parametric or non-parametric. A first step
is to have an estimate of the mean life of every component. Taking only the mean
to represent the distribution suggests that the distribution is exponential.

Insurance companies reason in a similar way about the persons that have bought
a life insurance from them. They also want to be more precise, so they try to divide
the population into subgroups in order to see if there is a difference between them. A
British study based on data from the second half of the 19th century compared two
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groups according to whether they drank alcohol or not and they found a significant
difference in mortality in nearly all age groups. [56] Lundgren1 claimed that there
was a difference in the life expectancy for men according to where they lived: on the
countryside, in Stockholm and in the other Swedish towns. [57] He claimed that the
difference in life expectancy between four different types of work: agriculture and
fishing; industry and mining; commerce and transportation; and general services
was not relevant since the age distribution within the groups are not the same. [58]
The other two studies divided the populations into age groups which were compared
to each other. Lundgren also referred a study of the mortality of sailors, which was
higher than normal for men younger than 35 years. Drowning and other accidents
were frequent. This led to an increase of the premiums for life assurance. [59]

The different types of work are an example of a nominal scale according to the
definition in Section 3.2, whereas the two groups regarding the consumption of alco-
hol form an ordinal scale. There could be some more groups: no consumption, small
consumption, average consumption and large consumption. These four studies are
examples of lifetime modelling, as an independent variable explains the remaining
life better by dividing the population into subpopulations. The next step is to take
away the discretization of the independent variable and go from an ordinal scale to
a ratio scale. This procedure consists in decreasing the sizes of the groups towards
zero and it is used to construct a stochastic variable. There should be a sufficient
number of values according to what is deduced in the field of functional statistics.
For both the ordinal scale and the ratio scale it would helpful to have a monotone
relation between the variable and the remaining life.

For a technical system the same kind of division of the population into subpopu-
lation should be done, as the maintenance should be focused on those devices, which
have a larger risk of failing. Failing can mean different things, from the complete
failure of the device so that it has to be replaced to the failure of a component that
can be repaired, depending on the purpose of the study. The important principle
is that the same event should be studied. For the circuit breakers of a network
owner, the division into subgroups can be done as in Fig. 5.3. The leaves should
have significantly different distributions, so the initial resistance is relevant only for
the circuit breakers in the polluted area. The description of the distribution could
be non-parametric but it is normally parametric, often a Weibull distribution as in
Section 4.3.2.

The present age of a device does not motivate its own subdivision, as it implies
a recalculation of the distribution given that the device has reached a certain age
T . The formula is thus:

f(t| survived until T ) = Pr(fails in [t, t+ dt) ∩ survived until T )
Pr( survived until T ) = f(t)

1− F (T ) .

The first part of Paper 1 contains a literature review of twenty different surveys
with failure causes and failure times of disconnectors and circuit breakers. Half

1It is pronounced ["l0ndgRe:n].
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Figure 5.3: Tree showing the division of a population of circuit breakers with regard
to the distribution of the time to failure. First there is a division according to the
producer, then according to the use. The environment where the circuit breaker is
placed divides the population further, giving a tree. Every leaf corresponds to a
Weibull distribution, which is different from the others.
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Figure 5.4: Comparison of the Weibull parameters for the failures of two disconnec-
tor types. The point estimates are indicated by a cross and a plus. The rectangles
show the 95 % confidence regions.

of the surveys were initiated by CIGRÉ or IEEE. These statistics can be used
to estimate the failure rate function parametrically or non-parametrically. The
behaviour of the failure rate is important when planning maintenance. If the failure
rate function increases with age, the equipment should be inspected or maintained
more often when it gets older. The statistics can also tell which failures are more
frequent.

An example of the first division in the tree in Fig. 5.7 is the work by Karlson2

together with Westerlund3 and Carneheim4. They analysed the work orders of
two disconnector types. They estimated the Weibull distributions, which differ as
illustrated in Fig. 5.4, even when taking into account the confidence intervals for
the two paramaters. [47], [80]

Safou went one step further down in the tree when studying the work orders
from ABB HPL breakers. He divided them into two groups: group 1 with line,
transformer and bus bar breakers, and group 2 with shunt reactor and shunt ca-
pacitor breakers. He found that their Weibull distributions were different as shown
in Fig. 5.5. [66]

2It is pronounced ["kA:ísOn].
3It is pronounced ["vEsteôl0nd].
4It is pronounced ["kA:ïeheim].
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Figure 5.5: Comparison of the Weibull parameters for two groups of the same circuit
breaker but with different usage. The point estimates are indicated by a cross and
a plus. The rectangles show the 95 % confidence regions.

