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Abstract
The Reliability-Centred Asset Maintenance (RCAM) is a structured

approach to determine maintenance strategies for electric power system
which is developed at KTH School of Electrical Engineering. RCAM focus
on reliability aspects of the system and one of the main steps in RCAM
is to modeling the relationship between reliability and the e�ect of main-
tenance for critical components within the system. The transformer has
been identi�ed as a critical component within a power system and in
spring 2006 the Ph.D project �Life time modeling and management of
transformers� was started within the RCAM group. The overall goal for
the project is to develop a quantitative model for the lifetime distribution
of a transformer with the �nal goal to implement the developed model
into a maintenance planning.

Dissolved Gas Analysis (DGA) is a widely used technique to estimate
the condition of oil-immersed transformers. Incipient faults within the
transformer may be detected by analyzing the gases which are dissolved
in the transformer-oil. The objective of this thesis is mainly to analyze
available data from DGA, and investigate if this kind of data may be use-
ful in quantitative modeling of the transformers reliability.

One conclusion from this work is that the di�culty in modeling the trans-
formers reliability lies mainly in the limited availability of adequate data.
Transformer is a reliable device and since the number of failures is crit-
ical in mathematical modeling of a component�s reliability it becomes
very di�cult to determine such models. Another aspect is the di�culty
to draw conclusions about a transformer's condition only from the DGA
results. Although there are standards available for this purpose the DGA
interpretation should also be based on other information about the partic-
ular transformer such as size, construction and operation circumstances.
During this work no sources have been found from which the correlation
between DGA data and probability for transformer failures could be es-
timated. For this reasons the proposed failure rate function in this work
is based on several subjective assumptions and has not been possible to
verify.



Sammanfattning
Reliability-Centred Asset Maintenance (RCAM) är en strukturerad

metod för planering av underhållsstrategier av elkraftssystem som uveck-
lats vid Skolan för Elektro- och Systemteknik på KTH. RCAM fokuser-
ar på tillförlitlighetsaspekter hos systemet och ett utav huvudstegen i
metoden är att matematiskt modellera samband mellan tillförlitlighet
och e�ekt av underhåll för systemkritiska komponenter. Transformatorn
har blivit identi�erad som en systemkritisk komponent och under våren
2006 startades doktorandrojektet �Life time modeling and management
of transformers� upp inom RCAM gruppen på KTH. Det övergripande
målet för projektet är att ta fram en kvantitativ livslängds fördelning av
en transformator med det slutgiltiga målet att implementera denna mod-
ell i en underhållsplanering.

Dissolved Gas Analysis (DGA) är en vida använd metod för att skatta
konditionen hos oljefyllda transformatorer. Begynnande fel i en transfo-
rator kan upptäckas genom analys av de gaser som �nns lösta transfor-
matoroljan. Syftet med detta examensarbete är i huvudsak att anlysera
tillgänglig data från DGA och utvärdera om denna typ av data skulle kun-
na användas som underlag för kvantitativ modellering av tillförlitligheten
hos en transformator.

En slutsats från detta arbete är att den stora svårigheten med att försöka
sig på att kvantitativt modellera en tillförlitlighetsfunktion för en trans-
formator ligger till stösta del i bristen av adekvat data. Transformatorn
är en relativt tillförlitlig komponent och eftersom antalet felinträ�ande
är kritiskt vid denna typ av modellering så blir det svårt att ta fram en
modell med kvalité. DGA i sig är ingen bestämd vetenskap och tolkn-
ing av DGA data är osäker och måste även baseras på övrig information
om transformatorn ifråga såsom storlek, konstruktion och driftförhållan-
den. Under arbetets gång har ingen statistik påträ�ats utifrån vilken man
skulle kunna skatta den eventuella korrelationen mellan DGA data och
sannolikhet för felinträ�ande för transformatorn. Detta sammantaget led-
er till att den föreslagna modellen i detta arbete är grundad på �era
subjektiva antagande och de har inte heller kunnat veri�erats.
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CO Carbon Monoxide

CO2 Carbon Dioxide

CM Corrective Maintenance

DGA Dissolved Gas-in-oil Analysis

FMEA Failure Modes and E�ect Analysis

FSI Functionally signi�cant item

GSU Generator Step-Up Transformers

HVDC High-voltage direct current

IEC International Electrotechnical Commission

IEEE Institute of Electrical and Engineers

N/A Not available
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PM Preventive Maintenance

ppm parts per million

RCAM Reliability Centered Asset Management

RCM Reliability Centered Maintenance

TDGC Total Dissolved Gas Concentration
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1 Introduction
1.1 Background
The power transformer is a critical and capital intensive asset within a power
system. The economic consequences of a transformer failure can be large due to
the cost of property damage, repairs and the costs due to transmission service
interruption. In spring 2006 the Ph.D project, �Life time modeling and manage-
ment of transformers�, was started within the RCAM group at KTH [1]. The
overall goal for the project is to develop a quantitative probabilistic model for
the lifetime of a transformer component. The �nal goal will be to implement
the developed model into a maintenance planning related to ongoing project on
RCAM. This thesis will examine one of the areas that may contributes to the
long-term goal of the project.

1.2 Objective
Failure probability estimation is required in maintenance asset management.
The main objective of this work is to analyze available condition monitoring
data, and investigate if such kind of data sources can be useful in lifetime esti-
mation of transformers.

1.3 Approach
In order to learn more about transformers in general, and to investigate what
kind of statistical data that could possible be obtained, interviews with trans-
former experts and study visits to ABB transformer manufacturer in Ludvika
and to SwePollink HVDC station in Karlshamn have been carried out. Litera-
ture studies have been made to get an overview of what have been made in the
�eld of life time estimation of transformer. Especially the interpretation guide-
lines [2][3] of Dissolved Gas-in-oil Analysis results have been further studied to
get a deeper understanding of the use and procedure of this technique. To gain
understanding of potential transformer failures and their causes, the method to
perform Failure Mode and E�ect Analysis in [4] underlie the way in which a
FMEA- scheme for transformer was performed.

1.4 Scope of the work
Delimitation for this work is to investigate if condition monitoring data (DGA)
may be useful in reliability modeling of transformer.
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2 General theory
The following sections will give an overview of the general concept of Reliability
Centred Maintenance and an extension of it. The concept Failure Modes and
E�ects Analysis and di�erent maintenance de�nitions will also be reviewed.

2.1 Reliability Centred Maintenance (RCM)
RCM is a technique that is used to develop cost-e�ective maintenance plans
and criteria so the operational capability of equipment is achieved, restored,
or maintained. The main objective of RCM is to reduce the maintenance cost
by focusing on the most important functions of the system. There are several
di�erent formulations of RCM processes in the literature. According to [5] an
RCM analysis basically provides answers to the following questions

1. What are the functions and associated performance standards of the equip-
ment in its present operating context?

2. In what ways can it fail to full �ll its functions?

3. What is the cause of each functional failure?

4. What happens when each failure occurs?

5. In what way does each failure matter?

6. What can be done to prevent each failure?

7. What should be done if a suitable preventive task cannot be found?

The RCM analysis may be carried out as a sequence of activities or steps. In
IEC standards for RCM analysis [6] following basic steps in an RCM analysis
are listed:

• De�ning the system and/orsubsystems and boundaries.

• De�ning the functions of each system or subsystem.

• Identifying functionally signi�cant item (FSI)

• Identifying the pertinent FSI functional failure causes.

• Predicting the e�ects and probability of these failures.

• Using a decision logic tree to categorize the e�ects of the FSI failures

• Identifying applicable and e�ective maintenance tasks wich comprise the
initial maintenance programe.

• Redesign of the equipment or process, if no applicable tasks can be iden-
ti�ed.
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• Establishing a dynamic maintenance program, which results from a rou-
tine and systematic update of the initial maintenance programme and its
revision, assisted by the monitoring , collection and analysis of in-service
data.

2.2 Reliability Centered Asset Management (RCAM)
RCAM is a quantitative approach to determine the most cost-e�ective main-
tenance plan for a system with the focus on reliability aspects [7] [8]. The
crucial di�erence between RCM and RCAM is the RCAM's focus on quanti-
tative models to determine the correlation between the system reliability and
di�erent component maintenance strategies. RCAM quanti�es this correlation
by modeling the failure rate of critical components as a function of time and
preventive maintenance (PM), the resulting function is denoted by λ(t, PM) [7].
The RCAM approach requires relatively extended information about the com-
ponent's reliability and the impact of di�erent maintenance strategies on the
component. The �nal step in RCAM method is to relate the system reliability
with the total maintenance costs for the system. The main step of the RCAM
method is summarized as follows [7]:

1. Identify the critical components (system level)

2. Modeling λ(t, PM) outgoing from causes of failures (component level)

3. Implement maintenance strategies and perform cost analysis (system level)

2.3 Failure Modes and E�ects Analysis (FMEA)
FMEA is an useful tool when performing an RCM ananlysis. FMEA is a way
to evaluate potential failure modes and their e�ects and causes in a systematic
and structured manner. Failure modes means the ways in which something
could fail. E�ects analysis refers to studying the consequences of those failures.
The purpose of the FMEA is to take actions to eliminate or reduce failures,
starting with the highest-priority ones. By it self, an FMEA is not a problem
solver, it should be used in combination with other problem solving tools. The
analysis can be done either in a qualitatively or quantitatively way. Basic steps
in performing a FMEA could be [9]:

1. De�ne the system to be analyzed. Complete system de�nition includes
de�ning of system boundaries, identi�cation of internal and interface func-
tions, expected performance, and failure de�nitions.

