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Abstract 

Power transformer is an important and the most expensive component of electrical power 

system. It is power transformer whose efficient and reliable operation ensures the reliable 

supply of electricity to the consumers. Any defects or failures in it can have serious impacts, 

both economically and technically. Moreover, aging in power transformers is a critical issue 

faced by the utility companies for years. A lot of failure cases have been reported in the 

recent years, which caused a substantial loss to the power sector and to the country. The 

replacement of such transformers requires a lot of time and cost which arises the need of 

health monitoring of power transformers. 

This study aims to use the concept of real-time monitoring of a three-phase transformer and 

examine its operation under different conditions in MATLAB Simulink. A transformer 

model is developed which can accurately evaluate the health condition and life expectancy 

by using the real-time data of 10/13 MVA, 132/11 kV grid power transformer. Moreover, a 

Transformer Monitoring Unit (TMU) for the transformer has been utilized to record the real-

time data from the grid power transformer. On the basis of simulation, a prototype testing 

facility was developed with thermal and UHF sensors incorporated in the high voltage 

laboratory of University of Engineering and Technology, Peshawar. The results of top-oil 

temperature with load cycle were consistent with the MATLAB Simulink results. The model 

is simulated with the recorded data and the health assessment has been done through Signal-

to-Noise ratio (SNR) technique in Simulink and real-time application. It was concluded that 

the noise voltage from UHF sensors was displayed as SNR with no PD activity was 

established to be about at +40dB. The actual results and simulated results with MATLAB 

were consistent. Thus the MATLAB/Simulink simulations can be used as predictive tool for 

obtaining information related to transformer health.  

Keywords: Health monitoring, Power-transformer, Partial Discharges, MATLAB-Simulink, 

Signal-to-Noise Ratio (SNR), Transformer Monitoring unit (TMU). 



 

 v 

Acknowledgements 

 First of all, I am greatly thankful to Almighty Allah for the successful completion of my Post 

graduate thesis submitted as a partial fulfillment of the requirements for the degree of Doctor 

of Philosophy. 

I would like to express my sincere gratitude to my Supervisor Prof. Dr. Muhammad Naeem 

Arbab, Department of Electrical Engineering, University of Engineering and Technology 

Peshawar, for his continuous support, encouragement, and motivation. Without his precious 

support it would not be possible to conduct this research. I would also like to thank Dr. 

Abdul Basit, Assistant Professor, Electrical Energy Systems Engineering, USPCASE, Dr. 

Najeeb Ullah, Director USPCASE, my respected colleagues for their constant support and 

help. 

 I thank my Laboratory Engineer Inzamam-Ul-Haq for discussions, for the sleepless nights 

we were working together before deadlines, and for all the learning we had in the last years. I 

am also deeply indebted to USAID (United States Agency for International Development) for 

funding this research work and Heavy Electrical Complex (HEC), Hattar for providing 

facilities to make this research successful. Last but not the least; I would like to thank my 

family: my parents, my brothers and sisters for supporting me spiritually throughout writing 

this thesis and my life in general. 



 

 vi 

Dedication 

 

Dedicated to my teacher Prof. Dr. Muhammad Naeem Arbab and my parents. 



 

 vii 

Table of Contents 

AUTHOR'S DECLARATION ................................................................................................ iii 

Abstract .................................................................................................................................... iv 

Acknowledgements ................................................................................................................... v 

Dedication ................................................................................................................................ vi 

Table of Contents .................................................................................................................... vii 

List of Figures .......................................................................................................................... xi 

List of Tables ......................................................................................................................... xiv 

List of Acronyms .................................................................................................................... xv 

Chapter 1 -INTRODUCTION .................................................................................................. 1 

1.1 Overview-- ...................................................................................................................... 1 

1.2 The Research Problem .................................................................................................... 1 

1.3 Objectives ........................................................................................................................ 5 

1.4 Organization of the thesis ................................................................................................ 6 

1.5 Sponsorship and Funding ................................................................................................ 6 

Chapter 2 LITERATURE REVIEW ......................................................................................... 8 

2.1 Background ..................................................................................................................... 8 

2.2 Chemical Techniques ...................................................................................................... 8 

2.2.1 Key Gas Ratio Method ........................................................................................... 10 

2.2.2 Doernenburg Ratio ................................................................................................. 11 

2.2.3 Rogers Ratio ........................................................................................................... 12 

2.2.4 IEC Ratio Method ................................................................................................... 13 

2.2.5 Logarithmic Nomo graph ....................................................................................... 14 

2.2.6 Duval Triangle Method .......................................................................................... 14 

2.3 Gas Chromatography..................................................................................................... 17 

2.4 Online Hydrogen Monitoring ........................................................................................ 18 

2.5 Photo Acoustic Spectroscopy ........................................................................................ 20 

2.6 Artificial Intelligence Techniques ................................................................................. 22 

2.6.1 Artificial Neural Networks ..................................................................................... 22 



 

 viii 

2.6.2 Expert System and Fuzzy Logic ............................................................................. 22 

2.7 Electrical Diagnostic Techniques .................................................................................. 24 

2.7.1 Polarization=and=Depolarization Current (PDC) .................................................. 24 

2.7.2 Recovery=Voltage=Method ................................................................................... 26 

2.7.3 Frequency Domain Spectroscopy ........................................................................... 27 

2.8 Furan Analysis............................................................................................................... 29 

2.8.1 High Performance Liquid Chromatography ........................................................... 30 

2.8.2 Confocal Laser Raman Spectroscopy (CLRS) ....................................................... 31 

Chapter 3 DETERIORATION OF TRANSFORMER INSULATION .................................. 33 

3.1 Introduction ................................................................................................................... 33 

3.2 Liquid insulation ........................................................................................................... 33 

3.2.1 Micro Bubbles Theory ............................................................................................ 36 

3.2.2 Weak-Link Theory ................................................................................................. 37 

3.3 Oil Degradation Causes ................................................................................................. 37 

3.3.1 Pyrolysis ................................................................................................................. 37 

3.3.2 Hydrolysis ............................................................................................................... 39 

3.3.3 Cellulose Paper ....................................................................................................... 40 

3.4 Aging ............................................................................................................................. 41 

3.4.1 Chemical Aging ...................................................................................................... 41 

3.4.2 Electrical Aging ...................................................................................................... 41 

3.4.3 Thermal Aging ........................................................................................................ 42 

3.5 Possible Modification .................................................................................................... 42 

Chapter 4 CASE STUDIES OF TRANSFORMER FAILURE .............................................. 44 

4.1 Introduction ................................................................................................................... 44 

4.2 Causes of Failure during Operation .............................................................................. 44 

4.3 Failure due to Manufacturing Defects ........................................................................... 45 

4.4 Failure Types (Dielectric Related Failure) .................................................................... 45 

4.5 Case Studies.................................................................................................................. 46 

4.5.1 CASE Study: I ........................................................................................................ 47 



 

 ix 

4.5.2 CASE Study: II ....................................................................................................... 50 

4.5.3 CASE- Study: III .................................................................................................... 53 

Chapter 5  DEVELOPMENT OF TRANSFORMER INSULATION MODEL .................... 55 

5.1 Transformer Insulation Modeling ............................................................................ 55 

5.1.1 Thermal-Electrical Analogy ................................................................................... 57 

5.1.2 Top-Oil Model ........................................................................................................ 59 

Chapter 6   MONITORING TRANSFORMER HEALTH USING SIGNAL- TO- NOISE 

RATIO .................................................................................................................................... 66 

6.2 Signal-to-Noise Ratio (SNR) ................................................................................ 67 

6.3 Modeling of Three-phase Power Transformer ..................................................... 68 

6.2.1  Three-Phase (𝒀 → 𝜟) Transformer Model ............................................................ 69 

6.3.2 Phasor-Measurement- ....................................................................................... 70 

6.4.1 Modeling of SNR Block in Simulink ............................................................... 75 

6.5.1 Partial Discharge Model for Winding Insulation .............................................. 76 

6.6.1  PD Activity in Transformer ................................................................................... 83 

6.7.1 Monitoring of PD Activity Within Transformer ............................................... 84 

6.8.1 Results of PD Activity ...................................................................................... 91 

6.9.1 Winding Hot-Spot Model ....................................................................................... 98 

6.10.1 Loss of Insulation Life .................................................................................... 102 

Chapter 7  IMPLEMENTATION OF HEALTH MONITORING AND TESTING 

ARRANGEMENT FOR TRANSFORMERS BASED ON SIMULATIONS ..................... 105 

7.1 Introduction ................................................................................................................. 105 

7.2 Laboratory Prototype Setup ................................................................................... 105 

7.2.1 Installation of Sensors ..................................................................................... 107 

7.2.2 The Protection Scheme ................................................................................... 113 

7.2.3 Variable Load Control Panel .......................................................................... 116 

7.3 The Transformer Monitoring Unit ......................................................................... 122 

    7.4 Complete Laboratory Set-up .............................................................................. 125 

7.5 Installation of Transformer Monitoring Unit with Sub-Station Transformer ........ 134 



 

 x 

7.7 Thermal Model Parameters ................................................................................ 139 

7.7.1 Ambient Temperature and Daily Load cycles ................................................ 139 

7.7.2 Top-Oil Temperature ...................................................................................... 141 

7.8.1 SNR Under No-Load condition ...................................................................... 144 

7.8.2 SNR Under Load............................................................................................. 145 

Chapter 8 DISCUSSIONS AND IMPLEMENTATION ...................................................... 150 

8.1 Discussions .................................................................................................................. 150 

8.2 Implementation............................................................................................................ 155 

Chapter 9 CONCLUSIONS AND FUTURE WORK ..................................................... 158 

9.1 Conclusions ................................................................................................................. 158 

9.2 Future Research Work ................................................................................................. 160 

References ............................................................................................................................. 162 

APPENDIX ........................................................................................................................... 174 

Appendix -A.......................................................................................................................... 174 

Appendix -B .......................................................................................................................... 176 

Appendix-C ........................................................................................................................... 180 

 



 

 xi 

List of Figures 

Figure 1.1:Types of Internal Fault in Transformer ................................................................... 4 

Figure 2.1: Health Monitoring Techniques ............................................................................... 9 

Figure 2.2: Duval's Triangle ................................................................................................... 16 

Figure 2.3: Gas Chromatography Process .............................................................................. 17 

Figure 2.4: Hydrogen on-line Monitoring .............................................................................. 19 

Figure 2.5: Photoacoustic Spectroscopy ................................................................................. 21 

Figure 2.6: Expert System and Artificial Neural Networks .................................................... 23 

Figure 2.7: Polarization and Depolarization Current .............................................................. 25 

Figure 2.8: Voltage vs Current Graph..................................................................................... 26 

Figure 2.9: Frequency Domain Spectroscopy ......................................................................... 27 

Figure 2.10: High Performance Liquid Chromatography (HPLC) System ............................ 30 

Figure 2.11: Confocal Laser Raman Spectroscopy................................................................. 31 

Figure 3.1: Overall Properties of Transformer Oil ................................................................. 35 

Figure 5.1: Power Transformer Overall Thermal Model ........................................................ 56 

Figure 5.2: Thermal Simulink Model of Power Transformer ................................................. 56 

Figure 5.3: Heat Transfer Model of Oil-to-Air ....................................................................... 59 

Figure 5.4: Top-Oil Simulink Model ...................................................................................... 61 

Figure 5.5: Dialogue Box for Top-Oil Temperature Model (Simulink) ................................. 62 

Figure 5.6: Graph Showing the Trend of Cooling for ONAN and ONAF Modes ................. 63 

Figure 5.7: Cooling Characteristics of Oil .............................................................................. 65 

Figure 6.1: Model of Health Assessment through SNR ......................................................... 66 

Figure 6.2: Single-Phase Transformer .................................................................................... 68 

Figure 6.3: Three-Phase Transformer Model.......................................................................... 69 

Figure 6.4: Generic Model of the Transformer ....................................................................... 70 

Figure 6.5: Representation of a Sinusoidal Signal .................................................................. 71 

Figure 6.6: Phasor Estimation through Recursive Approach.................................................. 73 

Figure 6.7: Non- Recursive Phasor Estimation....................................................................... 74 

Figure 6.8: Phasor Measurement Model with Recursive Algorithm ...................................... 74 



 

 xii 

Figure 6.9: Phasor Measurement Model with Non-Recursive Algorithm .............................. 75 

Figure 6.10: SNR Block Model in Simulink .......................................................................... 76 

Figure 6.11: The Symbolic Model for PD in insulation ......................................................... 79 

Figure 6.12: The Winding Insulation Reciprocal Model for PD ............................................ 81 

Figure 6.13: Simulink Model for Winding Insulation ............................................................ 82 

Figure 6.14: Temperature Algorithm for Transformer ........................................................... 83 

Figure 6.15: Transformer HT Coil Assembly ......................................................................... 86 

Figure 6.16: UHF Sensor ........................................................................................................ 87 

Figure 6.17: Steel Tank Enclosure for Coil Under Test ......................................................... 88 

Figure 6.18: Testing Arrangement .......................................................................................... 89 

Figure 6.19: Interface Circuit .................................................................................................. 90 

Figure 6.20: PD Activity in Coil 1 .......................................................................................... 93 

Figure 6.21: PD Activity in Coil 2 .......................................................................................... 94 

Figure 6.22: PD Activity in Coil 3 .......................................................................................... 95 

Figure 6.23: PD Activity in Coil 4 .......................................................................................... 97 

Figure 6.24: Winding-to-Oil Heat Transfer Model ................................................................. 99 

Figure 6.25: Hot-Spot Simulink Model ................................................................................ 100 

Figure 6.26: Required Data for Hot-Spot Simulink Model .................................................. 101 

Figure 6.27: The Simulation Result ...................................................................................... 102 

Figure 7.1: Schematic Circuit Diagram of Prototype Laboratory Setup .............................. 106 

Figure 7.2:Locations on Transformer Winding for Installation of Sensors .......................... 109 

Figure 7.3:Photograph of Winding Assembly Indicating Locations for Sensors ................. 111 

Figure 7.4: Sensors Installation on TF2 Transformer ........................................................... 111 

Figure 7.5: Transformers for Laboratory Setup .................................................................... 112 

Figure 7.6: Protection Scheme .............................................................................................. 113 

Figure 7.7: Over-Load Protection ......................................................................................... 115 

Figure 7.8: Circuit Schematic Diagram for Door Protection ................................................ 116 

Figure 7.9: Front and Internal View of Load Panel .............................................................. 117 

Figure 7.10: (a) Resistive Load (b) Variable Resistive Load Control Cards ........................ 118 



 

 xiii 

Figure 7.11: Capacitive Load ................................................................................................ 119 

Figure 7.12: Schematic circuit diagram for Inductive loads ................................................. 121 

Figure 7.13: Photograph of SEL-2414 Unit (Left: Front, Right: Rear) ................................ 123 

Figure 7.14: Complete Laboratory Testing and Experimentation Facility ........................... 127 

Figure 7.15: Test Results Showing Temperature Variations With Electrical Load ............. 131 

Figure 7.16: Noise Level through UHF Sensor .................................................................... 132 

Figure 7.17:SNR Result ........................................................................................................ 133 

Figure 7.18: SEL-2414 Connection to CTs and PTs of the Transformer ............................. 135 

Figure 7.19: Set-up of SEL-2414 Unit With Power Transformer at 500 kV Grid Substation

............................................................................................................................................... 137 

Figure 7.20: Daily Load Cycle.............................................................................................. 140 

Figure 7.21: Temperature Cycle ........................................................................................... 140 

Figure 7.22: Top Oil Temperature  For All Phase Load Cycles ........................................... 142 

Figure 7.23: SNR Under No-Load Conditions ..................................................................... 145 

Figure 7.24: Noise Level and SNR for Day 1 ....................................................................... 147 

Figure 7.25: Noise Level and SNR for Day 2 ....................................................................... 148 

Figure 7.26: Noise Level and SNR for Day 3 ....................................................................... 149 

Figure 8.1:Installation UHF Sensors..................................................................................... 156 

 



 

 xiv 

List of Tables 

Table 2-1: Key Gas Ratio Method  Gas generated of distinct faults ...................................... 10 

Table 2-2: Doernenburg Ratio Method ................................................................................... 11 

Table 2-3: Concentration of Dissolved Gasses ....................................................................... 12 

Table 2-4: Rogers Ratio Technique ........................................................................................ 13 

Table 2-5: IEC Ratio Code ..................................................................................................... 13 

Table 2-6: Duval’s Triangle Method ...................................................................................... 15 

Table 2-7: Merits and Demerits of Gas Chromatography Process ......................................... 18 

Table 2-8: Merits and Demerits of hydrogen online monitoring ............................................ 20 

Table 2-9: Merits and Demerits of Photoacoustic Spectroscopy ............................................ 21 

Table 2-10: Comparative Analysis of PDC, RVM & FDS ..................................................... 29 

Table 4-1: Sub-stations With Voltage Level and Numbers .................................................... 46 

Table 4-2: The Data Recorded From Short Circuit And Turn Ratio Testing ......................... 48 

