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Hot-Spot Temperature (HST) is defined as the highest temperature inside a transformer
and can be determined based on the numerical network thermal model. In this approach,
Top-Oil Temperature (TOT) is among the crucial components to obtain reliable HST.
Currently, there are two loading guides that utilize the numerical network thermal model
in order to obtain the TOT which are IEC 60076-7 and IEEE C57.91-1995. Other types
of TOT numerical network thermal model are based on the thermal-electrical analogy
method. There are several improvements that can be applied to existing TOT models
such as reducing the complexity of the models and increasing the accuracy which is the
main motivation of this study. The main aim of this research is to provide alternative
approaches to obtain the TOT of transformers. Two TOT thermal models were proposed
in this study named as Thermal Model 1 (TM1) and Thermal Model 2 (TM2). These
models were developed based on the proposed concept of pathway of energy transfer. .
TM1 was developed based on redefinition of nonlinear thermal resistance through
approximation of convection coefficient, h. Meanwhile, TM2 was developed based on
the concept of nonlinearity of thermal resistance of which the oil time constant was
embedded in the model in order to improve the accuracy. The performance of the TM1
and TM2 were evaluated based on measured TOT with constant loadings from 7
transformers with either ONAN or ONAF cooling modes. Both TM1 and TM2 were also
tested on a transformer with step loading. The performances of TM1 and TM2 were
analyzed through comparison with previous Thermal-Electrical (namely as TE1 and
TE2), Exponential (IEC 60076-7) and Clause 7 (IEEE C57.91-1995) TOT thermal
models. Under constant loading, both TM1 and TM2 perform relatively well compare to
TE1 and TE2 models. The performance of TM1 and TM2 are even better than
Exponential and Clause 7 models to represent the measured TOT. The highest maximum
and Root Mean Square (RMS) errors for TM1 are 6.66 °C and 2.76 °C while TM2 has
the highest maximum and RMS errors of 6.24 °C and 2.58 °C respectively. Both TM1
and TM2 could represent the measured TOT quite well under step loading. The simulated
TOT for TM1 and TM2 are quite close to TEL and close to measured TOT. The highest
maximum and RMS errors for both TM1 and TM2 are 5.77 °C and 2.02 °C respectively.



It can be summarized that both TM1 and TM2 can be used as an alternative approach to
determine the TOT with less input parameter and reasonable accuracy as compared to
previous TOT thermal models.
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Suhu Titik Panas (STP) didefinasikan sebagai suhu paling tinggi di dalam alat-ubah dan
boleh ditentukan dengan menggunakan rangkaian terma model. Di dalam pendekatan
ini, Suhu Minyak Atas (SMA) antara komponen penting untuk menentukan STP yang
boleh dipercayai. Pada masa Kini, terdapat dua panduan beban yang menggunakan terma
model untuk menentukan SMA iaitu IEC 60076-7 and IEEE C57.91-1995. Terma model
yang lain untuk SMA adalah berdasarkan kaedah terma-elektrikal analogi. Terdapat
beberapa peningkatan yang boleh digunakan terhadap model SMA yang sedia ada seperti
mengurangkan kesukaran terma model SMA dan meningkatkan ketepatan dimana adalah
motivasi utama kajian ini. Tujuan utama kajian ini adalah untuk menyediakan
pendekatan lain dalam menentukan SMA bagi alat-ubah. Dua terma model SMA telah
dicadangkan dalam kajian ini dan dinamakan sebagai TM1 dan TM2. Terma model ini
dibangunkan berlandaskan konsep laluan pemindahan tenaga. TM1 dibangunkan
berdasarkan definisi baru rintangan terma melalui penghampiran pekali konveksi, h.
Sementara itu, TM2 dibangunkan berlandaskan konsep ketidaklurusan rintangan terma
yang mana masa pemalar minyak tertanam di dalam model dimana untuk meningkatkan
ketepatan. Prestasi TM1 dan TM2 di nilai berdasarkan pengukuran SMA semasa ujian
suhu naik dengan beban malar daripada 7 alat-ubah sama ada ONAN atau ONAF mod
penyejukan. TM1 dan TM2 juga di uji dengan alat-ubah dengan beban dinamik. Prestasi
TM1 dan TM2 di analisis melalui perbandingan dengan model terma-elektrikal terdahulu
(dinamakan sebagai TE1 dan TE2), Exponen (IEC 60076-7) and Klaus 7 (IEEE C57.91-
1995) terma model SMA. Di bawah beban malar, TM1 dan TM2 menunjukkan prestasi
dengan baik berbanding model TE1 dan TE2. Prestasi TM1 dan TM2 juga adalah lebih
baik daripada model Exponen dan Klaus 7 dalam mewakilkan pengukuran SMA. Untuk
7 alat-ubah, ralat maksimum dan Punca Min Kuasa Dua (PMKD) bagi TM1 ialah 6.66 °
C dan 2.76 ° C. Sebaliknya, TM2 mempunyai ralat maksimum dan PMKD pada 6.24 °
C dan 2.58 ° C. Kedua-dua TM1 dan TM2 boleh mewakili pengukuran SMA dengan
baik di bawah beban dinamik. Simulasi SMA untuk TM1 dan TM2 agak dekat dengan
TE1 dan hampir dengan pengukuran SMA. Ralat maksimum dan PMKD bagi TM1 dan
TM2 masing-masing adalah 5.77 ° C dan 2.02 ° C. la dapat diringkaskan bahawa kedua-