2. Identify failure modes associated with system failures. For each function,
identify all the ways failure could happen. These are potential failure
modes.

3. Identify potential e�ects of failure modes. For each failure mode, identify
all the consequences on the system. "What happens when the failure
occurs?"
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4. Determine and rank how serious each e�ect is. The most critical pieces
of equipment which a�ected the overall function of the system need to
identi�ed and determined.

5. For each failure mode, determine all the potential root causes.

6. For each cause, identify available detection methods.

7. Identify recommended actions for each cause that can reduce the severity
of each failure.

2.4 Maintenance
For repairable systems, maintenance plays a vital role in the life of a system. It
a�ects the system's overall reliability, availability, downtime, cost of operation,
etc. A de�nition of maintenance according to [10] is:

�Combination of all technical, adimistrative and managerial actions during the
life cycle of an item intended to retain it in, or restore it to, a state in which it
can perform the required function.�

There are di�erent categories of maintenance [10]:

• Corrective Maintenance (CM)
Corrective maintenance consists of the actions taken to restore a failed
system to operational status. This usually involves replacing or repairing
the component that is responsible for the failure of the overall system. The
objective of corrective maintenance is to restore the system to satisfactory
operation within the shortest possible time.

• Preventive Maintenance (PM)
Preventive maintenance, unlike corrective maintenance, is the practice of
replacing components or subsystems before they fail in order to promote
continuous system operation. The schedule for preventive maintenance is
based on observation of past system behavior, component wear-out mech-
anisms and knowledge of which components are vital to continued system
operation.

The purpose of preventive maintenance is to extend equipment lifetime, or at
least the mean time to the next failure whose repair may be costly [11]. Pre-
ventive maintenance can increase the time to failure only if failures do not
happen at random but are the consequences of deterioration occurring as a
device ages. Examples of transformer failures that cannot be improved with
preventive maintenance are human error, manufacture and design defects, and
weather phenomenon such as lightning or ice storms.
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3 Transformer
A transformer is an electrical device that transfers energy from one circuit to
another by magnetic coupling with no moving parts. The main purpose of a
transformer is to alter a supply voltage to a desired voltage. In the IEC stan-
dard [12] the de�nition of power transformer is

�General, a transformer is de�ned as a static piece of apparatus with two or
more windings which, by electromagnetic induction, transforms a system of al-
ternating voltage and current into another system of voltage and current usually
of di�erent values and at the same frequency for the purpose of transmitting elec-
trical power�

3.1 Transformer construction
The following sections describe the di�erent parts of a transformer.

Active part
Core and windings are considered to belong to the so-called active part of the
transformer, i.e where the actual transformation takes place.

Core
The function of the core is to concentrate the magnetic �ux. The core has high
magnetic permeability, i.e. a material that forms a magnetic �eld much more
easily than free space does, due to the orientation of atomic dipoles. The result
is that the �eld is concentrated inside the core, and almost no �eld lines leave
the core.

Windings
The function of the windings is to carry current. The windings are arranged
as cylindrical shells around the core limb, where each strand is wrapped with
insulation paper. Copper is today the primary choice as winding material [13].
In addition to dielectric stresses and thermal requirements the windings have to
withstand mechanical forces that may cause windings replacement.

Insulation system
The insulation system in a transformer consists of two parts, a solid part (cellu-
lose) and a liquid part (transformer oil), and where the liquid part has a double
function.
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Solid insulation
The solid insulation in a transformer is cellulose based products such as press
board and paper. It's main function is to isolate the windings.

Transformer oil
The transformer oil is highly re�ned product from mineral crude oil and consists
of hydrocarbon composition of which the most common are para�n, naphthene
and aromatic oils. The oil serves as both cooling medium and as part of the
insulation system. The quality of the oil greatly a�ects the insulation and
cooling properties of the transformer. The major causes of oil deterioration are
moisture and oxygen coupled with heat.

Accessories
In [13] following transformer components are de�ned as �accessories�.

Bushings
A bushing is a component that insulates a high voltage conductor passing
through a metal enclosure, i.e a current path through the tank wall. The inside
of the bushing may contain paper insulation and the bushing is often �lled with
oil to provide additional insulation. Bushings can fail due to partial discharge
degradation in the insulation.

Tap changer
The On-Load Tap-Changer (OLTC) is the most complex component of the
transformer and its function is to regulate the voltage level by adding or sub-
tracting turns from the transformer windings. The OLTC is built in two separate
sections; the diverter switch and the tap selector (�gure 1). Due to the fact an
interrupting of the supply is unacceptable for a power transformer, these are �t-
ted with a complex mechanism that change turns ratio without interrupting the
load current. To obtain a non interrupted �ow current the tap change procedure
is performed in two steps [14].

1. The next tap is preselected by the tap selector at no load

2. The diverter switch transfers the load current from preselected tap.

The tap selector makes the new tap connection before releasing the old, and
avoids the high current from the short-circuited turns by temporarily placing
a large diverter resistor in series with the short-circuited turns before breaking
the original tap connection. To avoid contamination of the transformer oil,
the diverter switch has it own oil �lled housing separate from the rest of the
transformer.
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Figure 1: Switching principle Source:[14]

Cooling system
Power transformers are equipped with cooling fans, oil pumps or water-cooled
heat exchangers designed to remove the heat caused by copper and iron losses.

Tank
The tank is primarily the container for the oil and a physical protection for
the active part. It also serves as support structure for accessories and control
equipment. The tank has to withstand environmental stresses, such as corrosive
atmosphere, high humidity and sun radiation [13]. Internal arcing in an oil-�lled
transformer can instantly vaporize surrounding oil which can lead to a so high
gas pressures that may rupture the tank [15].

3.2 Transformer failure modes and mechanisms
Component failures can generally be divided into two categories, random fail-
ures and failures arisen as a consequence of deterioration [16]. Examples of
failure modes with constant failure probability are those which could be asso-
ciated to construction errors, human errors or natural disasters. These type of
failures have the same probability to occur in a transformer life span and the
number of failures can't be reduced by prevent maintenance. A transformer is
a complex component, and the approach to gain a better understanding about
potential causes to transformer failures in [17] was to divide the transformer
in subcomponents. Through literature studies and discussion with transformer
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Table 1: Scheme over some potential failure modes and failure causes for di�er-
ent parts of the transformer. Source: [17]

Component Component function Failure mode Failure causes
Bushings Connect windings Short circuit External contamin.

to the work Water ingress.
Sabotage.

Core Wear magnetic �eld Loss of e�ciency DC Magnetization
Solid insulation Insulation of Can not Overload
(cellulose) windings supply insulation Low quality of oil
Liquid insulation Isolate and cool Overheated oil. Low oil quality
(transformer oil) the active parte. Contamin. of oil. Ageing

Short circuits
Tank Enclose TRAFO oil Oil leakage Corrosion

Protect the active part Careless handling
Tap selector Regulate Can not change Wear

the voltage level voltage level
Diverter switch Maintain a coherent Contact failure Contamin. of oil.

current Lack of maintenance.
Windings Conduct current Short circuit Transient overvoltage

Hot spot
Movement of TRAFO

Cooling system Cool the active part Temperature rise Wear

experts fault trees for each subcomponent were performed. The purpose was
to identify the main function and get a general idea of potential failure modes
and failure e�ects for each subcomponent. Generally each subcomponent has
numerous potential failure modes and the same fault may result from di�erent
failure modes. For example, the dielectric breakdown of transformer oil is a fail-
ure mode,which may have multiple causes such as oil contamination, thermal
decomposition and/or moisture in oil.

Table 1 put together results from the work in [17]. This table is of course
not complete, but it gives a survey over potential failure modes. To complete
a FMEA it would be desirable to conclude how critical each failure mode is
to the overall system (the transformer). If no statistical data is available for
this purpose, transformer expert judgements could be used. Asked experts have
estimated the tap changer and bushings as the two components that cause the
largest number of transformer failures. Through litterateur studies a conclusion
is that the insulation system of a transformer seems to be considered as a critical
component.
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3.3 Maintenance activities for transformer
In [18] transformer maintenance activities have been classi�ed as the following
two categories:

1. Insulation improvement
Maintenance activities that improve the insulation are oil �ltering or oil
degasi�cation. The purpose of these activities are to reduce acid and
moisture contents in the oil, and remove metal and other particles.

