Trond Ivar Kopperud

Dynamic Current Rating of Power
Transformers

The effect of maximum temperature and thermal

ageing

— D = > o
5 IS
2 £S5 June 2021
E ZEC k) une
< o < £
<3} > O >
= EF o g
o :"U w
el cC Cc
3 £ a
o S
2 o o
= Es

]

Faculty of Information Technology and Electrical
Department of Electric Power Engineering

\/

@NTNU @NTNU

Norwegian University of Norwegian University of
Science and Technology Science and Technology






@NTNU

Norwegian University of
Science and Technology

Dynamic Current Rating of Power
Transformers

The effect of maximum temperature and thermal ageing

Trond Ivar Kopperud

Master of Science in Electric Power Engineering
Submission date: June 2021
Supervisor: Erling Ildstad

Norwegian University of Science and Technology
Department of Electric Power Engineering






This thesis is dedicated to my parents and brother.
For their endless support and encouragement.




Sammendrag

Pa grunn av forventet gkning i kraftbehov og bruk av fornybare energikilder i fremtiden,
er det et press for a undersgke metoder til & gke effektiviteten til eksisterende nettinfras-
truktur. Smart grid konsepter slik som dynamisk termisk vurdering av belastningsevne
representerer en mulighet for & utnytte den virkelige kapasiteten til transmisjonsnettet.
Tradisjonelle statiske belastningsevner er basert pa de verste verforholdene til kraftutstyr.
Dynamiske vurderinger bruker malt belastning og miljgparametere for a bestemme den
faktiske belastningsevnen i sanntid.

I denne oppgaven undersgkes dynamisk strgmbelastning av krafttransformatorer. De kri-
tiske parameterne for a bestemme den dynamiske vurderingen er viklingens hot-spot tem-
peratur og papirisolasjonens slitasje. En simuleringsmetodikk er utviklet i Matlab Simulink
for & utfgre dynamiske termiske beregninger. Metoden simulerer forventet forbigaende
temperaturer og termisk aldring i transformatoren. En 300 MVA krafttransformator blir
undersgkt i diverse casestudier med forskjellige overbelastningsstrgmmer og varforhold.

Resultatene viser at den undersgkte transformatoren kan overbelastes kontinuerlig med
opptil 110% gkt strgm, avhengig av omgivelsestemperaturen. Transformatoren kan bet-
jenes trygt under 140°C. Hgyere temperaturer kan fgre til dannelse av gassbobler i trans-
formatoroljen. Overbelastning med 50% og mer gkt strgm overstiger anbefalingene for
strgmbelastning av store krafttransformatorer etter dagens industrielle standarder. Et-
tersom dynamiske vurderingssystemer for transformatorer blir mer utbredt i fremtiden,
foreslas det at gjeldende belastningsanbefalinger bgr revideres.

Studier av termisk aldring antyder at overbelastning med 50% gkt strgm ved 0°C om-
givelsestemperatur og mer reduserer levetiden til transformatoren. Derfor ma det innfgres
en tidsbegrensning hvis transformatorkapasiteten skal bevares. Optimalisering av papiriso-
lasjonens levetid er den viktigste utfordringen i implementering av dynamiske transforma-
torvurderinger. Det er stort potensiale for a gke kapasitetsbruken av transformatorer i
regioner med kaldt ver som Norge.




Abstract

Due to expected increase in power demand and use of renewable energy sources in the
future, there is a pressure to investigate methods to increase the efficiency of existing grid
infrastructure. Smart grid concepts such as dynamic thermal ratings represent an opportu-
nity to utilize the true capacity of the transmission network. Traditional static ratings are
based on the worst weather conditions of power equipment. Dynamic ratings use measured
load and environmental parameters to determine the actual loading capability in real-time.

In this thesis, dynamic current rating of power transformers is investigated. The critical
parameters to assess the dynamic rating is the winding hot-spot temperature, and the pa-
per insulation loss-of-life. A simulation methodology is developed in Matlab Simulink to
conduct dynamic thermal rating calculations. The methodology simulates expected tran-
sient temperatures and thermal ageing in the transformer. A 300 MVA power transformer
is examined in various case studies with different overload currents and ambient weather
conditions.

Results show that the examined transformer can be overloaded continuously with up to
110% increased current, depending on the ambient temperature. The transformer can be
operated safely under 140°C. Higher temperatures can lead to gas bubble formation in the
transformer oil. Overloading with 50% and more increased current exceeds recommenda-
tions for current loading of large power transformers by present day industrial standards.
As dynamic rating systems of transformers become more prevalent in the future, it is pro-
posed that the current loading recommendations should be revised.

Thermal ageing studies suggest overloading with 50% increased current at 0°C ambient
temperature and above reduces the life expectancy of the transformer. Therefore, a time
limit must be introduced if the transformer capacity is to be preserved. Optimizing the
paper insulation life is the main challenge in implementing dynamic transformer ratings.
There is great potential for increasing capacity usage of transformers in cold weather re-
gions like Norway.
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Chapter

Introduction

1.1 Motivation

The Master thesis is a continuation of the specialization project work "Dynamic rating of
transformers” [1]. Relevant background information described in the project work is re-
used and amended with new information in the thesis work.

Due to expected increase in power demand and use of renewable energy sources in the fu-
ture, there is a pressure to investigate methods to increase the efficiency of existing electric
grid infrastructure [2]. Smart grid concepts such as dynamic thermal ratings represent an
opportunity to utilize the true capacity of the transmission network [3].

Traditional static ratings of power equipment are based on the worst case weather condi-
tions, and are therefore conservative estimates of its loading capability. Dynamic thermal
ratings or real-time ampacities assess the actual rating of the equipment. This is done with
the assistance of measured loads and environmental parameters. The information is often
accessible through the Supervisory Control and Data Acquisition (SCADA) system of net-
work utilites. Dynamic rating systems enable transmission system operators to use the true
loading capability of power equipment in real-time. This opens up avenues for increasing
power transfer in the electric grid, without much investment to existing infrastructure [4].

Industry organizations such as the Institute of Electrical and Electronics Engineers (IEEE)
and the International Electrotechnical Commission (IEC) suggest the use of dynamic ther-
mal models. These are applicable for three main power components in the electric grid:
power lines, cables and transformers [4]. Findings in [5] suggested that using dynamic
thermal ratings could increase the average current rating of power transformers from 1.06
to 1.10 times compared to the conservative static rating.




Chapter 1. Introduction

Power transformers account for the the largest share of capital investments in transmission
substations. One of the advantages of applying thermal models to transformers is that the
parameters are available from conventional heat run tests performed by the manufacturer.
One of the key parameters tied to the life expectancy of the transformer is the winding
hot-spot temperature [6].

The life expectancy of the transformer relates to the rate of deterioration of the insulation
material [7]. The current load and the weather conditions govern the heat balance of the
transformer. This affects the life expectancy and thereby the transformer capacity. The
winding hot-spot temperature and the resulting paper insulation loss-of-life are therefore
critical parameters for assessing dynamic thermal ratings of transformers [2].

1.2 Task description

The objective of this thesis is to investigate dynamic current rating of power transformers.
The main tasks are as follows:

e A literature survey, forming the base for dynamic thermal rating calculations and
determining the effect of thermal ageing.

e Develop a simulation methodology for estimating transient expected maxiumum
temperature and ageing due to selected transformer loads.

e Present selected case studies and discuss results and validity of the approach.

1.3 Thesis structure

The thesis is structured as follows:

e Chapter 2 gives an overview of the transformer, the dynamic rating definition and
examples of dynamic transformer rating technologies.

e Chapter 3 presents the theoretical basis for calculation methods used to estimate
transient temperatures and paper insulation loss-of-life.

e Chapter 4 presents a simulation methodology using Matlab Simulink.

e Chapter 5 presents results and discussions of selected case studies, including validity
of the methodology.

e Chapter 6 presents concluding remarks and suggestions for future work.




Chapter

Literature review

In this chapter, a literature review is presented to give an overview of the transformer, the
dynamic rating definition and some examples of dynamic transformer rating technologies.

2.1 Transformer introduction

The transformer is a static device that transfers electric energy from one circuit to another
and changes the voltage level. The transfer of energy is done by using electromagnetic in-
duction without changing frequency. Historically, the transformer was a key component in
enabling the use of alternating current (AC) systems for the transmission and distribution
of electric energy in the electric grid.

Figure 2.1: Oil-immersed power transformer [8]

The energy transfer process involves the electric energy first being received by the primary
winding of the transformer equipment, where the electric energy is electromagnetically
converted into magnetic energy, and subsequently reconverted back to electric energy in

3



Chapter 2. Literature review

the secondary winding. The primary and secondary windings are not connected electri-
cally due to this phenomena. Depending on the specific application, it is referred to as a
step-down or step-up transformer. The step-down transformer downscales the secondary
voltage relative to the primary voltage, while the step-up transformer upscales the sec-
ondary voltage relative to the primary voltage [9].

2.1.1 Heat generation and cooling modes

Heat is generated in the transformer as the equipment is loaded with current as a result
of resistive and other losses. The losses are generated in the transformer windings. This
heat is transferred away from the windings to the oil in the transformer, which is used as a
cooling medium. Transformer o0il does not degrade significantly at operating temperatures
below 140°C. The paper insulation material in the transformer begins degrading at oper-
ating temperatures above 80°C. As the operating temperature exceeds 90°C and more, the
degradation increases more severely [10]. Larger transformers use heat exchangers such as
radiators that are mounted beside the oil tank to cool the oil. Table 2.1 below lists several
cooling modes used by transformers.

Table 2.1: Cooling modes [11]

Cooling class Definition
ONAN Oil Natural-Air Natural
ONAF Oil Natural-Air Force
OFAF Qil Force-Air Force
OFOD Oil Force-Qil Directed

ONAN dissipates heat from the oil to the atmosphere. The oil is circulated naturally
through the windings and heat exchanger. The heat exchanger is cooled externally with
natural air. ONAF continues to use natural circulation of oil, but the air flow is forced
to the surface of the heat exchanger by using fans, thus increasing the heat transfer rate.
OFAF increases the heat transfer further by forcing oil circulation with pumps, and fans
continue to blow air on the surface of the heat exchanger to maximize heat dissipation.
When the oil circulation is forced through the windings, it is considered as “Directed
Flow” and identified by the ODAF cooling mode. Conversely the oil flow is considered to
be "Non-Directed” when it is forced to flow freely in the oil tank [11].