dua TM1 dan TM2 boleh digunakan sebagai pendekatan alternatif untuk menentukan
SMA dengan kurang masukan parameter dan ketepatan yang munasabah berbanding
dengan terma model SMA sebelumnya.
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CHAPTER 1

INTRODUCTION

1.1 Research Overview

Transformers are among the important equipment in the power system network. It
usually consists of windings, cores, oils, papers, pressboard and a tank. The main
function of transformers is to control the level of voltages of the networks [1]. It is critical
to ensure transformers maintain operational at all times since its failure could be costly.
Transformers asset management are normally carried out by utilities in order to ensure
that the abnormal condition of transformers can be detected and mitigated as early as
possible [2]. In addition, the scheme can ensure the reliability of the power system
network can be maintain at acceptable level at all times [3, 4].

The components of transformers asset management include condition monitoring or
assessment, maintenance plans or aging, health index and end-of-life evaluation [5].
Condition monitoring or assessment focuses on the application or development of the
equipment or method that can be used to monitor the condition parameters in
transformers. In recent years, a numbers of researches were carried out on the condition
monitoring or assessment areas [6-10]. Among the common study is on the data analysis
of condition parameters which can be used to evaluate the overall condition of
transformers [5]. Among the condition parameters that can affect the lifetime of
transformers is the Hot-Spot Temperature (HST) [11].

The components of the HST are Ambient Temperature (AT), Top-Oil Temperature
(TOT) rise over AT, and HST rise over TOT [12]. Transformers with high HST can lead
to advanced degradation of oils and winding. Under abnormal conditions, HST can lead
to faults in transformers such as flashover between windings [13]. HST can be
determined based on thermal study either through direct measurement or network
thermal model [5]. Direct measurement can be carried out by means of fibre optic sensor.
It is normally placed at a pre-determined location near to the topmost winding of
transformers. It is the most accurate method to determine the HST; however, it is not
widely available for application in all transformers due to the high cost and complexity
of the fibre optic installation. Network thermal model can provide an approximation for
the HST of transformers which can be carried out by either using the Finite Element
Method (FEM) or numerical equation. Thermal modelling based on FEM can be carried
out through physical modelling using software such as ANSYS and COMSOL [14]. On
the other hand, thermal modelling based on numerical equation can be carried out based
on the temperature rise report and design information of transformers. Currently, there
are 2 loading guides that utilize the numerical equations to model the TOT and HST of
transformers which are the IEC 60076-7 and IEEE C57.91-1995 [12, 15]. IEC 60076-7
has 2 numerical equation thermal models that consist of the Exponential and Differential
models. Both models are capable to determine the TOT and HST under steady state and
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dynamic conditions respectively. There are also 2 numerical equation thermal models
for IEEE C57.91-1995 known as the Clause 7 and Annex G models.