2. Mechanical maintenance
Mechanical maintenance activities includes overhaul, replacement or re-
pair of any individual component in the transformer.

Table 2 summarizes some maintenance activities for di�erent parts of the
transformer.

Table 2: Maintenance activities for di�erent parts of transformer

Component Maintenance Activity
Solid insulation N/A
(cellulose)
Liquid insulation Oil re�nement
(transformer oil) (Filtering, Degassing

Dehumidify)
On-Load Oil re�nement
Tap-changer Replacement of worn parts
Bushings Replacement, cleaning

and greasing
Windings Remove foreign object

Repair or replace parts of insulation
materials.

Based on interviews [19], the most frequent scheduled maintenance activity
seems to be the overhaul of OLTC. Condition monitoring techniques (see section
3.4) are used to follow the condition of the oil and to detect other potential fault
that may occur inside the transformer. If there is any suspicion of problem, then
measures are taken to avoid a total transformer failure. Inspection of external
condition of the transformer (tank, pumps, fans et.c) is also usually performed.

3.4 Condition monitoring techniques
Condition monitoring of equipment can provide bene�ts in at least following
areas [20]:

• Operational status

9



• Failure prevention

• Maintenance support

• Life assessment

• Optimize operation

• Commission veri�cation tests

• Failure Analysis

• Personnel safety

• Environment safety

For power transformers monitoring can take many forms and some of them will
be reviewed in following subsections.

Temperature monitoring
Based on temperatures measured at di�erent locations of a transformer thermal
related faults can be identi�ed [18]. There is a direct correlation between wind-
ings temperature and normally expected service life of a transformer [18]. The
hot spot temperature of windings is one factor that limits the load capability
of a transformer. The hot spot temperature is indirectly calculated from oil
temperature and load current measurements [21].

Operating monitoring
Transformer operating condition is mainly determined by its load current and
voltage [18]. Continuous on-line monitoring of current and voltage can provide
individual load pro�les to assist system planning.

Condition monitoring of transformer oil
The quality of the oil greatly a�ects the insulation and cooling properties of
the transformer. Performing tests to evaluate the quality of the transformer oil
constitute an important part for the condition monitoring of transformers. The
major causes of oil deterioration are moisture and oxygen coupled with heat
[15]. Moisture and oxygen cause the paper insulation to decay at a higher rate
than normal. When the oil oxidizes, acid ,sludge and water are produced. The
sludge settles on the windings and reduce the heat transfer from the windings to
the oil. These sludge formation cause, over the time, temperature rise inside the
transformer. The oil oxidation begins as soon as the transformer is energized
and can not be eliminated but it is possible to slow down the process by di�erent
preventive maintenance actions. Di�erent oil quality tests can be performed to
control the condition of the oil.
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• Measurement of moisture content
A low moisture content is necessary to obtain and maintain acceptable
electrical strength and low dielectric losses in the insulation system. Ex-
cessive moisture in oil increases the ageing rate of both the oil and the
paper. In extreme cases this can result in arcing and short circuits within
the windings. During the service life of transformer, the moisture content
may increase by breathing damp air, natural ageing of the cellulose insu-
lation, oil oxidation, condensation or by accidental means. Determination
of the moisture can be performed by the automatic coulometric Karl Fis-
cher titration [22]. The method is outlined in IEC 60814. Titration is a
chemical analysis that determines the content of a substance by adding
a reagent of known concentration in carefully measured amounts until a
chemical reaction is complete [23]. The water content in the oil also indi-
rectly gives information about the moisture level in the solid insulation.

• Neutralization number (Acid number)
The acidity of an oil sample is related to the deterioration of the oil. The
acids attack metals inside the tank and form sludge. Acid also attacks
cellulose and accelerates insulation degradation [15]. The neutralization
number is the amount of potassium hydroxide (KOH) in milligrams that
it takes to neutralize the acid in 1 gram of transformer oil. The presence of
acidic materials can be quantitatively determined by a titration procedure
according IEC 60296 [22].

• Colour
The colour of the oil indicates the quality, aging, and the presence of
contaminants. Mineral oil fresh from the re�nery is essentially colorless.
As the sample ages over time or is subjected to severe conditions such as
local hot spots or arcing the sample will become darker [23]. The color
of a oil sample is determined by comparison to the color standards in
ASTM D1500. Together with the neutralization number, the color gives
an indication of the oxidation level of the oil [22]. The color of the oil by
itself should never be used to indicate the quality of the oil.

• Dielectric breakdown The dielectric breakdown strength of an insula-
tion material is a measure of its resistance to electrical breakdown when
an electrical potential is applied across it [22]. Many contaminants, like
water, solid particles or oxidation products, conduct electricity better than
oil and therefore lowering the dielectric breakdown voltage. For insulation
oils the value of this characteristic is called the power function or loss
tangent.

• Interfacial tension
This test is a measure of the presence of polar compounds, which indicate
oxidation contaminates or deterioration from the transformer materials
such as paint, varnish, and paper [22]. The interfacial tension of an oil
is the force in dynes per centimeter required to rupture the oil �lm exist-
ing at an oil-water interface. When certain contaminants such as paints,
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varnishes, and oxidation products are present in the oil, the �lm strength
of the oil is weakened, thus requiring less force to rupture. A decreasing
value indicates the accumulation of contaminants and oxidation products.

• Antioxidant additive content (Inhibitor)
Inhibitor that is used in oil-immersed transformers is a chemical compound
that slow down the oxidation process. The inhibitor that is added in
the oil will be consumed over the time. Control of the inhibitor content
is an important factor in maintaining the transformer oil. Presence of
antioxidant in the oil will a�ect oxidation stability results.

• Oxidation stability
The e�ectiveness of the antioxidants in delaying oil oxidation can be mea-
sured by laboratory tests known generally as oxidation stability test [22].

The measurement of Degree of Polymerization
The solid insulation in a transformer is cellulose based products. Cellulose
consists of long chains of glucose rings. When degradation of the cellulose occurs
these chains get shorter. Degree of polymerization (DP) is the average number
of these rings in the chain and indicates the condition of the paper. New paper
has an average DP number of 1200-1400. A DP less than 200 means that the
paper has reached a so poor mechanical strength that it no longer can ful�ll its
function. The DP number of paper taken from di�erent places of the windings
can vary up to 50 % due to the thermal pro�le in the transformer [24]. Since
it is di�cult to sample paper from an operating transformer the DP in practice
often is estimated with a Fural Analysis from the transformer oil. This test can
indirectly give the status of the solid insulation. An inverse relationship exists
between the DP and the Furals, but this relationship only holds if the paper
is degrading evenly over the windings. The solid insulation is a weakest link
in the transformer insulation system, due to the degradation of the cellulose is
irreversible and it would not be economically defensible to replace it [25]. The
aging of cellulose is accelerated by water oxygen and heat.

Dissolved Gas Analysis (DGA)
DGA is a condition monitoring technique with the objective to detect incip-
ient thermal and electrical faults by analyzing the gas generation within the
transformer. This technique will be further described in Section 4.
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4 Dissolved Gas Analysis (DGA)
To understand what kind of information DGA data can give, it is necessary to
understand how the DGA data is interpreted and analyzed. In following sections
the DGA procedure is describe and the standards [2] and [3] are investigated.

4.1 DGA
DGA is a diagnostic tool for detecting and evaluating of incipient faults in oil-
immersed transformers. A fault is in this context de�ned as a process that causes
abnormal dissipation of energy within the transformer. When a fault occurs
in the transformer, the insulation system will undergo chemical degradation
which leads to a production of various gases that dissolves in the oil. These
gases are often referred to as key gases, and their concentrations can by various
interpreting methods be related to di�erent types of fault in the transformer.

4.2 DGA procedure
Today DGA technique is best performed in laboratory since it requires mea-
suring instruments with high accuracy [26]. One could summarize the DGA
procedure in following four steps:

1. Sampling of transformer oil

2. Extraction of the gases from the oil

3. Analysis of the extracted gas mixture

4. Interpretation of gas data

1. Sampling of transformer oil
The sampling procedure can cause problems in getting accurate DGA. The oil
sample must be protected from all contaminations. The sample container must
be clean and properly sealed all the way from the sample place to the laboratory.
The oil sample should be taken in the moving oil to increase the chance to catch
gases generated in another location in the transformer than the sampling point
[15].

2. Extraction of the gases from the oil
To achieve high accuracy the extraction and analysis procedure of the oil sample
should be done in a laboratory. The removal of the gases from the oil can
be accomplished by various methods. One of the common is the head-space
technique, in which gases are equalized between a free gas volume and the oil
volume [26].
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3. Analysis of the extracted gas mixture
After extraction, the extracted gas mixture is separated into individual chemical
compounds. Each compound is then identi�ed and and their concentrations are
determined.