Figure 2.2: Cooling modes ONAN (a), OFAF (b) and ODAF (c) [12]




2.2 Dynamic transformer rating

2.2 Dynamic transformer rating

Before the introducing the dynamic transformer rating (DTR), it may be insightful to re-
view the definition of the static transformer rating (STR). The STR is a conservative rating
based on the worst case operating conditions of the transformer equipment. This is known
as the steady-state rating, as there is no specified time limit to the rating. Commonly it
is also referred to as the name-plate rating of the equipment, given in volt-amperes (VA)
or amperes (A). Figure 2.3 below shows the name-plate of a 800kVA transformer. The
thermal rating is known as a transient or “emergency” rating when there is a specified
time limit (in minutes or hours) [13]. The IEEE C57.91 loading guide for oil-immersed
transformers provides guidelines for operating the transformer at these emergency ratings.
The loading guide also recommends that transformers with an average winding rise tem-
perature 65°C is assigned a reference operating temperature 110°C. Thus, this operating
temperature is the design value that is used when assigning the name-plate rating of the
transformer. For the design the ambient temperature is assumed to be 30°C [7].

TRANSFORMER TO BS. 171/1970
POWER (KVA) TYPE OF INSULATING LiouD [ 0iL )
: Hy.[11000 (2

WSULATION LeveL (kwmsy "V 28
Lv.
ISULATING LIOUD TEMP RISE *c [ 55 ] |
DING TEMPERATURE RISE

Figure 2.3: Name-plate of a 800kV distribution transformer [14]
The name-plate rating of the transformer with a 65°C average winding rise is defined as
the loading the transformer is able to deliver continuously at:
e Rated frequency
e Rated secondary voltage
e Continuous winding hot-spot rise above ambient temperature 80°C
e Continuous ambient temperature 30°C

Adding the winding hot-spot rise and ambient temperature results in the 110°C operating
temperature design value. This operating temperature is the hot-spot temperature of the
transformer, and the limiting factor of the transformer loading capability [7].
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With the conventional static rating properly defined, the dynamic rating can be introduced
next. Lachman et al. defines the dynamic transformer rating as the following:

”The maximum loading which the transformer may acceptably sustain under time-varying
load and/or environmental condition” [15].

The definition suggests that the true current rating of the transformer will be different from
the conventional name-plate rating, as the real operating conditions differ from design
conditions. Consider that on any given day where the ambient temperature is below the
designated design value 30°C, the loading capability will be higher than the name-rating
would imply. Conversely this also means that in the event that the ambient temperature
exceeds 30°C, the loading capability will be lower than the name-plate rating. The usage of
dynamic rating is dependent on the local weather conditions. Real-time data is necessary
to compute the dynamic rating as environmental conditions can change at any given time
interval [16].

2.2.1 Risks when loading beyond name-plate rating

It is important to review the risks associated with increasing the current loading of the
transformer beyond its conventional name-plate rating. The increased loading results in a
higher hot-spot temperature during operation, which subsequently accelerates the ageing
of the paper insulation in the transformer. In general, subjecting the equipment to increased
stresses could damage the transformer. Some of the consequences from loading beyond
the name-plate rating include:

e Winding, insulation and oil temperatures increase and could exceed critical levels.

e Leakage flux density outside the core increases, resulting in increased eddy-currents
heating metallic parts.

e Temperature changes cause change in moisture and gas content in the insulation and
oil.

e Bushings, tap-changers, cable-end connections and current transformers can exceed
design values due to increased stresses.

The IEC-60076-7 loading guide issues recommendations for overloading the transformer
with respect to limits to current loading and hot-spot temperature values. These are divided
into three loading types: normal cyclic loading, long-time and short-time emergency load-
ings. The recommended current loadings are listed in Table 2.2 on the next page. Industrial
standards recommend that these current load limits should not be exceeded even if the tem-
perature limits are not reached [17].

Table 2.3 on bottom of the next page lists the maximum hot-spot temperature limits pro-
vided by IEC. When the transformer is operated under the emergency loading types, there
is risk of hazard. During a short-time emergency load, the conductor hot-spot could in-
crease to a level where the dielectric strength of the transformer is temporarily reduced.

6



2.2 Dynamic transformer rating

Table 2.2: Recommended current loading limits applicable to loading beyond name-plate rating by

1IEC [17]

. Small Medium power | Large power
Loading type transformers transfornll)ers trangsfoI;'mers
Normal cyclic loading
Current [p.u.] \ 1.5 \ 1.5 \ 1.3
Long-time emergency loading
Current [p.u.] \ 1.8 \ 1.5 \ 1.3
Short-time emergency loading
Current [p.u.] \ 2.0 \ 1.8 \ 1.5

The reason is that hot-spot temperatures exceeding 140°C in a transformer with moisture
content equals to 2% of the winding insulation, increases the likelihood of gas bubble for-
mation in the oil. This in turn causes the loss of dielectric strength. In such circumstances
this is weighed against the risk of potentially losing power supply in the electric grid,
should the loss of dielectric strength result in a failure. The short-time emergency load-
ings are rarely used due to the risks, and the transformer should be disconnected from the
electric grid to prevent failure. 140°C hot-spot temperature in normal cyclic loading and
long-time emergency loading is therefore the upper temperature limit that the transformer
can acceptably sustain in the context of dynamic transformer ratings [17].

Table 2.3: Maximum temperature limits applicable to loading beyond name-plate rating by IEC [17]

Loading type Small Large and medium
Transformers | power transformers

Normal cyclic loading

Winding hot-spot temperature and metallic parts

. . S . . 120 120

in contact with cellulosic insulation material [°C]

Other metallic hot-spot temperature 140 140

(in contact with oil, aramid, paper, glass fibre materials) [°C]

Inner core hot-spot temperature [°C] 130 130

Top-oil temperature, in tank [°C] 105 105

Long-time emergency loading

Winding hot-spot temperature and metallic parts 140 140

in contact with cellulosic insulation material [°C]

Other metallic hot-spot temperature 160 160

(in contact with oil, aramid, paper, glass fibre materials) [°C]

Inner core hot-spot temperature [°C] 140 140

Top-oil temperature, in tank [°C] 115 115

Short-time emergency loading

Winding hot-spot temperature and metallic parts 160

in contact with cellulosic insulation material [°C]

Other metallic hot-spot temperature 180

(in contact with oil, aramid, paper, glass fibre materials) [°C]

Inner core hot-spot temperature [°C] 160

Top-oil temperature, in tank [°C] 115
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2.3 Examples of dynamic transformer rating technologies

Dynamic transformer rating (DTR) technology is relatively new with few applications in
real power systems. Dynamic line ratings (DLR) are being implemented on a large scale
in the industry, while more research and work in general is necessary for DTR. DTR func-
tions similarly to DLR, but the transformer is more complicated than power lines [18].

In 2011, the utility company Unison Networks began installing a DTR system on its cata-
logue of power transformers in the distribution grid in New Zealand. The utility company
developed an in-house DTR system that was implemented on 50 power transformers with
a name-plate rating above 5 MVA. The system uses network sensors that measure the load
current, top-oil temperature, ambient temperature and also provides the cooling mode and
tap position of the transformers. Figure 2.4 below shows a flowchart of the algorithm.
These are sampled through the Supervisory Control and Data Acquisition (SCADA) sys-
tem, and calculation methods from industrial standards are subsequently used to estimate
the hot-spot temperature and loss-of-life of paper insulation. The in-house algorithm then
determines a real-time DTR based on these parameters. Thermal models from industrial
standards use parameters that can be found by running conventional heat-run tests of the
transformer. The Unison DTR system stores these parameters as they differ between the
individual transformers in their portfolio [16].

TopOil
Temperature

Ambient
Temperature

Tap position

Cooling
operation

Figure 2.4: Flowchart for DTR algorithm used by Unison Networks [16]

Daminov et al. [19] investigated the DTR concept as a control task by employing receding
horizon control (RHC) or model predictive control. In short, the RHC is a closed-loop
system that that treats the thermal model from industrial standards as an object that is sub-
jected to an optimization task. The control system is fed a forecasted daily load profile as
an input and predicts the trajectory of the loading cycle, with limits to hot-spot tempera-
ture and paper insulation loss-of-life as the optimization constraints for the control system.

Zarei et al. [2] investigated using DTR for a sizing approach. In 2016, a transformer used
in wind power applications was monitored for the duration of the year. Load and ambi-
ent temperatures were measured, and thermal models from industrial standards were used
to estimate hot-spot temperatures and subsequently calculate the loss-of-life for the time
period. The findings showed loss-of-life amounted to 22% of the monitored year of op-
eration. This enabled suggestions for improvements such as decreasing transformer size,
increasing wind farm size, and increasing upper operating temperature limits.
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Theoretical background

In this chapter, the theoretical background for calculation methods used in the thesis are
presented. First, methods to estimate transient temperatures temperatures are presented,
followed by methods to estimate loss-of-life in paper insulation as a result of thermal
ageing.

3.1 Hot-spot temperature

As the name implies, the hot-spot temperature is the temperature of the hottest sections of
the transformer, located at the transformer windings. The hot-spot temperature quantity is
of critical importance to estimate the transformers dynamic loading capability [21].

Computational fluid dynamics (CFD) can be used to estimate the hot-spot temperature.
The CFD model simulates the heat distribution and oil flow in the transformer windings.
This is done by using numerical software to model the electromagnetic, fluid and thermal
fields in the equipment [22]. A requirement for applying this method is that the con-
structed model will need to be tailored towards the specific transformer design. Thus, a
CFD approach to estimating hot-spot temperatures cannot be used for the purpose of online
monitoring of the transformer. Online monitoring systems are considered to be indepen-
dent from the equipment. Lastly, CFD modeling requires large amounts of computational
power and is time-consuming [23].

Monitoring approaches to obtaining thermal ratings are divided into direct and indirect
methods. Direct monitoring involves using sensors placed in the winding to measure the
hot-spot temperature directly [24]. Direct measurement is the most accurate monitoring
method, provided that sensors are available. However, one issue that should be noted is
that the hottest section of the transformer winding is not necessarily where the sensor is
located. This could result in measurement errors. One way to alleviate this concern is to
place several sensors in the area where the hot-spot section is expected to be during the
manufacturing process [25].
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Indirect monitoring involves using available environmental data and thermal models de-
fined by industrial standards such as IEC, IEEE or CIGRE. The ambient temperature is the
key environmental parameter of interest for transformers [24]. According to the industrial
standard IEC 60076-7 for liquid-immersed oil transformers, the thermal models are based
on the following assumptions [17]:

e The temperature of the oil inside the tank increases linearly from the bottom to the
top of the tank, regardless of cooling mode.

e The difference between the average winding temperature rise and average oil tem-
perature rise is assumed to be constant.

e The hot-spot temperature is higher than the temperature rise at the conductor tem-
perature rise at the top of the winding.

Thermal models will be used to estimate the hot-spot temperature for the purpose of the
dynamic thermal rating studies.