Apart from the loading guides models, a numbers of studies were also carried out on the
development of alternative HST and TOT thermal models based on thermal-electrical
analogy method [16-20]. Swift model proposed the concept of heat transfer equivalent
circuit analogy to RC circuit based on thermal-electrical analogy method [16, 21]. Dejan
Susa model extended the application of thermal-electrical analogy method through
inclusion of nonlinear thermal resistance which was defined by using the Nusselt,
Prandtle and Grashof numbers [17]. Other study used the same concept of thermal-
electrical method to obtain the input parameters such as the TOT rise at rated, oil time
constant and constant n based on Levenberg-Marquardt method utilizing the in-service
measured data [18]. The thermal-electrical analogy method was also applied to obtain
the outdoor and indoor TOT thermal models [19, 20] The thermal-electrical circuit for
outdoor was the same as in [16-18] while the thermal-electrical circuit for indoor cases
required a considerable amount of thermal resistances information such as windings, oil,
core, tank, cooling air, ventilation holes, walls and ceiling. The heat generated in
distribution cabinet is also taken into account in the indoors of the thermal-electrical
circuit. In this study, alternative approaches to determine TOT are proposed based on
thermal-electrical analogy method where a new concept of heat pathway of energy is
proposed.

1.2 Problem Statement

TOT is one of crucial components of the HST in the numerical equations thermal models.
The accuracy of the HST depends on the TOT; hence, making it important to develop a
reliable TOT thermal models. Currently, there are 2 loading guides that use the numerical
equations thermal models to determine the TOT known as IEC 60076-7 and
IEEEC57.91-1995 loading guides. However, there are several issues for the existing
network thermal model provided by these loading guides which are stated as follows.

1. The rise and fall curves of the TOT for Exponential model in IEC 60076-7 are
difficult to be controlled and are not suitable for dynamic loading. In addition, both
Exponential and Differential models have multiple constants which may not suitable
for different types of transformers designs. For Differential model, the initial TOT
is obtained based on equation where a number of assumptions are made which might
lead to inaccuracy to the final TOT.

2. Clause 7 model in IEEE C57.91-1995 is quite simple which leads to inaccuracy in
modelling the TOT. On the other hand, Annex G model is quite complicated and
requires parameters that may not be readily available for most of transformers.

Apart from the IEC 60076-7 and IEEE C57.91-1995, there are other approaches that can
be used to determine the TOT of transformers based on the thermal-electrical analogy
method and among the common models are the Swift and Dejan Susa approaches. These
models are in the form of differential equation and can provide TOT that are closer to
measured TOT. However, there are few issues with these models which are listed are as
follows.



The concept of heat transfer theory to derive the thermal-electrical analogy circuit
is not well defined in the Swift model. Furthermore, the input data such as TOT rise
at rated load, oil time constant and constant n are determined based on parameter
estimation method. This method required in-service measured TOT in order to
estimate the input parameters which may not be available for all transformers.
Dejan Susa model requires the oil viscosity and variation of load loss information
which increases the complexity of the equation.

Considering these issues, a study is needed in order to develop alternative thermal models
which require less input parameters as well as that can generate results that are close to
the measured values.

1.3

Research aim and objectives

The aim of this research is to develop an alternatives TOT thermal models for
transformers. The objectives are as follows.

1.4

To develop the thermal-electrical analogy circuit based on the concept of the
pathway of energy.

To propose alternative numerical equation for TOT thermal model based on the
approximation of convection coefficient, h (Thermal Model 1 — TM1) which does
not require the information on the viscosity.

To propose alternative numerical equation for TOT thermal model based on the
concept of nonlinearity of thermal resistance (Thermal Model 2 — TM2) which
reduce the complexity of the previous TOT equation.

Scope of work

The scope and limitations of this research work are as follows:

This research focuses only on the determination of TOT thermal model based on
numerical equations.

The data used in this research and simulation is obtained from heat run test reports
of distribution transformers with voltage level of 33 kV and power ratings between
300 kVA and 90 MVA and IEC 60076-7 report of a transformer with voltage level
250 kV and power rating of 250 MVA. The heat run test is the type test carried out
to verify the guaranteed temperature rises and consists of 3 consecutive steps. The
first step is transformer subjected to the sum of the load and no-load losses until
TOT is established. The second step is continue with test current reduced to rated
current for 1 hour. The last step is the shutdown stage.