4. Interpretation of gas data
When the di�erent gases in the oil sample have been identi�ed and quanti�ed
it remains to interpret the result. What have to be decide in order to evaluate
the condition of the transformer is if the present amount of dissolved gases can
be considered as abnormal or not. In the case where there is an abnormal gas
production - trying to �gure out the origin of the gas production, i.e �nding
possible fault causes.

4.3 Interpretation of Dissolved Gas Analysis
There are several methods to interpret exceeded gas concentrations. All trans-
formers in operation generate gases to some extent, and the fundamental prob-
lem with DGA is to discriminate between normal and abnormal conditions.
DGA is much a trend analysis, so to be able to draw reasonable conclusions
it is necessary to perform DGA on a regular basis. A sudden increase in key
gas concentration, i.e. the gas production rate, is more important in evaluat-
ing than the amount of gas. There is no general rule to de�ne "normal" gas
concentrations, each transformer is unique and the particular design, age and
operation history are factors that must be taken into consideration when de-
ciding wether gases within a particular transformer are increasing signi�cantly
or not. Personnel that interpret DGA are in general experts in the �eld, and
use their prior experience about what has happen in di�erent cases when they
interpreting DGA data [25]. A lot of work has been devoted to try to systemize
the use of all relevant information about the transformers in DGA interpreta-
tion. Such a kind of expert system for DGA interpretation can for example be
found in [27] and [28].

4.4 Methods of interpretation (IEC, IEEE)
The standards IEC [2] and IEEE [3] provide guidelines for interpretation of
DGA. In these standards one can for example �nd graphical interpretations
of gas ratios and numerical tables for typical gas concentrations within oil-
immersed transformer in operation.

Principal causes of gas formation in transformers
According to the standards there are two principal causes of gas formation in a
transformer:

• Thermal fault, with the following de�nition according to [2];
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�Excessive temperature rise in the insulation�

• Electrical fault, with the following de�nition according to [2];
�A partial or disruptive discharge through the insulation�

One should note that thermal and electrical faults may occur at the same time,
and one may cause the other [15].

Key gases
The gas generation within a transformer could be looked like a petroleum re-
�nery, where di�erent gases begin forming at speci�c temperatures. Gases dis-
solved in the transformer oil are in the standards referred to as key gases. Table
3 lists key gases ordered by the energy required to produce the gas in the oil,
where hydrogen requires less energy and acetylene the most. Table 4 lists the
key gases that are produced when a fault occurs near the cellulose insulation.
The six key gases in the tables which are marked with an asterisk are com-
bustible gases. Total dissolved combustible gases (TDGC) is the de�nition of
the sum of the combustible gas concentrations.

TDGC = H2 + CH4 + C2H6 + C2H4 + C2H2 + CO

Table 3: Key Gases ordered in ascending order by the energy required to produce
it. *Combustible gas.

Key Gas Symbol
Hydrogen H2 *
Methane CH4 *
Ethane C2H6 *
Ethylene C2H4 *
Acetylene C2H2 *

Table 4: Key Gases which are produced at thermal decomposition of cellulose.
*Combustible gas.

Key Gas Symbol
Oxygen O2

Carbon Dioxide CO2

Carbon Monoxide CO *

Ethane and ethylene are sometimes called "hot metal gases". When these
gases are present and acetylene is not, the problem within the transformer nor-
mally involves hot metal [15]. Such a problem could be bad connections on
the tap changer or bad connection somewhere in the circuit. Acetylene may be
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generated from three di�erent incipient fault conditions, high temperature over-
heating of oil, partial discharge, or arcing [3]. In the case of partial discharge
a very high concentrations of hydrogen will be generated relative to acetylene,
and this would generally be a cause for concern even though the TDCG is not
abnormally high.

Evaluation of transformer condition using individual and TDCG con-
centrations.
A four-level criterion to classify risks to transformers when there is no previous
dissolved gas history can be found in [3].

Condition 1 TDGC below this level indicates the trasformer is operating sat-
isfactorily.

Condition 2 TDGC within this range indicates greater than normal com-
bustible level. Action should be taken to establish a trend.

Condition 3 TDGC within this range indicates a high level of decomposition.
Immediate action should be taken to establish a trend.

Condition 4 TDGC within this range indicates execessive decomposition. Con-
tinued operation could result in failure of the transformer.

If any of the individual combustible gas exceeds speci�ed levels, further inves-
tigation should be done. Table 5 lists the dissolved gas concentrations for the
individual gases and TDGC for Condition 1-4.

Table 5: Dissolved gas concentrations (ppm). Source [3]
Status H2 CH4 C2H2 C2H4 C2H6 CO CO2 TDCG
Condition 1 <100 <120 <35 <50 <65 <350 <2500 <720
Condition 2 101- 121- 36-50 51-100 66-100 351- 2500- 721-1920

700 400 570 4000
Condition 3 701- 401- 51-80 101- 101- 571- 4001- 1921-

1800 1000 200 150 1400 10000 4630
Condition 4 >1800 >1000 >80 >200 >150 >1400 >10000 >4630

Table 6 indicates the recommended initial sampling intervals and operation
procedures for various levels of TDGC. An increasing gas generation indicates
a problem of increasing severity and therefor a shorter sampling interval is rec-
ommended.
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Table 6: Action based on TDGC. Source [3]
Condition TDGC Levels TDGC Rates Sampling Operating

(ppm) (ppm/day) Interval Procedures
4 >4630 >30 Daily Consider removal

10-30 Daily from service
<10 Weekly Exercise extreme

caution. Analyze
for indiv. gases

3 1921-4630 >30 Weekly Exercise extreme
10-30 Weekly caution. Analyze
<10 Monthly for indiv. gases

2 721-1920 >30 Monthly Exercise extreme
10-30 Monthly caution. Analyze
<10 Quarterly for indiv. gases

1 ≤ 720 >30 Monthly Exercise extreme
caution. Analyze
for indiv. gases

10-30 Quarterly Continue normal
<10 Annual operation.

Key Gas Method
The Key Gas Method, represented in [3], is a method for determination of fault
types from the gases that are typical, or predominant, at various temperatures.
The method relates the key gases to di�erent fault types by using the percentage
for the combustible gases. The Key Gas Method consider the following four
general fault types:

1. Thermal fault due to overheated oil

2. Thermal fault due to overheated cellulose

3. Electrical fault due to corona

4. Electrical fault due to arcing

Figure 2, 3, 4 and 5 show histograms over the main decomposition products for
each of the four fault types.

Gas ratio methods
Gas ratio methods require detectable or minimum levels of gases norms to be
exceeded before they can provide a useful diagnosis [3]. One of the advantage
using the ratio methods is that they are independent of oil volume.
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Figure 2: Relative proportions for key gases due to overheated oil. Source:
IEEE Std C57.104-1991
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Figure 3: Relative proportions for key gases due to overheated cellulose. Source:
IEEE Std C57.104-1991

Doernenburg Ratio Method
The Dornenburg ratio method method suggests the existence of three general
types of fault; thermal decomposition, corona and arcing [3]. For a graphical
representation of one of the earliest version of the Dornenburg method two ratios
of gases, CH2

H2
and C2H2

C2H4
, are plotted on log-log axes [29]. The area in which the

plotted points falls, indicates what type of fault that has been developed. A
drawback to this method is that a signi�cant number of DGA results in service
fall outside the proposed codes. Figure 6 illustrate a graphical representation
of an early version of the Dornenburg method [29].

Rogers Ratios Method
The Roger ratio method is outgoing from three gas ratios: CH4

H2
, C2H2

C2H4
and C2H4

C2H6
[2]. These ratios and the resultant fault indications are based on a large numbers
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Figure 4: Relative proportions for key gases due to Corona. Source: IEEE Std
C57.104-1991
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Figure 5: Relative proportions for key gases due to arcing. Source: IEEE Std
C57.104-1991

of DGA:s and transformer failures and what was discovered after the failures.
The method is not speci�c about the levels of concentration of gases, and one
must already decided that the transformer may has a problem from the total
amount of gas [3]. The upper section of table 7 is used to assign each ratio
a code, 0, 1 or 2, depending on which range the ratio belongs. Then one can
identify the suggested fault type by comparing the obtained code combination
with those in the lower section of the table. One drawback of this method is
that a signi�cant number of DGA result fall outside the proposed codes and can
not be diagnosed.

Duval Triangle
In [2] the Duval Triangle method can be found. It is a graphical method which
utilizes the relative percentages of the three fault gases CH4, C2H2 and C2H2.
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Figure 6: Graphical representation of an early Dornenburg method [29].