3.1.1 Dynamic thermal models

The conventional thermal model described by the IEC industrial standard is based on mod-
eling the top-oil temperature in the transformer, and adding the expected hot-spot temper-
ature rise to obtain the hot-spot temperature [17]. Rather than using the IEC method, the
hot-spot temperature will be estimated by using a dynamic thermal modeling approached
proposed by Agboza [26] in a previous master thesis work. The Agboza model differs
from the conventional model in that it employs two thermal models: one for estimating
the bottom-oil temperature, and one for estimating the hot-spot temperature. In the fol-
lowing subsections, the theoretical basis for these models will be presented, aswell as the
parameters needed to use the model. The dynamic transformer rating studies are intended
to upon Agboza’s work, and so the naming conventions will refer to the subscripts in his
work for the sake of consistency.

Thermal equivalent circuit

The principle of the thermal-electrical analogy forms the basis for the dynamic thermal
models. Table 3.1 below describes the relationship between thermal and electrical quanti-
ties.

Table 3.1: Thermal-Electrical analogy [27]

Thermal Electrical
Through variable Heat transfer rate ¢ [W] Current i ¢ [A]
Across variable Temperature 6 [°C] Voltage v [V]
Dissipation element | Thermal resistance Ry, [°C/W] | Electrical resistance R; [§2]
Storage element Thermal capacitance Cyj, [J/°C] | Electrical capacitance C.; [F]

Considering the fundamental electrical laws that define the electrical resistance and ca-
pacitance quantities, these may be converted into thermal laws, replacing the electrical
quantities with thermal ones. This is seen in the equations on the next page:

10
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. . dv
v=Re¢ -1 and ZZC’el-E (3.1)

do

0=Riyn-q and q:Cth'E

(3.2)

The thermal resistance could be non-linear because of heat transfer law, which is described
by the following relation:

0 =Rinr-q" (3.3)

This new quantity Ry, g is the nominal thermal resistance, provided that values for the
quantities ¢, ¢ and n are known. The exponent 7 is used to quantify the behaviour of the
moving fluid in the transformer. When the exponent is described using the symbol n, the
moving fluid is air, while the symbol m is used for oil. As heat is transferred through
the steel wall of a transformer, the heat transfer that occurs will be proportional to the
temperature difference across the wall. This assumes however that the cooling medium
flows at a constant rate, which is not necessarily the case depending on which cooling
mode is being used. Therefore, the possible non-linear heat transfer is described by the
following relation:

1
¢=5— -9Y"™ with 1/n > 1.0 (34)
th,R

The value of the exponent n is selected based on the cooling mode the transformer is op-
erating with. In cooling modes where no fans are used, it is suggested that n = 0.8. In
cooling modes where fans are used, the convection rate will not be dependent on tem-
perature. Thus, the exponent n increases towards 1.0, resulting in a linear heat transfer
[27].

3.1.2 Bottom-oil temperature estimation

In this subsection, the thermal model proposed by Agboza [26] to estimate the bottom-oil
temperature is presented. The theory in the Agboza model is based on the works of Swift
[27][28] with respect to bottom-oil temperature estimation. The bottom-oil temperature is
described by a thermal circuit showcased in Figure 3.1 on the next page.

11
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Oboit R t-boit-air
® NN
q .
fe
" G) ) Crh-g.'n' U(‘HH”
Ycu

Figure 3.1: Thermal circuit for estimating bottom-oil temperature [26]

The thermal circuit may be described by the following differential equation:

deoi eoi_eam %
boit (Obo b)

(3.5)
dt Rih—voil—air,R

qfe + qeu = Cth—oil -
where:
® ¢y are the no-load losses [W]
® (., are the load-losses [W]
o (o 1s the thermal capacitance of the oil [J/°C]
o Oy is the bottom-oil temperature [°C]

® Rih—poil—air,r 1s the non-linear thermal resistance between the bottom-oil and the
air at rated load [°C/W]

® Oump is the ambient temperature [°C]
e 1 is an exponent that describes the non-linear heat transfer from oil to air.

In order to use the differential equation to estimate the bottom-oil temperature, some of the
parameters are replaced. This is done so that rated data from the transformer can be used
as inputs for the modeling intuitively. Replacing the parameters results in the following
equation:

1+K2,-R
1+ R

dByoir

Oboit — Oump) ™ 3.6
pn + (Opoir b) (3.6)

(Abboit,R)™ = Thoit -
where:

e K, is the load factor [p.u.]

e R is the ratio between load-losses and no-load losses at rated load

® Abyoi, r is the bottom-oil rise above ambient temperature gradient at rated load

12



3.1 Hot-spot temperature

® Ty 1S the bottom-oil time constant [min]

Equation 3.6 serves as the theoretical basis for estimating the bottom-oil temperature
which will be implemented in the next chapter. For more information on the mathematical
procedure from Equation 3.5 to Equation 3.6, see Appendix A.

3.1.3 Hot-spot temperature estimation

In this subsection, the thermal model proposed by Agboza [26] to estimate the hot-spot
temperature is presented. The theory in the Agboza model is based on the works of Pierce
[29] with respect to hot-spot temperature estimation. The hot-spot temperature is described
by a thermal circuit showcased in Figure 3.2 below.

{)l 1S R th-hs-boit
[ AN,

4., C‘D == Cir-wan C:D Obor

Figure 3.2: Hot-spot thermal circuit [26]

The thermal circuit may be described by the following differential equation:

dbns , (Bhs — Opoit) ™
dt Rih—hs—boil,R

Qeuw = Cth—wdn ' (37)

where:

® (., is load losses [W]

o Cip—_wan 1s the thermal capacitance of the winding [J/°C]
o Oy, is the hot-spot temperature [°C]

® Rin—ns—boil,r 1 the thermal resistance between the surface of the winding insula-
tion and the bottom-oil temperature at rated load [°C/W]

o Oy is the bottom-oil temperature [°C]

e m is an exponent which describes the non-linear heat transfer from winding to oil.

13
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In order to use the differential equation to estimate the hot-spot temperature, some of the
parameters are replaced. Similar to the bottom-oil modeling, this is done so that rated
data from the specific transformer can be used as input data intuitively. Replacing the
parameters results in the following equation:

dehs

Ons — Opoit) ™ 3.8
i + (0y, boil) (3.8)

2 R
Kpi - (AOns_boil,R)™ = Twdn -

where:
e K, is the loading factor [pu.]

® Abhs_boir,r is the hot-spot rise above bottom-oil temperature gradient at rated load
(K]

® Ty4n 18 the winding time constant [min]
e pis a constant. Note that p is given by IEEE loading guide [7].

Equation 3.8 serves as the theoretical basis for estimating the hot-spot temperature which
will be implemented in the next chapter. For more information on the mathematical pro-
cedure from Equation 3.7 to Equation 3.8, see Appendix A.

3.1.4 Time constants

The oil and winding time constants used in the bottom-oil and hot-spot temperature models

respectively can be calculated using equations described by the industrial standards. Note

that as mentioned before, the conventional method from the standards estimate the top-

oil temperature, and so according to IEC [17], the top-oil constant is expressed as the

following:

Cih—oil,r - Abioil, R
Gtot,r - 60

(3.9)

Ttoil =
where:
® Tioil,R 1S the top-oil time constant at rated load [min]
o Cin—oi1,r 1s the thermal capacitance of the oil at rated load [J/°C]
o Abf:o, R 1s the top-oil rise temperature gradient at rated load [K]
® G0, are the total amount of losses at rated load [W]

Susa explains that in order to obtain a time constant for the bottom-oil temperature, the
top-oil temperature rise at rated load is substituted with the average temperature rise. His-
torically, it was assumed that the bottom-oil time constant was equal to that of the top-oil
time constant. The reason being that older transformers designs had inlet pipes that went to
the bottom of the tank, resulting in the bottom-oil mixing well as it flows to the windings.
In newer transformer designs, the inlet pipes were instead placed around the middle sec-
tion of the tank, resulting in a shorter bottom-oil time constant relative to the top-oil time

14
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constant [30]. Substituting the top-oil rise with the average rise results in the following
expression, which can then be used in the Agboza model [26]:

Cthfoil,R . A0(11)9,1%

3.10
Gtot,Rr * 60 (3.10)

Thoil ,R —

where:
® Afyy4, R is the average oil rise temperature gradient [K]

The thermal capacitance of the transformer oil is found by using the following expression
according to IEC [17]:

C’th—oil = Cwdn * Mwdn T Cfe " Mfe +ce-my + koil * Mgl * Coil (311)
where:

® Cudn 1s the heat capacity of the winding material (390 for Cu and 890 for Al)
[Ws/kgK]

® M4y 1S the mass of the coil assembly [kg]

® cy. is the heat capacity of the core = 468 [Ws/kgK]

e My, is the mass of the core [kg]

e ¢, is the heat capacity of the tank and fittings = 468 [Ws/kgK]

e m, is the mass of the tank and fittings [kg]

e L, is a correction factor for the oil in ONAF, ONAN, OF and OD cooling modes.
® m,,;; is the mass of the oil [kg]

Next, the winding time constant may be calculated with the following equation according

to IEC [17]:

Mawdn * Cwdn * Aehsfboil,R
60 - Pwdn

(3.12)

Twdn —
where:
® My4dn 1S the mass of the winding [kg]

® Cyuan 1s the heat capacity of the winding material (390 for Cu and 890 for Al)
[Ws/kgK]

® Afps_poir,r 1s the hot-spot to bottom-oil temperature gradient at rated load [K]

e P, n are the winding losses at the specific load [W]

15
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Alternatively, the winding time constant may also be calculated by using the following
expressions for copper (Cu) and aluminium (Al) conductor materials respectively:

Abps—boil,R
wdn = 2.75 - —2220 C 3.13
Twd TESARCRA (3.13)
Abps_boil,R
Tud 1+p)-s2 1 .19

where:
® AbOhs_boir,r is the hot-spot to bottom-oil temperature gradient at rated load [K]
e P, is the relative winding eddy losses [p.u.]

e s is the current density at the specific load [A/mm?]

3.2 Thermal ageing

In this section, the theoretical basis for assessing thermal ageing in the paper insulation of
the transformer will be presented. First, an overview of the properties of paper insulation
material and the degradation processes it is subjected to are presented. Next, calculation
methods to estimate the paper insulation loss-of-life (LOL) are presented.

3.2.1 Paper insulation material properties

General kraft paper insulation used in transformers is composed of cellulose, hellicellulose
and residual thiolignin that was not removed during the manufacturing process. Figure 3.3
showcases the chemical structure of the cellulose in the paper. The cellulose is comprised
of polymeric chains of glucose units. The average number of these units per chain is
known as the degree of polymerization (DP) [31].