5.5 Data and methods used in condition measuring

It is hard to plan outages for the necessary management of the electric grid. Outages
can be needed for maintenance, installation and other tasks. Hence, it is desirable
to know when a specific component should be maintained and it is not enough to
know about the failure rate function for the components as a group. Thus there is
need for condition measuring as a way to gain more knowledge about the condition
of a component.

Fig. 5.6 goes a step further than Fig. 5.3 dividing the population according to
the resistance. There is no mathematical difference between a variable such as the
amount of pollution and a variable such as the resistance of a contact. They can
both be handled in a discrete or a continuous way. One is external, the other one
internal but both serve to predict better the lifetime of the device by dividing the
population. If the measurement is only done once, before connecting the device
to high voltage, it is still lifetime modelling, but now with a more precise starting
value. If the measurements are repeated when the apparatus has been put into
service, it becomes condition measuring. Also the order in which the population is
divided is not that important from a mathematical point of view. The important
step is to try to divide the population into subpopulations as long it is possible.

A measurement goes from the actual parameter to an estimate of the parameter.
Statistics provide then an estimate of remaining life. The first relation should be
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Figure 5.6: Tree showing the division of a population of circuit breakers with regard
to the distribution of the time to failure. First there is a division according to the
producer, then according to the use. The environment where the circuit breaker is
placed and the initial resistance divide the population further, giving a tree. Every
leaf corresponds to a Weibull distribution, which is different from the others. The
different divisions have different motivations according to the column to the right.
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Figure 5.7: Lifetime modelling.

linear, whereas the second one can be non-linear. Hopefully it is monotonic. Then
there should be enough cases with time to failure for every possible value of the
parameter. If not, the parameter serves just to divide the population into some
subpopulations. It is still condition measuring, but with less accuracy. Fig. 5.7
presents the process of estimating the condition of the device and deducing the
distribution of the time to failure.

5.5.1 Different methods for condition measurement of circuit
breakers and disconnectors

Different methods for measuring the condition of circuit breakers and disconnectors
are listed in the second part of Paper 1. More than 40 papers were reviewed.
Half of them deal with the ability to carry current and the other half with the
condition of the mechanical devices. There are only a few about breaking and
making current.The papers could be divided further into three groups according to
Section 3.2:

1 Experimental studies
A typical example is the study by Razi-Kazemi et al, who modified circuit
breakers in order to simulate failures and recorded the coil currents. [64]
Charbkaew et al did the same but recorded and analysed the sound from the
circuit breakers. They changed the hydraulic pressure and the control voltage
and introduced a mechanical defect to see if these changes were detectable. [13]

2 Observational studies
Chudnovsky observed how the temperature of the contacts in medium-voltage
indoor circuit breakers develop with time. [15] Braunovic et al concluded that
the correlation between the temperature rise ∆T (t) and the resistance R(t)
is around 0.9. [10] Høidalen5 and Runde6 did the same as Charbkaew et al
but with three unmodified circuit breakers, of which one failed later. [37]

3 Theoretical (analytical or numerical) studies
Cheng et al deduced formulas for the mechanics of circuit breakers, simulated
the trip coil current and verified the formulas in a test set-up [14]. Braunovic

5It is pronounced ["høIdA:ln
"
].

6It is pronounced ["r0nd@].
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et al did a more detailed physical study of life time of closed electrical con-
tacts. [11] Both studies are also empirical, the first one experimental and the
second one observational.

5.5.2 Better condition measurement of disconnector contacts
Thermography needs a high current to be accurate. [54, Paper VII, ch 4–5] The
two blackouts in Section 1.3 were caused by disconnectors that had recently been
checked by thermography. In Hamra the disconnector was inspected four days be-
fore the failure, measured by thermography nearly two months before and measured
three years before without any problem. In Horred the disconnector was inspected
six days before the failure and measured by thermography seven months before
without any sign overheating. Another part of the disconnector was detected to
be overheated by thermography 1.5 years earlier, and unfortunately that part was
not repaired, but it did not fail. The preceding function check with resistance
measurements was eight years earlier.

Hence, more accurate methods for in-grid condition measuring of contacts should
be developed. One possibility is to predict more accurately when the high currents
should occur and to use thermography then. Another possibility is the installation
of a condition monitoring system in order to capture the high currents.

