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Abstract 
 
In this project an experimental setup is designed to investigate the effect of 
intermittent load patterns in combination with moisture content on cellulose 
ageing. It is done by exposing groups of samples to different intermittent 
load patterns with varying frequency. A literature review is done on 
transformer insulation system and cellulose degradation. Various technical 
solutions to different aspects of the experimental design are reviewed. The 
final experimental setup is explained with the primary focus being on the 
hardware and programming of the controlling system. The controlling 
system consists of a Data Acquisition (DAQ) system from National 
Instruments and is programmed in LabVIEW. The controlling system is 
examined in two investigative tests where it performed satisfactorily. Three 
load patterns are developed. This project suggests how to prepare the 
samples and what direct- and indirect tests to apply to the insulation system 
for future analysis.  

Over the years, a considerable amount of scientific work has been 
devoted to understanding paper ageing in order to improve transformer 
diagnostics and investments for utility owners. However, transformer 
loading guidelines of today do not take intermittent load in combination 
with moisture content into account [1] [2]. Previous work suggests that the 
thermal models may be improved by looking into the effects of moisture 
content [3]. 

The primary aim of the proposed experimental setup is to investigate 
whether an intermittent load pattern in combination with moisture content 
have a considerable detrimental effect on cellulose ageing. The intent is to 
contribute with new knowledge about transformer diagnostics and long-term 
possibly improve the current thermal models used for Dynamic Transformer 
Rating (DTR) which do not take this phenomenon into account. This would 
in particular benefit transformers with typically intermittent load patterns, 
e.g. a transformer connected to a wind farm or photovoltaic panels. 
Increasing renewable energy installations increase the need for developing 
the thermal models in the transformer loading guidelines to take 
unconventional load profiles into account. 
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Sammanfattning 
 

I det här projektet utformas ett experiment för att undersöka inverkan av 
intermittenta lastmönster i kombination med fukthalt på åldrande av 
cellulosa. Detta görs genom att utsätta provgrupper för olika lastmönster 
med varierande frekvens. En litteraturgenomgång görs på 
transformatorisoleringssystem och nedbrytning av cellulosa. Olika tekniska 
lösningar för olika aspekter av experimentets design ses över. Den slutliga 
utformningen av experimentet förklaras med fokus på hårdvara och 
programmering av kontrollsystemet. Kontrollsystemet består av ett system 
för datainsamling från National Instruments och programmeras i LabVIEW. 
Kontrollsystemet utvärderas i två undersökande test där det förfor på ett 
tillfredsställande sätt. Tre lastmönster till experimentet har tagits fram. Det 
här projektet föreslår hur man förbereder proverna och vilka direkta och 
indirekta test som kan göras för framtida analyser.  

Under åren har en betydande mängd vetenskapligt arbete ägnats åt att 
förstå pappersåldring för att förbättra transformatordiagnostik och 
investeringsunderlaget för nätägare. De industriella standarderna tar dock 
inte hänsyn till intermittent belastning i kombination med fukthalt [1] [2]. 
Tidigare arbete föreslår att de termiska modellerna möjligen kan förbättras 
genom att undersöka effekterna av fukthalt [3]. 

Det huvudsakliga målet med den föreslagna experimentella 
uppställningen är att undersöka huruvida ett intermittent belastningsmönster 
i kombination med fukthalt har en betydande inverkan på pappersåldrandet. 
Föresatsen är att bidra med ny kunskap om transformatordiagnostik och för 
att om möjligt långsiktigt förbättra de nuvarande termiska modellerna som 
används till dynamiska lastbarhetsmodeller för transformatorer. Detta skulle 
särskilt gynna transformatorer med typiskt intermittenta belastningsmönster, 
t ex en transformator ansluten till en vindkraftpark eller solcellspaneler. 
Ökande antal av anläggningar för förnybar energi ökar behovet av att 
utveckla de termiska modellerna för att ta hänsyn till okonventionella 
lastprofiler.  
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1    Introduction 
The transformer is one of the most important components in the electrical 
grid. It is found in strategic places where different voltage levels intersect. 
Long outage time, high cost of replacement and disastrous consequences of 
a sudden breakdown calls for a deeper understanding of the underlying 
factors limiting transformer diagnostics. Due to high safety standards 
transformers are usually not utilized to their full extent. Increasing desire to 
utilize more of the transformer’s capacity while maintaining safe operations 
has motivated means of using power components in the electrical grid more 
efficiently. Dynamic transformer rating (DTR) allows the transformer to 
improve its rating by taking real-time data from the power system and 
weather factors into account. By using DTR on a transformer, the current 
capacity is constantly evaluated and hence the true capacity of the 
transformer can be utilized. This is uttermost desirable at times where the 
grid has temporarily load peaks or at wind farms with inconsistent power 
generation. Implementing DTR instead of investing in over-dimensioned 
transformers will both save money and resources for the utility owners [4].  

The insulation system in a transformer consists of insulating oil and 
cellulose paper. The condition of the paper insulation has a bearing on 
transformer life. The primary cause is typically loss of mechanical strength 
leading to electrical breakdown due to cellulose degradation. The cellulose 
degradation is a function of temperature, moisture content, oxygen content 
and acidity in oil [5]. With temperature being the dominant factor, current 
standards for thermal models used to implement DTR only have the 
insulation temperature as the controlling parameter [1] [2]. It is possible 
some important parameters related to other destructive agents in the thermal 
models are neglected. Previous work suggests that the thermal models may 
be improved by looking into the effects of moisture content [3]. 

At stable temperature the moisture content always strives for a state of 
equilibrium within the insulation system. Most of the moisture content is 
found in the paper at cold temperature. However, increasing temperature 
will cause the moisture to migrate from the paper to the oil. If temperature 
decreases the moisture will migrate from the oil back to the paper [6]. 
Compared to an even load pattern, an intermittent load pattern will more 
frequently give rise to a condition with high temperatures in combination 
with higher presence of moisture. These temperature transients could 
potentially have a detrimental effect on the cellulose ageing. Over the years, 
a considerable amount of scientific work has been devoted to understanding 
paper ageing in order to improve transformer diagnostics and investments 
for utility owners. However, transformer loading guidelines of today do not 
take intermittent load in combination with moisture content into account [1] 
[2]. 
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The primary aim of this project is to investigate whether an intermittent 
load pattern in combination with moisture content have a considerable 
detrimental effect on cellulose ageing. Future results from the experiment 
may be useful to further understand the underlying factors behind cellulose 
ageing. Furthermore, the results may potentially contribute to improve the 
thermal models used for DTR. This would benefit transformers with 
typically intermittent load patterns, e.g. a transformer connected to a wind 
farm or photovoltaic panels. Increasing renewable energy installations may 
increase the need for developing the thermal models in the transformer 
loading guidelines to take unconventional load profiles into account. This 
work may contribute to the evaluation of the need for improved thermal 
models in terms of moisture content. The impact on the society is potentially 
more effective transformer diagnostics and a more reliable grid which 
would benefit both the utility owners and the customers. Ethical aspects 
might be that electrical power equipment can be used more efficiently and 
hence decrease its negative impact on the environment and the use of 
resources. 

 In this Master Thesis, chapter 2 contains the literature review on 
transformer insulation systems and insulation degradation. Chapter 3 
reviews various technical solutions to different aspects of the experimental 
design. The final experimental setup is explained. Chapter 4 contains a 
discussion of possible challenges and improvements. Lastly, chapter 5 
contains conclusions and suggestions for future work.   

The master thesis is a joint project between the RCAM group at the 
department of Electromagnetic Engineering at KTH in Stockholm and ABB 
Corporate Research Center in Västerås.  
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2    Literature review 
This chapter reviews the fundamentals of dynamic transformer rating 
(DTR), the transformer insulation system, the insulation degradation process 
and methods to assess the current state of transformer insulation. 

2.1    Background 

2.1.1 Fundamentals of a transformer 

Various power components in the electrical grid have different preferred 
operation voltage levels. A transformer’s primarily function is to transfer 
electrical energy from one circuit to another through magnetic induction at 
the intersection of systems with different voltage levels. A transformer’s 
most essential parts consist of a core, windings and insulation. The core 
provides mechanical support for the windings and serves as a path for the 
magnetic flux between the windings. The windings are composed of 
primary and secondary winding which are not connected electrically but 
coupled magnetically through the core. The voltage level at each side is 
proportional to the number of turns for each winding. Depending on 
whether the secondary voltage is higher or lower than the primary voltage, 
the transformer is either referred to as a step-up transformer or a step-down 
transformer respectively. For solid insulation, oil-impregnated pressboard 
and paper are used to separate the essential parts and to protect the 
windings. Most types of transformers are either filled with oil or gas, with 
mineral oil being the most common alternative. The oil acts both as an 
electrical insulator and a coolant [7].  

A transformer has no moving parts, except for those units that are 
equipped with tap changers and external cooling, and can therefore operate 
with high efficiency with little need of maintenance as compared to rotating 
electrical machines. Power transformers typically have an efficiency of 98 
% [8]. Despite its high efficiency it is still a necessity to deal with the 
generated heat in the windings and core, which stems from losses. If not 
properly dealt with, the heat will rise continually which ultimately may 
cause damage to the insulation system. The heat from the windings and core 
is passed on to the surrounding oil. Natural convection keeps the oil 
circulating through cooling equipment. With no additional equipment to 
increase the heat transfer this type of cooling system is termed ONAN (Oil 
Natural Air Natural) cooling. Other cooling systems can be applied to 
further dissipate the heat with the most common ones being [7]: 

  

• Oil Natural Air Forced (ONAF) cooling. Fans are used to blow air 
on the surfaces of the cooling equipment.  