\
OH OH

Figure 3.3: Cellulose chemical structure [17]

Most of the mechanical strength of the paper stems from fibrers and fibrils which is formed
by these polymeric chains. The role of the hemicellulose and thiolignin is to connect these
fibers together [31]. The DP-value is used as a measurement to evaluate the mechanical
strength of the insulation material [17]. When the paper is subjected to elevated tempera-
tures, the paper becomes brittle and loses its mechanical strength [11]. As the transformer
is stressed during its operating lifetime, the cellulose in the paper deteriorates and reduces
the DP-value as time goes on. Conventionally, new paper is said to have a DP-value of

16
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1200. During the transformer manufacturing process, the paper is dried, which reduces
the DP-value further down to 1000. When the DP-value reaches 200, the tensile strength
of the paper is said to have been reduced to about 20% of its original value, where the
transformer is considered to be at the end of its lifespan [31].

Degradation processes

The degradation that the paper is subjected is considered to come from three chemical
reactions: hydrolysis, oxidation and pyrolysis. During operation, these three chemical re-
actions will occur simultaneously.

Hydrolysis is associated with the presence of moisture in the transformer. The process
depends on carboxylic acids that are dissociated in water. As the cellulose material in the
paper ages, both moisture content and carboxylic acids are formed, which in turn accel-
erates the hydrolysis process further. The drying of the transformer during manufacturing
results in a moisture content of less than 0.5%. During the transformers lifespan, this
moisture content can increase up to 5%.

Oxidation is associated with the presence of air in the insulation system. Depolarization
from oxidation is initiated by hydroxyl-radicals (HO). These are produced by the decom-
position of hydrogen peroxides (H>0-) or organic hydroperoxides (ROOH). Hydrogen
peroxides may for instance be formed by the presence of moisture or air in the insulation,
which subsequently initiates the oxidation process.

Pyrolysis can occur without the presence of moisture, air or other contaminants that initiate
the degradation of cellulose. Pyrolysis is considered to not be relevant at normal operating
temperatures or overloading temperatures below 140°C [31].

Each of these degradation processes have an activation energy E and an environmental
factor A associated to them. The activation energy governs to what extent the process is
dependent on temperature [32]. Industrial standards aggregate these into one activation
energy and environmental factor for hydrolysis and oxidation [17].

Thermally-upgraded paper

Most of the transformers operated by Statnett in Norway utilize so called thermally-
upgraded paper [33]. The normal kraft paper, or non-thermally upgraded paper as its
often referred to in industrial standards, undergoes a thermal upgrading process to im-
prove its ageing performance. Investigations done by Sintef found that the nitrogen levels
in the paper is considered to be an essential part of the upgrading process [32]. Example
transformers that are studied in this work are assumed to be using thermally-upgraded pa-
per. The theory presented in the following subsection encompasses calculation methods
of thermal ageing with respect to the use of thermally-upgraded paper.

17
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3.2.2 Thermal ageing estimation

The thermal ageing of the insulation material is modeled as a chemical reaction that adopts
the Arrhenius reaction rate theory [7]. Both the IEC [17] and IEEE [7] industrial standards
present calculation methods that neglect effects of moisture and air in the insulation sys-
tem, leaving the hot-spot temperature as the only control variable. This is justified by the
moisture and air contribution to the ageing being considered minimal due to newer oil
preservation systems used in transformers.

In the IEEE loading guide, the ageing is initially presented as the ’per unit life’, which is
expressed by the following equation:

Per Unit Life = A - e["hﬁ?”] 3.15)
Where:
e A and B are constants

e Oy is the hot-spot temperature [°C]

The magnitudes of the constants are selected so that the reference operating temperature
110°C results in a per unit life equal to 1.0, resulting in the following equation:

Per Unit Life = 9.8 x 10~ 18 . ¢l 273] (3.16)

Equation 3.16 serves as the foundation for expressions that describe the relative degrada-
tion of the insulating material dependent on the temperature profile of the transformer. IEC
[17] refers to this as the relative ageing rate while IEEE calls it the the ageing acceleration
factor. For the sake of consistency with IEEE the relative degradation is referred to as
the ageing acceleration factor F'4 4. When thermally-upgraded paper is used, the loading
guide [7] lists the following equation:

[18000 _ 15000
383  0),,+273

F AA = € (3 17)
As before with the "per unit life’ equation, a hot-spot temperature equal to 110°C results
in the ageing acceleration factor being equal to 1.0. Therefore the ageing acceleration
factor can be examined to observe the rate of ageing, depending on the present operating
conditions. Note that Equation 3.17 does not include the effects of moisture and air. In the
context of the dynamic rating studies in this work, it is of interest to include these effects.
IEC [17] lists the following equation when moisture and air is taken into consideration:

Ea

L.(i’r_EiA)
R'\Op,, ,+278  8},,+273 (3.18)

FAA—m,a = I - €
r

Where:
e A is the selected environmental factor

e A, is the reference environmental factor

18
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FE 4 is the selected activation energy.

E 4, is the reference activation energy.

R is the universal gas constant.
e 0}, is the hot-spot temperature during operation.
o Oy is the reference hot-spot temperature (110°C for thermally-upgraded paper).

Table 3.2 below lists the numerical values of the activation energy and environmental
factors. The reference values for the activation energy and environmental factors refer to
the “free from air and 0.5% moisture” condition that the transformer is considered to be
in after the manufacturing process. If the selected activation energy and environmental
factor are also set to the reference values, then this neglects the effects of moisture and air,
effectively resulting in the same calculation as Equation 3.17. When examining the effect
of moisture and air, values from the other columns in the table can be selected.

Table 3.2: Activation energy (F4) and environmental factor (A) for oxidation, hydrolysis by IEC
[17]

Paper tvpe/ Free from air | Free from air | Free from air | With air
aper type and 0.5% and 1.5% and 3.5% and 0.5%
ageing parameters . . . .
moisture moisture moisture moisture
Thermally A[h™1] 1.6 x 10* 3.0 x 10* 6.1 x 10* 3.2 x 10*
upgraded paper | E 4 [kJ/mol] | 86 86 86 82

Lastly, the loss-of-life the insulating material is subjected to during operation can be cal-
culated by integrating the ageing acceleration factor, yielding the following equation [17]:

ta
LOL:/ Faa—m,q dt 3.19)
t1

Where ¢; and t; represent the start and end of the time period respectively. The LOL pa-
rameter from Equation 3.19 will be implemented and calculated in the next chapters.
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Chapter

Methodology

In this chapter, a simulation methodology using Matlab Simulink is presented. The method-
ology implements the calculation methods presented in Chapter 3. Those being methods
for estimating transient bottom-oil and hot-spot temperatures, as well as the paper insula-
tion loss-of-life from the resulting thermal ageing.

Before reviewing the methodology, some terminologies used in this chapter are presented
for the sake of clarity to the reader. Figure 4.1 below showcases a signal builder block
and a subsystem block in the simulink workspace. Subsystems are used to compress other
blocks in the Simulink workspace to reduce clutter. These have a select amount of inputs
and outputs depending on what is being compressed.

it o scom D

Subsystem

Group 1
_——  Signal 1}
|

Signal Builder

Figure 4.1: Simulink blocks
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4.1 Overview of the simulation methodology

Figure 4.2 below outlines the steps involved in the simulation methodology.

Step 1: Initiate Matlab Script

¢ Define values of input parameters

Step 2: Run Simulink model

* Estimate bottom-oil and hot-spot temperatures
* Estimate loss-of-life of paper insulation

Step 3: Return simulation data to
Matlab

Step 4: Post-processing

Figure 4.2: Simulation steps overview

The methodology can be divided into 4 steps. In the first step, a Matlab script is used to
initiate the process. The script first defines fixed variables used in the Simulink model.
These include transformer parameters used in thermal models, and activation energy and
environmental factors used in thermal ageing modules. A constant ambient temperature
is also defined as a fixed variable in the script. The second step begins with the script
initiating the Simulink model by running a file named ”Simulink_ DRT”. The Simulink
model then performs the calculations to estimate transient temperatures and paper insu-
lation loss-of-life. In the third step, the Simulink model returns data back to the Matlab
workspace after the simulation has been completed. Lastly in the fourth step, the Matlab
script performs post-processing of the simulation data. This includes creating graphical
representations of the data, and exporting numerical values of interest for further analysis.
For the source code of the Matlab script, see Appendix D. Figure 4.3 presents the complete
Simulink model on the the next page.
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4.2 Simulink subsystems and theory implementation

In this section, the individual subsystems that the Simulink model is comprised of are
examined more closely. Their functionality is explained step by step and how they relate
to the theory presented in Chapter 3.

4.2.1 Current load selection

Before the Matlab script is run to initialize a simulation in step 1 in Figure 2.4, a current
load is selected in the Simulink workspace. Two subsystems have been constructed for
selecting current loads, as seen in Figure 4.4 below. This is done so that the Simulink
model is easy to use and overloading conditions can be changed with minor intervention
from the user. As current load values are presented in this chapter and onwards, note that
the current loading is referred to by the per unit (pu.) system. The rated current load of
a transformer equals that of 1.0 per unit (pu.) or 100% current. As an example, an initial
load at 0.5 pu. equals the rated current multiplied with 0.5, while an overload at 1.5 pu.
load equals the rated current multiplied with 1.5. The overload amounts to 50% increased

current.

Overload = 1.6 >

Overload = 1.7 > Overload = 1.1

Overload = 1.8 > Overload = 1.2 >

Overload = 1.9 [

. Overload:=.1.3 >

Overload = 2.0 [} .

Overioad = 2.1 Overload = 1.4 [

Overload = 2.2 [ Overload = 1.5 [
Current loads beyond Current loads

industrial guidelines

Figure 4.4: Subsystems for selection of current loads.

In specific example of Figure 4.4 above, the overload current is selected to be 1.1 pu.
Inside the subsystems there are signal builder and output blocks, as seen in Figure 4.5
on the next page. The signal builders are used to describe the individual loading steps,
and the output blocks serve as the connection point for selecting the current load. The
right subsystem in Figure 4.4 contains loading steps with initial loads equal to 0.5 pu.
and overloads ranging from 1.0-1.5 pu. These overloads adhere to recommendations from
the industrial standards. The left subsystem in Figure 4.4 is used for selecting overloads
ranging from 1.6-2.2 pu. These overloads exceed the industrial recommendations.
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Sheet1 Sheet1 Sheet1
% Load % Load % Load

Overload = 1.1 Overload = 1.2 Overload = 1.3

Load profile 1 Load Profile 2 Load Profile 3
Initial load = 0.5 Initial load = 0.5 Initial load = 0.5
Sheet1 Sheet1
Load —@ % Load
Overload = 1.4 Overload = 1.5
Load Profile 4 Load Profile 5
Initial load = 0.5 Initial load = 0.5

Figure 4.5: Signal builder and output blocks inside right subsystem in Figure 4.4. Initial loads equal
0.5 pu. and overloads range from 1.1-1.5 pu.