1.5 Thesis outline

This thesis consists of five chapters: introduction; literature review; methodology; results
and discussion; and conclusions and recommendations for future work.

Chapter 1 Introduction
This chapter presents the research overview, problem statement, research aim and
objectives and also the scope of work of the study.

Chapter 2 Literature Review

This chapter provides a literature review of related fields to this study which includes an
overview of transformer structures, transformer stresses, heat source, transformer
cooling system and thermal profile. Also, the methods to determine transformer HST
and TOT were also reviewed and discussed in this chapter.

Chapter 3 Methodology

This chapter presents the development of TOT thermal models. It is developed based on
fundamentals of heat transfer theory and thermal-electrical analogy. There are 2 TOT
thermal models namely as TM1 and TM2 that have been developed and presented in this
chapter.

Chapter 4 Results and Discussion

This chapter discusses the performance of TM1 and TM2 which were developed in
Chapter 3. The TM1 and TM2 were evaluated based on measured TOT during
temperature rise test for 7 transformers. In addition, the TM1 and TM2 were also tested
on the step loading of a 250 MVA transformer with ONAF cooling mode. The
performance of these models were analysed through comparison with existing Thermal-
Electrical, Exponential (IEC 60076-7) and Clause 7 (IEEE C57.91-1995) models.

Chapter 5 Conclusion and Recommendations

This chapter summarizes and concludes the findings of this research. The contributions
of the study also included in this chapter. Recommendation of future study on network
thermal model by numerical equation can also be discovered at the end of this chapter.



[1]
(2]

(3]

[4]
(5]
[6]

[7]

(8]

(9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

(18]

REFERENCES

J. Winders, Power transformers: principles and applications: CRC Press, 2002.
T. CIGRE, 445 “Guide for Transformer Maintenance” CIGRE Working Group
A2. 34.,2011.

Y. Z. Y. Ghazali, M. A. Talib, and H. A. Rosli, "TNB experience in condition
assessment and life management of distribution power transformers,"
International Conference and Exhibition on Electricity Distribution-Part 1,
2009, pp. 1-4.

M. Arshad, S. M. Islam, and A. Khalig, "Power transformer asset management,"
International Conference on Power System Technology, 2004, pp. 1395-1398.
A. E. Abu-Elanien and M. Salama, "Asset management techniques for
transformers," Electric power systems research, vol. 80, pp. 456-464, 2010.

G. Cliteur and J. Wetzer, "Condition assessment of power transmission and
distribution components,” International Conference and Exhibition on
Electricity Distribution Part 1: Contributions, vol.1, pp. 5, 2001.

S. D. McArthur, S. M. Strachan, and G. Jahn, "The design of a multi-agent
transformer condition monitoring system,” IEEE Transactions on Power
Systems, vol. 19, pp. 1845-1852, 2004.

X. Zhang and E. Gockenbach, "Asset-management of transformers based on
condition monitoring and standard diagnosis [feature article]," IEEE Electrical
Insulation Magazine, vol. 24, pp. 26-40, 2008.

M. Arshad and S. M. Islam, "Significance of cellulose power transformer
condition assessment,” IEEE Transactions on Dielectrics and Electrical
Insulation, vol. 18, 2011.

M. De Nigris, R. Passaglia, R. Berti, L. Bergonzi, and R. Maggi, "Application
of modern techniques for the condition assessment of power transformers,"
Cigré Session, 2004, pp. A2-207.

R. Mathew, "Asset management of transformer based on loss of Life
calculation,” International Conference on Power Systems, 2016, pp. 1-5.
IEC60076-7 "Power Transformer-Part 7: Loading Guide for Oil-Immersed
Power Transformers", 2009.

S. C. Tripathy and E. Lakervi, "Evaluation of transformer overloading
capability,” International Transactions on Electrical Energy Systems, vol. 15,
pp. 455-464, 2005.

S. Taheri, A. Gholami, 1. Fofana, and H. Taheri, "Modeling and simulation of
transformer loading capability and hot spot temperature under harmonic
conditions," Electric Power Systems Research, vol. 86, pp. 68-75, 2012.