9 
 

• Oil Forced Air Natural (OFAN) cooling. The oil is forced to 
circulate through cooling equipment by using pumps.  

• Oil Forced Air Forced (OFAF) cooling. The oil is forced to circulate 
through cooling equipment by using pumps. Fans are used to blow 
air on the surfaces of the cooling equipment. 

2.1.2 Temperature aspects 

The higher transformer load, the higher current will flow through its 
windings. Higher currents result in higher losses which increases the 
winding temperature. The most critical temperature along the windings is 
referred to as the hot-spot temperature and its exact location varies 
depending on the transformer design. Some new transformers are equipped 
with fiber optic sensing which allows the transformer to perform direct 
measurements of the hot-spot temperature. However, generally the hot-spot 
temperature can only be achieved by measuring the accessible top oil 
temperature and using thermal models to estimate the hot-spot temperature 
[1] [2].  

One aspect which is important for keeping the transformer in service is 
paper ageing. Increased thermal stress accelerates the aging process where 
the winding insulation adjacent to the hot-spot is particularly vulnerable. 
Overloading a transformer increases the temperature and reduces the 
designed paper lifetime. Typically, the maximum operation limit for a 
transformer is determined by its static name plate rated power. The name 
plate rated power is the maximum power of which a transformer can 
distribute and yet continuously satisfying following conditions [1]: 

• Rated frequency and voltage 
• Ambient temperature of 30°C 
• Winding hot spot rise over ambient temperature of 80°C, resulting in 

a hot-spot temperature of 110°C 

Although exceeding the name plate rating will increase the rate of insulation 
degradation it can still be justified at some occasions, for instance at 
temporary load peaks. Insulation ageing is a cumulative process. Since 
operating a transformer with lower load and ambient temperature than the 
above conditions decreases the rate of insulation degradation, it can 
compensate for overloading so that the designed lifetime still can be met. 
Awareness of the current state of the insulation degradation process will 
enable justified decisions on when to overload the transformer [9].  

2.1.3 Dynamic Transformer Rating 

DTR typically uses an algorithm which takes ambient temperature, historic 
loading, real-time loading, cooling operation and oil temperatures into 
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account. The outputs of the algorithm are the dynamic transformer rating, 
the hot-spot temperature and the transformer’s loss of life. Continuously 
considering all the inputs allows the transformer to exceed the name plate 
rating without exceeding its internal thermal limits. For instance, during 
winter when it is cold. Cold temperatures create higher demands on the 
electrical grid due to space heating which makes DTR particularly 
convenient for Scandinavian climate conditions [9].  

Direct monitoring techniques use fiber optics to directly measure the hot-
spot temperature. Indirect monitoring techniques use meteorological data, 
transformer specification and thermal models in industrial standards to 
calculate the hot-spot temperature. The two major industrial standards are 
IEEE C57.91-1995 [1] and IEC 60076-7 [2]. The IEEE standard has 
developed two methods which is described in clause 7 and annex G 
respectively [1]. The IEC standard has developed two methods: the 
exponential equation solution and the difference equation solution [2]. The 
methods and its advantages, disadvantages and examples of 
implementations are more thoroughly explained in the previous work [3] 
[10]. 

2.2    Transformer insulation system 
Most transformers have several insulating materials which together form an 
insulating system. The most used insulation system for distribution- and 
power transformers consists of a liquid insulation and a solid insulation. An 
exception being the dry-type transformer which simply uses circulation of 
air as insulation and coolant. Dry-type transformers are mostly used for 
indoor installations since it has a significantly lower risk of bursting into fire 
[8].  

2.2.1 Solid and liquid insulation 

The liquid insulation refers to the transformer oil in which the core and 
windings are immersed in. Its primary functions are to insulate and cool the 
transformer since it dissipates the generated heat from the inner insulation. 
Transformer oil dissolves gases stemming from insulation degradation 
processes which enables diagnostic analyses through oil sampling. Also, 
transformer oil prevents oxidation of the core. Transformer oil is typically 
based on mineral oil and provides reasonable properties for a low cost [7]. 
However, it has some disadvantages such as being highly flammable, slow 
to biodegrade, environmentally destructive and will show decreased 
electrical breakdown strength when the oil is in combination with moist 
cellulose fibers. Other alternatives have recently grown in popularity, 
especially for transformers at sites with high fire risk such as indoors, 
underground or offshore. Ester oils for instance, which are readily 
biodegradable and have higher thermal conductivity, high flash and fire 
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points and higher tolerance levels for water content. On the other hand, 
natural- and synthetic esters have poorer properties at low temperature, 
higher viscosity and a higher cost to produce. All in all, mineral oil is 
generally considered effective despite its disadvantages and is therefore 
most widely used still [11] [12].  

The solid insulation refers to paper and pressboard material which is 
divided into major and minor insulation structures. The major insulation 
structures include pressboard barriers and spacers used between high- and 
low-voltage windings and between the windings and the core. The paper 
structures adopt various forms such as barriers, cylinders, rings and caps. 
The minor insulation structures include paper wrapped in layers around the 
windings to separate the turns. The solid insulation serves several functions. 
It provides mechanically support for the windings and contributes to cool 
down the liquid insulation [7]. Moreover, the paper structure forms ducts in 
the tank for the transformer oil to circulate through core and coils and thus 
enhancing the dissipation of the generated heat.  

2.2.2 Cellulose 

The solid insulation is mostly made from processed wood pulp where the 
most essential component in the end-product is cellulose. Cellulose is a 
polymer consisting of long chains of glucose rings. It can be represented as 
[C6H10O5]n ,where n denotes the number of linked rings. One cellulose chain 
can consist of up to 15 000 glucose rings which are held together mainly by 
hydrogen bonds and hydrophobic interaction. Cellulose is the most common 
organic substance in nature since it forms the major part of the cell walls of 
plants. Increasing transformer ratings in the early 1930s encouraged the 
industry to use kraft paper in combination with insulating oil which is used 
ever since. When impregnated in oil cellulose constitutes a satisfactory 
insulation for high voltage applications to a sensible cost. Apart from having 
good electrical properties, cellulose paper is much desired because of its 
high availability since it stems from a natural renewable source. Up to 
several tonnes of cellulose insulation in forms of paper and pressboard can 
be found in a single transformer. For instance, United States alone consumes 
cellulose quantities in the range of millions of tons every year for various 
high voltage applications [13]. 

2.2.3 Moisture equilibrium in paper-oil insulation 

Cellulosic materials are hydrophilic, meaning that they attract water 
molecules and hold onto them. Oil on the other hand is hydrophobic which 
means it repels water molecules. The water content is continuously 
migrating between the solid and liquid insulation depending on temperature. 
As temperature increases the water will migrate from the paper into the oil. 
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For example, at 20 °C the water is distributed between the paper and the oil 
with a ratio of 3000:1 in favour of the paper. At 40 °C and 60 °C the 
corresponding ratio is 1000:1 and 400:1 respectively [6]. The interaction 
between oil and paper can be assessed through moisture equilibrium charts 
which portray moisture distribution at various temperature. A well-known 
set of such curves is the so-called Fabre-Pichon Curves, see Figure 1. 
Subsequent to a change in temperature it takes some time for the moisture 
migration to establish equilibrium. The required time can be estimated by a 
diffusion time constant.  

 
Figure 1: Fabre-Pichon Curves portraying moisture distribution in a paper-

oil insulation system [6] © [1999] 

2.2.4 Diffusion time constant  

Based on empirical work [14] [15], a diffusion coefficient has been reported 
as a function of temperature T (°K) and moisture concentration C (percent 
by weight) [16]: 
 

( )0 0exp 0.5 1/ 1/aD D C E T T= + −                         (1)  
 
where 0 298  T K= o and values for Ea and D0 are defined in Table 1. The 
diffusion time constant ( )sτ for moisture diffusion from both sides and from 
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one side are defined in (2) and (3) respectively where d is the thickness of 
the paper (m). 
  
Table 1 Values for Ea and D0 depending on oil-free or oil-impr. paper [16] 

 Oil-free Oil-impregnated 
Ea 8140 Ko   8074 Ko  
D0 11 22,62 10 /m s−⋅   13 21,34 10 /m s−⋅  

 
2

2

d
D

τ
π

=     (2) 

2

2

4d
D

τ
π

=     (3) 

 
Based on (1), (2) and (3) the diffusion time constant is defined for various 
conditions in Table 2 assuming a paper thickness of 1 mm.  
 

Table 2 Diffusion time constant for various conditions with d = 1 mm 
 Oil-free Oil-impregnated 

Temperature 20 °C 80 °C 20 °C 80 °C 
τ (both sides) 2 h 1 min 14 days 3 h 
τ (one side) 7 h 4 min 55 days 12 h 

 

2.3    Insulation degradation 
The condition of the solid insulation is important; hence it is interesting to 
understand and determine the degradation process of the solid insulation 
which is a function of temperature, water content, oxygen content and 
acidity in oil.  