A loading step is shown in Figure 4.6 below, consisting of an initial load step at 0.5 pu.
and an overload step at 1.1 pu. This is the load produced by the top left signal builder
in Figure 4.5 above. The initial load is run for the first 100 time steps of the simulation.
Note that time is shown by default in seconds in Simulink, but transformer parameters
have been selected with respect to minutes. The first 100 minutes are used as a ramp-up
time to to reach an approximate steady-state before the overloading condition is initiated.
In other words, for the scope of this work, it is assumed that the hot-spot temperature is
sufficiently steady-state prior to the overload being introduced at t = 100 minutes.
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Figure 4.6: Load signal with initial load 0.5 pu. and overload 1.1 pu. Note that Simulink by
default denotes time in seconds. The time steps are considered to be in minutes as the transformer
parameters have been selected with respect to minutes for the simulation work.

4.2.2 Thermal model I - Bottom-oil temperature

As a simulation is intiated by running the Simulink model in step 2 in Figure 4.2, the
first task of the model is to estimate bottom oil temperatures. Figure 4.7 on the next page
showcases the subsystem representing the thermal model for estimating the bottom-oil
temperature in the transformer. The subsystem has two inputs, one for the selected current
load from Figure 4.4 and one for the ambient temperature. The ambient temperature is
set as a constant value by the Matlab script. The output provides the estimated bottom-oil
temperature.
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) Load factor

theta_boil [p

) theta_amb

Thermal model |
Bottom-oil temperature

Figure 4.7: Subsystem for bottom-oil temperature estimation

In order to construct the thermal model inside the subsystem, the differential equation
expressing the bottom-oil temperature in Equation 3.6 from Chapter 3 is re-written, so that
the equation is a function of the derivative of the bottom-oil temperature. This results in
the following equation, which serves as the theoretical basis for constructing the thermal
model in Simulink.

Ao 1 1+ K2, 1 1
= Abpo; n — (Opoit — Oamp) ™ 4.1
dt Tbm‘l( 1+R (Aot )™ = (Bbou 0)") “.D

delta_boil R

Load factor

theta_boil

z
iin —‘
(&>

theta_amb

Figure 4.8: Bottom-oil calculation steps expressed inside subsystem in Figure 4.7

Figure 4.8 above showcases Equation 4.1 expressed in the Simulink workspace inside the
subsystem. The bottom-oil temperature is obtained by integrating the derivative with an
integrator block. An initial value for the temperature is necessary to initiate the computa-
tion.
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4.2.3 Thermal model II - Hot-spot temperature

The second task in step 2 in Figure 4.2 is to estimate hot-spot temperatures. Figure 4.9
below showcases a subsystem which represents the thermal model used to estimate hot-
spot temperatures. The subsystem has two inputs and two outputs. The inputs include
the selected current load from Figure 4.4, and the bottom-oil temperature provided by the
previous thermal model in Figure 4.7. The output is the estimated hot-spot temperature.

) Load factor .
fhéia;hst >

) theta_boil

Thermal model I
Hot-spot temperature

Figure 4.9: Subsystem for hot-spot temperature estimation

In order to construct the thermal model inside the subsystem, the differential equation
expressing the hot-spot temperature in Equation 3.8 from Chapter 3 is re-written, so that
the equation is a function of the derivative of the hot-spot temperature. This results in
the following equation, which serves as the theoretical basis for constructing the thermal
model in Simulink.

dbp,s _ 1 2p

= — (K5 (AOhs—boit. )™ — (Ops — Opoit) ™ 4.2
dt den( pu( ehs bozl,R) (ehs ebml) ) ( )

Figure 4.10 below shows the inside of the subsystem, where Equation 4.2 is expressed in
the Simulink workspace, and subsequently integrated to obtain the hot-spot temperature.

Load factor 1

1 1

Figure 4.10: Hot-spot temperature calculation steps expressed inside subsystem in Figure 4.9
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4.2.4 Thermal ageing modules

Thermal ageing modules
(Thermally upgraded paper)
Oxygen and water effects included

v
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Free from air and 1.5% moisture With air and 0.5% moisture

Figure 4.11: Subsystems for estimating loss-of-life when effects of air and moisture are included

The third task in step 3 in Figure 4.2 is to estimate the loss-of-life (LOL) of the paper insu-
lation. Figure 4.11 above showcases subsystems for estimating the loss-of-life. The input
is the hot-spot temperature provided by the thermal model in Figure 4.9. The output is the
estimated loss-of-life in minutes. Four subsystems are included so that the loss-of-life is
estimated for the four different moisture and air considerations in the columns of Table 3.2
in Chapter 3. Figure 4.12 below showcases the inside of one of the subsystems. The sub-
system is constructed by referring to Equation 3.18 to calculate the ageing acceleration
factor, and subsequently integrating it to obtain the LOL parameter from Equation 3.19.

Rated theta_hotspot = 110 degC for thermally-upgraded paper.
Thus 110 + 273 = 383K

1/8.31446

Figure 4.12: Loss-of-life calculation steps expressed inside one of the subsystems in Figure 4.11
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4.2.5 Post-processing

In step 3 in Figure 4.2, the parameters of interest are collected and returned back to the
Matlab workspace in the form of a signal. Figure 4.13 showcases these signal outputs, de-
nominated signal x and signal y respectively. Signal x contains two data sets, the bottom-
oil temperature and the hot-spot temperature respectively. Signal y contains four data sets,
each representing loss-of-life data calculated by the thermal ageing modules with the re-
spective air and moisture effects from Table 3.2 included.

(a) Signal x output
(b) Signal y output

Figure 4.13: Signal outputs returning data to Matlab

Lastly in step 4 in Figure 4.2, the data sets are used for post-processing such as creating
graphical representations and exporting numerical values of interest for further analysis.
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Chapter

Results and discussion

In this chapter, numerical and graphical results from case studies performed with the de-
veloped Matlab Simulink methodology are presented and discussed. The chapter encom-
passes the following sections:

e An introduction study where a comparison is made between bottom-oil and hot-
spot temperature results from the simulation methodology and results from previous
thesis work by Agboza.

e Hot-spot temperature estimation during overloading conditions with various ambi-
ent temperatures. The hot-spot temperature is used to assess the dynamic thermal
rating at the respective ambient temperatures.

e Thermal ageing assessment where loss-of-life is estimated during 24 hours of over-
loading with various ambient temperatures.

e Additional discussion remarks and validity of the simulation methodology.
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5.1 Introduction study

An IEC example is studied and compared with the results found by the previous thesis
work of Agboza [26]. This serves as a validation for the developed simulation method-
ology to estimate bottom-oil and hot-spot temperatures. The examined transformed is a
250 MVA power transformer using the Oil Natural-Air Force (ONAF) cooling mode. For
more information about the transformer and the IEC example, see the relevant standard in
[20]. For the numerical values of the transformer data parameters, see Appendix B.

Table 5.1: Comparison of results

. . Agboza results [26] Simulink Model
Time [min] | Load [pu-]' =g 1T T3, - [°CT | pout °C1 | B °C
0-190 1.0 39.5 85.6 39.8 85.9
190 - 365 0.6 334 61.2 33.5 61.3
365 - 500 1.5 52.9 121.8 52.8 121.7
500 - 705 0.3 31.3 454 314 45.5
705 - 730 2.1 44.2 138.9 44.6 138.9
730 - 745 0.0 40.9 46.2 42.1 55.8

Table 5.1 above lists the load steps, the results from the Agboza thesis, and the results from
the Simulink model. Figure 5.1 below presents a graphical representation of the simulated
temperatures. Comparing the results, the difference is little to none for the most part with
the exception to the last row. This discrepancy could be explained by the sensitivity of
the simulation. Consider that the load is reduced from 2.1 pu. down to 0.0 pu. The
temperature drops dramatically each minute. Alternatively the result from the previous
thesis work could be an error. Based on the comparison it is safe to say that the developed
simulation methodology estimates the bottom-oil and hot-spot temperatures with sufficient
accuracy.

Hot-spot and bottom-oil temperatures
140 |

120

100

Py [*C]

8o~ \ ‘ | |
60

401

20 L I ‘
o 100 200 300 400 500 600 700 800

Time [min]

Figure 5.1: Hot-spot and bottom-oil temperatures

32



5.2 Dynamic thermal rating assessment

5.2 Dynamic thermal rating assessment

In this section, estimated hot-spot temperatures during overloading conditions with various
ambient temperatures will be presented. These are used to assess the dynamic thermal
rating of a power transformer at selected weather conditions. The example transformer that
will be studied is a 300 MVA power transformer. Its nominal voltage ratings are 420+12%,
138 and 22 kV. The windings consist of a 420 kV primary winding, a 138 kV secondary
winding, a regulating winding and a 22 kV tertiary winding. The oil flow in the winding
is guided through the windings in a zig-zag pattern. The example transformer data used is
obtained from the previous thesis work of Agboza [26]. For the numerical values of the
transformer data parameters, see Appendix C. Parameters associated with the high voltage
winding of the example transformer are selected for the studies. Table 5.2 summarizes the
weather conditions in the examined case studies. Initial load before overload is selected to
be 0.5 pu. As mentioned in Chapter 4, the first 100 minutes in the simulations are used as
a ramp-up time for the initial load to reach an approximate steady-state prior to initiating
overload. The transformer is overloaded for another 100 minutes to estimate sufficiently
accurate steady-state values.

Table 5.2: Case studies

Case studies Ambient temperature [°C]
Case 1: Extreme cold -30

Case 2: Cold -20

Case 3: Moderate cold -10

Case 4: Chilling 0

Case 5: Moderate warm 10

Case 6: Warm 20

Case 7: Design conditions 30
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Chapter 5. Results and discussion

5.2.1 Case 1: Extreme cold (-30°C)

In this first case study, the ambient temperature is set as -30°C. Figure 5.2 below show-
cases the hot-spot temperature results under overloading conditions ranging from 1.1-2.2
pu. Note that there are two red dashed lines in the graphical representation. The lower line
denotes the reference operating temperature 110°C, and the upper line denotes the upper
hot-spot temperature limit 140°C with respect to temperature guidelines from industrial
standards mentioned in Chapter 2.
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Figure 5.2: Hot-spot temperatures during overloading conditions. Overloads range from 1.1-2.2 pu.
Lower red dashed line denotes 110°C and upper red dashed line denotes 140°C.