Table 7: Roger ratio scheme for interpretation of DGA result
Range of ratios C2H2

C2H4

CH4
H2

C2H4
C2H6

>0.1 0 1 0
0.1-1 1 0 0
1-3 1 2 2
>3 2 2 2
Characteristic fault
No fault 0 0 0
PD of low energy 0 1 0
PD of high energy 1 1 0
Discharge of low energy 1→ 2 0 1→ 2
Discharge of high energy 1 0 2
Hot spots T<150oC 0 0 1
Hot spots 150 <T<300oC 0 2 0
Hot spots 300T<T<700oC 0 2 1
Hot spots T<700oC 0 2 2
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The ratios are plotted as a point in a triangular coordinate system on a triangu-
lar chart which is divided in di�erent fault zones (�gure 7). The method should
be applied only when there is some suspicion of a fault based on an increase in
combustible gas or some other suspicious symptom. If reasonably stable con-
centrations of the gases were present before the onset of the suspected fault, it
is advisable to subtract out the background concentrations.

A drawback of this method is that it will always suggest a fault even when
none is present. The coordinates in the Duval Triangle are computed as follow-
ing:

%CH4 =
100x

x + y + z
, %C2H2 =

100y

x + y + z
, %C2H4 = 100z

x+y+z

where

x = C2H2, y = C2H4, z = CH4

and the unit is micro litre per litre.

Figure 7: Duval Triangle. a.High-energy electrical discharge. b.Low-energy
electrical discharge. c.Partial discharge. d.Thermal fault T < 300 oC. e. Ther-
mal fault 300oC < T > 700oC. f.Thermal fault T > 700oC

.

Conclusion
It is emphasized in the standards that the analysis of the key gases and inter-
pretation of their signi�cance is not a science, for their presence and quantity
are also depending on di�erent equipment variables such as type, location and
load et.c. The standards [2] and [3] are giving aid in interpretation of DGA
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results, which together with further �eld inspections and experienced personnel
judgement could give an answer what is going on inside a suspected unhealthy
transformer. This lead to the conclusion that some kind statistical reliability
data which is related to DGA is desirable to draw quantitative conclusion about
the transformer reliability based on numerical DGA data.
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5 Mathematical models
Mathematical models which are able to describe the behavior of a component's
lifetime and failure rate are desirable and useful tools when planning timing of
maintenance strategies for a system. In RCAM, where one of the objective is to
formulate quantitative relations of the e�ects of maintenance to the component
reliability, failure rate modeling of components is of crucial importance. There
are a handful of known probabilistic distributions that are used to serve as
models for a component�s life time and failure rate. A common technique to
obtain these kind of distributions is to �t a known probabilistic distribution to
a data set, and estimate the parameters of the distribution that will make the
function most closely �t the data. This is a technique that requires access to
relatively many adequate data points to get a reliable and signi�cant model. In
other cases there may be probabilistic arguments based on the physics of the
failure mode that can justify a particular choice of model.

5.1 Reliability data
An important step when deriving a mathematical model based on statistics is
to have access to relevant data for the purpose. If the goal is to determine
a quantitative model of a component's life time or failure function, numerical
reliability data is needed. This data can be obtained from di�erent sources:

• Historical failure data about the component under consideration. For
many systems numerical information about failure events are stored in
data bases which can be analyzed and may give interesting contribution.

• Handbooks of failure rate data for various components.

• Results from tests performed in order to generate failure data.

The transformer is a reliable device and breakdown is a relatively rare event
which implies that the access historical total transformer failure data is sparse.
Statistical failure data representations that have been found in the literature
mainly involve di�erent parts of the transformer. If the entire transformer is
seen as a component the testing source is by natural reason an impractical way
to get reliability data.

5.2 Reliability and Failure rate functions
Some fundamental mathematical de�nitions which are useful in reliability mod-
eling. Let T denote a non-negative random variable, which in this context stands
for the future time until failure for an component. Then the reliability function
is the probability that an unit of interest has not failed at time t.

R(t) = Pr(T > t) (1)
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The cumulative distribution function of failure, i.e. the probability of an item
having a lifespan less than t is given by

F (t) = 1−R(t) (2)
The instantaneous failure rate function λ(t) is de�ned to be the probability that
an item of interest would fail in the time interval (t, t + ∆), given that it had
survived until time t

λ(t) = lim
n→0

Pr{t < T + n | T > t} (3)

By de�nition the failure rate function λ(t) satis�es the following relation

λ(t) = − 1
R(t)

· dR(t)
dt

(4)

Data classi�cation
There are two closely related problems that are typical with reliability data and
not common with most other forms of statistical data [16].

• Censoring
When the observation period ends, not all units have failed.

• Lack of failures
If there is too much censoring, even though a large number of units may
be under observation, the information in the data is limited due to lack of
failures.

These problems cause considerable practical di�culty when planning reliability
assessment tests and analyzing failure data. Since the number of failures is
critical in failure rate modeling it becomes di�cult to access the failure rates
prediction of a highly reliable component. Reliability data is often classi�ed
according to following categories:

• Complete data
Complete data means that the time-to-failure of each sample unit is recorded.
A data set consisting of n units would then times-to-failure.

• Censored lifetime Data Type I
Suppose we place n units under test for a period of time t. The failure
times of r units are recorded as t1, t2, ..., tr ≤ t. The test is determined at
time t with n− r non-failed units.

• Censored lifetime Data Type II
Suppose we place n units under test and the exact failure of failed units
are recorded. The test continues to run until r failures occur. The test is
determined at tr.

Complete data is the most desirable, but also incomplete data treated with
di�erent mathematical techniques gives a good picture of of a components reli-
ability.
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5.3 Models to estimate the lifetime of transformer
During the thesis work a lot of time have been spent on literature studies focused
on prior work in the �eld of transformer lifetime estimation with the aim to �nd
useful information sources to the ongoing project. In following sections two
models based on Bayesian probability theory and one lifetime model from IEC
standard [2] will be reviewed.

Bayesian probability theory
In the cases when the access to data is sparse the so-called Bayesian theory may
be an alternative approach. A Bayesian approach to a problem starts with the
formulation of a model that we hope is adequate to describe the situation of
interest. If we suppose that τ is the unknown parameter we want to estimate
then a prior distribution over the unknown parameters is formulated, P (τ),
which is meant to capture the beliefs about the situation before seeing the data.
After observing some data, Bayes' Rule (equation 5) is applied to obtain a
posterior distribution, P (τ | data) , which takes account of both the a prior
distribution of the parameter and the data.

P (τ | data) =
P (data|τ)P (τ)

P (data)
(5)

From this posterior distribution predictive distributions for future observations
can be computed.

Bayesian Analysis of Power Transformer Failure Rate
In [18] a proposed Bayesian approach for estimation of a failure rate function of
oil-immersed transformers is described. The authors illustrate an example where
the time to failure of a transformer is assumed to follow the Weibull distribu-
tion, equation 6, which has the corresponding failure rate function according
to equation 7 . DGA data is then used to update the a priori function for the
shape parameter β whereas the scale parameter α is assumed to be known.

f(t|α, β) =
β

α
(
t

α
)β−1e−(t/α)β

, t > 0 (6)

h(t) =
βtβ−1

αβ
, t > 0 (7)

Both the a prior distribution for parameter β and the amount of total dissolved
combustible gases G are assumed to follow normal distributions.

β ∼ N(µ, γ2)

G ∼ N(ωβ + ki, ω
2σ2)
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ω is a known parameter and ki is the average amount of total dissolved com-
bustible gas in condition i which can be referred to the standard [3]. The normal
family is its own conjugate family and this will make it possible to solve the
problem analytically. By linearity of normal distribution we have

Gtemp =
G− ki

ω
∼ N(β, σ2)

Then, by using Bayesian updating (equation 5) and available DGA data, the
posterior of β is obtained, which is still a normal distribution with mean and
variance given by

E(β | G) =
γ2

γ2 + σ2
Gtemp +

σ2

γ2 + σ2
µ (8)

V ar(β | G) =
γ2σ2

γ2 + σ2
(9)

Based on expectations of the posterior distribution of the shape parameter
(equation 8) the transformer failure rate can be estimated by equation 7.

Conclusion
The authors of this paper emphasized that the choice normal distributions are
for illustration purpose only. The di�culty is not just the process of how to
�nding a priori for β, it is also the fundamental problem about how one should
model the relation ship between the amount of gas G and the parameter β. In
other words, how does a certain level of total dissolved combustible gas a�ect
the failure rate? The Bayesian approach loose its point if no prior knowledge
about the parameter is included in the model. The article is more a way to
describe how the Bayesian approach in general terms could be applied.