2.3.1 Temperature 

Loading capability of power transformers is first and foremost limited by 
the winding temperature. A power transformer typically has an efficiency of 
98 % [8]. Despite the transformer’s high efficiency, insulating oil and 
cooling equipment, the heat generated in the windings must be carefully 
monitored and controlled. The temperature by the windings is not uniformly 
distributed but will have a hottest section which is commonly referred to as 
the hot-spot. The hot-spot temperature is the most critical temperature along 
the windings and ultimately the upper boundary for transformer loading 
capability [1] [2]. Every 6-10 °C rise in temperature increases the 
degradation rate of the paper by a factor of two [8]. Heat accelerates the 
degradation processes done by oxygen content and moisture content as it 
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acts as a catalyst in the chemical reactions. Moreover, heat gives rise to oil-
degradation products which intensifies the degradation process [17]. 

2.3.2 Water content 

Water content stems from atmospheric sources (e.g. via leaks into the power 
equipment) or due to internal insulation degradation processes where water 
is a decay product. Water content, or moisture, in the insulation system is a 
major threat to the insulation life. Moisture in insulation increases the 
degradation rate. For upgraded paper this influence is less [18]. With moist 
insulation there will also be a risk that water vapour bubbles may be formed 
at elevated temperatures. Bubble formation in the insulation system is a 
major threat since it can lead to partial discharge or even an insulation 
breakdown [19]. Consequently, water content in paper has a direct effect on 
the maximum loading that is possible while preventing formation of 
bubbles. A dry insulation (< 0,5 % water in paper) may be loaded at hot-
spot temperature below 180 °C with little risk of bubble formation. 
Corresponding hot-spot temperature for a transformer with 2 % water in 
paper is roughly 140 °C but is also depending on oxygen content in the oil 
[20]. Long term, excessive water content in the insulation system 
accelerates the ageing of the solid insulation. The ageing process of the solid 
insulation is directly proportional to the water content [21]. 

Paper and pressboard are hydrophilic materials, meaning they can absorb 
a significant amount of water. The absorption capability is a function of 
temperature and relative humidity, see Figure 2 [6]. Before putting a large 
transformer in operation, the solid insulation is first dried and impregnated 
with oil in various steps depending on transformer design. A combination of 
temperature and vacuum is used in the dry-out process before immersing the 
tank with oil.  

For small power- and distribution transformers, an alternative method is 
to inject the high voltage coils with low frequency heating. Although it is an 
efficient way to dry out the coils, the rest of the solid insulation does not get 
dried well. Another method more widely used for smaller transformers is to 
heat the transformer components using an oven. As a last measure to 
remove surface moisture on a new transformer, the core and coils gets 
sprayed with hot oil.  

Various methods are used to dry out transformers. Wet transformer in the 
field need to undergo a dry-out process where firstly the wet oil is drained 
from the tank and replaced by new, dry oil. Rated current is sent through the 
low voltage coil while the high voltage coil is short-circuited, elevating the 
temperature in the coils. The tank is drained again and applied with vacuum, 
then refilled with oil. If the measured level of water content is not 
acceptable the process may be repeated [18]. When to consider a dry-out 
process for a wet transformer in operation is ultimately up to the utility 
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owner. Some claim when the insulation reaches 2.5 % or 30 % oil saturation 
[8]. Eligibly for new manufactured and dried transformers, the moisture 
level is typically 0.5 % or below [18].  

The moisture content is expected to increase gradually during the time in 
service and there are various ways for moisture content to enter the 
transformer tank. Some moisture is already present in the insulation system 
from the time of delivery. If there is a need of maintenance or inspection 
where the tank is opened, the insulation system will quite rapidly absorb 
moisture from the ambient air. In case of a leak, moisture can enter in form 
of water or humidity in air. Small amount of visible oil outside the tank may 
not be critical because of the oil itself but because it indicates that both air 
and water may have a way of accessing the tank. Most of the moisture that 
enters the tank from outside is due to poor gasket which may have been 
deteriorated by pressure differences. Some of the cumulative water content 
stems from aging reactions in the cellulose where water is a by-product [8].  

 

 
Figure 2: Moisture absorption curves for paper depending on temperature 

and relative humidity [6] © [1999] 
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2.3.3 Oxygen content 

Oxygen content cause oxidation which means that oxygen attacks the 
carbon atoms in the cellulose chain and in the oil molecules. From the 
chemical reaction acids are formed and water released. High acidity in oil 
will accelerate aging and the water contributes even more to degradation by 
hydrolysis. Oxygen content has similar origins as water content since it 
stems from leaks and aging reactions in the cellulose where oxygen is a by-
product. Even though it is crucial to prevent the transformer oil from having 
contact with air, it is still not practical to completely seal the transformer 
tank. Varying temperature will result in thermal expansion and contraction 
of the oil leading to variations in pressure. Commonly used methods to keep 
the air away is a conservator system using an expandable bladder or a 
positive-pressure inert-gas system where the tank is slightly pressurized by 
an inert gas [8]. 

2.3.4 Solubility and relative saturation 

Some of the water content in the transformer are dissolved in the oil. 
Solubility (S0) denotes the amount of water that can be dissolved in the oil 
and is a function of temperature [20]: 
 

0 1567 / 7.0895 ,Log S K= − + (4) 
 
where S0 is the solubility of water in mineral oil (ppm) and K is the 
temperature in Kelvin. Using (4) solubility for a range of temperatures is 
listed in Table 3. 
 

Table 3: Solubility for a range of temperatures 
Oil temperature  Water content in oil [ppm] 

0 °C 22 
10 °C 36 
20 °C 55 
30 °C 83 
40 °C 121 
50 °C 173 
60 °C 242 
70 °C 332 
80 °C 447 
90 °C 593 
100 °C 773 
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Relative saturation (RS) is the measured amount of water in oil (Wc) in 
relation to the solubility (S0) at that temperature [20]: 

0/ ,cRS W S=   (5) 
 
where Wc and S0 are measured in parts per million (ppm). Measured amount 
of water in oil Wc is obtained by taking the weight of moisture divided by 
the weight of oil (µg/g). It is generally done by Karl Fischer titration which 
is an analytical method using reagents to determine unknown concentration 
of a solution [22]. Dielectric breakdown voltage of the oil is proportional to 
the relative saturation which should remain below 50 % for the oil to 
maintain reasonable dielectric strength [20]. 

2.3.5 Degree of Polymerization (DP) 

The cellulosic fibres are made of long chains of glucose rings. Over time the 
cellulose insulation undergoes a depolymerization process meaning that the 
cellulose chains get shorter. The length of the fibres has a direct effect on 
the mechanical properties of the cellulose such as tensile strength and 
elasticity. Ultimately, the ability to withstand high mechanical stresses are 
reduced.  The endpoint of the cellulose degradation process is where it can 
no longer withstand short circuits or even vibrations from normal operation 
[19]. To obtain a measurable quantity of the degradation process Degree of 
Polymerization (DP) is used. DP is the average number of glucose rings in 
the molecule. Thus, DP is able to quantify retained functionality of 
transformer insulation as it ages in service. New paper typically has a DP in 
the range of 1200. After being prepared in the factory drying process 
installed paper in a transformer has a DP of about 1000 [21]. DPs in the 
range 950 to 500 does not significantly affect the strength of the paper. 
Useful lifetime of paper is usually set to DP 200 since it is around the point 
where the paper has become brittle and has lost the major part of its 
mechanical strength [23].  

2.3.6 Insulation life expectancy 

Expected aging rates can be calculated from following kinetic process 
which describes paper aging [24]: 

 ( )2731 1 ,
A

h

E
R

end init

Ae t
DP DP

θ
 

−  + − =                      (6) 

 
where endDP  is the end-point DP, initDP  the initial DP, A a parameter 
depending on operating conditions (h-1), EA the activation energy (J/mol), R 
the molar gas constant (8.314 J/mol/K), θh the hot spot temperature (°C), 
and t the elapsed aging time. Examples of values for A and EA for a number 
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of operation conditions have been proposed and are listed in Table 4. For 
conditions involving low oxygen oil is assumed to be separated from air 
whereas for conditions involving high oxygen oil is assumed to be in 
contact with air. 
 

Table 4: Values for A and EA under various operating conditions [24] 

Paper type Operating condition Value for A 
[h-1] 

Value for EA 
[J/mol] 

Non-thermally 
upgraded paper 

Low oxygen, 0.5 % moist 4.1∙1010  128 000 
Low oxygen, 1.5 % moist 111.5 10⋅  128 000 
Low oxygen, 3.5 % moist 114.5 10⋅  128 000 
High oxygen, 0.5 % moist 54.6 10⋅  89 000 

Thermally 
upgraded paper 

Low oxygen, 0.5 % moist 41.6 10⋅   86 000 
Low oxygen, 1.5 % moist 43.0 10⋅  86 000 
Low oxygen, 3.5 % moist 46.1 10⋅  86 000 
High oxygen, 0.5 % moist 43.2 10⋅  82 000 

 
By solving (6) for t, inserting range of desired DP reduction and 
corresponding values for ageing parameters, estimated expected life is 
obtained. Assuming a reduction from a DP of 1000 to a DP of 200, expected 
life for a range of hot-spot temperatures considering different operating 
conditions are listed in Table 5. The effects of temperature, oxygen and 
moisture on paper ageing are illustrated graphically in Figure 3 and Figure 
4.  
 