Looking at the lower dashed red line in Figure 5.2 above, the hot-spot temperature be-
gins to exceed the reference temperature at 1.9 pu. load, which in turn results in thermal
ageing occurring faster than nominal levels. Furthermore, the upper temperature thresh-
old is exceeded at 2.2 pu. load, thus this load is not viable due to the risk of gas bubble
formation in the transformer oil. 2.1 pu. is therefore the upper load limit that is safe to
use continuously in these extreme cold weather conditions, with respect to temperature
guidelines from industrial standards. However, this load step is several steps higher than
the industrial guidelines for current loading mentioned in Chapter 2, which stated that the
current loading of large power transformers should not exceed 1.5 pu. during short-time
emergency loading.
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5.2 Dynamic thermal rating assessment

5.2.2 Case 2: Cold (-20°C)

Increasing the ambient temperature to -20°C, results in higher hot-spot temperatures, and
the strain on the transformer will be increased. Figure 5.3 below showcases the hot-spot
temperature results under overloading conditions ranging from 1.1-2.1 pu. As before, the
red dashed lines denote the reference operating temperature 110°C and the upper hot-spot
temperature limit 140°C.
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Figure 5.3: Hot-spot temperatures during overloading conditions. Overloads range from 1.1-2.1 pu.
Lower red dashed line denotes 110°C and upper red dashed line denotes 140°C.

Looking at the lower red dashed line in Figure 5.3 above, the hot-spot temperature begins
to exceed the reference temperature at 1.8 pu. load, which in turn results in thermal ageing
occurring faster than nominal levels. Furthermore, the upper temperature threshold is ex-
ceeded at 2.1 pu. load, thus this load is not viable due to the risk of gas bubble formation in
the transformer oil. 2.0 pu. is therefore the upper load limit that is safe to use continuously
in these cold weather conditions, with respect to temperature guidelines from industrial
standards. However, this load step remains several steps higher than the recommended 1.5
pu. load from the industrial standards with respect to current loading.
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5.2.3 Case 3: Moderate cold (-10°C)

Increasing the ambient temperature to -10°C results in higher hot-spot temperatures, and
puts further strain on the transformer. Figure 5.4 below showcases the hot-spot temperature
results under overloading conditions ranging from 1.1-2.0 pu. As before, the red dashed
lines denote the reference operating temperature 110°C and the upper hot-spot temperature
limit 140°C.
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Figure 5.4: Hot-spot temperatures during overloading conditions. Overloads range from 1.1-2.0 pu.
Lower red dashed line denotes 110°C and upper red dashed line denotes 140°C.

Looking at the lower red dashed line in Figure 5.4 above, the hot-spot temperature begins
to exceed the reference temperature at 1.7 pu. load, which in turn results in thermal ageing
occurring faster than nominal levels. Furthermore, the upper temperature threshold is ex-
ceeded at 2.0 pu. load, thus this load is not viable due to the risk of gas bubble formation
in the transformer oil. 1.9 pu. is therefore the upper load limit that is safe to use contin-
uously in these moderate cold weather conditions, with respect to temperature guidelines
from industrial standards. However, this load step remains several steps higher than the
recommended 1.5 pu. load from the industrial standards with respect to current loading.
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5.2 Dynamic thermal rating assessment

5.2.4 Case 4: Chilling (0°C)

Increasing the ambient temperature to 0°C results in higher hot-spot temperatures, and the
strain on the transformer will be increased further. Figure 5.5 below showcases the hot-
spot temperature results under overloading conditions ranging from 1.1-1.9 pu. As before,
the red dashed lines denote the reference operating temperature 110°C and the upper hot-
spot temperature limit 140°C.
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Figure 5.5: Hot-spot temperatures during overloading conditions. Overloads range from 1.1-1.9 pu.
Lower red dashed line denotes 110°C and upper red dashed line denotes 140°C.

Looking at the lower red dashed line in Figure 5.5 above, the hot-spot temperature begins
to exceed the reference temperature at 1.5 pu. load, which in turn results in thermal ageing
occurring faster than nominal levels. Furthermore, the upper temperature threshold is ex-
ceeded at 1.9 pu. load, thus this load is not viable due to the risk of gas bubble formation
in the transformer oil. 1.8 pu. is therefore the upper load limit that is safe to use contin-
uously in these chilling weather conditions, with respect to temperature guidelines from
industrial standards. However, this load step remains higher than the recommended 1.5
pu. load from the industrial standards with respect to current loading.
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5.2.5 Case 5: Moderate warm (10°C)

Increasing the ambient temperature to 10°C results in higher hot-spot temperatures, and
the strain on the transformer will be increased further. Figure 5.6 on below showcases the
hot-spot temperature results under overloading conditions ranging from 1.1-1.8 pu. As be-
fore, the red dashed lines denote the reference operating temperature 110°C and the upper
hot-spot temperature limit 140°C.
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Figure 5.6: Hot-spot temperatures during overloading conditions. Overloads range from 1.1-1.8 pu.
Lower red dashed line denotes 110°C and upper red dashed line denotes 140°C.

Looking at the lower red dashed line in Figure 5.6 above, the hot-spot temperature begins
to exceed the reference temperature at 1.5 pu. load, which in turn results in thermal ageing
occurring faster than nominal levels. Furthermore, the upper temperature threshold is ex-
ceeded at 1.9 pu. load, thus this load is not viable due to the risk of gas bubble formation
in the transformer oil. 1.8 pu. is therefore the upper load limit that is safe to use contin-
uously in these chilling weather conditions, with respect to temperature guidelines from
industrial standards. However, this load step remains higher than the recommended 1.5
pu. load from the industrial standards with respect to current loading.
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5.2 Dynamic thermal rating assessment

5.2.6 Case 6: Warm (20°C)

Increasing the ambient temperature to 20°C results in higher hot-spot temperatures, and
the strain on the transformer will be increased further. Figure 5.7 below showcases the
hot-spot temperature results under overloading conditions ranging from 1.1-1.7 pu. As be-
fore, the red dashed lines denote the reference operating temperature 110°C and the upper
hot-spot temperature limit 140°C.
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Figure 5.7: Hot-spot temperatures during overloading conditions. Overloads range from 1.1-1.7 pu.
Lower red dashed line denotes 110°C and upper red dashed line denotes 140°C.

Looking at the lower red dashed line in Figure 5.7 above, the hot-spot temperature begins
to exceed the reference temperature at 1.3 pu. load, which in turn results in thermal ageing
occurring faster than nominal levels. Furthermore, the upper temperature threshold is
exceeded at 1.7 pu. load, thus this load is not viable due to the risk of gas bubble formation
in the transformer oil. 1.6 pu. load approaches steady-state by the upper temperature
threshold. The load is strictly speaking viable according to the guidelines, but there could
be a safety risk to continuously loading the transformer at the very brink of the threshold.
Slight errors could result in the temperature exceeding the limit. This load step is also
slightly higher than the recommended 1.5 pu. load from the industrial standards, with
respect to current loading.
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5.2.7 Case 7: Design condition (30°C)

Increasing the ambient temperature to 30°C results in higher hot-spot temperatures, and
the strain on the transformer will be increased further. This ambient temperature is the
reference for assigning the static rating of transformer designs. Figure 5.7 below show-
cases the hot-spot temperature results under overloading conditions ranging from 1.1-1.5
pu. As before, the red dashed lines denote the reference operating temperature 110°C and
the upper hot-spot temperature limit 140°C.
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Figure 5.8: Hot-spot temperatures during overloading conditions. Overloads range from 1.1-1.5 pu.
Lower red dashed line denotes 110°C and upper red dashed line denotes 140°C.

Looking at the lower red dashed line in Figure 5.8 above, the hot-spot temperature begins
to exceed the reference temperature at 1.2 pu. load, which in turn results in thermal ageing
occurring faster than nominal levels. Furthermore, the upper temperature threshold is ex-
ceeded at 1.5 pu. load, thus this load is not viable due to the risk of gas bubble formation in
the transformer oil. 1.4 pu. is therefore the upper load limit that can be used continuously
in these design conditions. Note that the load now adheres to the industrial standards with
respect to current loading. It may be that the current loading recommendations provided
by the industrial standards are chosen with the design conditions in mind, which would be
a conservative guideline in colder regions like Norway.
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5.3 Thermal ageing during 24 hours of overloading

5.2.8 Summary of steady-state numerical results

Table 5.3 below lists numerical results of the steady-state hot-spot temperatures for the
different ambient temperatures at t = 200 minutes. The transformer can be safely run at
operating temperatures below 140°C. Thus, the examined transformer can be overloaded
continuously with up to 110% increased current, depending on the ambient temperature.

Table 5.3: Steady-state hot-spot temperature values at t = 200 minutes

Oams [°Cl | Load 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2
-30 Ors[°C]1 | 724 | 81.1 89.9 | 989 | 108.1 | 117.3 | 126.7 | 136.3 | 145.9
-20 Ors[°C] | 824 | 91.1 | 99.9 | 108.9 | 118.1 | 127.3 | 136.7 | 146.3
-10 Ors[°C1 | 924 | 104.1 | 109.9 | 118.9 | 128.1 | 138.1 | 147.3

0 Ors[°C] | 102.4 | 111.1 | 119.9 | 128.9 | 138.1 | 147.3
10 Ors[°C] | 1124 | 121.1 | 129.9 | 138.9 | 148.1
20 Ors[°C] | 131.1 | 139.9 | 148.9
30 Ors[°C] | 1324 | 141.1

5.3 Thermal ageing during 24 hours of overloading

In this section results from loss-of-life calculations performed by the simulations are pre-
sented and discussed. The examined transformer is the same 300 MVA transformer as
in the previous section. The transformer is overloaded with 1.5 pu. for 24 hours in ac-
cordance with current loading guidelines from the industrial standards. As before, the
overloading is initiated at t = 100 minutes. Loss-of-life calculations are performed with
the four respective moisture and air conditions listed in Table 3.2 in Chapter 3.
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Chapter 5. Results and discussion

5.3.1 Case 1: Extreme cold (-30°C)
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Figure 5.9: Loss-of-life with 1.5 pu. overloading for 24 hours. Red dashed line denotes loss-of-life
equal to 1440 minutes or 24 hours.

In Figure 5.9 above, there is a dashed red line at the top of the graph. The dashed red line
illustrates the loss-of-life equal to 1440 minutes or 24 hours. The line is there to indicate
when the loss-of-life that occurs from operating the transformer at higher loads results in
the transformer using more than its normal daily life. It is apparent that at this ambient
temperature, the transformer does not reach this threshold when overloading at 1.5 pu.
regardless of the condition of the paper insulation. Thus, the example transformer can be

continuously loaded at 1.5 pu. in these extreme cold weather conditions. Table 5.4 below
lists the loss-of-life after 24 hours of overloading.