5.5.3 Condition monitoring of electric contacts by IR sensors
The survey of condition-measuring methods in Paper 1 does not include any method
to measure the condition of the contacts of an energised disconnector at a voltage
of 400 kV, which is common in the transmission network and too high for available
resistance measurements of energised equipment. The system presented in Paper 3,
uses IR (infrared) sensors near the nine contacts of each of the six monitored discon-
nectors. The disconnectors remain in service, even during the installation. There
is also a reference sensor, which records the ambient temperature.

A basic model is a linear relation between the temperature at the contact T2
and the ambient temperature T1:

T2 = b0 + b1 · T1 ,

where b0 and b1 are two parameters to be determined by linear regression. The
degree of explanation R2 is between 0.88 and 0.95, a good result since it is between
0 and 1. Since there is still some variation that is unexplained, the current I should
enter the model:

T2 = b0 + b1 · T1 + k1 · I ,
which is called the linear model and it gives a better R2 between 0.91 and 0.98. A
quadratic model:

T2 = b0 + b1 · T1 + k2 · I2 ,
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gives slightly better R2. The parameter b1 is close to 1, so essentially the model
explains the temperature rise ∆T by the square of the current. The parameter b0 is
just an offset. The temperature rise is interesting since it is limited by the standard
SS-EN 62271-1, naturally depending on the material.

Chudnovsky et al found also that the quadratic model is better than the linear
one [16]. Muhr et al claimed that the exponent of the current should be between
1.5 and 1.9 [62]. Paper 3 found that the best exponent of the current is 2.0 with a
slight variation of ±0.3, in accordance with Joule’s law. The difference between a
linear and a quadratic influence of the current is small since the currents are low.
Chudnovsky et al get still better coefficients of determination R2. That can be
explained by the fact that they monitored circuit breakers in a building. So the
influence of the weather was minimised and the time constants were longer, which
lead to less fluctuations.

5.5.4 Prediction of current in a substation in order to schedule
thermography

Instead of installing new equipment, it might be possible to plan thermography
better in order to do it when the currents are high. Paper 2 takes data from a
Swedish substation from 10 years and applies analysis of variance (ANOVA) to
construct a linear model. The factors are the time of the day, the day of the week
and the week number. About two thirds of the variance in the data can be explained
by the model, but the means are too low to attain a current of at least one third of
the current for which the equipment is rated. Thus the model is not good enough
to plan thermography for the studied bay in the substation. However the model
is able to predict the current and can also be used to predict power flows in the
electric network.

5.6 More detailed model for condition measuring

The previous model considers how the value of the resistance gives a distribution
of the time to failure. The next step is to follow how the resistance changes with
time. Instead of resistance it can be any parameter that is relevant for the device.
This parameter can be modelled as a time-discrete space-discrete Markov model,
i.e. a Markov chain or as a model from time-series analysis.

The condition measuring can be explained by Fig. 5.8. First there is a measure-
ment of the parameter and then a prediction of the future value of the parameter.
The prediction should give a distribution. There is also a limit in order to de-
fine a failure. This is a more detailed description of the second box in Fig. 5.2.
The prediction should be used for the probabilities of failure in the risk matrix in
Section 5.1.
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Figure 5.8: Condition measuring for maintenance decisions.

5.7 Prediction of the condition

A first step of prediction is to have a linear development of the condition as the
method presented by Vianna et al. [78] Rudd el al studied gas pressure in circuit
breakers and linearized the leakage. They deduced a formula to calculate the un-
certainty of when the pressure drops below a specific level. [65] Karlson studied the
aging of the Strömberg OJYW disconnector. She found that the total resistance
1–6 increases by 0.6 µΩ/year. [47] Westerlund and Carneheim did the same with
the Asea NUB and NUB-B disconnectors. [80]. Both groups used linear regression
and the confidence intervals for prediction. Also both groups had some troubles
interpreting the work orders, as explained in the last part of Section 3.1.

A stochastic process can be added to the linear function, as a starting point just
white noise. It can be seen a non-deterministic part of the aging process. A more
complicated option is an ARMA process or even an ARIMA process. Izmailov et
al used an ARIMA(2, 2, 2) to model the evolution of electrical contacts. They
managed to predict 10–20 days ahead. [40]

A simple model can be constructed according to the following procedure, using
the concepts explained a textbook in statistics such as [41], already explained in
Paper 12. The condition as a physical parameter can be described by a stochastic
process (Yt)t≥0, defined as:

Yt = Y0 +K · t+Xt ,

where Y0 ∼ N(a, σ2
a), K ∼ N(b, σ2

b ) and (Xt −X0)t≥0 ∼ BM(σ2
c , 0). So (Yt)t≥0 is

a Gaussian process as it is composed by a Brownian motion (BM) and Gaussian
stochastic variables. Then the mean and variance of Yt are:

E[Yt] = a+ b · t
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Var[Yt] = σ2
a + σ2

b · t2 + σ2
c · t

So there are three sources of error with a different growth with time:

• Measurement error: It refers to the starting point.