IEEE C57.91-1995 "IEEE Guide for Loading Mineral-Oil-Immersed
Transformers," 1996.

G. Swift, T. S. Molinski, and W. Lehn, "A fundamental approach to transformer
thermal modeling. 1. Theory and equivalent circuit," IEEE Transactions on
Power Delivery, vol. 16, pp. 171-175, 2001.

D. Susa, M. Lehtonen, and H. Nordman, "Dynamic thermal modelling of power
transformers,” IEEE Transactions on Power Delivery, vol. 20, pp. 197-204,
2005.

C. Weigen, P. Chong, and Y. Yuxin, "Power transformer top-oil temperature
model based on thermal—electric analogy theory," European Transactions on
Electrical Power, vol. 19, pp. 341-354, 2009.

64



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

[32]

[33]
[34]

[35]

[36]
[37]

A. Mamizadeh and I. Iskender, "Analyzing and comparing thermal models of
indoor and outdoor oil-immersed power transformers,” IEEE Bucharest
PowerTech, 2009, pp. 1-8.

I. Iskender and A. Mamizadeh, "An improved nonlinear thermal model for
MV/LV prefabricated oil-immersed power transformer substations," Electrical
Engineering, vol. 93, pp. 9-22, 2011.

G. Swift, T. S. Molinski, R. Bray, and R. Menzies, "A fundamental approach to
transformer thermal modeling. 1. Field verification," IEEE Transactions on
Power Delivery, vol. 16, pp. 176-180, 2001.

J. H. Harlow, Electric power transformer engineering: CRC press, 2004.

S. V. Kulkarni and S. Khaparde, Transformer engineering: design and practice
vol. 25: CRC Press, 2004.

D. Harris, "The Design and Performance of Circular Disc, Helical and Layer
Windings for Power Transformer Applications,” Minnesota Power System
Conference, 2009, pp. 1-12.

D. Susa, " Doctoral Dissertation: Dynamic Thermal Modelling of Power
Transformers,” Electrical and Communications Engineering, Helsinki
University of Technology, 2005.

F. Torriano, M. Chaaban, and P. Picher, "Numerical study of parameters
affecting the temperature distribution in a disc-type transformer winding,"”
Applied Thermal Engineering, vol. 30, pp. 2034-2044, 2010.

G. Kémiirgdz, I. Ozkol, and N. Giizelbeyoglu, "Temperature Distribution in
The Disc-Type Coil of Transformer Winding," International Conference on
Electrical and Electronics Engineering, 2001, pp. 64-65.

A. C. Franklin and D. P. Franklin, The J & P transformer book: a practical
technology of the power transformer: Elsevier, 2016.

S. T.Jan, R. Afzal, and A. Z. Khan, "Transformer Failures, Causes & Impact,”
in Civil and Mechanical Engineering, 2015.

J. Perez, "Fundamental principles of transformer thermal loading and
protection,” Annual Conference for Protective Relay Engineers, 2010, pp. 1-14.
R. M. Del Vecchio, B. Poulin, M.-E. F. Feeney, P. T. Feghali, D. M. Shah, R.
Ahuja, et al., Transformer design principles: with applications to core-form
power transformers: CRC press, 2001.

D. Susa and H. Nordman, "IEC 60076—7 loading guide thermal model constants
estimation,” International Transactions on Electrical Energy Systems, vol. 23,
pp. 946-960, 2013.

IEC60076-2 "Power Transformers-Part2: Temperature Rise," 1993.

A. L. Ribeiro, N. Eira, J. Sousa, P. Guerreiro, and J. Salcedo, "Multipoint fiber-
optic hot-spot sensing network integrated into high power transformer for
continuous monitoring,”" IEEE Sensors Journal, vol. 8, pp. 1264-1267, 2008.
G. Betta, A. Pietrosanto, and A. Scaglione, "An enhanced fiber optic
temperature sensor system for power transformer monitoring,” IEEE
Conference Proceedings of Instrumentation and Measurement Technology,
2000, pp. 153-158.