Table 5.4: Loss-of-life after 1440 minutes or 24 hours overloading

Thermal conditions Loss of life [min]
Free from air and 0.5% moisture 157
Free from air and 1.5% moisture 295
Free from air and 3.5% moisture 599
With air and 0.5% moisture 1224
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5.3 Thermal ageing during 24 hours of overloading

5.3.2 Case 2: Cold (-20°C)
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Figure 5.10: Loss-of-life with 1.5 pu. overloading for 24 hours. Red dashed line denotes loss-of-life
equal to 1440 minutes or 24 hours.

By increasing the ambient temperature to -20°C, the increased hot-spot temperatures ac-
celerate the ageing rate, as showcased in Figure 5.10. In this circumstance, the worst
condition of the paper insulation exceeds the normal daily life. Table 5.5 below lists nu-
merical results. In the worst case scenario, the paper insulation loses 2630 minutes of
its lifespan after 1440 minutes or 24 hours of overloading. The transformer can still be

overloaded continuously with no consequences at 1.5 pu. load, provided that the paper
insulation is in good condition.

Table 5.5: Loss-of-life after 1440 minutes or 24 hours overloading

Thermal conditions Loss of life [min]
Free from air and 0.5% moisture 351
Free from air and 1.5% moisture 657
Free from air and 3.5% moisture 1337
With air and 0.5% moisture 2630
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5.3.3 Case 3: Moderate cold (-10°C)

Loss-of-life for thermally upgraded paper with oxygen and water effects
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Figure 5.11: Loss-of-life with 1.5 pu. overloading for 24 hours. Red dashed line denotes loss-of-life
equal to 1440 minutes or 24 hours.

Increasing the ambient temperature further to -10°C, results in the loss-of-life threshold
being exceeded for the second-worst condition of the paper insulation material aswell.
Table 5.6 below lists numerical results, showing that the paper loses 2858 minutes of its
lifespan after 1440 minutes or 24 hours of overloading in the second-worst scenario. The
transformer can still be continuously overloaded at 1.5 pu. with no consequences, provided
the paper insulation is in good condition.

Table 5.6: Loss-of-life after 1440 minutes or 24 hours overloading

Thermal conditions Loss of life [min]
Free from air and 0.5% moisture 750
Free from air and 1.5% moisture 1406
Free from air and 3.5% moisture 2858
With air and 0.5% moisture 5429
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5.3 Thermal ageing during 24 hours of overloading

5.3.4 Case 4: Chilling (0°C)

12000

10000

8000

/000

Loss-of-life [min]

4000

2000

Loss-of-life for thermally upgraded paper with oxygen and water effects

Free from air and 0.5% maisture
Free from air and 1.5% maoisture
Free from air and 3.5% moisture
—— With air and 0.5% moisture

600 800

1000
Operating time [min]

1200 1400 1600

Figure 5.12: Loss-of-life with 1.5 pu. overloading for 24 hours. Red dashed line denotes loss-of-life
equal to 1440 minutes or 24 hours.

Increasing the ambient temperature further to 0°C results in the loss-of-life threshold be-
ing exceeded regardless of the condition of the paper insulation at 1.5 pu. load, as seen
in Figure 5.12. Table 5.7 below lists the numerical results, showing that under normal
conditions, the paper insulation loses 1541 minutes of its lifespan after 1440 minutes or 24
hours of overloading. Thus, in order to utilize 1.5 pu. loading at 0°C ambient temperature
and above, a time limit must be imposed if the life expectancy of the transformer is to be

preserved.

Table 5.7: Loss-of-life after 1440 minutes or 24 hours overloading

Thermal conditions Loss of life [min]
Free from air and 0.5% moisture 1541
Free from air and 1.5% moisture 2889
Free from air and 3.5% moisture 5874
With air and 0.5% moisture 10791
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Chapter 5. Results and discussion

5.4 Additional remarks and validity of the methodology

In the presented simulation results, the 300 MVA transformer has been overloaded contin-
uously at a constant load with a constant ambient temperature. In a real power system, the
power demand and ambient weather conditions will change. That being said, the results
that have been presented are useful in highlighting that the transformer can be overloaded
significantly beyond its name-plate rating without jeopardizing its safety and thermal life
expectancy.

It is not desirable to decrease the life expectancy of the transformer when discussing the
use of dynamic ratings as they are conventionally defined, as the goal is to optimize the
normal transformer loading. However, it does not mean that decreasing the life expectancy
is completely out of bounds. The scope of the thermal ageing simulations examined a 24
hour time window. In the case of several days, weeks or months, the transformer could be
overloaded for a series of days, accelerating the thermal ageing and increasing the loss-of-
life. The transformer load can later be lowered in the time-frame to make up for the lost
paper insulation life. Depending on the specific transformer, it may be advised to decrease
the life expectancy of the transformer to some extent. Consider an older transformer that
is scheduled to be replaced within a certain amount of years. Overloading the transformer
would increase its usage in those remaining years, provided that a reduction in life ex-
pectancy does not speed up the need to replace the equipment faster than planned.

Based on the findings from the introduction study, one would assume that the simulation
methodology in this thesis should in theory produce sufficiently accurate results. However,
as with any simulation setup, the results can only be reliably accurate provided that the
data parameters used are reliable. It is therefore of critical importance that reliable data is
gathered as more studies and work is done on the topic of dynamic transformer ratings.
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Chapter

Conclusion and future work

In this thesis, a simulation methodology to estimate transient temperatures and loss-of-life
of paper insulation for dynamic transformer rating studies has been developed. Several
case studies of loading a 300 MVA power transformer beyond its name-plate rating in var-
ious ambient temperatures have been presented.

Results show that the examined transformer can be overloaded continuously with up to
110% increased current, depending on the ambient temperature. The transformer can be
operated safely under 140°C. Higher temperatures can lead to gas bubble formation in the
transformer oil. Overloading with 50% and more increased current exceeds recommenda-
tions for current loading of large power transformers by present day industrial standards.
As dynamic rating systems of transformers become more prevalent in the future, it is pro-
posed that the current loading recommendations should be revised.

Thermal ageing studies suggest overloading with 50% increased current at 0°C ambient
temperature and above reduces the life expectancy of the transformer. Therefore, a time
limit must be introduced if the transformer capacity is to be preserved. Optimizing the
paper insulation life is the main challenge in implementing dynamic transformer ratings.
There is great potential for increasing capacity usage of transformers in cold weather re-
gions like Norway.

Future work should focus on investigating intelligent ways to optimize the available paper
insulation life of the transformer. Some suggestions include:

e Improve the proposed simulation methodology and conduct more studies with mea-
surement data and/or physical lab experiments for validation.

e Develop a real-time dynamic rating system employing control system techniques
such as model predictive control. If developed in Simulink, the simulation modules
presented in this thesis could be re-used for this purpose.
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Chapter 6. Conclusion and future work
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Appendix A

Mathematical derivation of Agboza model

In this Appendix, a full review of the step by step mathematical procedure to derive the
final equations used in Agboza’s NTNU model [26] is presented. This same appendix can
be found in the autumn specialization work with minor differences in [1].

A.1 Bottom-oil temperature

Table A.1: List of symbols used in bottom-oil modeling

Symbol Description SI-unit
Gfe No-load losses [W]
Qeu Load losses [W]
deu,R Rated load losses [W]
Cih—oil Thermal capacitance of oil [J7°C]
Opoil Bottom-oil temperature [°C]
Oamb Ambient temperature [°C]
Rih—boil—air,r  Non-linear thermal resistance between bottom-oil and air at rated load [°C/W]
n Constant that defines non-linear heat transfer from oil to air

Abyoit,r Rated bottom-oil temperature rise above ambient temperature

Thoil Bottom-oil time constant

R Relation between rated load losses and no-load losses

I Load current [A]
Ir Rated current [A]
K Load factor

t Time step

The thermal circuit for the bottom-oil temperature may be expressed by Equation A.1. A
complete list of symbols used in the procedure is given in Table A.1.

dOyoir n (Bboit — Oamp) ™

(A.1)
dt Rthfboilfair,R

dfe + Geuw = Cth—m'l :
The equation is to be derived further before one may use it. First, some additional terms
are defined; the rated bottom-oil temperature rise above the ambient temperature Afy,;; g,
the bottom-oil time constant 73,;;, and the ratio between rated load-losses and no-load
losses R:
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A.1 Bottom-oil temperature

1
(Aeboil,R) "= (qfe + QCuR) . Rth—boil—air,R (Az)
Thoil = Rih—boil—air,R * Cth—oil (A3)
R = Touk (A4)

Gfe

Next, a load factor K is introduced in Equation A.5, and the relation between the load-
losses and current is introduced in Equation A.6.

I
Ky, = — A5
» Tn (A.S)
Ccu I
Gew  _ (22 (A.6)
qcu,R IR

By combining the two relations, one may then express the load-losses q.,, as a function of
the rated load losses and the load factor.

deu = Yeu,R - Kgu (A7)

Now that the necessary new terms have been introduced, further deriving can be done
to the original Equation A.1. First, the expression is multiplied with R}, _poi1—air,r and
subsequently the time constant 73,; is inserted, resulting in:

dByoir
dt

Next, Equation A.2 is rewritten as an expression for R, —poii—air,R» a0d Rih—boil—air,R
is then replaced in Equation A.38, resulting in:

(qfe + QCu) : Rth—boil—air,R = Tboil * + (eboil - eamb)% (AS)

dOyoit
dt

qfe + qeu
(qfe + QCu)R

(ABpoit.R)™ = Thoil - + (Bbois — Bamb) ™ (A.9)

Next, Equation A.7 is inserted, and the expression is multipled with ﬁ, resulting in:

1+ Tou.R K2u 1 dOposi 1
chuap (Abvoit,R) ™ = Thoil - PU 1 (Bhoit — Oami) ™ (A.10)

Finally, the relation between the load and no-load losses R is inserted, resulting in the final
expression that is more practical to use when calculating the bottom-oil temperature.