Bayesian methodic to estimate the life time distribution of power
transformers
In [30] Bayesian methodic has been used to combine expert judgment and avail-
able �eld data to determine lifetime distributions for 130 kV power transformers.
The motivation for using Bayesian methodic was the small number of life time
data and where the predominantly part is censured. In this case the expert
judgments suppose to compensate existing statistics. Based on interviews with
manufactures, the population of transformers has been dived in groups with
respect to manufacture and construction factors which could have a�ect on the
transformer lifetime. A technical specialist in transformers has made subjective
estimations about the lifetime span for a randomly chosen transformers in each
group. These distributions have been used to de�ne a priori distributions for
the parameters in the lifetime distribution. Then Bayes theorem has been used
to update the a priori distribution with �eld data into a posteriori distribution.
The result is lifetime distributions for transformers in each group.
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Conclusion
In distinction from the Bayesian approach in [18] the method procedure in [30]
include prior knowledge about the parameters (expert judgements) which then
is updated with �eld data, thus the advantages of a Bayesian approach have
been used.

Loss of lifetime calculation
In IEC standard [21] a method to calculate the relative ageing rate is given.
The model presented in [21] is only based on the insulation temperature as the
controlling parameter. The relative ageing rate V =1,0 corresponds to a temper-
ature of 98 oC for non-thermally upgraded paper and to 110 oC for thermally
up-graded paper. Since the temperature distribution is not uniform, the part
that is operating at the highest temperature will undergo the greatest deteri-
oration. Therefor, the rate of ageing is referred to the winding hot-spot tem-
perature. The relative aging rate for non-thermally upgraded paper is de�ned
according to following equation:

V = 2(θh−98)/6 (10)

and for thermally upgraded paper

V = e
( 15000
110+273− 15000

θh+273 ) (11)

where θh is the hot-spot temperature in oC.

The model for the loss of life can also be found in [21]. The loss of life L
over a certain period of time is de�ned as following

L =
∫ t2

t1

V dt (12)

where

• Vn is the relative ageing during interval n according

• tn is the nth time interval

• n is the number of each time interval

• N is the total number of intervals during the period considered
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6 Ranking methods to prioritize investment and
maintenance activities for transformers

Systematic methods to assess condition status of transformer units within a
closed population is desirable when costly investments or maintenance activity
decision has to be taken [31]. There are many factors that complicate the pos-
sibility of deriving probabilistic models appropriate to use in investment and
maintenance planning of transformers. The mainly reason is probably the lack
of relevant data sources and the di�culty in a mathematical way model all the
complex factors which may have impact on the total transformer condition.
What also motivate to choose other methods than probabilistic life time models
is the di�culty to de�ne an �end-of-life� for a transformer [26]. Di�erent papers
have suggest to approach the condition assessment issue by what I refer to as
�scoring system methods�, where the essential idea is to combine di�erent trans-
former condition aspects in a systematic way into an overall condition measure.
Examples of aspects could be DGA, oil quality tests, age of the equipment et.c.
The most important thing is the ability to access information about the chosen
aspects. The quanti�ed condition aspect measures then enable mutual compar-
ison within the considered population. These results are often represented as
ranking lists and could give a picture about which of the units in the population
that are least healthy and should be prioritized regarding to investment and
maintenance activities.

6.1 Illustration of a ranking method to assess lifetime sta-
tus of transformers

ABB in Ludvika has developed a condition-based method to assess the life time
status of power equipment with the above described characteristics. A detailed
description of the ABB ranking method can be found in [32] and [33]. The di�er-
ent condition aspects and their signi�cant to the overall transformer condition
are determined by so-called �inference-nets� [32] [33], which are data driven
knowledge-based expert systems developed by transformer experts. Which as-
pects that are included in the assessment di�er from case to case. The inference-
net could be a combination of di�erent formulated rules, such as conventional
formulas, weighting procedures or logical connections [33]. Table 1 shows re-
sults from a case study applying the ABB method on eight Generator Step-Up
transformers (GSU) represented in [33]. The lower ranking number the worse
case the unit represents within the population with regard to the aspect in the
column heading. In cases where it was impossible to signi�cantly discriminate
the units they were given the same ranking number.

As can be seen in Table 8, aspects can rank the transformer in di�erent
order. Hence, a ranking number for one aspect is not considered to be directly
comparable to ranking number for another aspect. To perform a overall ranking,
i.e. a ranking list that takes more than one aspect in consideration, the user
of the equipment must decide which type of aspect to emphasize and if some
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Table 8: Ranking numbers for 8 transformers in the case study applying
ABB ranking method[32]. The lower ranking number the worse case within
the population. Abbreviations of the aspects:aF=axial force rF=radial force
bp=brittlepaper co=thermal heating of core gia=general insulation ageing
el=electric aspects

Unit aF rF bp co gia el
TRAFO 1 6 6 1 1 1 3
TRAFO 2 7 6 3 4 2 4
TRAFO 3 7 6 3 4 2 4
TRAFO 4 1 1 2 6 5 7
TRAFO 5 1 1 7 6 6 6
TRAFO 6 1 1 3 2 2 5
TRAFO 7 4 1 6 2 6 8
TRAFO 8 4 1 8 6 2 2

weighting procedure should be used [32] and sometimes it may be more appro-
priate to perform a ranking which just involves some of the determined aspects
[33]. The results from table 8 is used to illustrate a constructed example how an
overall ranking list could be performed. Each aspect i is assigned a weight wi

based on the relative importance to the overall transformer condition. We de-
note the calculated partial ranking number for aspect i and unit j as aij . Here,
just for illustration purpose, we emphasize the thermally aspects in a weighting
procedure by assigning wi = 10 to the aspects bp, co and gia (i = 3, 4 and 5)
and wi = 1 to the others aspects (i = 1, 2 and 6). In other words, this overall
ranking is derived under the assumptions that the thermally aspects are ten
times more critical then the other three aspects. Then we calculate aorank,j for
the 8 units according to equation 13.

aorank,j =
∑6

i=1 wiaij∑6
i=1 wi

for j = 1, ..., 8

(13)

The result of the overall ranking calculations is represented in Table 9. The
aorank,j column is the rounded values from the calculations and can be seen
as the relative technical risk measure under the assumptions that the ranking
numbers in Table 8 is scaled in that way. The Ranking column shows in which
order actions should be taken within the population.

6.2 An extension of the ranking method
Often not all of the transformers in a population are equally critical, a failure
by some transformer can bring more consequential damage than others [26]. An
extension of by ABB developed method is represented in [34] where also the
strategic and/or economic importance of the units can be considered.
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Table 9: Results of overall ranking example of the 8 transformers in Table 8.

Unit aorank,j Ranking
TRAFO 1 1 1
TRAFO 2 3 3
TRAFO 3 3 3
TRAFO 4 4 4
TRAFO 5 6 7
TRAFO 6 2 2
TRAFO 7 5 5
TRAFO 8 5 6

Model parameters
The proposed extended model have two parameters [26]:

1. Technical risk

2. Importance

The technical risk is the result from a ranking list, i.e. such as table 9. Impor-
tance is cost consequences in a broad sense [26]. Apart from economical losses
the importance parameter could for example also include potential risk conse-
quences a unit failure brings [34]. The units in the population is then scaled
in terms of ascending importance. To derive this importance scale the popula-
tion must be investigate and what the importance parameter should include is
depending on each individual transformer�s circumstances. These two parame-
ters; Technical Risk and Importance, are then plotted in a Technical Risk and
Importance diagram to obtain a so-called �risk index� [26].

Risk index and interpretation of Technical Risk and Importance graph
To obtain the risk index value one has to plot each unit in a Technical Risk and
Importance diagram. The technical risk of each unit is scaled on a low-to-high
scale, for example 0-10. Then the strategic and/or economic importance of each
unit is order on a scale, for example 1 to 10. The closer an unit falls the "high
priority area" the higher risk index value it will be assigned (see example in
following section). Hence, units at the same distance from the "high priority
area" have the same risk index value. The higher risk index value a unit has,
the higher priority regarding to investments for maintenance, replacements etc.

An illustrative example of the use of Technical Risk and Importance
graph
To illustrate an example we use the results from the aovrank,j column in Table
9. Assuming that the results is appropriate scaled in a technical risk sense we
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scale the technical risk for these 8 units on a low-to-high 1-8 scale. Thus we
need to "switch" the numbers in the aovrank,j column to obtain this. After
investigation of the population we conclude that it is appropriate to use a 1-10
scale for the importance and further that the units 1-2 have a low importance
(importance=1), 3-6 medium importance (importance=5) and 9-10 have a high
importance (importance=9). Figure 8 shows the results in a Technical Risk and
Importance graph. According to the risk index method unit 6,7 and 8 have the
highest priority within the population. Note for example that the unit 1, that
has the highest priority according to the overall ranking list (Table 9), is here
assigned a lower priority due to the low importance within the population.
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Figure 8: Combined equipment assessment considering total technical risk and
importance aspects. The shorter distance the unit falls to the high priority area,
the higher risk index it will be assigned.
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Conclusion
Scoring system methods give a frame work for how one in a structure way
can rank the units based on certain prede�ned aspects. The results from these
methods give a base for how the investments or maintenance activities should be
prioritize within the population. The advantages lies in the possibility to adapt
the choice of what kind of aspects that are considering important and possible
to get information about for a particular population. A deep knowledge about
transformers is necessary to understand how di�erent aspects a�ect the overall
transformer condition and to know how each aspect should be quanti�ed and
appropriate scaled relative the overall condition.
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7 Case study SwePol link HVDC station
In this section gas data from six transformer units at SwePol link HVDC station
will be analyzed. Also, some examples how the standards [3] and [2]can be used
will be illustrated.