Table 4-3: Applied Voltage For Testing ................................................................................. 48 

Table 5-1: Thermal and Electrical Quantities Analogy .......................................................... 57 

Table 5-2: Non-Linearity Exponents Values for Different Cooling Modes ........................... 58 

Table 6-1: Results of PD Activity ........................................................................................... 94 

Table 6-2: Voltage vs Frequency ............................................................................................ 96 

Table 6-3:Voltage vs Frequency ............................................................................................. 96 

Table 7-1: Load Current for Different Capacitance Values.................................................. 120 

Table 7-2: Slot Allocations for Different Option Cards ....................................................... 124 

Table 7-3: Load Data for 24 Hours (1st July 2019) Obtained from PESCO Subdivision for 

Peshawar City 1 Distribution Feeder .................................................................................... 128 

Table 7-4: Slot Allocations For Different Option Cards ...................................................... 136 

Table 7-5: Parameters for Thermal Model ............................................................................ 138 

Table 7-6: Winding Insulation Parameters ........................................................................... 138 

Table 7-7: Specifications of the Transformer Used .............................................................. 143 

Table 7-8: Internal Parameters For the Transformer Model ................................................. 144 



 

 xv 

 

List of Acronyms 

SNR------------Signal to noise ration 

TMU-----------Transformer monitoring unit  

DGA-----------Dissolve gas analysis 

IEC                 International Electro-Technical Commission 

SFRA----------Sweep frequency analysis 

SNR-----------Signal to noise ratio 

NMR              Nuclear Magnetic Resonance  

MER----------Modulation error rate 

DP-------------Degree of polarization  

FDS               Frequency Domain Spectroscopy 

FI                   Flame Ionization  

TC                 Thermal Conductivity   

PD-------------Partial discharge 

CBM----------Condition base management  

GDP-----------Gross domestic products 

CT-------------Current Transformer 

PT------------- Potential Transformer 

ONAN           Oil Natural Air Natural  

ONAF            Oil Natural Air Force  

UHF               Ultra High frequency 

RP------------  Recursive phasor  

NRP-----------Non-Recursive phasor 

PMU              Phasor Measurement Unit 

AI--------------Artificial Intelligence 

ANN              Artificial Neural Networks  

PESCO--------Peshawar-Electric Supply-Company  



 

 xvi 

       OCT------------Open-Circuit-Test 

       SCT------------Short-Circuit-Test 

       HEC               Hattar Heavy Complex  



 1 

Chapter 1-INTRODUCTION 

1.1 Overview-- 

Real-time monitoring of transformers ensures equipment safety and guarantees the necessary 

intervention in precise time, thereby reducing the risk of non-schedule energy blackouts. The 

monitoring ensures that the transformer remains available for the maximum period and 

detects failures at their earlier stage thereby minimizing the probability of substantial 

damage. The extension in useful service life of the transformer owing to continuous 

monitoring plays an important role in the economic profitability of the electric power system. 

The condition based maintenance has recently gained importance. A variety of different 

techniques based on electrical and chemical diagnostic-methods are currently available for-

condition-based monitoring of power. transformers. This research aims to develop a scheme 

to continuously monitor the health of power transformer thereby ensure the safety of 

transformers from permanent damages by detecting the faults at their earlier stage.  

1.2 The Research Problem 

Power transformers perform an important duty of connecting generation, transmission and 

distribution system to consumers at voltage levels best suited for the system. Besides, power 

transformers are the most expensive equipment in power system forming an electrical link 

between different voltage levels. Therefore, focus on their performance and contingencies are 

the prime task for power system engineer. However, like all other electrical devices, power 

transformers are also vulnerable to faults which may cause failures [1]. A simple fault in the 

transformer at the transmission or distribution end may plunge the entire or parts of load 

center into blackout. Therefore, the techniques regarding the assessment and reliability of 

power transformers is an essential part of power system operation. This includes monitoring 

of operation condition, forced outages, failure types, and interruption time [2, 3].  

The reliable operation of power system, however, is dependent on transformer’s health. Any 

fault on transformer not only reduces the reliability of power system but also results in 

financial penalties. Special care is taken to ensure that transformers are well protected from 

all types of faults with prolong lifetime and high efficiency. During operation, transformers 
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are exposed to different constraints such as unsymmetrical load cycles, thermal stresses due 

to ambient temperature, and environmental conditions. Therefore during service transformers 

are subject to excessive voltage and overloads resulting in thermal stresses thus bringing 

about chemical changes and physical changes in its insulation and as a consequence 

insulation properties are deteriorated leading to aging and early failure [4]. The major factor 

of early failure of transformers is mostly attributed to insulation deterioration that is also 

influenced by moisture penetration and oxidation besides electrical and thermal stresses, [5]. 

Transformer insulation system is a composite of liquid and solid. The winding insulation of 

coil is solid, mostly based on cellulose, paper or cloth whereas the liquid is based on mineral 

oil that forms the ambient insulation serving dual-purpose: providing electrical insulation 

between high voltage windings and the dead tank and a heat exchanging medium; conducting 

heat-flow from windings to steel tank from where it is dissipated to the environment thereby 

allowing cooling of transformer. For maximum efficiency this heat may be effectively 

exchanged or the transformer remaining within prescribed working temperature under all 

operating and loading conditions. Majority of transformer health problems and faults are as a 

consequence of overheating [6-9]. To utilize the real capacity of transformer, the stress 

withstanding capability and its duration are important and must be known. The probability of 

occurrence of internal incipient faults increases with the abnormal loads and high voltage 

stresses on the insulation of the transformer. Such faults can lead to a catastrophic failure and 

causes prolong outages. An un-necessary thick layer of solid insulation applied around each 

part of winding, makes it better electrically insulated but at the expense of inducing thermal 

instability. On the other hand, sub-standard or aged oil due to chemical deterioration or 

inclusion of impurities may not effectively exchange heat to the surroundings thus causing 

overheating. Therefore, the condition of both the solid and liquid insulation determines the 

health status of power transformers.  

With the rapid growth of industrial, commercial and residential sectors in Pakistan, the 

demand for electrical energy has increased enormously during the last two decades, and the 

size of power systems have increased immensely and as a consequence the network of 

transmission and distribution have expanded. With the growing trend in power system 
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expansion the number of power transformers in service has increased significantly and at the 

same time the cases of failure of power transformers have been rising. This has resulted in 

more and more awareness among power system engineers to monitor transformer health to 

avoid complete failure that may results in prolong outages leading to heavy financial loss and 

system overloads.  Therefore, the utilities and other entities in the electric power market are 

exploring ways of detecting these faults in their early stage and regular maintenance and 

monitoring makes it conceivable to detect incipient faults before catastrophic failure occurs. 

It is essential to know about conceivable faults that may occur and to know preventive 

measures before it can develop to a stage leading to complete transformer failure. Thus the 

development of an intelligent monitoring system is important for power transformers that are 

able to predict faulty condition and notify the operator for the possible remedial action before 

complete failure.  

1.2 Internal and External Faults 

Before developing an intelligent health monitoring system, it is essential to have knowledge 

of faults in power transformers that are of significant to its health. There are two main types 

of transformer faults; internal and external faults. External faults are caused mainly due to 

short-circuit between phases; inclusive or exclusive ground and open circuit due to blown 

jumper or fusible link. Other situations include mechanical or electrical damage to the 

bushing. The internal faults can be either active or incipient in nature. Active faults are the 

solid faults that appear in the windings of the transformer. It may be a turn-turn short-circuit 

fault (phase-phase), or turn-earth short-circuit fault (phase-ground fault). These faults always 

result in high currents leading to insulation breakdown and permanent damage to 

transformer. Incipient faults are not much significant at its initial stage but gradually develop 

into more severe faults. Incipient faults are classified as, thermal-fault and electrical-fault. 

Electrical-fault is further classified into over-heating and winding insulation failure, while 

thermal fault is due to contamination of oil and insulation deterioration. Faults due to 

insulation deterioration are sub-divided into oil and cellulose paper deterioration faults. The 

overall classification the faults are shown in Figure 1.1. 
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Figure 1.1: Types of Internal Fault in Transformer 

It is generally considered that incipient fault is the result of weakening of the insulation of the 

transformer during operation. Throughout its service life, the power-transformer is under the 

influence of cyclic mechanical, electrical, thermal, chemical, and electromagnetic-stresses 

during normal-and-abnormal load conditions. The transformer’s condition degrades 

gradually during operation subjected to different stresses, depending on the duration and 

magnitude of over-voltage, results in the core overheating and overstressing the insulation. 

Sometimes poor insulation design and use of sub-standard material results in localized over-

heating due to corona type discharges. The other cause is attributed to the micro structure of 

the insulating material used and the process through which the insulation is treated during 

cooling from molten state, which results in internal microscopic defects in the form of voids 

and micro-cracks. Similarly, when the temperature of mineral-oil is fairly low and it thickens 

and circulates very rapidly, a static charge is developed between the metal parts of 

transformer and insulating oil. Oil is regarded as non-accumulator, however, when the 

magnitude of static charges exceeds a certain level to overcome the breakdown strength of 

insulating oil, sparking will occur that can ultimately lead to flashover, as a result the 
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transformer can damage if remedial measures are not exercised. Moreover, the reduction of 

the thermal integrity results in the insulation physical strength loss and with passage of time 

will degrade the cellulose paper till it can no longer sustain the electrical-and mechanical 

stresses and thereby overcome its withstand capability.  

1.3 Objectives 

Power Transformer forms a vital link for maintaining the required voltage levels between 

different sub-systems of electrical power system. With continuous service provided by power 

transformers, they are subjected to cyclic thermal and electrical stresses and are therefore 

vulnerable to develop incipient faults. It is therefore important to have knowledge of possible 

faults that may occur in transformers and their prevention. One of the major component of 

prime importance is the insulation that form a solid-liquid (impregnated paper and oil) 

composite. The degradation of the paper and oil insulation in the transformer with an aging 

or any abnormal conditions are the main causes of these incipient faults. Thus it is essential 

to monitor the health of transformer continuously and ensure the safety of transformers from 

permanent damages by detecting the fault at its earlier stage. The objectives of the present 

research are as follows:  

 To develop an intelligent=monitoring-system for the Power-Transformers that is able 

to predict faulted condition and notify operator for the possible fault under current 

operating conditions. 

 To detect an incipient failure by analyzing the output parameters of transformer using 

Transformer Monitoring Unit (TMU) and determining the Signal to Noise ratio 

(SNR) from the monitoring data. 

 To notify the operator for the possible fault under different operating condition of 

load ensuring health of transformer. 

 By using SNR to find the health state of power transformer. 

 To provide a solution for early fault prediction and health monitoring at affordable 

cost to the manufacturing industry and electricity utility companies. 
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1.4 Organization of the thesis 

This thesis comprise of nine chapters as follows:  

Chapter 1: In this chapter an overview and background of the research work is discussed 

and the aim and the objectives of the research work are stated. 

Chapter 2: This chapter contains a literature review with citation of more recent related 

references and includes basic concepts for better understanding of incipient faults that occur 

in power transformers. 

Chapter 3: In this chapter the process of ageing and dielectric breakdown of insulation used 

in electric power system equipment, specifically focused on power transformers.  

Chapter 4: Case studies of various power transformers in the jurisdiction of Peshawar 

Electric Supply Company (PESCO) are discussed in this chapter. The case studies are based 

on the incipient faults that have taken place during the last few years.   

Chapter 5: This chapter focusses on the transformer oil and insulation modeling that is 

essential for understanding of insulation behavior. 

Chapter 6: In this chapter the signal to noise ratio modeling is discussed and the work is 

mostly analytical pertaining to the present research work. 

Chapter 7: In this chapter the discussion is oriented around the laboratory work that includes 

installation of sensors and setting up of experimental scheme. This chapter also includes the 

procedure to achieve the required research objectives. 

Chapter 8: In this chapter the results of real time data of TMU are displayed along with the 

discussion to authenticate the results with the required objectives. 

Chapter 9: The conclusions drawn are discussed in this chapter. This chapter also includes 

the recommendation for remedial actions and the future research related to the present work 

in the best interest of power transformer industry and utility companies.  

1.5 Sponsorship and Funding 

Because of the importance of the subject for power utility companies and urgency for early 

solution to the problem demanded by the manufacturing industry, the present research has 
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been sponsored by HEC (Heavy Electrical Complex) and funded by USAID (United States 

Agency for International Development) through PCASE Center for Advanced Studies in 

Energy (PCASE) of University of Engineering and Technology Peshawar in collaboration 

with Arizona States University, USA. 
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Chapter 2  LITERATURE REVIEW 

2.1 Background 

Predictive maintenance is recognized as a powerful monitoring technique for the detection of 

incipient faults within power transformer. Online automated monitoring is currently gaining 

importance. There are several electrical and chemical methods for diagnostic and monitoring 

of insulation condition of the power transformers [6, 10-12]. This chapter reviews different 

types of technique for monitoring the health of transformers and are discussed in different 

sub-sections, based on the flowchart presented in Figure 2.1 that includes;  

 Chemical techniques for internal incipient faults detection with critical analysis, 

artificial intelligence-based techniques are briefly discussed. 

 Electrical diagnostic techniques for incipient fault detection. 

 Furan analysis.  

2.2 Chemical Techniques 

In is well-known that high current flow due to abnormal load conditions or any internal fault 

results in high temperature that damages the transformer insulation leading to breakdown. 

Localized breakdown and over-heating in insulation oil releases different types of gases that 

dissolve into oil instantly and will stay there inconclusively. Among the different gases 

produced, certain significant gases produced due to breakdown are related with particular 

faults and are Methane-(CH4), Ethane-(C2H6), Ethene-(C2H4), Ethyne/Acetylene-(C2H2), 

Hydrogen (H2), Carbon Dioxide- (CO2), Carbon-Monoxide-(CO). These gases are 

collectively known as the diagnostic gases or key indicators. Each internal fault irrespective 

of the type is accompanied by a specific characteristic gas. The nature and severity of the 

fault can be determined from the type as well as the quantity of the gas. The detection of 

specific gases produced in an oil-filled-transformer in operation is the most readily 

accessible-sign of a breakdown that may lead to the complete failure if appropriate action is 

not taken as remedial measure. 
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Among the variety of chemical techniques for predictive maintenance, the Dissolved-Gas-

Analysis (DGA) has-been considered as the single most powerful methods for power 

transformer fault detection and prediction in the past, and is still being widely used [13, 14].  

 

 

 

Figure 2.1: Health Monitoring Techniques 
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DGA has been used at the forefront of most progressive utilities monitoring strategy for the 

last four decades [15]. Various approaches for analysis of DGA have elaborated e.g. Key-Gas 

Ratio, Doernenburg Ratio, Roger Ratio, IEC Ratio Logarithmic Nomo Graph and Duval-

Triangle Methods [16]. Each of these methods depends on the collection of information or 

gathered knowledge and connection with various experts. Alternatively these present 

thorough quantitative technological models and therefore delivers various diagnoses for the 

same oil0sample [17] . These different techniques are briefly discussed below. 

2.2.1 Key Gas Ratio Method 

The main guideline of the key gas ratio technique depends on the quantity of individual fault 

gases generated from the insulating oil and cellulose paper within the event of a fault. In 

this method, individual gas is considered rather than the gas ratio for fault detection. This 

ratio technique correlates the main gases to faults types for identification of four different-

types of faults, which also includes winding failure due to (Corona, Partial Discharges (PD)), 

over-heating of oil and cellulose paper and arcing. However, key gas ratio method has 

several drawbacks: Like, the diagnoses are not accurate-enough and the diagnoses may-be-

inconclusive if some of gases are not found [18]. The generation of gases associated with 

distinct faults that are useful for key gas ratio is summarize in Table-2-1. 

Table 2-1: Key Gas Ratio Method  Gas generated of distinct faults 

S.No Fault Type Typical Gas generated Main Gases 

1 (Winding failure) high 

energy (Corona) 

major H2 and C2H2 and minor traces of 

other gases  
C2H2 and H2 

2 Overheating of papers Mainly CO and small amount of CO2 CO2and CO 

3 Partial discharge of 

low energy  

Major quantity H2 and trace amount   

of C2H4, C2H6and CH4  
H2 

4 Thermal fault or 

overheating of oil 

Main gas C2H4 and trace amount of 

other gases C2H6, CH4, H2 and C2H2 
C2H4 
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2.2.2 Doernenburg Ratio 

The Doernenburg Ratio Technique contrasts with other diagnostic approaches, however, it 

still holds an effective place in diagnostic techniques [19], the diagnostic guidelines of which 

are provided in IEEE C57.104-191 [20]. To define Doernenburg Ratio, the concentration of 

the following gases-(C2H2, H2, C2H6, CH4, C2H4 or CO) should not be less than double that 

of relevant concentration, as appearing in Table 2-2 and Table 2-3. There are four 

conceivable proportions that can be found out in the event, giving indication that they contain 

the main gas under consideration. Table 2-2 illustrates the proposed fault diagnostics depends 

on the four ratios. The complication of Doernenburg-Ratio-method limits its use, however, 

the technique is elaborated into the Rogers and Key gas Ratio perspective [21].  