1+K2,-R
1+ R

dOyoir

7 + (Gboil - 0a7nb)% (A.11)

1
(Abpoit, R) ™ = Thoir -
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A.2 Hot-spot temperature

Table A.2: List of symbols used in hot-spot temperature modeling

Symbol Description SI-unit
AbOns_voil Hot-spot rise above bottom-oil temperature gradient

ol Constant

p Constant

Qudn Winding losses [W]
Rin_ns—poir  Thermal resistance [°C/W]
Qeu Load losses

Geu,R Rated load losses

m Constant that defines non-linear heat transfer from winding to oil

Ons Hot-spot temperature [°C]
Ovoir Bottom-oil temperature [°C]
Cih—wdn Winding thermal capacitance [J/°C]
I Load current [A]
Ir Rated current [A]
t Time step

The thermal circuit describing the hot-spot temperature may be expressed as the following
differential equation:

dehs + (ehs - +9boil)#
dt Rin—hs—boil,R

Geu = Cthfwdn :

(A.12)

As with the bottom-oil modeling, first some new terms are introduced; the rated hot-
spot temperature rise over bottom-oil temperature A8, s_ 4041, r, the winding time constant
Twdn» and the load factor K.

1
(Abns—poit,R) ™ = Geu,R - Rih—hs—boil,R

Twdn = Rih—hs—boil,R - Cth—wdn
I
Kpy = —
pu
Ir

(A.13)

(A.14)

(A.15)

As before, the relation between the load losses and the currents is introduced and combined
with the load factor K to obtain an expression for the load losses as a function of the rated
load losses and the load factor.

Qeu 1 9
qeu,R

2
deu = Yeu,R - Kpu

(A.16)

(A.17)
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A.2 Hot-spot temperature

Furthermore, by converting the load losses on the left side of Equation A.17 to per unit
form, the rated load losses are canceled out. This results in the following relation between
the per unit load losses and load factor:

Geupu = K7, (A.18)

Additionally, an expression for the natural heat transfer between the top of the surface of
the winding insulation and the bottom-oil temperature is introduced:

"

Abps poi = C" - ¢t (A.19)
where:

e ¢ and p are constants. p is provided by the IEEE loading guide [7]

® (uan are winding load-losses [W]

Next, the heat transfer relation for the hot-spot rise to bottom-oil temperature gradient is
introduced:

L

(Aehs—boil) m o= Rth—hs—boil *Geu (AZO)
By combining Equation A.19 and Equation A.20, an expression for the thermal resistance
between the top surface of the winding insulation and the bottom-oil temperature may be
described by the following:

: % " . p % 1’ -
Ritheboil = (A@hs—bozl) _ (C qcu) " qgi} 1 (A21)
Geu Geu
The thermal resistance is then converted into per unit form:
Pr _
4 P
Rth—hs—boihpu = chui_l = qg;u (A22)
Qeu,R

Now that the necessary terms and relations have been introduced, the original Equa-

tion A.12 can be derived further, starting by multiplying with Ry, —ns—poil-
dbps 1
Geu * Rin—hs—voit = Cth—wdn * Bth—ns—boil * 7: + (Ons — Opoir) C (A.23)

Next, qcy, and Ryp,—ps—pos; are converted to per unit form, resulting in the following:

hs 1
Geu,pu9eu, R Bth—hs—boil,pu Rth—hs—boil, R = Oth—wdn'Rth—hs—boil'id +(Ohs—Ovoir) ™

(A.24)
Next, Equations A.13, A.14 and A.22 are inserted, resulting in:
P 1 d9; ; L
qu,pu . (Aghs—boil,R) ™ = Twdn * —= + (ehs - Hboil) m (AZS)

dt

Finally, the load factor K is inserted from Equation A.18, resulting in the final expression
that is more practical to use when calculating the hot-spot temperature.

1 dOns

KIE : (AH}LS—bOil,R); = Twdn * W + (G}LS - oboil)# (A26)
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Appendix B

250 MVA power transformer data

Ambient temperature 0, = 25.6°C

Ratio between load-losses and no-load losses at rated voltage R = 1000

Bottom-oil time constant 7,;; = 150 [min]

Winding time constant 7,4, = 18 [min]

Oil exponent n = 0.9

Winding exponents m = 0.8 and p = 0.5

Hot-spot rise above ambient temperature gradient at rated voltage A6y, g = 16 [K]

Hot-spot rise above bottom-oil temperature gradient at rated voltage Ab0ys_poi, g =
46.2 [K]
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Appendix C

300 MVA power transformer data

e Mass of oil m;; = 62700 [kg]

e Mass of tank and fittings m; = 59700 [kg]

e Mass of tank and fittings m ¢, = 141000 [kg]

e Mass of coil assembly m.,q4, = 70800 [kg]

e Heat capacity of winding material ¢4, = 390 [J/kg/°C]

e Heat capacity of core ¢y, =468 [J/kg/°C]

e Heat capacity of tank and fittings c¢; = 468 [J/kg/°C]

e Heat capacity of oil ¢,;; = 1800 [J/kg/°C]

e Correction factor for oil in cooling modes k,;; = 1

e Thermal capacity of 0il Cyj,_o; = 2.34 - 108

o Average oil rise temperature gradient Af,,, r = 33.35 [K]

e Total losses ¢;ot, R = 669500 [W] R = 1000

e Bottom-oil time constant 73,;; = 195 [min]

e Winding time constant 7,4, = 22.3 [min] for high-voltage winding
e Oil exponent n = 0.8

e Winding exponents m = 0.8 and p =0.5

¢ Bottom-oil rise temperature gradient at rated voltage A8y, g = 18 [K]

e Hot-spot rise above bottom-oil temperature gradient at rated voltage Afps_poir, R =
51.1 [K] for high-voltage winding
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Appendix D

Matlab Source Code

clear
clc
close all

9% DIR simulation script
% Version 1.2 % Date: 09.06.21
% Author: Trond Ivar Kopperud

9% Define load/temperature if constant load/temperature
used

theta_amb = 10; %% Ambient temperature [degree celsius |
constant ambient temperature is used

load_factor = 1.0; %k Load factor [p.u.] if constant load

is used. Note: In this thesis work constant load is not

used .

%)% Define fixed variables used in thermal models

R = 1000; %% Relation between load losses and no—load
losses during nominal operation

tau_boil = 19.5; %% Time constant of bottom—oil [min]

tau_wdn = 22.3; %% Time constant of winding [min]

n = 0.8; % Oil constant

m= 0.8; p = 0.5; % Winding constants

delta_boil_R = 18; %k Nominal bottom—oil temperature
increase over ambient temperature [K]

delta_hs_boil_ R = 51.1; %k Nominal hot—spot temperature
rise over bottom—oil temperature [K]

9% Initial conditions for integrating temperature
derivatives

initial_theta_boil = 30; %% Initial value of bottom—oil
temperature [degree celsius]

initial_theta_hst = 40; %% Initial value of hot—spot
temperature [degree celsius]
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49

50
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52
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54
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9% Define parameters related to air and moisture effects on
paper insulation
9% Thermally Upgraded paper

9% Case 1

% Free from air and 0.5% moisture

E_a_t = 86000; % Activation energy for thermally—
upgraded paper

E_a_r_.t = 86000; % Rated activation energy for
thermally —upgraded paper

At = 1.6x1074; % Environmental factor for thermally—
upgraded

A_r.t = 1.6x1074; % Rated Environmental factor for

thermally —upgraded paper
% Rated values are set as “Free from air and 0.5% moisture’
category from IEC.

9% Case 11

% Free from air and 1.5% moisture

E_a_t2 = 86000; % Activation energy for thermally—
upgraded paper

A_t2 = 3.0x107%4; % Environmental factor for thermally—
upgraded

9% Case 111
% Free from air and 3.5% moisture

E_a_t3 = 86000; % Activation energy for thermally—
upgraded paper

A_t3 = 6.1x1074; % Environmental factor for thermally—
upgraded

9% Case IV

% With air and 0.5% moisture

E_a_t4 = 82000; % Activation energy for thermally—
upgraded paper

A_td = 3.2x1074; % Environmental factor for thermally—
upgraded

9% Run simulation

tFinal = 1540; % Simulation runtime

ThermalSim = sim(’Simulink DRT.slx "); % Run simulink model

9% Extracting data generated by simulink model.
9% Extracting data from signal x
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65

66

67

68

69

70

71

72

73

74

76

77

78

79

80

81

82

83

84

85

87

88

89

90

% Signal x contains bottom—oil and hot—spot temperature
data
ThermalSignal = ThermalSim.yout. getElement(’'x"); % Extract

)

signal ’x’ from simulink model

t = ThermalSignal. Values.Time; % Extract
time values

theta_boil = ThermalSignal.Values.Data(:,1); % Extract
Bottom—o0il temperature data

theta_hst = ThermalSignal. Values.Data(:,2); % Extract

Hot—spot temperature data

9% Extracting data from signal y
% Signal y contains loss—of—life data
ThermalSignal2 = ThermalSim. yout. getElement(’y’ ); %

s s

Extract signal 'y’ from Simulink

t2 = ThermalSignal2. Values.Time; %
Extract time values

LOL _case2_t = ThermalSignal2. Values.Data(:,1); %
Extract loss of life data for case I

LOL _case3_t = ThermalSignal2. Values.Data(:,2); %
Extract loss of life data for case II

LOL_case4_t = ThermalSignal2. Values.Data(:,3); %
Extract loss of life data for case III

LOL _case5_t = ThermalSignal2. Values.Data(: ,4); %

Extract loss of life data for case IV
9% Post—processing data

% Plot Hot—spot and bottom—oil temperatures

figure

hold on

plot(t, theta_hst)

plot(t, theta_boil)

xlabel ("Time [min] )

ylabel (’\theta_{boil} [\circC]")

grid on

title (’Hot—spot and bottom—oil temperatures’)

legend (’\theta_{hs}’, ’\theta_{boil}’, "Location’, ’best’)

% Plot loss—of—1life data
figure
hold on
plot(t2, LOL_case2_t)
plot(t2, LOL_case3_t)
plot(t2, LOL_case4_t)
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93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

plot(t2, LOL_case5_t)

h

yline (1440, 'r—’, ’'LineWidth’, 1);

xlabel (" Operating time [min]’)

ylabel ("Loss—of—1life [min] ")

grid on

title ('Loss—of—life for thermally upgraded paper with

oxygen and water effects’)

legend (°Free from air and 0.5% moisture’, ’Free from air

and 1.5% moisture’, ’Free from air and 3.5% moisture’

>With air and 0.5% moisture’, “Location’, ’best’)

% Export Hot—spot temperature data to Excel sheet for
further analysis.

col_header ={"t’, hspot’};

xlswrite ("data.xlsx’, col_header, Sheetl’, Al’);
xlswrite ("data.xlsx’ ,[t(:),theta_hst(:)], Sheetl’, A2");

9% Print numerical values in Matlab command window
[t—100 LOL_case2_t LOL_case3_t LOL_case4_t LOL_case5_t] %
Print loss—of—1life values

%% Comment :

% Note that 100 is subtracted from printed time values
because the

first 100 time steps are used as a ramp—up time in the
simulation prior

%

%

to

initating overloading.

i
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