7.1 Introduction
The transmission link between Karlshamn (Sweden) and Slupsk (Poland) en-
tered in commercial operation in August 2000. There are six identically oil-
immersed converter transformers in operation, three on each terminal. They
are single phase, three windings, and the rated power on AC side is 236 MVA.
The intention was to perform DGA on a yearly basis, but already from the start
the six units proved to have unusual high gas concentration levels. To follow
the development of gas generation, DGA has been performed with shorter time
intervals than usual. Especially the high levels of acetylene for one of the trans-
formers was considered alarming. After just about 1700 days in operation the
owner decided to take the unit out of service and replace it with a spare unit.
Despite various �eld investigations, aimed to �nd the cause to the exceeded gas
levels, nothing has been found.

7.2 Input data
The input data in this case study is DGA samples from SwePol link converter
transformers (table 10). The data basis is about 100 oil samples which has
been taken and analyzed by a laboratory during a six years period (2000-2006).
The large number of oil-samples is due to suspicion that the gas generation
was to high to be characterized as �normal�. The data consists of numerical
measurement of each individual key gas in ppm.

Table 10: SwePol link HVDC station has six converter transformers in operation.
TRAFO XC is a the spare unit, which for the moment replaces TRAFO XC.

TRAFO Unit Terminal (Land)
TRAFO A Karlshamn (Swe)
TRAFO B Karlshamn (Swe)
TRAFO C Karlshamn (Swe)
TRAFO XC Karlshamn (Swe)
TRAFO D Slupsk (Pol)
TRAFO E Slupsk (Pol)
TRAFO F Slupsk (Pol)

As mentioned earlier a di�culty with DGA interpretation lies in discriminat-
ing between normal and abnormal gas generations. To do a good interpretation

33



as possible of the gas generation pattern within the transformer it is neces-
sary to analyze all kind of information about the transformers that could have
in�uence on the gas generation. Table 11 shows available information about
measures that may have a�ect on the gas production for the six units. During
a heat run test the transformers have been operated at a high load during a
18 hours period. The purpose of such an increased load is to reveal possible
weaknesses in transformer design and/or construction. Contact changes on all
six units were made due to suspicion these contacts could be the reason to the
high gas concentrations. Degassing of the transformer oil was performed on all
six units after the contact change. DGA sample taken right after a degassing
procedure could give a misleading picture about the gas generation. This is due
to the amount of gas that is stored in the cellulose insulation, and not is re-
moved during the degassing procedure, begins to di�use out in the transformer
oil. First when the gas levels have reached equilibrium state between oil and
cellulose, an interpretation of DGA will be useful again.

Table 11: Information about measures which may have in�uence on the gas
generation pattern of the six transformers.

Type of action Date Day number
Heat run test 18 hours (600MW). 2004-03-20 1540
Heat run test 18 hours (650MW). 2004-03-26 1546
Heat run test 18 hours (700MW). 2004-04-02 1553
Heat run test 18 hours (650MW). 2005-05-05 1951
Heat run test 18 hours (650MW). 2006-05-13 2324
TRAFO C 2004-10-05�2004-10-29 1739 -1763
replaced by TRAFO XC
Degassing of TRAFO B 2004-10-31�2004-11-04 1765 - 1769
Contact change of OLTC 2005-08-14�2005-08-30 2052 - 2067
Degassing of all units After contact change on OLTC

7.3 Analysis of gas data
To try to identify changes in gas patterns of the transformers, the gas concen-
trations are plotted as a function of time. Fig 9 and 10 show diagrams over
the TDGC concentration for the six transformers which give an indication of
how the combustible gases accumulate in the transformers over the time. The
purpose with these �gures is to investigate the trend, i.e. if any inexplicable
sudden rise of TDGC concentrations is notable. Knowledge about operation
and maintenance activities (table 11) explains some of the sudden deviations
from the trend. A substantial increase in gas level for TRAFO C is notable
around day 1550 when two heat run tests were performed. About day 2100 all
�ve units (TRAFO C was then taken out from service) show a sudden decrease
in gas level, which is a result of the degassing operation that was performed on
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the oil.
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Figure 9: Diagram over TDGC for the three transformers at Karlshamn (Swe).
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Figure 10: Diagram over TDGC for the three transformers at Slupsk (Pol).
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Total Dissolved Gas Concentration rates (TDGC rate)
Figure 11 and 12 show histograms over TDGC rates in ppm/day. If the his-
tograms are seen as cumulative distributions the mass centre of gas rates is
concentrate approximately just over zero, which is reasonable considering that
the gases accumulate over the time. The �outliers� in the histogram are ex-
tremely high gas rates which can be associated with performed heat run tests.

Individual combustible gas generation
A trend analysis of each individual is a matter of course when interpreting
DGA. Gases such as acetylene that may indicates a fault already in presence of
small amounts relative others combustible gases then can be revealed. Figure
13 and 14 show the trend of each individual gas for the six units. TRAFO C
shows a deviation in trend pattern in comparison with the other units for all
gases with the exception of Carbon Monoxide. The graph over the generation
of acetylene shows a development within TRAFO C that divorce markable from
the other �ve units. It takes fault with very large energy to form large amount
of acetylene. All the six units have their own housing for the tap load changer
separately from the oil in the main tank. Thus, if the transformer is considered
healthy, no acetylene should appear in DGA sample [19].

Key Gas Method and Roger Ratios Method
The Key Gas Method and Roger ratio scheme provided in the standards [2] and
[3] should only be applied if any abnormal has been establish from trend analysis
of the DGA result. One should keep in mind that operating transformers always
have gas generation to some extent. By looking at the relative proportions
of gases in the DGA results it could be possible to identify the type of fault
occurring in the transformer. Figure 15 shows a histogram over the relative
gas proportions for the transformer with TRAFO C, which showed an exceeded
acetylene level. Comparing this �gure with four fault types that are suggested
in section 4.4, that can be seen that it is di�cult to �nd a unambiguous fault.
Figure 16 shows a histogram over the relative proportions of combustible gas of
the spare unit which for the moment replacing TRAFO C after about 2 months
in service. Comparing the histogram with the four general fault types it �t the
histogram that indicates a thermal fault of overheated cellulose. Outgoing from
the assumption that this unit is healthy, this is an example that illustrates the
drawback of the Key Gas Method. Applying the Roger ratio scheme described
in section 4.4 on unit with id TRAFO C, gives an indication that it could be
hot spot fault of medium temperature.
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Figure 11: Histograms over TDGC rates measured in ppm/day for the three
units at Karlshamn (Swe.).
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Figure 12: Histograms over TDGC rates measured in ppm/day for the three
units at Slupsk (Pol.). Some of the extreme values can be associated with the
heat run tests
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Figure 13: Diagrams show the trend of each individual gas generation within
the three units at Karlshamn (Sweden) .
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Figure 14: Diagrams show the trend of each individual gas generation within
the three units at Slupsk (Poland).
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CO H2 CH4 C2H6 C2H4 C2H2
0

10

20

30

40

50

60

70

80

90

100

Gas

R
el

at
iv

e 
pr

op
or

tio
ns

 (
%

)

TRAFO XC Day 1811 (04−12−14).

91

7

2 0 0 0

Figure 16: Relative proportions for key gases for TRAFO XC at day 1811.

7.4 Conclusions of the data analysis
In this case study the access to DGA data is large which is a consequence of
the fact that none of the the units is considered healthy, and DGA samples
have been taken with short intervals to monitor gas generation. The many sam-
ple points give a good overview how the individual key gases accumulate over
the time within these particular six units. A natural step to try to understand
what may be wrong after detecting exceeded gas levels is to apply interpretation
schemes (Roger Ratio, Duval�s triangle etc). Here the di�culty of interpreta-
tion becomes obvious, while Roger Ratios suggest hot spot fault of medium
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temperature for TRAFO C, the Key Gas Method histogram in principal gives
no answer. No fault has been revealed after �eld investigations, so the data is
not associated with any particular failure mode. It is to early to draw conclu-
sions from DGA if the maintenance action (contact change of OLTC) has any
a�ect on the gas generation. As long this particular gas data not can be linked
with any fault statistic, it will be di�cult to use it in failure rate or lifetime
modeling.
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8 A proposed failure rate modeling with the aid
of gas rate data

In following sections a proposed failure rate modeling with DGA results as input
data will be described. The proposed model is based on assumptions about how
the development of an incipient fault could be correlated with the probability
for a transformer failure.