Table 5: Expected life of paper under various operation conditions 

Paper type Hot-spot 
temperature 

Expected life [years] 

Low oxygen, 
0.5 % moist 

Low oxygen, 
1.5 % moist 

Low oxygen, 
3.5 % moist 

High oxygen, 
0.5 % moist 

Non-
thermally 
upgraded 

paper 

70 °C 347 94.8 31.6 35.6 
90 °C 29.3 8 2.7 6.4 
110 °C 3.2 0.9 0.3 1.4 
130 °C 0.4 0.1 0.04 0.3 

Thermally 
upgraded 

paper 

70 °C 357 190.4 93.6 43.9 
90 °C 67.8 36.1 17.8 9 
110 °C 15.3 8.2 4 2.2 
130 °C 4 2.1 1.1 0.6 
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Figure 3: Expected life for non-thermally upgraded paper and its 

dependence upon moisture, oxygen and temperature 
 

 
Figure 4: Expected life for thermally upgraded paper and its dependence 

upon moisture, oxygen and temperature 
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2.3.7 Insulation life expectancy in high oxygen 

In the previous subchapter, life expectancy is calculated with respect to high 
oxygen and dry condition only, i.e. a moisture level in paper of 0.5 % [24]. 
It is useful to further explore life expectancy under high oxygen conditions 
with various moisture levels as is done in [25]. Values for A and EA for 
several operation conditions are listed in Table 6. The effects of 
temperature, high oxygen and moisture on paper ageing are illustrated 
graphically in Figure 5. 
 
Table 6: Expected life of paper under various operation conditions with high 

oxygen [25] 

Paper type Moist level [%] Value for A 
[h-1] 

Value for EA 
[J/mol] 

Non-thermally 
upgraded paper 

1.6 121.04 10⋅  130 000 
2.7 95.36 10⋅  111 000 

Thermally 
upgraded paper 

1.6 146.64 10⋅  152 000 
2.7 73.42 10⋅  96 000 

 
 

 
Figure 5: Expected life for non-thermally and thermally upgraded (TUP) 

paper and its dependence upon moisture, oxygen and temperature 
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2.3.8 Assessing cellulose degradation 

The best direct way to assess the paper deterioration is to perform tensile 
and elongation tests on paper strips as well as to test bursting strength. To 
extract paper samples from a transformer in service is generally not feasible 
since it is both impractical and destructive. Monitoring cellulose insulation 
health and ageing in practice is therefore usually done by indirect 
measurements by sampling and analysis of transformer oil [26]. Available 
indirect measurements are essentially dissolved gas analysis (DGA). Other 
parameters are sometimes also tested such as furan analysis and testing for 
methanol and ethanol [27]. 

2.3.9 Dissolved gas analysis 

A dissolved gas analysis (DGA) is an important tool in transformer 
diagnostics. For power transformers in operation, it is usually the first 
indicator of a problem and can assist identifying degradation of solid- and 
liquid insulation, overheating, hot spots, partial discharge and arcing. All 
transformers in operation generate gases to some extent under normal 
conditions. Various faults in the insulation system can be traced to increased 
generation of a certain key gas. The rate of the gas generation indicates the 
magnitude of the fault. The gases are dissolved in the transformer oil. A 
DGA is usually done by sampling oil and having it analysed in a laboratory. 
Modern technology allows faster assessments, for example mobile DGA-
units which can have the test done on site [28]. The key gasses for assessing 
degradation of paper are carbon oxide (CO) and carbon dioxide (CO2) but 
the amount of oxygen (O2) and the possible consumption of oxygen is also 
used for interpretation on the severity of paper degradation. The important 
information is given by the production rate of the carbon oxides. Extensive 
guidance on how to interpret a DGA analysis is provided in the IEC guide 
[29]. 

2.3.10 Furan analysis 

When a cellulose molecule breaks, a chemical compound, furan, is formed. 
Generally, the following five furan compounds are measured [30]: 

• 2-furaldehyde (2FAL) 
• 5-methy-2-furaldehyde (5M2F) 
• 5-hydroxymethyl-2-furaldehyde (5H2F) 
• 2-acetyl furan (2ACF) 
• 2-furfurol (2FOL) 

The furanic compounds are partially dissolved in oil where the furan 
concentration can be identified and measured by using high-performance 
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liquid chromatography. However, different types of paper give rise to 
different sets of furans and the concentration of the furanic compounds 
depends on the ratio between oil and cellulose. There are known 
uncertainties regarding the stability of the furanic compounds for the typical 
condition within a transformer in terms of temperatures and concentrations 
of dissolved oxygen [30]. Among the furan compounds, 2FAL is usually 
considered the primarily compound in the analysis due to its relatively 
higher generation rate and stability [31]. 2FAL is a characteristic component 
of paper degradation and is hence directly related to the DP of the paper.  

Even though furan analyses are conducted as part of transformer 
diagnostics, the results are used to simply investigate whether paper 
degradation has occurred. The furan content in the oil provides a mean value 
from the paper degradation of the total amount of paper. The degradation 
may have occurred locally and thus the DP-value may differ considerably 
between different places in the solid insulation [27]. 
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3    Experimental  
Section 3.1 contains the motivation for the designed experiment.  Section 
3.2 reviews various technical solutions on different aspects of the design. 
Section 3.3 explains the experimental setup. Lastly, section 3.4 concerns 
tests carried out to evaluate an experimental unit and the controlling system 
respectively. 

3.0.1 Motivation for the experiment 

The main idea of the experiment is to let three groups of cellulose paper 
samples immersed in oil be subjected to three different load patterns: load 
attern 1 (LP1), load pattern 2 (LP2) and load pattern 3 (LP3), depicted in 
Figure 6. During one cycle the load is distributed equally at three, two and 
one occasions respectively. In other words, the same energy (Qi) will be 
injected into the system for all load patterns but distributed at different 
intervals. Consequently, the moisture migration between paper and oil will 
behave somewhat differently. The red curve in Figure 6 is not based on 
empiric data but is simply illustrating the interaction between moisture 
content and load. For all load patterns, moisture equilibrium in the 
insulation-system is assumed prior to each load action, i.e. on or off. From 
Figure 6, it should be noted that Area(A1+A2+A3) > Area(A1’+ A2’) > 
Area(A1’’). In other words, the samples subjected to LP1 is more frequently 
exposed to a condition with increased presence of moisture in the paper in 
combination with an active load compared to samples subjected to LP2. 
Similarly, LP2 is more frequently exposed to this condition compared to 
LP3. These temperature transients could potentially have a considerable 
detrimental effect on the cellulose paper which is not considered in the 
transformer loading guidelines of today [1] [2]. Following relationships for 
the time intervals in Figure 6 are valid:  
 

( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

1 3 2 5 4 1 3 2 1

2 1 4 3 6 5 2 1 4 3 2 1

6 4 2
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t t t t t t t t t

t t t t t t t t t t t t
t t t
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= =

         (7) 

 
During active load, the temperature by the paper is kept constant at 130 °C. 
During inactive load, the temperature strives for a state of equilibrium 
around room temperature. After the samples have been subjected to the load 
patterns for a pre-defined number of cycles, the samples are submitted for 
analysis. The target of the analysis is to evaluate DP in the paper and 
moisture content and residual products in the oil.  
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Figure 6: a) Load pattern 1, b) Load pattern 2, c) Load pattern 3 

 

3.1    Motivation for experimental solutions 
This section reviews various technical solutions on different aspects of the 
experimental design. The final solutions are explained more thoroughly in 
section 3.3. 

3.1.1 Generate heat and add moisture 

Previously conducted experiments with transient temperature condition have 
been carried out. For example, to investigate the distribution of moisture in 
oil immersed pressboard [32]. Moisture in pressboards of various thickness 
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was measured under transient temperature condition by using a 
programmable oven. With a temperature range from -40 °C to 100 °C the 
oven could increase temperature with up to 4 °C/min and decrease 
temperature with up to 1 °C/min. A similar programmable oven was used in 
[33] to study moisture distribution in oil-paper insulation under moist 
environment. In addition, the oven in [33] could also control relative 
humidity in ranges from 20 % to 98 %. Being able to control both 
temperature and relative humidity by using a programmable oven may seem 
convenient for this project. However, a programmable oven is rather costly 
and it would require one oven for each load pattern, i.e. three ovens in total. 
The maximum rate in which the temperature rises and drops is rather slow 
for this application. Also, the hot-spot temperature is not controlled.  

Another solution to achieve the desired temperature transients is to use 
cartridge heaters. This is the solution that has been selected for this project. 
Cartridge heaters are versatile and durable products that are used widely 
within many industries for a wide variety of applications. Cartridge heaters 
have a high watt density and endures high operating temperatures, making 
them optimal as heating elements for applications where a high 
concentration of heat is required in a limited space. Cellulose paper is 
wrapped around the cartridge so that the paper is adjacent to the emitted 
heat.   

To enhance the effect of paper degradation it is desirable to add 
additional moisture content in the oil. Moisture content is added in the oil by 
using a pipette. The liquid is put in durable containers in shaking apparatus 
to ensure that the water is completely dissolved in the oil. 

3.1.2 Controlling system 

The controlling system needs to manage following functions: 

• Control the output power to the cartridge heaters so that the desired 
temperature of 130 °C by the paper is stable, alternatively implement 
a thermostat-function 

• Turn the loads on and off in accordance with the load patterns 
• Monitor and compile the data from temperature sensors by the paper 

for each cartridge heater  
• Realize an Over Temperature Protection System (OTPS); breaking 

the circuit in case the temperature by the paper exceeds a certain 
value 

Arduino is a low-cost microcontroller motherboard with an open source 
software for building digital devices with plentiful of interactive 
applications. It was initially considered to be used for the controlling system 
for this experiment. However, the number of components grows rapidly 
with the number of desired functions. The total number of components 
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forms a rather complicated system which is difficult to overlook and debug 
in case of component failure.  