D. Bailey and E. Wright, Practical fiber optics: Newnes, 2003.

W. McNutt, J. Mclver, G. Leibinger, D. Fallon, and K. Wickersheim, "Direct
Measurement of Transformer Winding Hot Sport Temperature," IEEE
transactions on power apparatus and systems, pp. 1155-1162, 1984.

65



(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

D. Feng, "Thesis Doctor of Philosophy: Life expectancy investigation of
transmission power transformers,” School of Electrical and Electronic
Engineering, University of Manchester, 2013.

J. Glodio, "Field experience with multipoint internal temperature measurements
of converter transformers," International Conference of Doble Clients, 2004.

J. Bérubé, J. Aubin, and W. McDermid, "Transformer winding hot spot
temperature determination,” Fifth Annual Weidmann ACTI Technical
Conference, 2006, pp. 1-10.

T. Molinski and P. Eng, "Minimizing the Life Cycle Cost of Power
Transformers,” CIGRE Colloguium, June, 2001.

V. G. M. Annamdas, "Review on developments in fiber optical sensors and
applications,” International Journal of Materials Engineering, vol. 1, pp. 1-16,
2011.

D. K. Mahanta and S. Laskar, "Transformer Condition Monitoring using Fiber
Optic Sensors: A Review," ADBU Journal of Engineering Technology, vol. 4,
2016.

D. Susa and M. Lehtonen, "Dynamic thermal modeling of power transformers:
further Development-part 1, IEEE Transactions on Power Delivery, vol. 21,
pp. 1961-1970, 2006.

D. Susa and M. Lehtonen, "Dynamic thermal modeling of power transformers:
Further development-Part I1," IEEE Transactions on Power Delivery, vol. 21,
pp. 1971-1980, 2006.

Y. Cui, H. Ma, T. Saha, C. Ekanayake, and D. Martin, "Moisture-Dependent
Thermal Modelling of Power Transformer,” IEEE Transactions on Power
Delivery, vol. 31, pp. 2140-2150, 2016.

W. Tang, Q. Wu, and Z. Richardson, "Equivalent heat circuit based power
transformer thermal model," IEEE Proceedings-Electric Power Applications,
vol. 149, pp. 87-92, 2002.

W. Tang, Q. Wu, and Z. Richardson, "A simplified transformer thermal model
based on thermal-electric analogy," IEEE Transactions on Power Delivery, vol.
19, pp. 1112-1119, 2004.

Z. Radakovic and K. Feser, "A new method for the calculation of the hot-spot
temperature in power transformers with ONAN cooling," IEEE Transactions
on Power Delivery, vol. 18, pp. 1284-1292, 2003.

D. Susa and H. Nordman, "A simple model for calculating transformer hot-spot
temperature,” IEEE transactions on power delivery, vol. 24, pp. 1257-1265,
20009.

X. Su, W. Chen, C. Pan, Q. Zhou, and L. Teng, "A simple thermal model of
transformer hot spot temperature based on thermal-electrical analogy,"”
International Conference on High Voltage Engineering and Application, 2012,
pp. 492-495.

W. Ben-gang, F. Chen-zhao, L. Hong-lei, L. Ke-jun, and L. Yong-liang, "The
improved thermal-circuit model for hot-spot temperature calculation of oil-
immersed power transformers,” Conference of Information Technology,
Networking, Electronic and Automation Control, 2016, pp. 809-813.
Z.Radakovic and S. Tenbohlen, "Thermal model of oil power transformers with
a tap changer,” Turkish Journal of Electrical Engineering & Computer
Sciences, vol. 24, pp. 3293-3308, 2016.

66



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

S. Taheri, A. Vahedi, A. Gholami, and H. Taheri, "Estimation of hot spot
temperature in distribution transformer considering core design using FEM,"
International Conference of Power and Energy, 2008, pp. 1408-1413.

S. Taheri, H. Taheri, I. Fofana, H. Hemmatjou, and A. Gholami, "Effect of
power system harmonics on transformer loading capability and hot spot
temperature,” IEEE Canadian Conference on Electrical & Computer
Engineering, 2012, pp. 1-4.

G. Chitaliya and S. Joshi, "Determination of temperature rise in a dry type
transformer using finite element analysis,” IEEE Annual India Conference,
2016, pp. 1-6.