 

Table 2-2: Doernenburg Ratio Method 

Possible Fault 

Diagnosis 

R1=CH4/H2= R2=C2H2/C2H4= R3=C2H2/CH4= R4=C2H6/C2H2= 

Oil= 
Gas-

space 
Oil= 

Gas 

space 
Oil 

Gas 

space 
Oil 

Gas 

space 

Winding 

Failure 

(Corona) 

>1.0= >0.1= <0.75 <1.0 <0.3 <0.1 <0.4 >0.2 

Partial 

discharge of 

Low Energy 

<0.1 <0.01 Not prominent <0.3 <0.1 >0.4 >0.2 

Partial 

Discharge of 

High Energy 

0.1 to 

1.0 

0.01 to 

0.1 
>0.75 >1.0 >0.3 >0.1 <0.4 <0.2 
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Table 2-3: Concentration of Dissolved Gasses 

Main-Gases (Key Gases) Concentration-(PPM) of Ɬ1 

Ethyne - C2H2=    35= 

Ethene-C2H4= 50 

Ethane C2H6= 65 

Methane-CH4 120 

Hydrogen-H2 100 

Carbon-Dioxide-CO2 2500 

Carbon-Monoxide-CO 350 

2.2.3 Rogers Ratio 

The Rogers Ratio technique is advanced version of the Doernenburg Method and is used in 

similar way as the Doernenburg method. However, as opposed to requiring sufficiently 

concentrations main Key Gases, the Rogers Ratio technique is only used when the 

concentrations exceed the values listed in Table 2-4. These ratios are determined according to 

five main gases that are given in Table 2-4. The fault type composes (cases), which are 

given, have been picked by consolidating a few cases from the number of fault type proposed 

by Rogers [17, 22]. In this method three ratios are indicated by diagnoses the transformer 

fault types. These ratios are made according to five main gases and are given in Table-2-4. 
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                                                      Table 2-4: Rogers Ratio Technique 

 

 

2.2.4 IEC Ratio Method 

The ratio technique of (International Electro-Technical Commission) IEC is broadly used for 

analysis of the transformer faults. In this technique, ratio of specific gases is utilized for 

analysis. These methods had been standardized in 1978 by IEEE and later on modified in 

2008 [23]. This fault determination jointly prescribed by the international Electro Technical 

Commission (IEC) [17, 20]. The technique depends on a combined Roger’s ratio and gas 

concentration. Three gas proportions are utilized to decide incipient fault. Three-gas ratios 

diverse the range of code in correlation with the Rogers-ratio technique. The codes for gas 

ratio allotted according to the value obtained for each gas ratio, and the relating fault is 

described in Table-2-5. 

Table 2-5: IEC Ratio Code 

Gas Ratio Range 
Gas-Ratio-Code 

C2H4/C2H6 CH4/H2 C2H2/C2H4 

>3  0  1  0 

0.1 to 1  1  2  1 

1 to 3  0  0  1 

 

Case Possible fault diagnoses R1=C2H2/C2H4  R2=CH4/H2 R3=C2H4/C2H6 

 0 Normal  <0.01  <0.1  <1.0 

 1 PD of low energy   ≥1.0  ≥0.1and<0.5  ≥1.0 

 2 PD of high energy  ≥0.6 and <3.0  ≥0.1and<1  ≥2.0 

 3 Thermal fault: < 3000C  <0.01  ≥1.0  <1.0 

 4 Thermal-fault: < 7000C  <0.1=  ≥1.0  ≥1.0 and <4.0 

 5 Thermal fault > 7000C  <0.2  ≥1.0  ≥4.0 
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Thermal faults, electrical faults, partial discharges-of low and high energy are four detected 

conditions of varying severity. However, this technique does not separate electrical and 

thermal faults into precise subtypes [24]. 

2.2.5 Logarithmic Nomo graph 

This technique was developed by J. O. Church, which combines the fault gas ratio concept 

with the Key Gas threshold limit value providing an incentive to improve the accuracy of 

fault diagnosis [25]. This technique provides graphical introduction of fault-gas information 

and the method to describe its criticalness. The Nomo graph comprises of a progression of 

vertical logarithmic scales representing to the concentrations of the individual gases [26]. 

Straight lines are drawn by this method between adjoining scales to associate the points 

representing the individual gas concentration. Every vertical scale has limited value esteem, 

marked with an arrow. According to this technique, no less than one of the two tie-points 

should lie above the limiting value. However, if neither one of the tie-point lies over a 

threshold value on the logarithmic scale on the Nomo graph, the fault is not considered as 

critical and the fault may not lead to complete failure  [27]. 

2.2.6 Duval Triangle Method 

Duval Triangle Method (DTM) is presented and illustrated in IEC 60599 and IEEE C57.104 

[28]. DTM basically depends on the levels of the three gas ratio namely-Methane(CH4), 

Ethane(C2H6) and Acetylene(C2H2) [29]. As illustrated in Figure 2.2, three sides of the 

triangle are represented by a, b and c describing respectively the relative extent of C2H2, 

C2H6 and CH4 in percentage (%) for each gas. The intersection of all three gases ratios 

illustrate types of fault in the transformer [30, 31]. Referring to Figure 2.2 , in Duval’s 

Triangle Method, the whole area of triangle divided into seven faults area as given in Table 

2-6. These fault areas include PD, DT, T3, T2, T1, D2 and D1. 
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Table 2-6: Duval’s Triangle Method 

Area Possible location 

PD Partial discharge (winding failure) 

DT Combination-of-thermal-faults & discharges 

T3 Thermal-fault > 7000C 

T2 300 0C < thermal fault ≤ 700 0C 

T1 300 0C ≥ thermal fault 

D2 PD of high energy 

D1 PD of low energy 

 

The concentration of the gases in percentage that are described in DTM triangle as shown in 

Figure 2.2 are given by the following equations: 

 

𝑪𝟐𝑯𝟐 (%) =
𝒄

𝒂 + 𝒃 + 𝒄
× 𝟏𝟎𝟎 

                                                                     (2.1) 

𝑪𝟐𝑯𝟒(%) =
𝒃

𝒂 + 𝒃 + 𝒄
× 𝟏𝟎𝟎 

                                                                     (2.2) 

  𝑪𝑯𝟒 (%)  =
𝒂

𝒂 + 𝒃 + 𝒄
× 𝟏𝟎𝟎                                                                        (2.3) 
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Figure 2.2: Duval's Triangle 

This technique provides better fault diagnosis; however, confusion is created between edges 

of every adjacent area due to ambiguity created between the boundaries. To overcome the 

restriction, dual launched other versions of Duval triangle method (DTM 4) and Duval 

triangle method (DTM 5) for mineral oil filled transformer. In DTM 4, axes are represented 

by H2, CH4 and C2H6 gases. DTM classify fault as thermal fault (T1, T2) or a PD then 

triangle 4 can be used for even more clarification for H2, C2H6 and CH4. Triangle 5 uses the 

concentrations of CH4, C2H4 and C2H6 respectively, where the temperature is the cause [T2, 

T3] [32]. In general, there are circumstances where contradictory classifications are made up 

by triangles 4 and 5 for the case of electrical faults. Therefore, these triangles are utilized to 

get more information only about thermal faults and not for electrical faults D1 or D2. The 

Triangle 5 is useful only when classical triangle determined the fault as T2 or T3. All 

triangles have unclassified region thus faults classification will majorly depend on the 
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expert's experience recognized by other techniques. There may be chance for mixing the 

electrical faults with the thermal faults because their boundaries are closed with each other. 

2.3 Gas Chromatography 

As mentioned earlier, abnormal conditions result in production of numerous gases that are 

then used as element for fault detection in transformers. The process is known as Gas 

Chromatography (GC), which separates various gases from the mixture [33]. In this process, 

the gas mixture is introduced at a constant stream of a “carrier gas” and then subsequent 

target gases are detected on one of the several detectors [34] . This technique is designed to 

be sensitive to each target gas and in fact use to analyze a huge variety of different types of 

samples from oil and gas [35]. 

Currently, GC Technique is one of the favorite and most sensitive method for the early 

sensing and detection of gases in insulating oil of the transformer and thus provide an 

excellent indication for upcoming expected faults inside the transformer [36]. Each GC 

process is set up for a specific application. A specific carrier gas is chosen to drive the gas 

sample from its injection point down the length of the column where it will separate mobile 

molecules in the mixture that travel relatively faster than other molecules. Figure 2.3 shows 

the schematic of GC process. 

 

 

Figure 2.3: Gas Chromatography Process 
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In GC process different detector can be used such as based on Thermal Conductivity (TC) 

and Flame Ionization (FI). FI detector is normally used for detection of organic substance i.e. 

Methane and Ethene gases. TC detector, on the other hand is used to identify permanent 

gases such as Hydrogen (H2), Oxygen (O2) and Nitrogen(N2) [37]. 

This technique requires very close-fitting control of gas flow rates, temperatures and carrier 

gas quality. GC is a sensitive but unstable technique and therefore has historically been 

confined to a laboratory environment. This is primarily because GC is sensitive to changing 

local conditions, such as; temperature, pressure, movement, continuity of gas flow rates etc. 

Because of this high degree of sensitivity to environmental factors, GC requires daily 

recalibration for continued quality operation. Because of this reason, the GC has remained 

the most demanding technique used in the laboratory environment since long. Recent 

attempts to utilize GC in the field of environmental sciences led to limited success. The 

single biggest problem is equipment drift which results in poor repeatability of results from 

one sample to the next [34]. The merits and demerits of GC process are summarized in Table 

2-7. 

Table 2-7: Merits and Demerits of Gas Chromatography Process 

 

2.4 Online Hydrogen Monitoring 

Ongoing advances in gas sensing innovation have made the technique base on DGA to have 

application in the field testing for the early recognition of the faults [38]. The hydrogen 

 Merits Demerits 

1 Offers highest-accuracy-and-

repeatability 

Long-time-required to finish a test on a 

transformer and Highly Expensive 

2 Ready to identify and analyze each 

gas dissolved-in-transformer oil 

Gas-chromatography is a    laboratory-based 

method due to complexity of the device 

3 Results-can be utilized to identify-

the fault. 

A high skill expert-is-needed to conduct the test 

an interpret-the-data. 
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online monitoring is powerful and low cost technique that is widely used for most of the 

fault in oil-filled transformer especially for Hydrogen gas. This method detects the main 

faults such as winding failure, overheating and hot spots. Figure 2.4 shows the experimental 

setup for hydrogen online monitoring comprising of membrane and electrical sensor. The 

setup is capable of passing fault gases through a membrane. The hydrogen gas permeates 

through membrane and reacts with atmospheric air thus producing electric current, the 

magnitude of which determine the concentration of hydrogen gas. Whenever there is a 

voltage-drop which produces the hydrogen-gas in oil then the resultant current is measured 

via resistor connected between the electrodes as shown in Figure 2.4. 

 

 

Figure 2.4: Hydrogen on-line Monitoring 

An alarm triggers if the hydrogen concentration rises to optimum quantity. The quantity of 

hydrogen gas can be easily monitored through communication, and operator can access on 

daily or weekly basis, or occasionally and uses these results not only to detect active faults 

but also to predict the development of a fault before it becomes a real serious issue. However, 

on-line monitoring of hydrogen is applicable in H2, CO, C2H2 and C2H4. The level of 

sensitivity will depend on percentage of the hydrogen monitoring of all individual gases. 

However, the sensitivity is maximum for hydrogen and less for the rest of the gases [39]. The 

overall merits and demerits are given in Table 2-8. 
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Table 2-8: Merits and Demerits of hydrogen online monitoring 

S.No Merits Demerits 

1 Incipient faults can be detected Detect-only-H2, CO, C2H2, andC2H4 

2 Tough low-cost and continuous 

online-monitoring 

Best accuracy of the concentration can be 

only achieved within range 200C to 400C 

3 The sensor responds 100% 

efficiency for Hydrogen gas 

Result cannot-be used-to-identify all fault-

type 

4 High response for particular gas Low response for the other gases 

2.5 Photo Acoustic Spectroscopy 

The basic principle of photo acoustic spectroscopy is illustrated in Figure 2.5. The principle 

is based on the fact that when gases absorb light lying in the infrared range, it produces 

acoustic signals. These signals are detected as sound energy waves by a sensitive microphone 

which is then converted into electrical signals. The absorbed energy from the light source is 

converted into kinetic energy of the sample by energy exchange processes. This result in 

local heating that is converted into sound waves.  A photoacoustic spectrum of a sample can 

be recorded by measuring the sound at different wavelengths. This spectrum can be used to 

identify the absorbing components of the sample [40, 41]. 

Photo acoustic Spectroscopy as compare to Gas Chromatography technique is less sensitive 

to environmental conditions (temperature, humidity, atmospheric pressure, movement 

associated with vibration or wind buffeting etc.).  These conditions are perfectly controlled 

and checked in a laboratory but in the field, it is quite challenging [42]. The system has to 

manage with daily and seasonal changes, weather patterns and local vibration from 

transformer core, road traffic and industrial processes [43].  
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Figure 2.5: Photoacoustic Spectroscopy 

The merits and demerits for photo acoustic spectroscopy are given in Table 2-9. 

Table 2-9: Merits and Demerits of Photoacoustic Spectroscopy 

 Merits Demerits 

1 Less sensitivity to the 

environment. 
A wide range of sensitivity for   the sound wave 

2 Can recognize and 

extensive variety of fault 

gases concentration is 

measured 
Concentration accuracy result impacted by the outer 

temperature, pressure and by vibration 
3 No requirement for 

multipoint recalibration 

in the field 

4 Results can be utilized 

for the identification of   

the fault Still undergoing development 

5 Continuous on-line 

monitoring 
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2.6 Artificial Intelligence Techniques 

Traditionally, various chemical techniques identify the health of power transformers. 

Experience from various human expertise helps in classifying the state of transformer health 

by interpreting data acquired through various tests. As it mainly depends on human 

experience, therefore there is always probability of irregularity and uncertainty in interpreting 

the acquired data. There is need for more advanced techniques based on artificial intelligence 

(AI) [44, 45]. Fuzzy interface, wavelet network, genetic algorithm, artificial neural network 

are some of the examples of AI system where the trained data provides quick and accurate 

result as compare to classical one or conventional methods [46-50]. A few methods briefly 

explain here below. 

2.6.1 Artificial Neural Networks 

The use of Artificial Neural Networks (ANN) in diagnosing the electrical insulation 

condition has increased over couple of years. The ANN system needs to be intelligent for 

differentiating the faulty data from the normal and thereby classify the insulation health. 

During-the-training-process, an-ANN will construct a model to explain dependency-

between-the extracted options and the-fault-types by adjusting-the weights-between neurons-

and-the thresholds-of-activation operate of every neuron. Then the intelligent ANN model is 

employing to classify the health of electrical insulation by spotting new samples with the 

predefined training pattern process. The training process has enabled ANN to become 

intelligent and distinguish between-input options and fault varieties of transformers. This can 

be a major advantage-of-ANN, since the training patterns are usually generated by an 

oversized range of actual samples from data and events, instead of being generated from 

human thoughts that are typically concerned in mathematical logic-systems [51]. 

2.6.2 Expert System and Fuzzy Logic 

An expert system minimizes human skilled behavior by providing specific data from concern 

domain-with a machine-implementable kind. An expert system implements this 

information to facilitate decision and-justify its reasoning. The-expert-system-initially-

extracts-the-intellectual-indications from the domain data and so present the data in 
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several forms and structures, together with fuzzy logic frames. However, the significant 

limitations of this logic and expert system for the transformer diagnosis are because of the 

way that the execution of these strategies is deeply reliant on the result of the predefined 

information. Neither this logic nor expert system can naturally change the framework 

parameters when new information is introduced. 

Electrical device such as transformer has complicated insulation structure and its degradation 

depends on multiple factors. The insulation health can be diagnosed technically with 

solid data and skilled expertise summarized in Figure 2.6 below [52]. 

 

 

                             Figure 2.6: Expert System and Artificial Neural Networks 
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2.7 Electrical Diagnostic Techniques 

Thermal stresses and chemical changes influence the transformer insulation life. These 

stresses degrade the paper insulation and thereby the life span of the device decreases [53-

55]. The degradation of paper insulation depends on the moisture content that are the 

consequence of thermal stress [56, 57]. The=increase=in the=moisture level in the oil reduces 

the breakdown=voltage level of the insulation [58, 59]. There are  few indirect techniques for 

finding the moisture level in cellulose paper [60]. These techniques require accumulation of 

test sample from basic area, for example, (outside windings, leads) and then analyzing them 

in research lab by Karl-Fischer titration [61]. Similarly, Ommen’s   technique may be used 

for computing moisture level in the cellulose papers [4, 62]. These indirect strategies have 

diverse effect relating to the calculating qualities. Thus, we require frequency or time domain 

techniques for more exact outcomes [63]. There are three different types of methods for the 

measurement of dielectric response. 