Timer switches can be used for controlling a load with respect to time. It 
is widely used to control alarms, door locks, lighting, ventilation systems. 
Most timer switches are programmed by daily or weekly patterns. In this 
case, the timer switch needs to be able to start and stop at a set date and 
time. Timer switches with this ability are costly and still only resolve one of 
the four required functions. The timer switches are rather tedious to program 
and do not offer means of knowing whether they are properly programmed. 
Solutions for the other functions are needed which will result in a costly 
system with inferior monitoring capabilities. 

Micro Programmable Logical Controllers (Micro-PLC) are compact 
controllers with built-in features that can be used to build controlling- and 
monitoring systems. Micro-PLC’s are reliable, simple to program and 
generally adequate for simple applications. For the application in this thesis 
however, numerous analog inputs are required which results in rather costly 
plug-in modules. A Micro-PLC was programmed and considered to be used 
for the controlling system when it was shown that a complete data 
acquisition (DAQ) system from National Instruments was available for use 
at KTH. The controlling system using a micro-PLC is explained in section 
3.2. 

A DAQ-system is a platform compatible with numerous sensors and 
signals. Optional plug-in modules allow customized measurement solutions 
as it provides a wide range of analog and digital input- and output options. It 
is programmed by LabVIEW which is a system-design platform for a visual 
programming language. The DAQ-system is explained more thoroughly in 
section 3.3.2 and section 3.3.6.  

Two methods to reduce the power to the loads have been revised. The 
first method is to use an adjustable power source. It is typically used in 
projects during the phase of development rather than for the final 
implementation. The second method is to create a Pulse Width Modulation 
(PWM) signal where the output power can be modified by adjusting its 
duty-cycle. Duty cycle specifies the percentage of time a digital signal is on 
over a period of time. PWM is a robust and rather simple way to achieve a 
desired output. It is used for a wide range of applications such as to control 
fans, pumps, robotic servos and lamp dimmers. In this thesis, a digital PWM 
is implemented using solid state relays and LabVIEW. It is explained more 
thoroughly in section 3.3.6. 

The purpose of the over-temperature protection system OTPS is to break 
the circuit in case the temperature by the paper exceeds a certain value. 
When using a micro-PLC or a DAQ-unit for the controlling system, the 
OTPS can be implemented in the software. However, for the sake of 
reliability, it may be beneficial to have the OTPS as an independent system 
rather than for it to only rely on the controlling system. An independent 
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OTPS can be realized by having a thermostat with a temperature sensor of 
its own which breaks the circuit in case the temperature exceeds the critical 
value. An alternative solution is to use a thermal bimetal cut-out which 
mechanically breaks the circuit at 140 °C. 

3.1.3 Glass containers  

A glass container is needed to house each cartridge heater immersed in oil. 
Characteristics for the glass containers varies and are depending on the 
desired applications. Three different options have been reviewed: sealed-
end-sample, sealed-multiple-samples and open-air. The first two options 
require lids to seal the containers to prevent the oil from having direct 
contact with the ambient air. In common for all three options is that the 
glass containers need to be heat resistant. Sealed-end-sample will only have 
one sample extracted per container after the ageing process. Hence, the 
diameter of the container is not crucial. Heat resistant test tubes typically 
have diameters of up to 20 mm which is large enough for this application. 
Sealed-multiple-samples will have samples extracted throughout the ageing 
process. The samples need to be extracted in the oil without having to lift 
the cartridge heaters out of the oil to minimize contamination. As a 
suggestion, it can be done using a scalpel and a nipper. A larger diameter of 
the container is required compared to the end-sample case. Sealed heat 
resistant glass containers with diameters large enough to allow sample 
extraction are few. One solution however is DURAN bottles which can 
withstand up to 500 °C. The limitation being the plastic lid which is 
temperature resistant up to 180 °C, which is sufficient for this application. 
Open air is not sealed and hence does not require lids since the oil is 
directly exposed to the ambient air. The diameter of the container depends 
whether multiple-sample or end-sample is applied. 

For the application in this thesis, excessive oxygen content in the glass 
container is not desired. The experimental setup should imitate the processes 
that occurs in a closed transformer. For open-air, these processes will be 
different since excessive air will give rise to oil oxidation which accelerates 
the ageing process. Furthermore, open-air allows volatile substances to 
escape which could otherwise have been analysed [27]. Thus, sealed-end-
sample is the only feasible solution. Heat resistant glass test tubes with 
corks are used. The test tubes are described more thoroughly in section 
3.3.1.  

3.1.4 Heat dissipation 

Dissipating the generated heat from the oil and glass walls is desirable to 
prevent high temperatures and pressure from building up in the test tubes. 
Increasing the heat dissipation allows the cartridge heater to cool down 
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more rapidly when being turned off as well as it facilitates keeping the 
cartridge heaters at a specified temperature of 130 °C by the paper. Placing 
the test tubes in a water bath is a simple and cost-effective solution to 
increase heat dissipation. However, the large amount of water will 
significantly increase the humidity in the room. Some moisture will 
penetrate the test tubes and interfere with the samples. Using an oil bath is 
another alternative. Similar to water, oil evaporates even at room 
temperature. Large amounts of oil leave an undesirable greasy film on all 
objects in the room. 

Another solution is to place the test tubes in aluminium blocks. 
Aluminium has high thermal conductivity which makes it favourable for 
this application. A hole is made in the centre of cylindrical aluminium 
blocks where the test tubes are fitted with good precision. Using a solid 
medium for heat dissipation has the advantage of not affecting the ambient 
air. This is the solution that has been chosen for this project and is more 
thoroughly described in section 3.3.1.  

3.1.5 Paper-oil-ratio 

The minimum required amount of paper to carry out a direct DP-test is 0,8 
g. Proposed paper-oil-ratio for paper ageing experiments in the industry is 
0.8 g paper for every 15 ml of oil to resemble the condition in a transformer 
[27]. In other words, the proposed paper-oil-ratio is 53 mg of paper for 
every ml of oil.  

3.1.6 Pulse width modulation 

Pulse width modulation (PWM) is a modulation technique used to control 
the power supplied to electrical devices. The average value of the voltage 
supplying the load is controlled by turning the switch between the supply 
and the load on and off at a fast rate relatively to the load. The required 
frequency of the switching depends on the load and application. E.g. for 
audio amplifiers the required frequency can be up to hundreds of kHz 
whereas for an electrical stove switching can be done a few times a minute. 
PWM uses a rectangular pulse wave. By changing the pulse width, the 
average voltage seen by the circuit can be modified. The fraction of one 
period in which the signal is active is called a duty cycle. The duty cycle is 
hence a value between 0 and 100 % [34].  

The pulse width modulation (PWM) signal can be generated as an analog 
or a digital signal. One PWM signal is required for each load pattern. 
However, the programming structure of the DAQ-system used for the 
experimental setup can only support one generated analog PWM signal at 
the time. Consequently, the PWM signals in this setup are generated by 
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using counters and digital outputs. The procedure is explained more 
thoroughly in section 3.3.6. 
 

3.2    Alternative solution using a Micro-PLC 
This section reviews an alternative solution using a Micro Programmable 
Logic Controller (Micro-PLC) for the controlling system. Micro-PLC’s are 
compact controllers with built-in features that can be used to build 
controlling- and monitoring systems. A Micro-PLC consists of a processor, 
a memory, inputs and outputs. During one iteration the status of the inputs is 
first compared with the programmed logic. The outputs are then set 
accordingly to the logic. The logic is programmed using a software for the 
PC and typically consists of function blocks such as time functions, 
counters, timer switches and mathematical functions. It is usually equipped 
with a screen which enhances the usability when in use.  

The considered Micro-PLC’s for this project stems from the Millenium 
series from Crouznet automation. The compatible software is M3-soft. Three 
alternative solutions using a Micro-PLC have been reviewed for a setup 
consisting of nine experimental units. The nine experimental units are 
equally divided among three groups where each group is subjected to a 
different load pattern. The final experimental setup, using a DAQ-system, is 
described in section 3.3. 

3.2.1 Alternative solution 1 using Micro-PLC 

A micro-PLC (CD12R Millenium 3 Essential) is connected to three groups 
of loads with three loads in each group. Figure 7 depicts the system for one 
group of loads. The micro-PLC controls each group of loads through a 
mechanical relay. The mechanical relay receives its controlling signal 
through an output relay from the Micro-PLC which is governed by a timer-
function in accordance with the load patterns. Each load represents an 
experimental unit depicted in Figure 14. The function blocks for one load 
pattern in M3-soft are depicted in Figure 8. The time-program-block is used 
to enable the time slots during which actions can be executed. It can be 
programmed to trigger daily, weekly, annually or on a specific date. Each 
load pattern is assigned to a time-program-block where a cycle is defined by 
configuring ON/OFF at specific dates in accordance with the load pattern. 
The ON or OFF signal along with the ON-signal-count for each load pattern 
are indicated on the front-panel through display function blocks, see Figure 
8. The front-panel of the Micro-PLC in the simulation mode is depicted in 
Figure 9, where the right column indicates the current ON-signal-count. 
Two 8-channel thermocouple data loggers are logging the signals from 
temperature sensors which are wrapped inside the paper in each 
experimental unit as shown in Figure 14. A variable DC-source is used 
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where the feeding voltage have been modified so that the desired power is 
obtained which keeps the temperature by the paper at 130 °C. 
 