Y. Zhang, Y. Xin, T. Qian, X. Lin, W. Tang, and Q. Wu, "2-D coupled fluid-
thermal analysis of oil-immersed power transformers based on finite element
method,” Innovative Smart Grid Technologies-Asia (ISGT-Asia), 2016, pp.
1060-1064.

J. Faiz, M. Sharifian, and A. Fakhri, "Two-dimensional finite element thermal
modeling of an oil-immersed transformer," International Transactions on
Electrical Energy Systems, vol. 18, pp. 577-594, 2008.

A. S. Reddy and M. Vijaykumar, "Hottest Spot And Life Evaluation of Power
Transformer Design Using Finite Element Method," Journal of Theoretical &
Applied Information Technology, vol. 4, 2008.

S. Firouzifar and J. Mahoudi, "Assessment of Power Transformer cooler with
FEMLAB," Scandinavian Conference on Simulation and Modeling, 2007, pp.
159-165.

G. Chitaliya and S. Joshi, "Finite Element Method for Designing and Analysis
of the Transformer—A Retrospective," 2013.

S. A. Gholamian, "Life Estimation of Distribution Transformers Under Non-
Linear Loads Using Calculated Loss by 2D-FEM," Journal of Electrical
Systems, vol. 7, pp. 12-24, 2011.

M. Q. B. A. NASIB, "Thesis Bachelor of Electrical Engineering: Estimation of
Core Loss in Transformer by Using Finite Element Method," Electrical and
Electronics Engineering, Universiti Malaysia Pahang, 2012.

M. T. Askari, M. A. A. Kadir, and M. Izadi, "On the trend of improvement of
thermal model for calculating the TOT and HST," Przeglgd Elektrotechniczny,
vol. 88, pp. 297-301, 2012.

A. A. Elmoudi, "Doctoral Dissertation: Evaluation of power system harmonic
effects on transformers: Hot spot calculation and loss of life estimation,"
Electrical and Communications Engineering, Helsinki University of
Technology, 2006.

M. Isha and Z. Wang, "Transformer hotspot temperature calculation using IEEE
loading guide,” International Conference on Condition Monitoring and
Diagnosis, 2008, pp. 1017-1020.

D. Susa, M. Lehtonen, and H. Nordman, "Dynamic thermal modeling of
distribution transformers," IEEE Transactions on Power Delivery, vol. 20, pp.
1919-1929, 2005.

J. Aubin and Y. Langhame, "Effect of oil viscosity on transformer loading
capability at low ambient temperatures,” IEEE Transactions on Power
Delivery, vol. 7, pp. 516-524, 1992.

67



[69] L. W. Pierce, "An investigation of the thermal performance of an oil filled
transformer winding," IEEE Transactions on Power Delivery, vol. 7, pp. 1347-
1358, 1992.

[70] T. L. Bergman, F. P. Incropera, and A. S. Lavine, Fundamentals of heat and
mass transfer: John Wiley & Sons, 2011.

[71] F. Incropera and D. DeWitt, "Fundamentals of Heat and Mass Transfer, Wiley,
New York, 1996."

68



LIST OF PUBLICATIONS

Journals

M. H. Roslan, N. Azis, J. Jasni and Z. Ibrahim, “Top-oil Temperature Model for
Transformers based on Nonlinear Thermal Resistance, Lumped Capacitance and
Thermal-electrical Analogy,” Pertanika Journal Science & Technology, 2017.
(Published)

M. H. Roslan, N. Azis, M. Z. A. Ab Kadir, J. Jasni, Z. Ibrahim, A. Ahmad, “A Simplified
Top-Oil Temperature Model for Transformers based on the Pathway of Energy
Transfer Concept and the Thermal-Electrical Analogy,” Energies, 2017.
(Published)

Conference proceedings

M.H Roslan, N. Azis, M.Z.A. Ab Kadir, J. Jasni, M.T Ishak, “Development of an
Improved Thermal Model for Transformers,” MyHVnet Colloquium,Vol. 1, January
2016. (Published in UTM Handbook) (Author)

70



	FullthesisAbs - Hardbound
	Fullthesis1-5 - Hardbound
	LAST PAGE
	Blank Page
	CHAPTER 2
	REFERENCES