8.1 Proposed failure rate model
Failure probability v.s gas rate
The remaining life of the transformer after detecting of abnormal gas gener-
ations through DGA is normally not known. But, what we do know is that
exceeded gas rates are considered to be an indication of incipient fault. A
conclusion from discussion with transformer experts [26] [25], and from recom-
mended sample intervals schemes (table 6), is that it seems to be a tendency to
take more drastically and faster measures the higher gas rate the sample shows.
It is recommended to take samples with shorter intervals to monitor the gas
generation at substantial deviations from the normal trend. Figure 17 shows in
broad outlines the number of recommended samplings per year as a function of
gas rate. My subjective interpretation based on this information is that there
is an increasing concern for a transformer failure as the gas rate increases.
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Figure 17: A broad outline of the number of recommended oil samples as a
function of gas rate
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Input data
Total dissolved combustible gas rates determined from DGA results are input
data for the proposed failure rate function. A substantial gas rate increase
indicates a deviation from the normal gas accumulation pattern within the
transformer. Such a deviation from the trend is here de�ned as a factor that
contributes to an increased probability of transformer failure if no corrective
measurements are taken. The gas rate, here denoted as G, is obtained accord-
ing to following calculation:

G =
Gas level(t2)−Gas level(t1)

t2 − t1
(14)

Gas level(t) is the measured amount of the total dissolved combustible gas con-
centration at time t, and t1 ≤ t2. Continually taken DGA samples provides
numerical values of gas concentrations at di�erent time points. Gas accumu-
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Figure 18: This plot shows a sudden increase of the gas concentration at time
t1 from the normal gas accumulation pattern. The gas rate G is calculated by
equation 14.

lation to some extent, i.e. di�erence between the gas levels measured at two
di�erent time points, is considered as normal within an operating transformer,
therefore, gas rates smaller than a prede�ned value will be assumed to not in-
crease the failure rate.

Assumptions about the physics of a detected incipient fault
If an exceeded gas rate value G is established and no measures are taken to
correct the early fault, the fault is assumed to becomes worse over the time and
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to has an accelerating wear-out e�ect. Based on this assumption it seems to be
reasonable to assume that an unhealthy transformer is more likely to fail as the
time goes on. Further assumptions are, the higher gas rate value G, the severe
fault and the faster degradation rate.

Assumed failure rate function λ(t)

The failure rate for an unhealthy transformer assumes to increase exponentially
according to equation 15, where α is a constant that stands for randomly occur-
ring failures that may happen if no exceeded gas rates are detected. Parameter θ
a�ects the di�erentiation of the function and then describe acceleration behavior
over the time.

λ(t) = α ∗ eθt, θ ≥ 0 (15)

Relation between parameter θ and the gas rate G

Parameter θ and the gas rate G are assumed to have a linearly dependency
with the constants m and k according to equation 16. This equation is then
calibrated to capture the belief that only gas rates over a certain, prede�ned
value will increase the failure rate.

θ(G) = m + k ∗G (16)

Reliability function of the proposed model
It is now possible to derive the reliability function, R(t) outgoing from our
assumed failure rate function. Considering a closed population of units we have
following relation

R(t) =
N(t)
N0

(17)

where N(t) is the number of surviving units at time t, and N0 is the initial
number of units in the population being studied. Substitution of equation 17
into equation 4 (section 5.2) yields

λ(t) = − 1
Nt

· dN

dt
(18)

Equation 18 may be rearranged so it becomes a �rst order di�erential equation
for N(t).

dN

dt
+ λ(t) N(t) = 0 (19)

Then the general solution for N(t) is given by

N(t) = N0 exp [−
∫ t

0

λ(s)ds] (20)
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Substituting 17 in 20, and we obtain

R(t) = exp [−
∫ t

0

λ(s)ds] (21)

If we choose λ to be of the form λ(t) = αeθt, then we obtain the following
expression for the reliability function

R(t) = exp [
α

θ
(1− eθt)] (22)

Thus, equation 24 is the corresponding reliability function to the assumed failure
rate function (equation 15).

8.2 Data requirements to verify the model
To be able to quantitatively verify the proposed failure rate model, reliability
data for a transformer population associated with gas rate data is required.

We can note that it is possible to transform the proposed failure rate function
(equation 15) into a linear equation by using logarithms. By this transformation
a linear dependency of the logarithm of failure rate and the time is obtained.

log (λ(t)) = log(α) + θt (23)

Equation 23 suggests a regression approach that may be useful if we have rele-
vant data. Relevant data in this case would be reliable data for a transformer
population associated the with same gas rates value (or at least approximately
the same) over a time span. By taking the logarithm of the probability of failure
within appropriate time intervals and plot this verses the time, one could check
if the data �ts the straight line (equation 23). If this information would be
accessible for di�erent gas values, the relation between parameter θ and the gas
rate G could be calibrated with a higher accuracy.

8.3 Illustrative examples of the proposed model
The relation between parameter θ and the gas rate G (equation 16) is calibrated
to obtain the constants m and k. The intersection point at the x-axis (�gure
19) is interpreted as the lowest limit of the gas rate that will contributes to
an accelerating failure rate function, i.e. all gas rates lower than this limit is
considered to be arisen from a normal gas accumulation. Just for an illustration
purpose, gas rate values smaller then 5 ppm is here chosen to be the lowest
limit that increase the di�erentiation of the failure function. Then k is arbitrary
chosen to be 1/30 and the constant m is determined to be -1/6. Figure 19 shows
the graph over the relation with the mentioned parameters.
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Figure 19: The assumed relation between parameter θ and the gas rate G with
the arbitrary chosen constants m = −1/6 and k = 1/30.

Failure rate plot with estimated parameters
Figure 20 shows a graph over three failure functions with di�erent θ parameters.
The time unit on the time axis is not assigned due to the lack of relevant
information of the rate of a fault�s development. As can be seen in the �gures 19
and 20, the higher gas rate, the higher θ value, which implies a faster acceleration
of failure rate function.
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Figure 20: Failure rate function with di�erent θ parameters
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Reliability function plot
Figure 21 shows the reliability function and the corresponding failure rate func-
tion for the estimated parameter θ=0.33 and α is arbitrarily chosen to 0.2.

R(t) = exp [
0.2
0.33

(1− e0.33t)]
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Figure 21: Reliability function and the corresponding failure rate function with
the parameters α=0.2 and θ = 0.33.

8.4 Conclusion
The assumptions about how exceeded gas rates a�ect the failure rate, and as-
sumptions about the fault degradation over the time in the proposed model are
subjective and qualitative. It is reasonable to assume that exceeded gas levels
arise from many di�erent failure modes, and that each failure mode has its own
distribution. This has not been taken into consideration in the proposed model,
for this purpose a better understanding of the nature of each potential failure
mode than today is possible to obtain is required. Another of the di�culties
when dealing with such a complex component as a transformer is to de�ne a
failure state. In the case of collecting failure statistic a failure state for the trans-
former must be de�ned. In general failure refers to the state or condition where
the component no longer can ful�ll its intended function, a sudden increase in
gas generation may indicate an early fault but it does not automatically imply
a total transformer failure.
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9 Conclusion
The purpose of this work was to investigate if DGA may be an useful data
source in reliability modeling of transformers. During this work no sources have
been found that quantitatively correlate gas generation with reliability data for
transformers. It is emphasized both in literature and by interviewed experts
that DGA is not an exact science, and an insight from this work is that a lot
of time could be spent only on the DGA interpretation issue. To establish if
the gas concentrations should be considered as normal or abnormal within a
particular transformer, the DGA data has to be complemented by analysis of
other available factors that may have e�ect on the gas generation. In the case
when the DGA data is considered as abnormal, �eld investigations have to be
performed in order to try to �nd the cause, i.e. which type of fault the ex-
ceeded gases may be arisen from. This lead to di�culty to draw quantitative
conclusions only from DGA results about how di�erent gas values may a�ect
the transformer reliability which is required if the data shall be used in a quan-
titative reliability model.

The proposed failure model in this work is based on subjective assumptions
about the physics of detected incipient fault and it's impact on the transformer
reliability. The concept of DGA is to avoid transformer failures. In general mea-
sures are taken as soon something suspicious is detected to avoid total trans-
former failures. Thus, expecting to �nd su�cient data sources, i.e. reliability
data correlated with certain DGA results, to do it possible to verify the pro-
posed model seems to be over-optimistic.

The described methods, here referred to as �scoring methods�, are able to take
more than only one aspect into consideration, which seems to be appropriate
in assessment of overall transformer condition. A further investigation of these
kind of models could give an input in probabilistic life time estimation. However,
as long as no relevant reliability data sources are found any type of transformer
life time assessment mainly must be based on information from transformer
expertise.
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