 
Figure 7: Circuit diagram for one group of loads using alternative solution 1 
 

 
Figure 8: Function block diagram for one load pattern using alternative 

solution 1 
 

 
Figure 9: Front-panel of the Micro-PLC in the simulation-mode 

3.2.2 Alternative solution 2 using Micro-PLC 

The Micro-PLC (CD12R Millenium 3 Essential) has four analog inputs. 
One temperature signal from each group is received to the Micro-PLC via 
temperature transducers, see Figure 10. A thermostat function is 
implemented in the software by using a Schmitt-trigger function which 
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allows an analog value to be monitored relative to two thresholds, see 
Figure 11. An OFF-signal is generated when the analog value exceeds 132 
°C whereas an ON-signal is generated when the analog value falls below 
128 °C. Each load pattern is assigned to a time-program-block where a cycle 
is defined by configuring ON/OFF at specific dates in accordance with the 
load pattern. Triggering the output relay requires an ON-signal from both 
the time-program-block and the Schmitt-trigger block through an AND-
gate. The ON or OFF signal along with the ON-signal-count for each load 
pattern are indicated on the front-panel through display function blocks. 
Two 8-channel thermocouple data loggers are logging the signals from 
temperature sensors which are wrapped inside the paper in each of the 
remaining experimental units as shown in Figure 14. A variable DC-source 
or mains electricity may be used for the power supply. 
 

 
Figure 10: Circuit diagram for one group of loads using alternative solution 

2 
 
 

 
Figure 11: Function block diagram for one load pattern using alternative 

solution 2 
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3.2.3 Alternative solution 3 using Micro-PLC 

A Micro-PLC (em4 ethernet) can receive nine analog signals. A Modbus 
TCP (ADAM-6018) along with one separate temperature transducer allows 
reception from nine temperature sensors. The Modbus TCP communicates 
with the Micro-PLC through a network cable, see Figure 12. For each 
group, a thermostat-function is implemented in the software where the 
temperature mean value of the group is monitored relative to two thresholds 
in a Schmitt-trigger function, see Figure 13. A variable DC-source or mains 
electricity may be used for the power supply.  
 
 

 

 
Figure 12: Circuit diagram using alternative solution 3 
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Figure 13: Function block diagram for one load pattern using alternative 

solution 3 
 

3.3    Experimental setup 
The experiment is realised by wrapping cellulose paper around cartridge 
heaters. The cartridge heaters are placed in oil-filled and heat-resistant test 
tubes. The test tubes are placed in aluminium blocks to enhance heat 
dissipation. The control- and temperature-logging-system are programmed 
in LabVIEW and realised by a data acquisition (DAQ) system from 
National Instruments.  

3.3.1 Experimental unit 

The experimental setup consists of sixteen experimental units. One 
experimental unit consists of a cartridge heater (200 W 230 VAC) vertically 
immersed in a sealed, heat resistant test tube filled with mineral oil (Nytro 
10 XN), see Figure 14. Cellulose paper (Munksjö Thermo 70 natur) is 
wrapped around the cartridge heater and a temperature sensor are 
monitoring the temperature by the paper. Each experimental unit is inserted 
in an aluminium block, see Figure 15. The aluminium increases the heat 
dissipation so that the experimental unit cools down more rapidly 
subsequently to being inactive as well as it facilitates keeping the cartridge 
heaters at a specified temperature of 130 °C by the paper. The test tubes 
(GLASWARENFABRIK KARL HECHT) consist of 1,4 mm thick 
borosilicate glass with high temperature resistance and low thermal 
expansion. The test tubes are sealed using corks. 
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Figure 14: The components of an experimental unit 

 
 

 
Figure 15: Aluminium block 
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3.3.2 Controlling system 

The experimental setup consists of sixteen experimental units: five groups 
with three units in each group plus a dummy for the sake of symmetry. The 
five groups are listed in Table 7 along with its type and assigned load 
pattern. Each cartridge heater has a power of 200 W at 230 VAC. Each 
experimental unit is therefore modelled as a resistance R=264,5 Ω. Figure 
16 depicts the circuit diagram where the experimental units are coupled in 
pairs in parallel. The grey loads denote the three ordinary groups: group 1, 
group 2 and group 3. The orange and red loads denote the two control 
groups: group 4 and group 5 respectively. The purple load denotes a dummy 
for the sake of symmetry. Having two cartridge heaters coupled in series at 
230 VAC results in a power of 50 W in each which, according to the 
preliminary test, is sufficient to reach the desired temperature of 130 °C by 
the paper. The power to each cartridge heater is further reduced by sending 
control signals (PWM-signals) of 5 VDC pulses from a NI BNC-2120 to 
three solid-state relays (Comus 3-32 VDC 25 A) respectively. The solid-
state relays govern all loads belonging to each load pattern respectively, see 
Figure 16. The relays are placed in a plastic enclosure (310x240x110 mm) 
as a safety measure.  

The DAQ-system consists of four devices, depicted in Figure 17:  
• NI PXIe-1073 chassis 
• NI PXIe-6368 peripheral slot 
• NI BNC-2120 connector block 
• NI SCB-68 connector block 

 
The two connector blocks are connected to the chassis via the peripheral 
slot. Three digital outputs from the NI BNC-2120 governs the three load 
patterns respectively. Eight analog inputs from the NI BNC-2120 and eight 
analog inputs from the NI SCB-68 receives temperature signals from 
thermocouples (K-type) by the paper of each experimental unit.  
 

Table 7 The groups of the experimental setup 
 Subjected to LP# Type of group 

Group 1 1 ordinary group 
Group 2 2 ordinary group 
Group 3 3 ordinary group 
Group 4 1 control group 
Group 5 3 control group 
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Figure 16: Circuit diagram of the controlling system 

 

 
Figure 17: The DAQ-system; a) NI PXIe-1073 chassis, b) NI PXIe-6368 

peripheral slot, c) NI BNC-2120 connector block, d) NI SCB-68 connector 
block 
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3.3.3 Cartridge heaters 

Standard cartridge heaters typically have an upper cold-zone of about 15 
mm to terminate the cables. Immersing a cartridge heater vertically in a 
liquid medium requires the upper cold-zone of the cartridge to be partly 
immersed while connection cables are kept above the medium. If the warm 
zone is both under and above the surface of the liquid medium, the heating 
thread inside the cartridge will eventually break at the point of the surface 
due to a too high difference in temperature. The upper cold-zone is therefore 
extended to 40 mm to ensure that the cold zone can be partly immersed 
while keeping a safe margin between the liquid medium and the connection 
cables. The warm zone of the cartridge is 80 mm and the bottom cold zone 5 
mm adding up to a total length of 125 mm, see . The diameter of a Figure 18
cartridge is 10 mm. In addition, a standard flange is welded on top of the 
cartridge. The flange prevents the warm zone of the cartridge heater from 
touching the glass wall while keeping the cartridge centred inside the test 
tube. The cartridge heaters have a nominal resistance of 264,5 Ω (2302/200 
Ω) with a tolerance level of  
-5 % and +10 %. The tolerated range in terms of resistance is hence between 
251,28 Ω and 290,95 Ω. 22 cartridge heaters was ordered where the 
measured resistances of 19 of the cartridge heaters are listed in Table 8. 
Cartridge heater 1-13 is outside the resistance tolerance range. For the 
continuing work with the implementation of the experimental setup, 
cartridge heater 1-13 may therefore be sent back to the manufacturer in 
exchange for new ones within the range. Small deviations in resistance will 
severely affect the generated heat in the cartridges. However, the high 
resistance tolerance range makes it difficult to have similar resistance in all 
the 16 cartridges in the experimental setup. In the continuing work, the 
cartridge heaters are arranged so that the cartridge heaters in each load 
pattern are similar. The deviation between the load patterns are compensated 
for by adjusting the duty-cycles for the PWM-signals.  
 

Table 8: Measured resistances of 19 of the cartridge heaters 
Cartridge heater # Ohms [Ω] 

1 236,6 
2 239,3 
3 239,7 
4 241,5 
5 241,8 
6 242,3 
7 243,5 
8 244,6 
9 244,8 
10 246,0 
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11 246,7 
12 247,8 
13 248,8 
14 252,2 
15 267,5 
16 268,0 
17 268,7 
18 269,8 
19 278,5 

 
 

 
Figure 18: Dimensions of the cartridge heater 

 

3.3.5 Defining the time intervals 

The temperature by the paper will vary in the range between approximately 
22 °C (inactive load) and 130 °C (active load). The diffusion time constant 
is defined as (3) since the diffusion only occurs from one side. Assuming a 
paper thickness of 0,45 mm (see section 3.3.8), a moisture concentration of 
0,5 % and using the values for Ea and D0 for oil-impregnated paper in (1) 
for 22 °C and 130 °C yields diffusion time constants of 9,3 days and 9 
minutes respectively. The minimum time for inactive load is set to 10 days 
to both ensure moisture equilibrium and allow timeframes in the range of 
complete days. The minimum time for active load is set to two days to 
accelerate the cellulose ageing process.  An increasing moisture 
concentration will slightly reduce the diffusion time constant. The load 
pattern intervals in (7) are defined in Table 9. One cycle is thus 36 days 
long.  