 Polarization-and=Depolarization Current   

 Recovery=Voltage=Method or Return Voltage Measurement  

 Frequency=Domain=Spectroscopy 

Polarization=and=depolarization current, and recovery voltage method measures the 

dielectric response through DC voltage test (time domain), while Frequency domain 

spectroscopy is AC voltage tests in which dielectric response is measured. 

2.7.1 Polarization=and=Depolarization Current (PDC) 

At the point when a relative movement of charges happened across a dielectric material by an 

electric=field applied, as a result dielectric=polarization is produced, the current=density is 

given by the following equation. 

j(t)pol=E(σ+ϵ0f(t))                                                                 ( 2.4) 

Where, 

σ = DC conductivity of the insulation system 

ε0 = 8.85x10-12 F/m permittivity of free space    
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f(t) = Response function of the dielectric material 

In this technique a ripple free DC voltage applied for the sample for very long time and the 

polarization current flowing in the test sample is measured. The polarization current is given 

by: 

ipol (t)=CoUo (
σ

ϵo
+f(t)) 

 

                                                                    (2.5) 

 

The polarization current involves of different polarization process each one with different time 

constant and DC conductivity. They relate different insulating material and different 

conditions [64, 65]. The depolarization current appears as polarization current reaches to zero 

level. The depolarization current is measured according to: 

 

idepol=CoUo[f(t)-f(t+t1)]                                                                (2.6) 

 

Where: 

f(t) = dielectric material response function (describes the basic property of any di-

electric material and can provides significant information about the efficiency of 

insulation material.) 

U0 = Step voltage applied 

Co= Geometrical capacitance of the system 

t1 = Time when a voltage is disconnected 

The PDC diagram for measurement of the test object current is shown Figure 2.7. 

 

 

Figure 2.7: Polarization and Depolarization Current 
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The=polarization=processes have different time constants relating to different insulation 

materials and different aging conditions for different materials. The value of current is being 

judged by DC conductivity (σ). Higher=the=value=higher will=be the moisture in 

the=insulation and vice versa [66]. 

2.7.2 Recovery=Voltage=Method 

The recovery voltage is an alternative method in time domain to investigate the level of 

moisture content in oil and winding insulation of power transformer. This technique was 

introduced in the early 90’s and is still very effective method for determining the low level 

moisture content [67]. This method is specifically applicable for low level moisture content 

[68]. When a DC voltage for longer period is applied across dielectric sandwiched between 

electrodes and then short-circuited for a very short time, the charge movement bounded=by 

the=polarization-process will change into free charges. As a result, voltage builds up across 

the=electrodes on-the dielectric=material, this=phenomenon is known as recovery voltage 

and summarized in the below Figure 2.8. The recovery voltage can be measured with various 

parameters where initial slope of return voltage curve, central time constant etc. determines 

the insulation condition of the dielectric material. 

 

 

Figure 2.8: Voltage vs Current Graph 
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The magnitude and the position of maximum recovery voltage curve provide an 

understanding regarding insulation conditions. The recovery voltage increases with an aging 

of transformer. The recovery voltage method is useful for evaluating the uniformity of aging 

and moisture distribution, not for non-uniformity of aging [69]. 

2.7.3 Frequency Domain Spectroscopy 

Frequency Domain Spectroscopy (FDS) is another method for analysis of moisture content in 

different parts of power transformer solid insulation [70, 71]. When an AC voltage is applied 

to the test sample, the currents and voltages across the sample are measured according to the 

schematic as shown in Figure 2.9. As with time-domain measurements, it is not necessary to 

discharge the sample before changing the frequency. Usually a frequency ranges of 0.001Hz 

to 1kHz is used. The frequency is reduced by discrete steps from the highest to the lowest. 

 

Figure 2.9: Frequency Domain Spectroscopy 

The objective of the frequency domain spectroscopy is to measure the dielectric dissipation 

factor or loss factor (tanδ), we can get it by calculating the sample impedance at each 

frequency step by knowing the voltage and measuring the current is given by equation [72]. 

 

Z(ω)=Z'(ω)+jZ''(ω)=
U(ω)

I(ω)
 

                                                             (2.7) 
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The real and imaginary part can be defined knowing the phase-shift=between the voltage and 

current=waveforms. Consider the test sample is to be a complex capacitance. 

 

I(ω) = jωC(ω)U(ω)                                                                (2.8) 

C(ω) = C′(ω) + jC′′(ω)                                                                (2.9) 

 

The complex capacitance is related to the complex permittivity as follows: 

 

ε(ω)=
C(ω)

C0
=ε'(ω)+jε''(ω) 

                                                             (2.10) 

 

C0 is the geometrical capacitance of the test object. Then: 

 

tan(𝛿) =
휀"(𝜔)

휀′(𝜔)
=

𝐼𝑅
𝐼𝐶

 
                                                            (2.11) 

 

Where: 

IC = capacitive current through the insulation 

IR = resistive current through the insulation 

 

The value of tanδ changes according to different conductivity and moisture in the insulation. 

For higher value of tanδ there will be more moisture and low conductivity, due to which it 

undergoes rapid aging. This is currently well accepted to use this techniques of measurment 

i.e. it provides  good indication for an aging and water content in  the transformer insulation. 

However, it must be emphasized that aging separating is still a challenging task  in this 

domain [73]. Table 2-10 provides the summary of compariive analysis of polarization and 

depolarization current, reverse voltage method and frequency domain spectroscopy. 
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Table 2-10: Comparative Analysis of PDC, RVM & FDS 

Polarization and 

Depolarization Current 
Reverse Voltage Method 

Frequency Domain 

Spectroscopy 

Polarization and 

Depolarization Current is 

nondestructive technique 

gives the water content in 

the cellulose paper and the 

conductivity of the 

insulation 

Reverse Voltage Method is 

another technique   to 

explore the moisture content 

in oil and paper of power 

transformer. 

Frequency Domain 

Spectroscopy is 

nondestructive technique  

provide the water content in 

the solid cellulose paper. 

The measurement of this 

technique gives a significant 

information insulation 

condition. 

Measures low level of water 

content. 

Imaginary & real part of the 

capacitance and permittivity 

can be isolated. 

It gives quick response at 

low frequencies with great 

precision. 

Extremely valuable strategy 

for uniformity of ageing and 

fixed ratio of moisture level 

in the insulation. 

Measures the composite 

insulation, permittivity, 

conductivity, resistivity and 

Dielectric Dissipation (loss) 

factor (tanδ). 

Some other 

test(diagnostic)like 

Dielectric Dissipation (loss) 

factor (tanδ), polarization 

and polarization index can 

be computed from these 

technique measurements 

easily. 

Very sensitive for heating 

produced inside 

transformer. 

Better noise execution 

because of low frequency 

range. 

 

2.8 Furan Analysis 

Furan analysis is another method to protect the power transformer from catastrophic failure. 

When a cellulose material de-polymerizes into small lengths=or chain structures-a=chemical 

compound=known as a furan=is=formed. By measurement of these furans present in 

transformer oil, the paper insulation with a high degree of confidence can be found. The 

concentration and types of furans=in=oil=sample can represent abnormal-stresses in=a 

transformer, either overheating for long time or short time [74]. There are a number of 

methods for detecting the furan or furfural concentration in transformer oil. For this purpose, 

two methods are explained in the following sub-sections. 
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2.8.1 High Performance Liquid Chromatography 

High Performance Liquid Chromatography (HPLC) is a complex analytical technique that 

can be used to determine the transformer paper degradation by analyzing the concentration of 

furans within the transformer's oil [75, 76]. Furans derivatives denote the level of degradation 

of the cellulose paper utilized in the insulation of the transformer. They are partially soluble 

in the oil. Furan derivatives test where furans in the oil can be computed using HPLC is 

shown in the Figure 2.10 and the aging of cellulose paper can be determined. 

When the cellulose chain breaks down during degradation, each broken chain releases a 

glucose monomer unit that undergoes further chemical reaction to become furan compounds 

and other components such as moisture and other gases. Most commonly, the following 

compound are measured. 

 (2FOL)2-Furfurol         

 (5H2F)5-Hydroxymethyl-2-furaldehyde= 

 (2FAL)2-Furaldehyde 

  (5M2F)5-Methyl-2-furaldehyde== 

 (2ACF)2-Acetyl=furan= 

 

 

Figure 2.10: High Performance Liquid Chromatography (HPLC) System 
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The concentration or quantity of furans in the mineral oil of a power=transformer is the best 

indication of the degradation of cellulose materials such as paper, pressboard and cotton 

tapes used for insulation. Therefore, direct analysis and quantification of these compounds 

serves as an indicator of the age and health of the transformer. Since the concentration is 

directly related to the degradation of cellulose paper insulation inside the transformer, so the 

analysis might serve as an early warning of a catastrophic failure. Yet, it is critical to monitor 

the cellulose papers tensile strength and degradation or degree of polymerization to ensure 

that the material continues to provide effective insulation for the transformer [77]. 

2.8.2 Confocal Laser Raman Spectroscopy (CLRS) 

Raman Spectroscopy has broadly been in use for detection and examination of fluid materials 

such as transformer oil with the advancement of laser innovation. Laser Raman Spectroscopy 

(LRS) is a technique investigation strategy in light of the Raman impacts, which can have 

determined material structures and properties by estimating Raman dispersing force 

specifically [78]. Furan derivatives test where furans in the oil can be computed using 

Confocal Laser Raman Spectroscopy (CLRS) apparatus shown in Figure 2.11 [79].  

 

 

                                 Figure 2.11: Confocal Laser Raman Spectroscopy 
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Comparative  anaylsis of  HPLC and  CLRS  is provided in Table 2-11. 

 

Table 2.11: Comparative Analysis of HPLC and CLRS 

  

 

 

 

 

 

 

 

 

 

 

 

High Performance Liquid Chromatography Confocal Laser Raman Spectroscopy 

High Performance Liquid Chromatography 

(HPLC) is a complex analytical technique 

Laser=Raman=spectroscopy=(LRS) is a 

technique investigation strategy in light 

of the Raman impacts 

Cheap Less expensive Highly expensive as compare to HPLC 

Long time taken by this method to perform test Short time taken to perform test 

Able to detected furan derivatives to lower 

limit 

Able to detected furan derivatives up to 

some limit 

Require regular maintenance Require casual maintenance 
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Chapter 3   DETERIORATION OF TRANSFORMER INSULATION 

3.1  Introduction 

 In the early 1900, the transmission of electric power was based on low voltages; 33kV and 

66kV, which gradually changed into high voltages; 132kV, 220kV, and extra-high voltages 

(EHV); 500kV, and 750kV due to rising demand for electrical energy. However, with the 

rapid increase in demand for electrical energy worldwide in recent years, ultra-high voltage 

(UHV) transmission line systems are gradually replacing the high voltage and EHV 

transmission lines. A power system with high voltage transmission is necessary to transmit a 

large amount of electrical energy from generating stations to consumers. High voltage 

transformers are widely used in electric power systems. Recently, China has installed 

1100kV extra high voltage, Zhundong-Wannan transmission line for transmitting electric 

power of 12GW [80, 81]. The rise in demand for electrical power in Pakistan has forced the 

transmission companies to opt for higher voltages and rapid expansion of power system 

network by including more generation, sub-stations and transmission lines. The vital 

component in the voltage transformation from generation to transmission and from 

transmission to distribution voltages are power transformers. With the increase in voltage 

levels, the design and insulation requirement of transformers has changed and the issue of 

incipient faults in insulation system is presently the biggest challenging task. Being 

expensive equipment, high level of precautionary measures is required to avoid insulation 

failure. In this chapter different mechanism and parameters responsible for deterioration of 

the transformer insulation and characteristics are discussed.  

3.2 Liquid insulation  

As mentioned in Chapter (1) transformer insulation system is composite comprising of both 

liquid and solid. The solid insulation is generally paper, impregnated with oil. The most 

common application is the cellulose paper impregnated with oil. Both paper and oil are prone 

to degradation during service that results in their aging and is responsible for its failure. As 

mentioned in Chapter (2), the liquid insulation in transformers is based on mineral oil, which 

also acts as coolant. Oil insulation is important component in the transformers, serving both 
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as electrical insulation and coolant. Majority of power transformers are of oil-cooled type 

(natural or forced). The reliability of the insulating oil is one of the most important factors in 

maintaining the normal operation of the transformer at best possible performance. There are 

three types of oil insulations; mineral, synthetic and natural oils. Due to its environmentally 

friendly characteristics, natural oil is most popular and is therefore widely preferred in 

electrical industry and transformers. However, mineral oil is most commonly used in 

Pakistan due to its lower cost and readily availability. The transformer oil is extracted from 

mineral oil that commercially available as either paraffinic or naphthenic. The importance of 

this mineral based oil is due to its excellent insulating and cooling properties, cheap available 

and providing good combination with the cellulose paper and other solid insulating material 

usually used in transformer windings. The function of transformer oil is to isolate the high 

voltage of winding from the grounded dead tank by introducing dielectric strength capable of 

withstanding normal power frequency voltages and any abnormal voltages experienced 

during service. Besides excellent dielectric properties and efficient coolant, transformer 

insulating must be chemically stable to avoid the formation of sludge. The characteristics of 

insulating oil are summarized in Figure 3.1. 

 

Besides the higher electric stresses due to high voltages and thermal stresses, chemical and 

physical changes may also initiate detonation of transformer insulation that may lead to 

breakdown and ultimately complete failure as seen in Figure 3.1. Thus physical and chemical 

changes may also have major impact on the break-down-processes. The unpredictable 

performance of transformer oil is notable. In comparison to metals, insulating material 

exhibits an erratic pattern, with use deteriorating of its electrical and physical properties with 

time, which becomes even more complicated to predict their performance. This erratic 

behavior of transformer oil is prominent when used alone. The breakdown strength of 

transformer oil is greater than that of air.  

 

However, there is a much bigger scatter of breakdown voltage for oil as compared to a 

compact scatter observed for air. The very large scatter of breakdown strength of oil may be 
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linked to the random path of impurities and variations in their movement in the bulk oil. 

Therefore larger oil system is always subdivided by solid insulation into smaller ducts due to 

which the transformer insulation system becomes more dependable and stable. 

 

 

          Figure 3.1: Overall Properties of Transformer Oil 

 

Little is known about the factors which trigger breakdown in oil, in comparison with gases. 

Generally, two theories for breakdown of transformer oil exist; theory of micro-bubbles and 

theory of weak-link. These are discussed briefly in the following sub-sections. 
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3.2.1 Micro Bubbles Theory 

It has been observed that gas micro-bubbles exist in the transformer oil even in the absence 

of electric field, however, the presence of field creates additional bubbles [82]. These micro-

bubbles become source of tiny unnoticeable discharges when the electric field exceeds a 

certain critical value depending on the type of gas existing in these micro-bubbles. The 

nucleation of micro-bubbles produces bubbles of significant size, which triggers local 

noticeable breakdown within nucleated bubbles. Furthermore, as a result of electrophoretic 

forces, bubbles are dragged from surrounding oil at different locations against the viscous 

drag offered due to friction within the oil to the regions of local highest stress in the bulk oil 

as shown in Figure 3.2  [83].  

These bubbles then tend to align in the direction of electric field to form a highly conducting 

path in the oil that introduces high current to flow thus leading to breakdown. This 

phenomenon paves way for the formation of moisture from the hydrogen released during 

breakdown and the presence of oxygen. Transformer designers’ use semi-empirical data for 

the insulation design as there is certainly still no coherent theory exists for the oil breakdown. 

 

 

 

Figure 3.2: Friction Force Vs Electrophoretic Force 
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3.2.2 Weak-Link Theory 

Particles and other impurities in transformer oil play a vital role in its breakdown strength. 

Thus the particles and impurities form a weak-link within the bulk oil. Most of the particles 

are fibrous and metallic in nature being introduced by cellulose paper insulation and metal 

tank respectively. Furthermore, impurities such as moisture are introduced in different ways; 

mostly during breathing of transformer [84]. These particles and impurities are in continuous 

motion within the bulk oil due to heat and electric field if the particles are charged. If the 

movement of the oil is much more dominant than the force by which impurities are swept 

and concentrated in areas of high stress as observed in stationary oil, the breakdown voltage 

tends to be higher with increasing speed [85]. In laboratory studies, it has been observed that 

once the speed increases beyond a certain value, the decrease in breakdown voltage may be 

related to the effect of stressed oil, in which the possibility of a large amount of impurities 

passing through an area of high stress between the electrodes increases [86]. This event 

conforms to the theory of weak-link; the chances that the weak-link in the oil (particle / 

impurity) will trigger a discharge are higher due to the fact that a larger amount of oil passes 

through the stressed area of an insulation arrangement. 

3.3 Oil Degradation Causes 

 Insulation breakdown is multi-dimensional problem due to electrical and thermal stresses, 

environmental and overloading, which are mostly dependent on operating conditions. All 

these factors contribute to chemical processes that produce moisture, acidic compounds, and 

distinct substances with ionic character and weakly polarizable. Over a period of time and 

depending on operational use, the insulation of transformer deteriorates to an extent that 

affects the service performance of transformer. Depending on the severity of deterioration, 

complete failure may result. Three major factors are responsible that causes deterioration of 

insulation of transformer in service, which are discussed in the following sub-sections. 