• Drift error: It is due to the uncertainty of the estimation of the drift.

• Process error: It is caused by the randomness of the process, first described
by Bachelier, who started with a random step upwards or downwards and
then arrived to the present concept of Brownian motion by letting the time
step go to zero while keep the same slope. [3]

5.8 Threshold for maintenance

In Fig. 5.8 there is a threshold that decides if some maintenance needs to be carried
out before the next possible outage for maintenance. If it is set too low, the equip-
ment will be maintained when there is no need. If it is set too high, the equipment
will fail if the aging is faster than expected. The outcome of the test and the aging
and possible failure of the equipment is shown in Table 5.1. The cases FP and TN
should be kept as low as possible. Table 5.2 shows the interpretation of them. [61,
p 109]

Predicted failure No predicted failure
Actual failure true positive (TP) false negative (FN)

No actual failure false positive (FP) true negative (TN)

Table 5.1: Possible outcomes from a test of the condition and the aging of the
equipment during a certain period of time.

Denomination Symbol Mathematical description Equivalent for courts
Type I error α Pr(test tells H1|H0) an innocent in jail
Type II error β Pr(test tells H0|H1) a free criminal

Table 5.2: Possible errors from a test when H0 is the normal state and H1 is the
uncommon state to detect, here the need for maintenance.

Boley developed a neural network to detect anomalies in the production of wind
turbines. An anomaly occurs when the production is lower than it should be and it
could be due to some incorrect setting. He used two variables as a quality measure of
the algorithm: AA (anomaly accuracy) and TPA (true positive accuracy), defined
as:
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AA = TP
TP+FN

TPA = TP
TP+FP

AA and TPA should then be as large as possible. He found that the algorithm
works best when tuned to two standard deviations. One standard deviation is good
if a low AA is more important. [8, p 15] The cases with three and four standard
deviations should not be used at all. They are inadmissible as there are always a
better value for all possible weightings of AA and TPA.[48, p 17]

Figure 5.9: Figure 14 in [8] (reproduced with permission from Alexander Boley).
AA and TPA are given as percentages.

The Type I and Type II errors, α and β, are related to AA and TPA, but
they should as low as possible. The same problem with a trade-off occurs. Also
there could be the case of inadmissibility of some settings of the parameters of the
algorithm to decide if an apparatus should be maintained.

5.9 Effect of maintenance

The final step is to decide on the type of maintenance. Paper 13 presents the
renovation of 12 Strömberg OJYW disconnectors. One such is shown in Fig. 5.10.
Table 5.3 presents the resistance before and after maintenance. Karlson studied the
aging of the Strömberg OJYW disconnector. She found that the total resistance
1–6 increases by d = 0.6 µΩ/year. [47] That leads to a gain of remaining life (∆t)
for these disconnectors as in Table 5.4 calculated as ∆t = ∆R/d, where ∆R is the
decrease in resistance.

Since some of the values in Table 5.4 are unreasonable high (larger than the
expected life of the disconnectors), another measures of the increased life expectancy
has been tried as the ratio of resistance before and after in Fig. 5.11. The resistances
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Figure 5.10: Disconnector to be renovated. Photo reproduced with permission from
Rauno Sulalampis Blästring & Industrimålning AB.
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Before After
1-2 2-2B 2B-3 3-6 1-6 1-2 2-2B 2B-3 3-6 1-6

Dis1 L1 12 11 19 65 108 9 8 15 50 91
L2 11 11 17 67 109 8 9 11 42 84
L3 12 34 16 66 127 11 17 16 46 91

Dis2 L1 15 13 17 77 122 14 12 19 48 94
L2 11 10 18 71 112 10 9 17 44 95
L3 14 18 18 57 114 11 19 17 47 108

Dis3 L1 15 13 17 77 122 8 9 17 51 87
L2 8 12 19 60 100 8 23 17 47 91
L3 11 20 19 58 98 8 14 16 39 87

Dis4 L1 10 17 20 61 108 8 15 18 48 96
L2 16 22 42 110 146 9 7 32 59 97
L3 - - - - - 8 18 18 43 88

Table 5.3: Resistance (µΩ) measurements of four 220 kV disconnectors. One dis-
connector was not measured before renovation. From Paper 13.