For example, using non-thermally upgraded paper with an initial DP-
value of 1000, with 1,5 % moisture and solving (6) for DPend results in an 
end-DP of 231,4 subsequently to six cycles (216 days). A condition with 



39 
 

high presence of moist in paper in combination with an active load will 
occur at 18, 12 and 6 occasions for LP1, LP2 and LP3 respectively.  
 

Table 9: Load pattern intervals in (7) defined depending on corresponding 
diffusion time constants 

 Time intervals 
(load on) τ [days] Time intervals 

(load off) τ [days] 

LP1 t1, t3-t2, t5-t4 2 t2-t1, t4-t3, t6-t5 10 
LP2 t1’, t3’-t2’ 3 t2’-t1’, t4’-t3’ 15 
LP3 t1’’ 6 t2’’-t1’’ 30 

3.3.6 Programming the DAQ-system 

The DAQ-system is programmed in LabVIEW which is a system-design 
platform for a visual programming language. The development environment 
consists of a block diagram and a front panel. The block diagram for the 
programming structure of one load pattern and the front panel is depicted in 
Figure 19 and Figure 20 respectively. The loop structure of one load pattern 
consists of five while-loops and two flat-sequence structures. In LabVIEW, 
a while-loop iterate at least once. The code within its frame is repeated until 
a specified condition occurs which is defined in a designated condition 
terminal. A flat-sequence structure consists of one or more frames that 
execute sequentially from left to right. The coding for active load is placed 
within the while-loop inside the first frame of the larger flat-sequence 
structure. The coding for inactive load is placed within a while-loop inside a 
second frame of the larger flat-sequence structure. Inside the while-loop for 
active load, the second and smaller flat-sequence structure holds two 
separate while-loops which include coding for switching the relay, i.e. to 
create the PWM-signal. With the exception of the lamp indicators, all 
coding for the controlling system is placed within a large while-loop. The 
time targets for active- and inactive load is set in accordance with the 
defined load pattern intervals in Table 9. The key blocks of the active load’s 
flat sequence structure frame are numbered in Figure 19a) and are shortly 
explained below.  

1) a) Elapsed-time-block (for active load) 
Indicates the amount of time (s) that has elapsed since its adjacent 
while-loop is active. Has a time target (s) as input, i.e. the amount of 
time the load is active. Sends a signal to the condition terminal of the 
adjacent while-loop when the elapsed time is greater than the time 
target which allows the code to proceed into the second larger flat 
sequence structure frame. Has elapsed time (s) as output which is 
used as indicators (elapsed time and time left) on the front panel.  
 

b) Elapsed-time-block (for inactive load) 
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Indicates the amount of time (s) that has elapsed since its adjacent 
while-loop is active. Has a time target (s) as input, i.e. the amount of 
time the load is inactive. Sends a signal to the condition terminal of 
the adjacent while-loop when the elapsed time is greater than the 
time target which allows the code to proceed back to the first larger 
flat sequence structure frame. Has elapsed time (s) as output which 
is used as indicators (elapsed time and time left) on the front panel.  
 

2) a) Elapsed-time-block (for relay closed) 
Has a time target (s) as input, i.e. the amount of time the relay is 
closed. Sends a signal to the condition terminal of the adjacent 
while-loop when the elapsed time is greater than the time target. 
 

b) Elapsed-time-block (for relay open) 
Has a time target (s) as input, i.e. the amount of time the relay is 
open. Sends a signal to the condition terminal of the adjacent while-
loop when the elapsed time is greater than the time target. 
 

3) a) DAQ assistant (for relay closed) 
Block representing a digital output from the NI BNC-2120. The 
local variable True creates an output signal of 5 VDC from the 
digital output if being in the current while-loop. The 5 VDC signal 
closes the relay. 
 

b) DAQ assistant (for relay open) 
Block representing the same digital output as 3a) and 3c) from the 
NI BNC-2120. The local variable False creates no output from the 
digital output if being in the current while-loop. This mode opens the 
relay. 
 

c) DAQ assistant (for relay open) 
Block representing the same digital output as 3a) and 3b) from the 
NI BNC-2120. The local variable False creates no output from the 
digital output if being in the current while-loop. This mode opens the 
relay. 
 

4) a) Local variables representing the lamp indicators. Is set True and 
False when the adjacent while-loop is active and inactive 
respectively.  
 

b) Local variable representing the switching indicator. Is set True 
and False if the relay is closed or open respectively. 
 

c) Lamp- and LED indicators. The lamps indicate on the front panel 
whether the load is active (green lamp on) or inactive (red lamp on). 
The LED indicates on the front panel whether the relay is closed 
(LED on) or open (LED off). 
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Figure 19: a) Block diagram of the programming structure for LP1, b) Block 

diagram of the temperature-logging system 
 
The loop structure of the temperature-logging system consists of a while-
loop and a for-loop, see Figure 19b). The components of the temperature-
logging system are marked in Figure 19b) and are shortly explained below: 

1’) DAQ assistant (for receiving temperature signals) 
DAQ assistant receiving temperature signals from thermocouples 
connected to eight analog inputs from the NI BNC-2120 and eight 
analog inputs from the NI SCB-68. 
 

2’) Waveform chart 
Enables a waveform chart on the front panel which shows the 
sixteen temperature signals in a graph. 
 

3’) Collector 
Stores the temperature signals from each iteration as data points in 
an array. 
 

4’) Write to measurements file 
Writes the data from the collector to a text-based measurement file. 
A new file is generated when the iteration count has reached the 
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maximum number of iteration. 
 

5’) Time delay 
Defines the iteration time (s) between the samples. 

  

The components of LP1 on the front are marked in Figure 20 and are shortly 
explained below: 
 

1’’) Lamp indicator 
Indicates with a green light if the load is active, red when inactive.  
 

2’’) Time indicators 
Shows the elapsed time since the load was activated and the time 
left before being deactivated respectively. 
 

3’’) Switching LED 
Indicates whether the relay for LP1 is closed (LED on) or open 
(LED off). 
 

4’’) Iteration controls 
Enables control of the sample iterations and when to generate new 
measurement files. 
 

5’’) Waveform chart 
Shows the temperature signals in a graph. 
 
 

 
Figure 20: Front panel of the controlling system 
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3.3.7 Preparing the samples 

The paper (Munksjö Thermo 70 natur) is cut in 15 strips (75x150 mm). The 
strips are dried at 90 °C overnight in a vacuum oven. When removed from 
the oven, the strips are swiftly immersed with transformer oil (Nytro 10 XN) 
to prevent the paper from absorbing moisture. Each strip is placed in a test 
tube along with 120 ml of transformer oil. The initial moisture concentration 
in the paper should be around 0,1 – 0,3 % if the drying process is done 
correctly. It is not necessary to measure the initial moisture content in the 
paper if all samples have been treated equally. The preparation of the 
samples is done in accordance with a suggested procedure in the industry 
[27]. To minimize the initial oxygen content the test tubes may be degassed 
with argon before being sealed. The oxygen gets released from the oil. 
Argon is denser than air and displaces oxygen close to the surface of the oil 
and hence removes the oxygen from the air pocket. Additional moisture 
content can be added to the oil with a pipette and placed in durable 
containers in shaking apparatus to ensure that the water is completely 
dissolved in the oil. 

3.3.8 Assessing cellulose degradation 

As already being mentioned in section 2.3.8, transformer diagnostics is 
generally done through indirect measurements by sampling and analysing 
transformer oil [26]. A wide range of indirect measurements are therefore 
available. Subsequently to the ageing experiment, the experimental units 
will be sent for analysis to ABB’s laboratory for transformer diagnostics in 
Ludvika. Following tests are proposed to be carried out where the numbers 
in brackets specifies the minimum volume of required oil [27]: 

• Dissolved gas analysis (DGA) [16 ml] 
• Furans-related products [10 ml] 
• Acid number [6 ml] 
• Moisture content [10 ml] 
• Methanol [oil from previous tests can be reused] 
• Ethanol [oil from previous tests can be reused] 

The minimum volume of oil required to carry out the indirect measurements 
accumulates to 42 ml. The experimental unit is designed so that the oil can 
be extracted while keeping the paper samples completely immersed.  

For direct measurements, DP and moisture content have been revised 
which requires 0.8 g and 3 g of paper respectively [27]. However, since 
moisture content is the oil is evaluated subsequently to moisture 
equilibrium, an additional test for moisture content in the paper is 
redundant. Thus, the amount of paper is minimized which yields a lower 
diffusion time constant. The paper (Munksjö Thermo 70 natur) has a density 
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of 72·10-6 g/mm2 and a thickness of 90·10-3 g. The warm zone of the 
cartridge heater is 80 mm. Utilizing 75 mm of the warm zone, a paper 
sample of 0.8 g requires a length of 148 mm. In other words, five layers of 
paper wrapped around the cartridge heater is adequate for a single DP-test. 
The paper thickness is thus 0,45 mm in total. The paper is mounted tightly 
around the cartridge heater by using metal wires.  

3.3.9 Experimental equipment 

The required equipment for the experimental setup are summarized and 
listed in Table 10. 
 