3.3.1 Pyrolysis 

Pyrolysis is a process that brings about physical and chemical change as a result of thermal 

stress induced due to high temperature. The onset of pyrolysis depends on temperature, 
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nature and type of insulating material. During service, power transformers are continuously 

under the influence of combined electrical and thermal stresses. These stresses are mainly 

responsible for the occurrence of incipient faults that mostly include partial discharges and 

arcing, resulting in high enough temperature to pave way for pyrolysis of hydro-carbons in 

oil. For most liquid dielectrics including transformer oil the pyrolysis is reached earlier than 

in the case of most solids including transformer winding insulation. Temperature changes 

influence both electrical and physical properties of the oil and winding insulation 

(cellulose/paper). If the operating temperature is kept within the required limits no 

appreciable change in oil insulation can be observed provided routine maintenance is carried 

out. Generally, most commercial insulating oils are usable within the temperature range of 

70-80°C without appreciably deteriorating its characteristic properties. However, when the 

operating temperature increases gradual physical and chemical changes have been reported in 

transformer oil  [87]. According to the operating yardstick practiced in Pakistan the oil 

temperature relay setting for sub-station transformers is set at +65°C with a tolerance of 

±10% because of high environmental temperatures in summer, which soars to 45°C in most 

places. 

Kalathiripi and Karmakar conducted thermal analysis on different transformer oil samples. 

The thermal analysis was performed using optical method based on Ultraviolet‐Visible 

Spectroscopy (UVS), Fourier Transform Infrared Spectroscopy (FTIR) and Nuclear 

Magnetic Resonance (NMR) spectroscopy [88]. Kalathiripi and Karmakar found proportional 

degradation of the oil samples with temperature rise with UVS spectroscopy method. The 

Fourier transform infrared method identifies the dissolved gases; CH4, C2H6 released during 

the decomposition of hydro carbon present in the transformer oil. 

Using high precision methods based on TG-DSC (Thermo-Gravimetric Differential Scanning 

Calorimetry) and RFF (Reactive Force Field), Lin et al studied the reaction of molecular 

dynamics simulation to establish the simulation model of molecules of mineral insulating oil 

used in transformers under different temperatures for dynamic pyrolysis process [89]. In his 

study, Lin et al found that the initial decomposition temperatures of the three kinds of 

hydrocarbons is that alkane is lower than cycloalkane and aromatic is the highest. 
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On the other hand, partial discharges in solid insulation result in local high temperature that 

leads to hotspots. Hotspots produce weak regions for electrical stress in the winding 

insulation. It has been documented that a single hotspot within the insulation is sufficient to 

damage the winding completely [66].  

3.3.2 Hydrolysis   

 

Hydrolysis refers to a chemical process involving decomposition due to breaking of a 

bond and the addition of the hydrogen cation and the hydroxide anion of water. In this 

context, hydrolysis is the degradation of material by the action of water or moisture. 

Majority of transformer winding insulation is composed of cellulose based materials, which 

is prone to absorb moisture. Moisture is absorbed by cellulose paper that brings about 

chemical change, and therefore causes its deterioration. On the other hand, with predominant 

oxygen in oil causes further decomposition of oil by dissolving the copper from the winding 

element and iron from the core material and tank.  

The solid winding insulation in power transformers is subjected to various stresses that 

mostly include voltage, thermal and stresses due to environmental conditions. Moreover, 

overloads due to abnormal conditions and faults are additional factors that stress the solid 

insulation of windings. Such stresses can cause deterioration of the oil-paper insulation in 

transformers.  

Presence of water or moisture in paper insulation is associated with the decomposition of the 

paper fibers, which is responsible for the degradation of its physical properties that are 

irreversible and as a consequence lowers its dielectric strength. The condition of oil can be 

reversed back to some extent with no significant loss in its physical and electrical properties 

with the use of modern technology based on oil filtration by removing water and volatile 

substances but not most of the acidic products of degradation [57, 90]. The oil can thus be re-

used in the same transformer with no significant risk of breakdown, or reliably in other low 

voltage applications. The degradation of paper insulation, however, is irreversible and 

requires replacement of either the winding element or the entire transformer depends on the 
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severity and sites of degradation. Thus, the life of a transformer can be effectively 

determined by the life of its paper insulation. When paper degrades, it produces several by-

products such as CO, CO2, and Furans and they migrate to the oil [73].   

There has been a growing trend throughout the world to study and estimate the deterioration 

of insulation strength of paper using such by-products as key indicators. There are more 

direct approaches of degradation such as Tensile Strength (TS) and Degree of Polymerization 

(DP) measurements of paper [63]. However, no such approaches exist for deterioration of 

dielectric strength. 

Obviously, transformer insulation has critical breakdown strength due to dampness and 

different polluting influences [61]. The dampness has negative impact on both mechanical 

and electrical properties of the insulation. There is no apparent further deterioration of the 

dielectric strength of oil after the dampness elements in oil expands and strength reduces 

significantly till the absorption point. Thus rate of absorption is the deciding parameter 

impacting the voltage-stability of the transformer oil. The debasing impact of damp element 

is additionally altogether influenced by the quantitative analysis of different contaminations 

existing in the oil. 

 

3.3.3 Cellulose Paper 

 

Transformer winding insulation is subjected to vibrational and mechanical stresses in 

addition to thermal, electrical and environmental stresses. Cellulose paper when impregnated 

with oil has been and is still widely used in transformers as winding insulation and spacers. 

This is mainly due to its high mechanical and dielectric strength having typical values of 

117,000 kPa and 1600 volts/mil for mechanical and dielectric strength respectively [91]. 

Other low cost and reliable electrical insulation material is Kraft Paper. In general, electrical 

properties are dependent upon the physical and chemical characteristics of the paper. The 

overall life expectancy of a transformer is related to a greater extent to the ability of the 

cellulose-based insulation to withstand mechanical forces generated by vibrations and fault 

https://www.powerthesaurus.org/characteristics/synonyms
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conditions. Due to transformer insulation continuously subjected to the above-mentioned 

stresses, this withstanding capability of the solid insulation therefore degrades over years of 

operation. Such degradation mainly involves oxidation, hydrolysis, or breakage of polymer 

chains under the influence of heat and oil oxidation by-products such as acid which acts like 

a catalyst to speed up the degradation process. 

3.4 Aging 

 

As mentioned transformer is subjected to numerous stresses; thermal, electrical, 

environmental and mechanical and these are the factors that are mainly responsible for aging 

of transformer insulation. Thus these stresses are referred to as aging factor. These stresses 

combined with chemical process that mainly includes oxidation, paves way for aging of 

transformer insulation. Aging brings about deterioration of insulation by affecting its 

properties. These stresses whether acting alone or in combination will deteriorate the 

transformer insulation over a period of time, ultimately leading to failure. 

3.4.1 Chemical Aging 

 

Chemical aging of the insulation can initiate from early period and may gradually increase to 

a level that weakens the insulation to an extent that its mechanical and dielectric properties 

are affected [92] .The issue may become severe to an extent that breaking of cellulose paper 

can result under the internal forces. 

3.4.2 Electrical Aging 

 

Electrical aging refers to degradation of insulation when subjected to voltage stress. 

Transformers connected in power systems are subjected to nominal power frequency voltage 

stress in addition to stress due to power frequency over-voltages and impulses. Impulse 

voltage stress is the consequence of lightning strokes and switching in power system. Most of 

degradation in transformer winding insulation is brought about by partial discharges in void 
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that gradually erodes the inside of insulation leading to voids of significant size that may 

sustain discharges under normal power frequency voltage. The partial discharges are 

accompanied by thermal effects and both physical and chemical changes with time that age 

the insulation [93]. The subject of partial discharges and its repercussion on insulation is 

discussed in detail in Chapter (6). In addition, corona-type discharged in oil leads to chemical 

changes that gradually age the oil and degrade its properties over a period of time that may 

span from days to months. However, routine inspection of oil insulation and treatment of oil 

may prolong its useful lifespan.  

3.4.3 Thermal Aging 

 

Thermal aging refers to degradation of insulation when subjected to thermal; stresses. Being 

very vital component, transformers are subjected to varying normal loading, overloads due to 

fault that give rise to high abnormal current. This causes over-heating of transformer 

insulation, especially the winding insulation. The temperature rises due to overheating 

induces thermal stresses that are partially relieved when efficient cooling is exercised through 

forced-oil circulation. However, the cyclic variations in temperature due to varying loads on 

power transformers continuously heats up the insulation. Unless appropriate cooling methods 

are used, the temperature causes the insulation to age that result in gradual deterioration of 

insulator properties and as a consequence triggers the onset of degradation. Thermal stresses 

bring about both physical and chemical changes in the winding insulation that accounts for 

its aging [94, 95].       

3.5 Possible Modification 

It can be inferred from the afore-mentioned sections that dielectric strength of both oil and 

winding insulation is dependent on several factors; thermal, physical, chemical and 

environmental. All these factors collectively or alone consequently results in physical and 

chemical changes that directly or indirectly influence the dielectric strength of transformer 

insulation gradually over a period of time. The process in aggravated under elevated 

temperature and environmental stresses. Thus degradation of transformer insulation can be 
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avoided to great extent by improving its physical and chemical properties. In order to avoid 

early aging and degradation of transformer oil and winding insulation, attempts have been 

made to modify to improve their physical and chemical properties to increase the breakdown 

strength of the oil paper insulation. The low dielectric strength of the transformer oil and 

paper degradation caused by water content, oxygen in air and other impurities are the prime 

factors that contribute to weakening of dielectric properties of both oil and cellulose paper 

Several methods to inhibit changes in physical and chemical characteristics have been 

explored in the past [96], but with little success. Numerous researchers have extensively 

examined these prominent factors which affecting the performance of insulation medium by 

using modern techniques and introduction of Nano-particles [97]. By filtering the oil to 

remove the dust and water through dehydration plant the breakdown strength may recover. 

However, further improvement in cooling methods by enhancing fluid circulation within 

transformer windings to avoid thermal stresses that has a positive impact of the dielectric 

strength. Furthermore, minimizing the effect of moisture on insulating fluids will increase 

transformer overall capability. 
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Chapter 4       CASE STUDIES OF TRANSFORMER FAILURE 

4.1 Introduction 

Power transformer provides an important link between the transmission and distribution 

system without which the utility would not be able to supply electricity to consumers.  

With the continuously expansion of residential, commercial and industrial sectors, the 

load demand and therefore the number of power transformers in service is continuously 

increasing. In the event of outages due to failure of power transformer, apart from the 

financial loss to the utility company, the consumer suffers due to inconvenience caused by 

the interruption of power supply. In addition, power supply utility company also suffers 

due to loss of revenue during the supply outage period. In the jurisdiction of Pakistan 

Peshawar Electric Power Supply Company (PESCO), the failure rate of power 

transformer is very high, around 25 to 35% per year.  Statistical data indicates that over 

20% failures of power transformers are within the warranty period of three years only and 

this causes a huge capital loss to both utility and manufacturing company. The premature 

failure rate of power transformers is above 25% in some of the regions within the 

jurisdiction of PESCO, which is alarmingly high. Although the number of power 

transformers are very small as compared to distribution transformers but their cost is very 

high. Therefore, early fault diagnosis of power transformer has been a subject of attention 

for both the utility and manufacturing companies. This chapter presents different case 

studies of power transformers installed at sub-stations within the PESCO operation region, 

which has failed during their warranty period. The case study of power transformers for 

the fault investigation, with the history of malfunctioning and failure ether, caused due to 

normal operation, faults or inherent manufacturing defects. It is essential to understand the 

causes of failure, which are numerated in the following sections. 

4.2 Causes of Failure during Operation 

The causes of failure of transformers during operation are as follows: 

 Prolonged over loading 
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 Single-phase loading with other phases open  

 Highly un-balanced loading  

 Faulty terminations  

 Faulty earth connection to tank body as well as LV terminal 

 Failures due to external short-circuits 

 Over voltages and transients 

 

4.3  Failure due to Manufacturing Defects  

Manufacturing defects can cause faulty conditions that may lead to complete failure of 

transformers in service. The common manufacturing faults are numerated as follows: 

 Use of poor quality of material  

 Bad workmanship  

 Careless transportation  

 Sharp edges of conductor  

 Incomplete drying 

 Badly wound insulation on conductor 

 Improper joints or loose connections 

4.4 Failure Types (Dielectric Related Failure) 

The failures, which are caused during the operation of the transformer, are as follows [98]: 

 Deterioration of oil (surface discharge) 

 Inadequate pre-shrinkage of the winding (creeping discharge across insulation 

between space, phase or winding core) 

 Inter-turn faults (short-circuit between adjacent coils or group of coils) 

 Short-circuits (short-circuit between turns) 



 

 46 

4.5 Case Studies 

Peshawar Electric Supply Company (PESCO) has been selected for the case study for the 

main reason that the failure rate of transformers during service is high. PESCO is the sole 

distribution company which is responsible for supply of electricity to the rural and urban 

areas of Khyber Pakhtunkhwa (KP) Province. Furthermore, transformers for PESCO power 

system are purchased from Heavy Electrical Complex (HEC) situated in Hattar Industrial 

Zone of KP. The present research is partially sponsored by HEC and USAID to facilitate 

PESCO in monitoring of their installed power transformers for early sign of faults that may 

lead to failure. The operational jurisdiction of PESCO extends over entire KP province with 

network of long transmission lines amounting to 42082 km, due to scattered rural and urban 

areas. The distribution system is again a jargon of lines that amounts to a total length of 

36636 km including more than 75000 transformers with ratings of 50kVA, 100kVA and 

200kVA. PESCO operational jurisdiction comprise of eight electricity circles with thirty-nine 

distribution divisions. The electricity is dispatched by National Transmission and Dispatch 

Company (NTDC) through one 500kV single circuit and four 220kV double circuit 

transmission line systems to ninety-three sub-stations in PESCO operational jurisdiction 

including 238 power transformers with total rating of 5824MVA. Table 4-1 gives the number 

of sub-stations nomenclature with the voltage level of incoming transmission lines. 

Table 4-1: Sub-stations With Voltage Level and Numbers 

Sub-station 

Voltage Level 

132kV 66kV 33kV 

Numbers 70 16 7 

 

Three different case-study of power transformer failure in sub-stations have been conducted. 

The case studies focused on the operational history of power transformers and the type of 

fault that led to its failure. The specific area of focus in the case studies was oriented on the 

insulation degradation.  
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4.5.1 CASE Study: I 

 

Reported Failure: Localized Overheating of 40MVA, 132/11kV Power Transformer 

Location: 132kV Peshawar City Grid Station 

 

Date: 13/09/2017 Time: 08:05 AM 

 

A 50Hz 40MVA, 132/11kV power transformer manufactured by Pakistan Electron Limited 

(PEL) was installed in the year 2016 that has been in service for just a year with no problems 

except occasional tripping due to overloads. However, on 13th September 2017, while the 

transformer was operating under normal loading conditions, an explosion occurred in the 

incoming cable connecting 132kV line with the transformer, which tripped on differential 

relay with indications of overheating. Thus on the same date an approved “permit to work” 

was granted by the authorities to allow the maintenance crew of Rural Electrification 

Department of PESCO to perform specified tests for finding the cause of fault.  The team 

after overrunning physical checks and tests for hi-pot continuity of cables, current 

transformers, Bus bars and incoming line, speculated localized overheating. The test results 

are given in Table 4-2 to Table 4-5.  
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Table 4-2: The Data Recorded From Short Circuit And Turn Ratio Testing 

 

Tap 

Position 

Short Circuit Testing T/F Turn Ratio Testing 

IR IY IB ir iy Ib in 
R-Y/ 

R-N 

Y-B/ 

Y-N 

B-R/ 

B-N 
Calculated 

1 3.25 3.31 3.29 42 42.5 42.6 0.12 21.87 21.859 21.862 20.889 

2 3.34 3.34 3.37 44.8 44.7 44.2 0.15 21.691 21.83 21.682 20.658 

3 3.37 3.4 3.4 45.7 45.6 45.1 0.19 21.395 21.5 21.498 20.568 

4 3.45 3.45 3.46 46 46.2 45.3 0.22 21.326 21.32 21.315 20.252 

5 3.47 3.49 3.5 46.3 46.4 45.5 0.28 21.386 21.438 21.139 20.162 

6 4.56 3.61 3.56 46.6 46.8 46.2 0.29 20.961 20.953 20.953 20.065 

7 3.67 3.67 3.65 46.9 47.6 47.1 0.29 20.788 20.77 20.77 20.609 

8 6.75 3.75 3.73 47.7 48.5 47.6 0.29 20.596 20.594 20.528 20.609 

9 3.83 3.85 3.82 48.2 48.6 48.3 0.33 20.432 20.413 20.411 20.426 

10 3.91 3.93 3.9 49.4 49.5 48.8 0.26 20.235 20.828 20.28 20.268 

11 3.97 4.03 3.99 50 50.5 49.6 0.29 20.051 20.041 20.048 20.452 

12 4.07 4.11 4.08 50.7 51 50.3 0.36 19.872 19.866 19.86 19.88 

13 4.13 4.19 4.19 51.3 51.2 50.8 0.36 19.695 19.683 19.68 19.708 

14 4.22 4.29 4.22 51.8 52 51.1 0.27 19.509 19.502 19.505 19.51 

15 4.29 4.36 4.39 51.8 52.8 51.8 0.32 19.327 19.3 19.323 19.339 

16 4.4 4.43 4.4 52.9 53.1 52.1 0.32 19.249 19.32 19.243 19.058 

17 4.45 4.55 4.48 52.9 53.1 52 0.34 18.965 18.961 18.964 18.027 

18 4.59 4.61 4.6 53.3 53.6 52.7 0.31 18.78 18.776 18.779 18.78 

19 4.69 4.71 4.68 51.7 54.6 53.7 0.36 18.603 18.604 18.528 18.616 

20 4.78 4.82 4.77 53 53.1 54.4 0.35 18.416 18.423 18.49 18.425 

21 4.86 4.92 4.9 55.8 56.1 55.1 0.35 18.236 18.24 18.435 18.254 

22 4.91 4.99 4.96 55.8 56.1 55 0.39 18.058 18.059 18.056 18.074 

23 5.02 5.08 5.06 56.4 56.8 55.6 0.39 17.878 17.869 18.868 17.89 

 

Table 4-3: Applied Voltage For Testing 

 

Applied Voltage 
RY YB BR 

404 409 406 
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Table 4.4: Insulation Capacitance Test 

Capacitance(pF) 

MODE Normal Reverse 

Mode-3 4726 4720 

Mode-4 7682 7680 

Mode-5 2958 2950 

 

                                                Table 4.5: Insulation Resistance Test 

Applied Voltage Connections Time(15 sec) 

2.5kV HV-LV 1.287 G ῼ 

2.5kV HV-G 1.534 G ῼ 

2.5kV LV-G 862 M ῼ 

 

Fitting a frame earth resistor did not inhibit the development of the fault. It was believed, 

therefore, that the thermal fault had not been caused by a circulating current in the 

core/frame/tank. 