Dis1 Dis2 Dis3 Dis4
L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2

∆R(µΩ) 17 25 36 28 17 6 35 9 11 12 49
Added years 28 42 60 47 28 10 58 15 18 20 82

Table 5.4: Added years due to maintenance for the disconnector poles.

were apparently measured without a clamp ammeter around one of the branches in
the lower half of the disconnector. For that reason the resistance through the two
branches has been summed.
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Figure 5.11: Effect of maintenance on four 220 kV disconnectors: resistance before
/ resistance after. From Paper 13.
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Conclusion

Jeg vælger mig april!
I den det gamle falder,
i den det ny får fæste;
det volder lidt rabalder, –
dog fred er ej det best,
men at man noget vil.

Jeg vælger mig april,
fordi den stormer, fejer,
fordi den smiler, smelter,
fordi den ævner ejer,
fordi den kræfter vælter, –
i den blir somren til!

– Bjørnstjerne Bjørnson, Valg, 1866

6.1 Conclusion

Paper 4 shows that the risk matrix should be complemented with a third dimen-
sion showing the uncertainty of the probability estimate. A rough estimate of the
uncertainty is the standard deviation sp. It is better to use kp = (p+ sp)/p, since
then the new dimension is also logarithmic. A more detailed study of the beta
distribution has been made and it shows that this model is reasonable.

Paper 1 presented twenty studies of the statistics of failures of circuit breakers
and disconnectors. It also contains some forty methods of condition measuring.
It also contains some forty methods of condition measuring of the contacts, the
mechanics and the ability to break current.

When it comes to assess contacts, thermography has low accuracy for low cur-
rents. One way to increase it is to predict the current in a line in the electrical
grid with the purpose of doing thermography at a high current. The method of
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analysis of variance (ANOVA) is used to construct a linear model with the explain-
ing variables the time of the day, the day of the week and the week number. The
values were currents for every hour at a substation during ten years. The degree
of explanation was about one third, a reasonably good value. Still the mean of the
current was not high enough for reasonable accuracy.

Hence some sensors should be installed near the contacts and there is no sys-
tem presented in Paper 1 that can be used at 400 kV. Paper 3 presented a novel
system with IR sensors and showed that the temperature rise of the contacts of a
disconnector is proportional to the square of the current that passes through them.
Thus it is possible to estimate the condition of an energised disconnector and plan
its maintenance better in order to avoid outages.

Also a framework for lifetime modelling and condition monitoring has been
presented. The purpose of lifetime modelling is to divide the population into sub-
populations in order to get as accurate prediction of time to failure as possible.
That can be done by a nominal, ordinal, interval or ratio variable. Normally the
prediction is based on a Weibull distribution and the division process should con-
tinue as long as the subpopulations have parameters that are statistically different.
Some examples were presented.

The variables for dividing the population can be external or internal to the
equipment. An internal variable is a parameter of the equipment and as such it
can be measured. If it is measured during the life of the equipment, condition mea-
suring is carried out. If there is a designated measuring system, it is denominated
condition monitoring. The boxes in Fig. 5.2 have been discussed in more details, in
particular the third one, estimation of reliability. The fundamental aspect is how
the parameter behaves as a stochastic process. A model can be a linear increase or
decrease with some noise added. A limit marks when the equipment is considered
to have failed. Both lifetime modelling and condition measuring are illustrated by
figures. A final step is to estimate the effect of maintenance, which is done with
data from the renovation of 12 disconnector poles.

6.2 Future work

Paper 4 has only some calculations for comparing mean with variance. Other
exponents such as 1 and 2 could be tried in the loss function. Also distribution 2
can serve as a reference for the starting point of the tail. Other distribution have
not been tested. The uncertainty of the consequence should also be included.

One problem with estimating the distribution of the failures is censoring, which
means that the equipment is still working when the study ends. Safou’s study is
a clear case, especially among the line, transformer and bus-bar breakers. [66] So
there is a need for better methods to handle censoring.

The model of the development of the resistance in [80] and [47] should be
improved. The data from the system in Paper 3 should be analysed as a time
series, which can give more information than function checks carried out with an
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interval of at least five years. Different models of the effect of maintenance should
be tried.

The results in Paper 3 get to the second box in the reliability chain in Fig-
ure 5.2, the estimation of the condition. So for electric contacts, a future develop-
ment would be a lifetime model, which should predict when the contacts are due for
maintenance. The model would relate the condition to a probability distribution
of failures. The lifetime models can also provide data for inspection intervals of
equipment. Not only is the area of survival analysis within mathematical statis-
tics important, but also the area of stochastic processes and time series, since the
condition of a component can be regarded as a stochastic process or as a time series.
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