Table 10: List of equipment for the experimental setup 
Number 
of units Unit Specification Dimensions 

15 Cellulose paper Munksjö Thermo 70 
natur 75x150 mm 

 Transformer oil Nytro 10 XN v: 2000 ml 

16 Cartridge heater IHP 
230 W 230 VAC  

16 Test tube 
GLASWARENFABRIK 

KARL HECHT 
Borosilicate glass 

th: 1,4 mm 
d: 38 mm 
l: 200 mm 

16 Cork   
16 Aluminium block   
16 Temperature sensor K-type  

3 Solid-state relay Comus 
3-32 VDC 25 A  

1 NI PXIe-1073 chassis National Instruments  

1 NI PXIe-6368 
peripheral slot National Instruments  

1 NI BNC-2120 
connector block National Instruments  

1 SCB-68 connector 
block National Instruments  

8 BNC-adapter BNC male to dual 
binding posts  

1 Plastic enclosure  310x240x110 
mm 

 PVC-isolated wire Black d: 1.5 mm2 
 PVC-isolated wire Blue d: 1.5 mm2 
6 Cable gland M12  d: 2-7 mm 
6 Counter nut  d: 1,5 mm 
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24 Terminal block  d: 0,5-4 mm2 
 Ring terminals   
1 Overvoltage protection   
1 Vacuum oven   

 

3.4    Tests 
One preliminary test concerning one experimental unit is described in 
section 3.4.1. Two investigative tests concerning the controlling system are 
described in section 3.4.2. 

3.4.1 Preliminary test of one experimental unit 

The preliminary test involves one single experimental unit. One 
experimental unit consists of a cartridge heater immersed in a glass 
container filled with mineral oil, see Figure 14. The glass container is 
immersed in a water bath. Cellulose paper is wrapped around the cartridge 
heater. The oil is directly exposed to the ambient air. Desired outcomes of 
the preparatory test are to explore: 

• If the experimental setup is practically feasible 
• What amount of power to the cartridge heater is appropriate to 

obtain a temperature of 130 °C by the paper 
• How the temperature in the water bath is affected when the load is 

active 

In the first stage of the preparatory test the cartridge heater (230 VAC 400 
W) was placed inside an aluminium tube filled with a heat transfer 
compound. The reason for using the aluminium tube was because it was not 
certain whether the cartridge was completely sealed so it could be immersed 
in oil. The aluminium tube was immersed in oil (Nytro 10 XN) and fed by a 
variable transformer (ISKRA MA4804). Cellulose paper (Munksjö Thermo 
70 natur) was wrapped around the aluminium tube and temperature sensors 
(TC-08 USB) were monitoring the temperature inside the cartridge, inside 
the paper, in the oil, in the water and in the ambient air. The cartridge heater 
was fed by 0,53 A and 70 V until the temperature by the paper reached 130 
°C. Then the variable transformer was turned off whereupon the system 
cooled down so that the temperature by the paper almost reached 
equilibrium temperature. The test was repeated without the aluminium tube. 
The results from the tests are listed in Table 11. The temperature in the 
water bath increased from 21,2 °C to 24,7 °C during the experiment.  
 

Table 11: Results from the preliminary test 
 Initial temp. 

by paper 
End temp. 
by paper 

Current 
(A) 

Voltage 
(V) 

Time 
(s) 
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With alu. 
Tube 

23,5 °C 130 °C 0,53 70 418 
128,5 °C 23,5 °C 0 0 2777 

Without 
alu. Tube 

21,7 °C 130 °C 0,53 70 97 
130 °C 23,1 °C 0 0 2145 

 

3.4.2 Investigative tests of the controlling system 

In the first test, the controlling system in LabVIEW was run as the three 
digital outputs from the NI BNC-2120 connector block was connected to an 
oscilloscope. The three generated PWM-signals was observed on the 
oscilloscope and confirmed by the indicators on the LabVIEW front-panel.  

In the second test, the controlling system in LabView was run as two 
experimental units were connected in series to one digital output of the NI 
BNC-2120 connector block. The temperatures by the paper were monitored 
on the waveform chart on the LabVIEW front-panel. The data was stored in 
text-based measurement files governed by the iteration controls. According 
to the two investigative tests, the controlling system worked satisfactorily.  
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4    Discussion 
Some challenges remain. When using cartridge heaters for generating the 
heat, the number of wrapped layers of paper is limited since the heat 
decreases radially away from the heated surface of the cartridges. The 
temperature will differ between the layers and it is desirable to have as small 
variation as possible between the outer and inner layer. Furthermore, the 
amount of paper should be small to allow a small diffusion time constant. 
This suggests having a single direct DP-test resulting in 0,8 g of paper. The 
paper should be kept non-exposed to the ambient air at all times. The 
configuration of the cartridge requires 75 ml of oil to immerse the warm 
zone of which the paper is wrapped around. In addition, 42 ml of oil must be 
added for the indirect measurements accumulating to a total volume of at 
least 117 ml in each experimental unit. 0,8 g of paper and 117 ml of oil 
leads to a paper-oil-ratio of 6,9 mg of paper per ml of oil. The proposed 
paper-oil-ratio of 53 mg of paper per ml of oil is not possible to comply 
with. However, the ratio can be slightly improved by excluding one or more 
of the indirect measurements. Furthermore, the connecting cables for the 
cartridge heater and the temperature sensor need to enter each experimental 
unit which impedes keeping the test tubes completely tight.  

Using an oven and glass vials are advantageous for ageing-experiments 
in two aspects. Firstly, it allows a paper-oil-ratio closer to a real transformer 
since the amount of paper is not as limited while the amount of oil can be 
confined to the required volume of the indirect measurements. Secondly, no 
wires need to enter the container. The glass vials can be completely sealed 
by using corks with multiple septa [27]. However, the two foremost 
disadvantageous of using an oven for this application are more severe. 
Firstly, since no sensor is monitoring the temperature by the paper it 
provides no data on the hot-spot temperature which is an important 
component in the thermal models of DTR. Secondly, a simple oven cannot 
generate intermittent temperature patterns. Even if the oven is 
programmable it cannot implement three load patterns at the same time. To 
manually remove and insert the samples from and into the oven is not 
desirable since the experiment should proceed automatically without human 
interference.  

Instead of using 200 W 230 VAC cartridge heaters, 400 W 230 VAC 
may be preferable. Thus, each group consisting of three cartridge heaters 
can be coupled in series by three and still have enough power (400/32 = 44,4 
W) to obtain the desired temperature by the paper of 130 °C. It will allow a 
more overviewed and effective system since each group can be coupled in 
series and no dummy is needed.  

As being mentioned in section 2.3.10, opinions are divided on whether 
the furan compounds are directly correlated with DP [27]. In the proposed 
experimental setup in this thesis however, furan content may be used as an 
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indicator of the rate of paper degradation since all samples are treated 
equally.  
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5    Conclusions and future work 
5.1 Conclusions 

The main objective of this thesis is to design an experimental setup to 
investigate the effect of intermittent load patterns in combination with 
moisture content on cellulose ageing. The experimental setup is designed 
and partly built with the primary focus being on the hardware and 
programming of the controlling system. The controlling system was 
examined in two investigative tests where it performed satisfactorily. This 
thesis suggests how to prepare the samples and what direct- and indirect 
analysis to apply to the oil and paper. Number of days for active- and 
inactive load of the load patterns is proposed.  

As being mentioned in chapter 4, the paper-oil-ratio for the experimental 
setup proposed in this thesis differs compared to ageing-experiments 
conducted in the industry. For paper-ageing experiments in general it is of 
importance to imitate the processes occurring in a transformer where the 
paper and oil have a certain ratio and oxygen content is undesirable. For the 
experimental setup in this thesis however, the primary aim is to investigate 
whether an intermittent load pattern in combination with moisture content 
have a considerable detrimental effect on cellulose ageing. The effect does 
not necessarily have to be quantified and completely applicable to 
transformers at this stage. More importantly is to ensure that all samples are 
treated equally to conclude whether a difference in ageing between the 
sample groups are apparent. If the results call for further investigations, the 
experimental setup may be improved so that the ageing process has more 
resemblance with a transformer. 

The primary aim of this project is to investigate whether an intermittent 
load pattern in combination with moisture content have a considerable 
detrimental effect on cellulose ageing. Future results from the experiment 
may be useful to further understand the underlying factors limiting 
transformer diagnostics. Moreover, future results may potentially contribute 
to improve the thermal models used for DTR  

5.2 Future work 

It is of interest to examine how deviation in resistance among the cartridge 
heaters affects the outcome in terms of hot-spot-temperature. For future 
work, it is suggested to investigate this correlation in a series of preliminary 
tests. It is of great importance that the duty-cycles for the outputs of the 
controlling system are thoroughly tuned. This is because the duty-cycles are 
compensating for the deviation in resistance between the groups of cartridge 
heaters. These tests may also investigate what the maximum temperature is 
by the paper and glass walls when having the cartridge heaters coupled in 
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series by two at full power. This is to evaluate the need of an over-
temperature-protection (OTP) system. Possible technical solutions of an 
OTP-system are briefly mentioned in section 3.1.2.  

An additional preliminary test is suggested to be carried out for a single 
group of experimental units and for the duration of one cycle. Then 
assessing the direct- and indirect tests to evaluate to what extent all samples 
are treated equally, how well the containers are sealed and whether the 
assumed drop in DP corresponds to the actual value.  

Moreover, future work needs to define the dimensions of the aluminium 
blocks and the amount of added moisture content to the three ordinary 
groups and the two control groups respectively.  
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