In order to maintain continuity to the consumers, the load of the faulty transformer was 

temporarily shifted on to 31.5/40MVA, 132/11kV power transformer manufactured by 

Siemens. Based on the resistance measurements of the winding, it was suspected initially that 

there was perhaps a defective seal in the phase B (blue-phase) low-voltage (LV) current 

carrying circuit. However, the internal physical inspection of all joints and connections 

around the low-voltage terminal of blue-phase revealed that there was no a clear indication of 

the speculated fault. Finally, it was speculated that the fault should be within the common 

winding of blue-phase. Thus the transformer was dismantled and the winding assembly taken 

out. During the scrapping, after the common winding of blue-phase was pushed, it was found 
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that all the joints were healthy and there was no clear indication of any type fault. However, 

when the winding assembly was examined, it was found that a portion of the winding showed 

carbonization of insulation between turns due to severe overheating as shown in Figure 4.1. 

The thermal fault as a consequence of high temperature had caused a considerable loss of 

conductors and insulation, however, did not result in turn short-circuit. 

 

 

Figure 4.1: Failure Point in Transformer Winding Due to Localized Heating 

It seemed that the transformer design does not appear to have caused the fault, but the 

insulation breakdown as a result of aging and weakening due to repeated overheating was 

responsible for failure. Although the fundamental cause of the thermal defect was not really 

known. However, this could be due to one of the following reasons: badly wound insulation 

on conductor, improper joints or loose connections or weak joint in the conductor, wear 

causing loss of insulation.  

4.5.2 CASE Study: II 

 

Reported Failure: Turn Short-circuit of 40MVA, 132kV/11kV Power Transformer 

Location: 132kV Rahman Baba Grid Substation Peshawar 

 

Date: 25/02/2019 Time: 09:45 pm 
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The transformer was manufactured by PEL with Serial Number No.1130020 and 

commissioned on 5th March, 2016. Past history revealed that the same transformer tripped 

due to operation of main Buchholz relay at 02:00 AM on 5th January 2019. However, the 

cause of tripping was due to low oil level, which was rectified soon and the transformer was 

connected to the main station bus bar successfully, and was back in service. No tripping was 

recorded during the period between 5th January and 25th February the same year.  On the day 

25th February, 2019 at 09:54PM a partial blackout in Rahman Baba sub-division of Peshawar 

was reported as a result of tripping of a 40MVA, 132kV/11kV power transformer. The case 

was reported as tripping of the 40MVA power transformer on the Buchholz main power relay 

when operating under normal load conditions. This time it was not low oil level, but 

electrical protection system had indicated unusual waveforms on the intermediate phase 

(YELLOW) just before tripping. As per standard requirement tests were conducted that 

included DGA analysis of oil sample from Buchholz Relay, Capacitance and Dissipation 

Test and winding resistance. The test results of capacitance and dissipation factor are given 

in Table 4-6 and that of winding resistance are given in Table 4-7.  

                                  Table 4-6: Capacitance And  Dissipation Test 

Modes Injection C(pF) DF 

Mode-3 Normal 5940 9.87 

  Reverse 5948 4.59 

Mode-4 Normal 7720 0.24 

  Reverse 7756 0.86 

Mode-5 Normal 640 Nil 

  Reverse 678 Nil 

                                

                                            Table 4-7: Insulation Resistance Test 

Connections 15 Sec 60 Sec FF 

HV-LV 165.5 M ῼ 158 M ῼ 0.95 

HV-G 520 M ῼ 1.89 G ῼ 3.63 

LV-G 636 M ῼ 1.276 G ῼ 2 
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The test results in Table 4-6 show an exceptionally high value of dissipation factor and in 

Table 4-7, it can be seen that the insulation resistance between HV and LV winding is less 

than the expected value. Thus apart from the standard tests, a ratio test and short-circuit test 

were also conducted. The ratio measured for the intermediate phase (YELLOW) differed 

from the expected value by three-times less than the allowed value, indicating loss of turns 

and with a value lower than the expected value indicated that the fault is in series winding. 

The results of the short-circuit test indicated a significantly high value of current flowing 

through neutral. As seen in Table 4.7, resistance measurements of the windings confirm the 

defect in the winding, which was beyond repair and the transformer was permanently taken 

out of service. 

The transformer was dismantled and the winding assembly was taken out for detail 

examination. During the=scrapping, after=the wraps=of the yellow=phase series=winding 

was removed, the shorted=turns in=the 2nd and 3rd=discs of series=winding was found=and 

these0seemed to be particularly=severe as shown in Figure=4.2. It can be seen in Figure 4.2 

that there is extensive=loss of=conductor and insulation0in the upper0portion of=the0series-

winding. 

 

 

Figure 4.2: Winding Failure Due to Shorted Turns 
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The turn short-circuit was attributed to the insulation breakdown between the turns. This case 

study shows that the aging in the winding insulation degraded its properties that lead to the 

development of short-circuit between turns. Moreover, the localized=over-heating of certain 

parts, including the point-of-failure, is mostly attributed to poor thermal design of the series 

winding. Poor thermal design includes the location of spacers, the radial distance between 

LV and HV winding assembly and improper application of winding insulation. The 

inadequate spacing and location of spacers hamper the circulation of oil that raises the 

temperature of overall winding assembly unless appropriate forced cooling is exercised so 

that thermal balance is obtained in which rate of heat exchanged to the ambient must exceed 

the heat produced.  

4.5.3 CASE- Study: III 

Reported Failure: Insulation Breakdown of 40MVA, 132kV/11kV Power Transformer 

Location: 132kV Peshawar University Grid 

 

Date: 03/07/2018 Time: 03:30 pm 

 

The transformer was manufactured by PEL with Serial Number No.1120041, and 

commissioned on 8th January, 2013. Past history revealed that the Power Transformer T-3 

tripped due to operation of differential Buchholz relay at 10:40 am on 26th January 2017. A 

suspected fault in Buchholz relay was reported. In order to restore supply, the cables from 

incoming-4 were shifted to incoming-3 and the LT side CT connection of T-3 was transferred 

to T-4 relay panel. The incoming-3 was energized via transformer T-4. However, on 03th July 

2018, the same transformer tripped on differential Buchholz relay at 03:30 pm. For fault 

investigation and clearing, a PTW No 1141 was issued. Upon investigation, the earthing 

system and incoming-3 was tested and found faulty. The transformer was declared faulty and 

taken out of service. 
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In order to investigate the root-cause of failure, standard tests were conducted that included; 

short-circuit test, open-circuit test, transformer turn-ratio test, flame test, capacitance test, 

dissipation test and insulation resistance test. The test results revealed abnormality in 

insulation resistance values and open and short-circuit parameters, which are given below in 

the Table 4-8. The values of insulation resistance were found to be alarmingly low, indicating 

weaker insulation. The transformer was dismantled and the winding assembly was taken out 

for detail inspection. Upon inspection, thermal and mechanical damage was seen, which may 

have been caused due to short-circuit between turns. It was reported that the insulation 

became weaker with the passage of time since the transformer first tripped on 26th January, 

2017. Continuous service since has made the insulation weaker to an extent that caused its 

failure, ultimately resulting in turn short-circuit. This case study shows that the reduced 

electrical clearance was the main cause of the breakdown which was due to 

winding=mechanical=deformation caused=by short-circuits.  

 

 

 

                   Table 4-8: Tests Performed on 40MVA Power Transformer HEC  

                            C&DF Testing of Power Transformer 

 

MODE 

    Capacitance (pF)      Dissipation Factor (%) 

Normal Reverse Normal Reverse 

Mode-3 4220 4220 0.13 0.13 

Mode-4 7126 7142 0.18 0.17 

Mode-5 2908 2926 0.26 0.24 

Winding Insulation Testing for Power Transformer   

Applied 

Voltage Connections Time (15 sec) Time (60 sec) Temperature 

KV HV-LV 500 M ῼ 600 M ῼ 1.6 

KV HV-G 400 M ῼ 500 M ῼ 1.5 

KV LV-G 500 M ῼ 400 M ῼ 1.4 
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Chapter 5  DEVELOPMENT OF TRANSFORMER INSULATION 

MODEL 

5.1 Transformer Insulation Modeling 

 

The case studies described in Chapter (4) points at winding insulation breakdown as the main 

cause of complete failure of power transformers. As mentioned in Chapter (3), during service 

the transformer insulation is subjected to load cycles that induces different stresses of which 

the most important are the thermal and electrical. These stresses are responsible for aging 

that gradually weakens the insulation and thereby deterioration of its important properties 

commences. Therefore, it is necessary to monitor the health of transformer insulation in 

terms of measuring the thermal and electrical parameters. Prior to devise a method for 

measuring the parameters that can provide valuable information about the health of 

transformer insulation, it is essential to develop a thermal-electric model of transformer 

insulation. As already mentioned in Chapter (2), transformer insulation forms composite 

system of liquid (oil) and solid (paper/cellulose). Oil in transformer serves the purpose of 

providing insulation between the tank and HV winding, between HV and LV windings and 

cooling. The property of cooling on the other hand also serve the purpose of inhibiting 

thermal instability of winding insulation by exchanging heat due to high temperature to the 

ambient. The transformer oil and insulation modeling of power transformer is therefore based 

on an electrical-thermal equivalent circuit, which works on the basics of the heat transfer 

theory presented in [99]. In the present work a dynamic model has been developed in 

MATLAB/Simulink, to determine the hot-spot temperature and its effects upon the winding 

insulation based on mathematical model. The variables used for analysis in the present work 

are the load current (in pu) and the ambient temperature (in ⁰C). The process of mathematical 

modeling of transformer oil and insulation is illustrated in Figure 5.1, while the schematic of 

overall Simulink model is shown in Figure 5.2. Using the ambient temperature and load 

cycles, the top-oil model gives the top-oil temperature, while this top-oil=temperature 

is=used to calculate=the winding=hot-spot=temperature. After calculating the winding 
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hotspot=temperature, finally the insulation loss-of-life and state of health of=insulation can 

be estimated as according to Figure 5.1. 

 

 
 

Figure 5.1: Power Transformer Overall Thermal Model 

 
Figure 5.2: Thermal Simulink Model of Power Transformer 

Typically, oil is being used as coolant in power transformers. The oil takes up the heat 

generated as a result of losses inside the transformer and transfer it onto the heat exchangers 
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i.e. oil-to-air cooler. The oil-to-air cooler then dissipates this heat to the surrounding through 

natural or forced flow.  

 

5.1.1 Thermal-Electrical Analogy 

The analogy between the flow of electric current in electric circuit and heat flow in thermal 

circuit can be formed by considering certain variables that are given in Table 5-1. The 

similarity between these variables enables the heat transfer problems to be solved through an 

electrical equivalent circuit. 

 

Table 5-1: Thermal and Electrical Quantities Analogy  

Thermal quantities= Electrical quantities 

Heat-transfer=rate 𝑞, watt= =Current, 𝑖=amps 

Temperature=𝛩,℃ =Voltage, 𝑣=volts 

Resistance=(thermal) 𝑅𝑡ℎ, ℃/watt =Resistance, R=Ω 

Capacitance (thermal), joules/℃ Capacitance, farads 

When a dielectric is heated, some of the heat is transmitted and dissipated while some of the 

heat is stored that raises its temperature. The heat transmitted and dissipated is due to the heat 

conductive nature of the dielectric is governed by its thermal conductivity, whereas the stored 

heat is governed by its heat capacity. Thus the thermal resistive element corresponds to 

thermal conduction and the thermal capacitance corresponds to the heat capacity. Thermal 

conductivity and the heat capacity are the two important general properties of the transformer 

oil. In a given volume of oil, these properties can be made specific, which can be represented 

in terms of thermal capacitance and thermal resistance. According to the laws of electrical 

circuits, we have: 

𝑣 = 𝑅. 𝑖     and      𝑖 = 𝐶.
𝑑𝑣

𝑑𝑡
 (5.1) 

According to the corresponding analogy of thermal laws to electric circuit laws, we have: 

 



 

 58 

𝛩 = 𝑅𝑡ℎ. 𝑞     and      𝑞 = 𝐶𝑡ℎ.
𝑑𝛩

𝑑𝑡
 (5.2) 

The analogies between various quantities in the above equations are given in Table 5-1. The 

thermal resistance 𝑅𝑡ℎ is non-linear as defined as [100]. 

 

 

𝛩 = 𝑅𝑡ℎ𝑅 . 𝑞𝑛 (5.3) 

Where: 

 𝑅𝑡ℎ𝑅 is the rated value of thermal resistance 

𝑛 is the exponent defining the non-linearity 

The exponent depends upon the method of transformer cooling as shown in Table 5-2. 

Commonly used cooling modes used in power transformers are: 

 ONAN=Oil=Natural-Air-Natural-cooling-mode 

 ONAF=Oil-Natural-Air-Forced-cooling-mode 

 OFAF=Oil-Forced-Air-Forced-cooling-mode. 

 ODAF=Oil-Directed-Air-Forced-cooling-mode. 

If the moving fluid in transformer is oil then the non-linearity exponent is 𝑚, for air as a 

moving fluid it is 𝑛. 

 

Table 5-2: Non-Linearity Exponents Values for Different Cooling Modes 

Type of cooling IEC IEEE 

𝑛 𝑚 𝑛 𝑚 

=ONAN =0.9 =0.8 =0.8 =0.8 

=ONAF =0.9 =0.8 =0.9 =0.8 

=OFAF =1.0 =0.8 =0.9 =0.8 

=ODAF =1.0 =1.0 =1.0 =1.0 
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5.1.2 Top-Oil Model  

Top-oil modeling is based on the fundamentals of oil-air model as shown in Figure 5.3, 

which shows the electrical equivalent thermal=model=of=transformer=top-oil, representing 

the region between the=transformer top-oil and ambient temperature surrounding the 

transformer steel tank. 

 

 
Figure 5.3: Heat Transfer Model of Oil-to-Air  

The top-oil-model is modelled on the principle of a-simple-RC-circuit to estimate the-top-oil-

temperature 𝛩𝑜𝑖𝑙 as shown in Figure 5.3. Referring to Figure 5.3, all the transformer losses 

are represented by current sources injecting-heat-into the-system. The differential equation 

representing the top-oil model is: 

 

𝑞𝑖𝑛 = 𝐶𝑡ℎ−𝑜𝑖𝑙

𝑑𝛩𝑜𝑖𝑙 

𝑑𝑡
+ 1

𝑅𝑡ℎ−𝑜𝑖𝑙
⁄ . [𝛩𝑜𝑖𝑙 − 𝛩𝑎𝑚𝑏]

1 𝑛⁄  

                         

(5.4) 
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Where: 

 𝑞𝑖𝑛  Heat-generated-by-total-losses, W 

 𝐶𝑡ℎ−𝑜𝑖𝑙  Oil-thermal-capacitance, W.min/℃ 

 𝑅𝑡ℎ−𝑜𝑖𝑙  Thermal resistance, ℃/W 

 𝛩𝑜𝑖𝑙  Top-oil temperature, ℃ 

 𝛩𝑎𝑚𝑏  Ambient temperature, ℃ 

 𝑛  Non-linearity exponent 

      

n
amboil

oil
oilthoilthoilthin

dt

d
CRRq

1

][.. 


   

 

                                                                 (5.5) 

 

Or 

  n
amboil

oil
oiloilthin

dt

d
TRq

1

][. 


  
                  

                                                                 (5.6) 

 

Equation (5.4) can also be expressed as [101], 

 

𝐼𝑝𝑢
2 𝛽 + 1

𝛽 + 1
. [∆𝛩𝑜𝑖𝑙−𝑅]1 𝑛⁄ = 𝜏𝑜𝑖𝑙

𝑑𝛩𝑜𝑖𝑙 

𝑑𝑡
+ [𝛩𝑜𝑖𝑙 − 𝛩𝑎𝑚𝑏]

1 𝑛⁄  

  

(5.7) 

Where: 

 𝐼𝑝𝑢  Load current (pu) 

 𝛽  Ratio of load to no-load losses, conventionally-𝑅 

 𝜏𝑜𝑖𝑙  Top-oil-time-constant, min(Appendix-C) 

 ∆𝛩𝑜𝑖𝑙−𝑅 Rated top-oil temperature rise over ambient temperature, °K 

 

Equation (5.7) is a non-linear, first order, non-homogeneous differential equation with 

numerical solution possible. The complementary part of the solution, however, will have a 
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general form that contains an exponential function with the Based on equation (5.7), a 

Simulink model has been developed in MATLAB as shown in Figure 5.4. The model 

provides information regarding top oil temperature, which is considered a vital indicator for 

the health of both oil and winding insulation. 

 

 
 

Figure 5.4: Top-Oil Simulink Model 

 

The data which will be required for simulating the top-oil model is given in Figure 5.5, which 

can easily be derived from the nameplate specifications of power transformers. 
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Figure 5.5:  Dialogue Box for Top-Oil Temperature Model (Simulink) 

 

The ratio of load to no-load losses was obtained by knowing the no-load and full-load current 

from the nameplate and the impedance of secondary and primary windings in addition to the 

magnetizing resistance and reactance. The time constant and the value of exponent n were 

obtained by performing a heat-run test on the transformer at quality control laboratory of 

Heavy Electrical Complex. Two modes of cooling that are employed with power 

transformers operation in practice were considered; ONAN and ONAF were considered. In 

order to conduct the heat-run test, the newly manufactured power transformer 10/13 MVA, 

132/11kV with thermocouple sensors installed was considered. The thermocouple sensors 

were of type Q390A1061 with resistance of 0.02 ῼ and cold and hot junction temperature 

limits of 780°F and 1400°F respectively. With sensors installed and having passed all the 

required quality control tests, the transformer was loaded through connecting dummy load 

based on oil cooled variable resistors so as allow the temperature of the oil in transformer to 

increase to the desired value of +65ºC (the allowed rated maximum operating temperature 

limit by Electricity Supply Companies). Once the desired temperature was attained, the load 

on the transformer was then switched off and the transformer was allowed to remain 

energized under no-load condition to monitor the fall in oil temperature to the ambient 
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temperature of 24ºC. The total time taken for the temperature to decay to the value of 

ambient temperature was noted in regular steps one-minute time interval. The procedure was 

repeated three times with a settling period of 1 hour allowed between each test, and average 

values were used to plot the results graphically. The trend of oil temperature decay to 

ambient was about the same in each heat-run test conducted for both ONAN and ONAF 

cooling modes. The average time taken for the temperature under natural cooling mode 

(ONAN) to fall to ambient temperature was noted to be about 24 minutes, whereas for the 

cooling mode: ONAF, the time to decay for temperature to reach ambient was about 20 

minutes. The situation is shown graphically in Figure 5.6 with average values considered. 

 

 

 
Figure 5.6: Graph Showing the Trend of Cooling for ONAN and ONAF Modes 

 

It can be seen from Figure 5.6 that when the transformer was operated in ONAF cooling 

mode, the temperature decays to ambient more rapidly as compared when the cooling mode 

was ONAN. In the case of ONAN cooling mode the top oil temperature slowly falls but the 
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rate increases after about 15 minutes and settles to ambient temperature in about 24 minutes. 

The trend is logarithmic decay in the case of ONAN cooling mode. On the other hand, in the 

case of ONAF cooling mode, it can be seen from Figure (5.6) that there is rapidly drop in the 

oil temperature in the start but slows down after 15 minutes when the temperature drops to 

about 31ºC. This is due to the fact that the thermostat switch of the cooling fan is adjusted to 

30ºC at the manufacturer default value. The trend in the temperature to fall to ambient room 

temperature is almost linear in the case of ONAF cooling mode is exponential in nature. 

Table 5-2 gives the IEC/IEEE standard for the exponent n for various cooling modes. 

However, since the 10/13MVA 132/11kV transformer is usually operated with ONAF 

cooling mode, therefore for simulation purpose the exponent n in Equation (5.7) was 

considered as 0.9. In practice, however, in Pakistan, unfortunately the power transformers are 

usually operated at about 75 to 85% of its rated output due to greater demand and lack of 

transformers available at the sub-stations. The oil temperature therefore seldom drops to 

ambient, except in very cold winter days and mostly remain near the allowed temperature 

limit in most cases.  

 

Since the oil temperature rise to +65°C from the initial value (ambient temperature of 24ºC), 

the difference 39°C is then the rated top-oil temperature above ambient. The ratio of load to 

no-load losses, calculated from the name-plate specifications was 4.2. The value of the 

exponent was considered as 0.9 according to IEC/IEEE standards. The quantities were 

entered in the required fields of the dialogue box shown in Figure 5.5. Running the 

simulation yielded the result as shown in Figure 5.7.   

Considering Equation (5.6) for the top-oil temperature model and for n = 1, the equation can 

be simplified as: 

 
oil

inoilTh
amboil

oil

oil

T

qR

Tdt

d .
)(

1  


 

The above expression can be further approximated by considering the top-oil temperature to 

be much higher than the ambient temperature with considerable temperature difference. 



 

 65 

  
oil
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oil
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d .1  


      5.8 

The general solution of Equation (5.8) is represented by an exponential term as: 

  t

T

oil

oil

Ke


         5.9 

 

Figure 5.7: Cooling Characteristics of Oil 

Thus it can be seen in Figure 5.7 that the cooling characteristic of the oil in transformer is 

follows approximately exponential law, which is in compliance with Newton’s Law of 

cooling. Similar characteristics can be seen in Figure 5.6 in the case of ONAF mode of 

cooling.  
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Chapter 6     MONITORING TRANSFORMER HEALTH USING 

SIGNAL- TO- NOISE RATIO 

In this chapter, a technique for monitoring the state of health of transformers that contribute 

to aging of insulation is presented. This technique is based on the analysis and determination 

of Signal-to-Noise Ratio (SNR). Prior to application of the technique, a model for this 

purpose was developed in MATLAB/Simulink environment, the complete block diagram 

schematic of which is shown in Figure-6.1. 

 

Figure 6.1: Model of Health Assessment through SNR 

The model proposed in the present work constitutes a three-phase 132/11 kV transformer and 

a Transformer monitoring-unit (TMU). TMU-is used to find the magnitudes of voltage, 

current, phase angles and frequency of the transformer output parameters. The SNR block as 

shown in Figure 6.1 is used to analyze the output signal of the transformer for the presence of 

any noise due to PD. 
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6.2 Signal-to-Noise Ratio (SNR) 

As the name implies, it is the ratio of a signal to the noise present in the signal. It is also 

expressed as the-ratio between-signal power-to-noise-power and is measured in decibels- 

(dB). SNR is-mathematically expressed as: 

SNR.-=−
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
, (6.1.) 

 

Where, the power for both the signal and the noise is the average power, measured at the 

same point with having the same bandwidth in the system. If SNR-is-higher than-unity, it-

indicates more-signal-than-noise. In addition, stochastically if both the signal and noise are 

having the same mean and knowing the variance, then-SNR can be expressed as: 

SNR-= 
𝜎𝑠𝑖𝑔𝑛𝑎𝑙

2

𝜎𝑛𝑜𝑖𝑠𝑒
2 , 

(6.2.) 

If both the signal and noise are being offered the same impedances in a system, then: 

SNR=
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
=(

𝐴𝑠𝑖𝑔𝑛𝑎𝑙

𝐴𝑛𝑜𝑖𝑠𝑒
)2, (6.3.) 

Where, A is the amplitude of the signal. For high-dynamic-range, the signals are usually 

expressed using a logarithmic-scale in dBs 

𝑃𝑠𝑖𝑔𝑛𝑎𝑙,𝑑𝐵. = 10. 𝑙𝑜𝑔.10. (𝑃𝑠𝑖𝑔𝑛𝑎𝑙) (6.4.) 

Also, 

𝑃𝑛𝑜𝑖𝑠𝑒,𝑑𝐵.=10. 𝑙𝑜𝑔10.. (𝑃𝑛𝑜𝑖𝑠𝑒) (6.5.) 

Therefore: 

𝑆𝑁𝑅𝑑𝐵 = 10𝑙𝑜𝑔10(SNR) (6.6.) 

From Equation (6.6)           𝑆𝑁𝑅𝑑𝐵 =10𝑙𝑜𝑔10 (
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
). (6.7) 
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According to the logarithmic rule of quotient: 

10. 𝑙𝑜𝑔10. (
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
)= 10. 𝑙𝑜𝑔.10. (𝑃𝑠𝑖𝑔𝑛𝑎𝑙)- 10. 𝑙𝑜𝑔.10. (𝑃𝑛𝑜𝑖𝑠𝑒) 

(6.8) 

Or,  

𝑆𝑁𝑅𝑑𝐵=𝑃𝑠𝑖𝑔𝑛𝑎𝑙,𝑑𝐵 – 𝑃𝑛𝑜𝑖𝑠𝑒,𝑑𝐵 (6.9) 

The power of the signal and noise is measured in watts or mW. However, if it is desired to 

measure the SNR in terms of voltage or current, then: 

𝑆𝑁𝑅𝑑𝐵=10. 𝑙𝑜𝑔.10. [(
𝐴𝑠𝑖𝑔𝑛𝑎𝑙

𝐴𝑛𝑜𝑖𝑠𝑒
)
.2

] = 20. 𝑙𝑜𝑔.10. (
𝐴𝑠𝑖𝑔𝑛𝑎𝑙

𝐴𝑛𝑜𝑖𝑠𝑒
) = 𝐴𝑠𝑖𝑔𝑛𝑎𝑙,𝑑𝐵 - 𝐴𝑛𝑜𝑖𝑠𝑒,𝑑𝐵 (6.10) 

6.3 Modeling of Three-phase Power Transformer  

Prior to model the actual transformer under consideration, a generic Simulink based model 

was developed. A three-phase transformer was therefore modeled for which the generic-

model of a single-phase transformer was used as shown in the schematic of Figure-6.2. In the 

three-phase transformer state-space vector approach was used for star-delta conversions, 

which is the most suitable technique for three-phase-system-representation [102]. 

 

 

Figure 6.2: Single-Phase Transformer 
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6.2.1  Three-Phase (𝒀 → 𝜟) Transformer Model  

The three-phase transformer model was based on the two-phase state-space vectors as-shown 

in-Figure-6.3. 

 

 

Figure 6.3: Three-Phase Transformer Model 

 

The transformer is modeled on the basis of the following equations; 

�⃗� 1 =. 𝑖 1𝑅1. + .
𝑑�⃗� 1
𝑑𝑡

 (6.11a) 

. 𝜓⃗⃗⃗⃗ 1. = 𝑖 1𝐿𝜎 +.𝜓⃗⃗⃗⃗ 2𝑆.
′  (6.11.b) 

. 𝜓⃗⃗⃗⃗ 2𝑆.
′ = 𝑖 𝑀𝐿𝑀 (6.11.c) 

. 𝑑�⃗� 2𝐷 .

𝑑𝑡
= �⃗� 2𝐷+. 𝑖 2𝐷.𝑅2 (6.11.d) 

. 𝑖 𝑀. = . 𝑖 1. − . 𝑖 2𝑆.
′  (6.11.e) 

. �⃗� 2𝑆.
′ = . 𝑘. �⃗� 2𝐷. (6.11.f) 

. 𝑖⃗⃗ 2𝐷. = . 𝑘. 𝑖 2𝑆.
′.  (6.11.g) 
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�⃗� 2𝐷 =. 𝑖⃗⃗ 2𝐷.. 𝑅𝐿. (6.11.h) 

 

Figure 6.4: Generic Model of the Transformer 

For the delta-star and star-delta conversion blocks.as shown in Figure-6.4, Equation- (6.2) 

and (6.3) are used respectively. 

�⃗� 𝑌. =
1.

√3.
 . 𝑒𝑗.𝜃 �⃗� ∆ (6.12.a) 

Where: 𝜃 = 30˚ is rotation factor and 
1

√3
 is the scaling-factor for delta-star conversion.  

[
𝑢𝑆𝛼

𝑢𝑆𝛽
] =  

1.

√3.
 [
cos. 𝜃 − sin. 𝜃
sin. 𝜃 cos. 𝜃

] [
𝑢.𝐷𝛼

𝑢.𝐷𝛽
] (6.12.b) 

While the conversion equation for star-delta in vector form is: 

𝑖 𝑑𝑒𝑙𝑡𝑎 =
1.

√3.
 𝑒.−𝑗.𝜃 . 𝑖 𝑌 (6.13.a) 

Where: 𝜃 = 30˚ is rotation factor and 
1

√3
 is the scaling-factor for star-delta conversion. 

[
𝑖.𝐷𝛼

𝑖.𝐷𝛽
] =  

1.

√3.
 [

cos. 𝜃 sin. 𝜃
−sin. 𝜃 cos. 𝜃

] [
𝑖.𝑆𝛼
𝑖.𝑆𝛽

] (6.13.b) 

6.3.2 Phasor-Measurement- 

Phasor is a rotating vector having a magnitude and a phase angle, which are the important 

parameters of a sinusoidal signal and is diagrammatically shown in Figure 6.5. A pure 

sinusoidal signal can be represented by a well-known expression:  
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𝑥(𝑡)  =  𝑋𝑚 𝑐𝑜𝑠(𝑤𝑡 + 𝛷) (6.14.) 

-where: 

𝑋𝑚  Amplitude- 

Φ phase-angle 

𝑤 frequency in radians/second   

 

Figure 6.5: Representation of a Sinusoidal Signal 

In the present research work the Digital-Fourier-transform- (DFT) based-non-recursive-

phasor- (NRP) and recursive-phasor- (RP) -base algorithms are used for simulation [103]. As 

a starting step, sampling of x(t) in Equation (6.14) are taken so that the continuous-time 

expression of Equation 6.14 is transformed in discrete-time as: 

𝑥(𝑛)  = . 𝑋𝑚. 𝑐𝑜𝑠(𝑛. 𝜃 +.𝛷) (6.15.) 

Where: n = 0, .1, .2, .3…. (N – 1).  The phasor amplitude is then determined from Fourier 

wavelets as follows: 

𝑋.𝑁−1 =
√. 2

. 𝑁
∑ 𝑥𝑛{

𝑁.−1

𝑛=0.

cos. (𝑛. Ɵ) =
√. 2

. 𝑁
∑ 𝑋𝑚. 𝑐𝑜𝑠(𝑛𝜃 +.𝛷)

𝑁.−1

𝑛=0.

cos. (𝑛. Ɵ)  

 

(6.16.) 
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𝑋.𝑁.−1 = 𝑋𝑚
√. 2

𝑁.
∑[cos (

𝑁.−1

𝑛=0.

𝛷)𝑐𝑜𝑠2(nƟ) −
1

2
 sin (𝛷) (sin(2nƟ)] =

. 𝑋𝑚

√2.
cos (Ø) 

 

(6.17.) 

 

It is to be noted that the summation of the Sin(2nθ) over complete cycle is equal to zero, and 

the average of cos2(nθ) is equal to ½. In similar manner the sine summation as follow: 

𝑋.𝑁−1 =
√. 2

. 𝑁
∑ 𝑥𝑛

𝑁.−1

𝑛=0.

Sin. (𝑛. Ɵ) =
√. 2

. 𝑁
∑ 𝑋𝑚. 𝐶𝑜𝑠(𝑛𝜃 +.𝛷)

𝑁.−1

𝑛=0.

Sin(𝑛. Ɵ)  

 

(6.18.) 

𝑋.𝑁.−1 = 𝑋𝑚
√. 2

𝑁.
∑[

1

2
Cos (

𝑁.−1

𝑛=0.

𝛷)Sin(2nƟ) − 𝑆𝑖𝑛(𝛷)𝑆𝑖𝑛2(𝑛. Ɵ) = −
. 𝑋𝑚

√2.
𝑆𝑖𝑛(Ø) 

 

(6.19.) 

 

From Equation (6.17) and Equation (6.19), through equating of real and imaginary parts, the 

phasor 𝑋 .𝑁−.1 is obtained as: 

  

𝑋 .𝑁−.1 = 𝑋.𝑐
𝑁.−1.−. 𝑗. 𝑋𝑠

.𝑁−1. =
. 𝑋𝑚

√2.
(𝑐𝑜𝑠. Ø + 𝑗𝑠𝑖𝑛. Ø)

=.
. 𝑋𝑚

√2.
𝑒.𝑗Ø 

 

(6.20.) 

 

Where, the Superscript N – 1 represents the last sample up to which phasor quantity X is 

calculated. The generalized form of NRP estimation is given by: 

 

𝑋.𝑁.+.𝑟 =
√2.

. 𝑁
∑ 𝑥.(𝑛+1.)+.𝑟

𝑁.−.1

𝑛=0.

. exp. (−𝑗. 𝑛Ɵ) (6.21.) 

 

Where, r = .–1, .1, . 2, .3… for r = –1, x0 sample is present on the right-hand side while for r 

= 1, there is no x0 sample even if the total number of samples i.e. N remains same. 
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RP estimation is accomplished by calculating the phasor for . 𝑋 .𝑁−1. only and 𝑋.𝑁.. RP 

estimation is therefore represented as: 

. 𝑋 .𝑁+𝑟 =.𝑋.𝑁.+(.𝑟−.1.)+
√2.

𝑁.
(. 𝑥.𝑁+.𝑟−. 𝑥.𝑟 ). . 𝑒.−𝑗.𝑟.Ɵ 

 

(6.22.) 

 

Where: -r = 0, -1, -2,-3…. 

If present-state is-representing-by r then the past state-will be- (r – 1), so that the-present 

output-in RP (−𝑋𝑁+𝑟) -is dependent-on past-output (−𝑋𝑁+(𝑟−1)) and present-input as shown 

Figure 6.6.   

 

 

Figure 6.6: Phasor Estimation through Recursive Approach 

On the other hand, for-NRP present-output is only-dependent on-the present input-because of 

the absence of (r – 1) component. RP (recursive-phasor) estimation is faster in speed than 

NRP-estimation because of provides high saving in computational time, therefore in many 

applications it is a better choice while for NRP, this technique is numerically stable, but takes 
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more computational time. While for a non-continuous sine wave, there are no errors in NRP 

estimation, however, there are errors in RP estimation which increases gradually [104]. For-

a-constant-sinusoid-the-phasor-remain unchanged/stationary-for RP-and rotate-counter-

clockwise by-sampling-angle:-Ɵ = 
2 𝜋

𝑁
-for NRP-estimation as shown Figure 6.7. 

 

 

 

Figure 6.7: Non- Recursive Phasor Estimation 

                                         

                                      

 

 

Figure 6.8: Phasor Measurement Model with Recursive Algorithm 
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Figure 6.9: Phasor Measurement Model with Non-Recursive Algorithm 

 

6.4.1 Modeling of SNR Block in Simulink 

Based on the Equation 6.1 through to Equation 6.10 for SNR, the Simulink model was 

developed as shown in Figure 6.10.  
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Figure 6.10: SNR Block Model in Simulink 

Referring to Figure 6.10, in this model two signals are used as an input to the block. The first 

is the distorted signal of transformer due insulation degradation or due to transformer aging, 

while the second signal is representing the output signal of the transformer under normal and 

healthy condition. 

6.5.1 Partial Discharge Model for Winding Insulation 

The transformer winding insulation-is an important component, and a subject to study the 

incipient behavior inside the transformer. Since the electric field in transformers are far less 

than the intrinsic strength of the cellulose paper insulation used as winding insulation, the 

catastrophic breakdown of insulation cannot be ruled out. It has been known that air-filled 

cavities and voids exist in insulation due to its anisotropic nature. Furthermore, the processes 

involved in forming and crafting the insulation may result in mechanical defects on a 

microscopic scale. Some of these defects are harmless and are attributed to the nature of 

chemical bonding and their orientation during processing. However, some defects can be 
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harmful and can sustain partial discharges PD activity when the insulation is stressed with 

fields that are, though far less than the intrinsic strength, yet has a profound effect on the air 

that exist in these defects in the form of voids and cavities. The PD phenomenon in solid 

insulation is well understood and occurs in voids, which are material defects and air cavities 

inside the insulation. PD activity starts in a void when critical field of air breakdown is 

reached.  

It has been documented that according to ISO 120/121, PD activity of charge amounting to 

less than 5pC is indication of harmless voids and above this threshold the activity in voids 

leads to its enlargement and ultimately leading to insulation failure [105]. The high localized 

temperature at potential sites of PD activity produces hotspots. However, the resulting 

hotspots are difficult to determine and therefore cannot be used as a suitable indicator. The 

breakdown in void or cavity is intermittent, highly localized and is accompanied with the 

generation of energy in the acoustic, visible and radio range with a wide frequency band of 

electromagnetic spectrum between 300 MHz and 3 GHz [106, 107] besides producing 

hotspots. The void in the winding insulation thus acts as a potential source of electromagnetic 

radiations. The electromagnetic radiations generated from partial discharge activity appear as 

noise and are generally referred to as stray frequencies. The stray frequencies due to PD 

amplitude modulate the information signal which causes noise that manifests itself as radio 

interference  [108, 109]. Traditionally the presence of radio interference in power equipments 

is detected by using conventional radio receivers tuned to the AM band: 500 kHz to 1.6 

MHz. However, this traditional method depends on the sensitivity of the radio receiver and 

the directivity of the antenna and is less accurate, and does not provide the magnitude of the 

PD pulse. Besides, with traditional method the exact source and location of PD cannot be 

identified [110].  

Partial discharges, also accompanied by thermal effects inside the insulation are mainly 

responsible for its gradual degradation and therefore are the key contributor towards 

insulation deterioration. Since the PD activity is highly localized, it therefore causes localized 

heating that result in local hot-spots at locations of PD activity. The action of PD 

accompanied by high localized thermal effects causes melting of cavity walls and thereby 
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erosion that result in enlargement of cavity. Cumulative intermittent PD activity gradually 

enlarges the cavity gradually to an extent that forms a bridge for the complete breakdown of 

insulation. Thus the onset of PD activity inside the insulation is a positive feedback 

mechanism of degradation and therefore loss of insulation life. As a consequence of the 

presence of PD inside insulation, both stray electromagnetic frequencies and localized 

heating are produced and these can be considered as vital parameters for monitoring the 

health of transformers. As mentioned in Chapter (3) and based on Case Studies in Chapter 

(4), the transformer life mainly depends on the condition of insulation. The deterioration of 

insulation can be regarded as a key factor for complete failure of the transformer in practice. 

PD activity is electrical in nature, but is accompanied by thermal effects that are mainly 

responsible for insulation degradation ultimately leading to breakdown.  

The thermal effects of PD activity can be modelled in terms of electrical parameters. An 

instinctual way to view the phenomenon of partial discharge is to consider the transitory 

change in capacitance across the dielectric with a cavity or void. In the presence of partial 

discharge, the cavity goes from non-conducting to conducting state. Apparently, the 

capacitance increases when the void becomes conductive in the presence of partial discharge, 

which is clear indication of a conduction current that flow down the dielectric material to 

charge the additional capacitance while maintaining constant voltage across it. This 

conduction current flows through the impedance of the dielectric and therefore produces a 

voltage pulse that also propagates down the dielectric. However, the voltage in the void 

collapses in a few nanoseconds, so that the resulting voltage pulse that travels in both 

directions away from the void with PD activity has a pulse width in the nano-second range. 

Since the PD activity inside the insulation can provide vital information related to insulation 

deterioration, in the present work, a-partial-discharge- (PD) method has therefore been used 

and for this purpose both the-symbolic and-reciprocal-models are-proposed. 

For the study of partial discharge (PD), an-RC circuit equivalent symbolic model-of an-

insulation can be implemented as shown in-Figure 6.11, in which a resistive and capacitive 

element is arranged in parallel. Referring to Figure 6.11 for estimating the thermal 

deterioration of insulation, a PD-current iPD as a result of PD within the insulation flows in 



 

 79 

the insulation represented by a parallel combination of R and C. The variation in temperature 

is directly related to the partial discharge current. The set of equations for-PD-insulation-

model is: 

𝑖𝑃𝐷 = −𝑖𝑅 + 𝑖𝐶 (6.23) 

𝑖𝑃𝐷 =
𝑢𝑅

𝑅
+ 𝐶 

𝑑𝑢𝑐

𝑑𝑡
 (6.24) 

𝐶𝑑𝑢𝑐

𝑑𝑡
= 𝑖𝑃𝐷 − 𝑖𝑅 (6.25) 

Where: 

𝑅  Resistance of insulation 

𝐶 Capacitance of insulation 

𝑖𝑃𝐷 PD-current 

 

Figure 6.11: The Symbolic Model for PD in insulation 

The insulation such as; Kraft or cellulose paper for which the capacitance of both HV and LV 

windings has been calculated by the following formula. 

 

𝐶 =  
휀𝑜휀𝑟𝐴

𝑑
 (6.26) 

-Where: 
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휀𝑜 = 8.85 − x − 10−12-F/m, relative permittivity of the-free space 

휀𝑟 = 4.4, relative-permittivity-of the-insulating-layer i.e. -Immersed-Oil-Kraft [111] 

𝐴 Area of winding-conductor 

𝑑 Thickness of the insulating layer 

The area of the conductor has been calculated as. 

𝛿𝑐−= −
𝐼𝑐
𝐴𝑐

− −𝑜𝑟 −    𝐴𝑐 = −
𝐼𝑐
𝛿𝑐

 (6.27) 

-Where: 

𝐼𝑐 ---------RMS-value-of the-current-in the-conductor 

𝐴𝑐 Area of the-conductor 

𝛿𝑐 ---------Current density in the conductor 

As the current-density varies directly with temperature rise, therefore the current-density sets 

parameters for the selection-of the-conductor for-LV and-HV-windings. The-load at which-

maximum efficiency occurs depends on the current-density, therefore its selection is-

extremely-crucial for 𝐼2𝑅-losses-in the-transformer windings. For different transformers the 

value of 𝐼2𝑅 losses is different, therefore, the value of current density is also different. 

Typical values of current density for type of cooling applied are as follows: 

 

 Self-cooled-transformers: 1.1. −.2.3-A/mm2 

 Forced-air-cooled-transformers: 2.2. −3.2. -A/mm2 

 Forced-oil-cooled-transformers:.5.4 − 6.2. -A/mm2 

 

Based on-the iterative inversion of paper resistivity presented, the resistance-of the-insulation 

for-both HV-and-LV windings-has been-calculated by using the functional relationship [87]: 

 

𝑅 = 𝑓(𝜌) (6.28) 

-Where: 

𝑅 Resistance-of-the-insulation 
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𝜌  Resistivity-of-insulation- 

 

After calculating the corresponding values of insulation resistance R and insulation 

capacitance C, the symbolic model was re-fabricated into a reciprocal model as shown in 

Figure 6.12. Referring to Figure 6.12, the reciprocal model is fabricated on the basis of 

Equations 6.23, 6.24 and 6.25. Reciprocal model is a pre-requisite model for Simulink 

modeling, which makes it easier to understand the flow of the model and select required 

blocks for Simulink implementation. The square-shaped block represents the integrator block 

(1/s), whereas the rounded shaped blocks represent a simple gain blocks for (1/C) and (1/R). 

 

Figure 6.12: The Winding Insulation Reciprocal Model for PD 

The Simulink-model for incipient-fault as a result of PD-in the winding-insulation of-

transformer developed and is shown in figure 6.13. 
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Figure 6.13: Simulink Model for Winding Insulation 

As shown in Figure 6.14, based-on the-hot-spot-temperature calculated-from-the-hot-spot 

model, a-temperature-algorithm was therefore developed in order to-analyze-three-conditions 

of the-transformer: 

 Healthy condition 

 Insulation degradation condition 

 Short-circuit or complete breakdown 
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Figure 6.14: Temperature Algorithm for Transformer 

6.6.1  PD Activity in Transformer 

The path followed by the pulse assuming it is an internal PD in void within the insulation is 

mainly through the conductor/shielding to ground through a capacitive coupling. According 

to IEC 60270 Standard, they can be detected with high frequency current transformers or 

Rogowski coils clamped to the ground connection with the help of a coupling capacitor. The 

shape of the pulse has the initial fingerprint of the partial discharge embedded with the 
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characteristics of the transmission path. The path followed by the pulse is similar to the 

former case. The internal discharge has to pass through different media before reaching the 

sensor. They can be detected with wideband antennas placed close to the source. The shape 

of the pulse also has the initial fingerprint of the partial discharge embedded with the 

characteristics of the transmission path including reflections and media losses. Once more, 

the path followed by the pulse is similar to the other cases. The internal discharge has to pass 

through different media before reaching the sensor. They can be detected with piezoelectric 

or capacitive sensors. The shape of the pulse also has the initial fingerprint of the partial 

discharge embedded with the characteristics of the transmission path including reflections 

and media losses. When acquiring pulses, we can get different types of partial discharges, 

interferences and random noise. The first step in localization is to focus on the signals of 

interest. 

 

6.7.1 Monitoring of PD Activity Within Transformer 

As discussed earlier in this chapter, SNR has been use for health monitoring of transformers 

by considering vital parameters such as temperature. Partial discharges cause degradation of 

the winding insulation by inflicting thermal damage. Partial discharge, as discussed earlies 

occurs in voids and defects inside the insulation is accompanies by generation of frequencies 

in UHF band. Thus the SNR can be used as a tool for monitoring of PD activity and therefore 

the health of the transformer winding. In order to obtain the SNR from noise generated due to 

partial discharges within the winding insulation of transformer, complete HT coils of 

10/13MVA, 132kV/11kV were considered. A total of four coils were considered, three of 

those considered were rejected in the quality control tests for partial discharge activity, and 

one coil among the considered was tested for no partial discharge activity. These coils were 

labelled as 1 for the coil with no PD activity observed and 2, 3 and 4 for those coils in which 

PD activity was observed in the manufacturer quality control test. UHF sensors were used to 

detect the PD activity within the winding insulation. UHF transformer sensors can be used to 

detect internal PD on power transformers in a frequency range between 300 MHz and 3 GHz 
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[112]. The UHF frequency range can be chosen under difficult on-site conditions, such as 

high impact of the measurements due to corona discharges or other disturbances within the 

typical HF range (100 kHz to 10 MHz). UHF sensors are suitable for retrofitting as well as 

for pre-installation.  

A photograph of the complete coil is shown in Figure 6.15. It is composed of copper wire 

with inter-leaved turns with oil impregnated Kraft paper as insulation between turns. Each 

coil under test was rested on a 1-inch wooden block placed at the bottom of the steel tank. 

For continuous monitoring of PD activity in power transformers, it is essential to place the 

UHF sensors where the attenuation is minimum and the sensitivity is maximum. Since the 

frequencies in the UHF range are strongly attenuated within a distance of few centimeters 

when the magnitude of the PD pulse may be small due to ionization process with charges less 

than few pico-Coulombs, placing a sensor in a shielded area can therefore reduce its 

sensitivity to the UHF signals. Owing to the attenuation of the UHF signals and the 

consideration of the electrical field voltage, certain positions have to be considered for the 

installation of UHF sensors. Locations have to be selected where the UHF sensors can 

measure PD pulses with the highest sensitivity. In a study of PD [113-115] , a statistical 

threshold was used to filter the weak signals, and it was found that the weakest signals were 

always received from the sources in the winding furthest away from a UHF sensor. Only the 

sources within the middle winding were measured above the threshold of all sensors. The 

selection of locations was based on the stochastic distribution of hot-spots and where the 

insulation is mostly stressed. However, since the height of the complete HT coil element of 

power transformers seldom exceed 1 meter, the best location of sensors was either midway 

within the coil element or near the top few turns of winding where the probability of hot-

spots is maximum.  

 



 

 86 

 

Figure 6.15: Transformer HT Coil Assembly 

With each coil under test two UHF sensors A and B were installed; one in the center (sensor 

A) of the coil assembly whereas the other (sensor B) was installed on the inner wall of the 

steel tank near the top portion of the coil under test.  

In the present work UHF sensors of type FOS4 manufactured by Power Diagnostic Systems 

GmbH, Germany together with application software were used. The type FOS4 is the latest 

family member of Power Diagnostic Fiber Optic Transmission Systems, which offers high 

speed data acquisition through fiber optic cables on multiple channels in parallel. The system 

consists of FOT4 transmitter units and FOR4 receiver units. Each channel acts as an 

independent transient recorder with its own storage and settable acquisition speed and storage 

depth. The sampling rate is 20 mega-sample/sec. and, hence, sufficient to even acquire the 

pointing vector of the incoming acoustic wave, when using a two-dimensional three-sensor 

configuration. The sensors sub-type TFS1 and TVS2 of FOS4 type were used as shown in 



 

 87 

Figure 6.16. UHF sensors of type TFS1 with and PD signals can be used for PD pattern 

analysis as well as for triggering acoustic measurement systems.  

 

 

 

Figure 6.16: UHF Sensor 

 

The scalable system allows the acquisition of acoustic PD signals or other measurement 

signals under AC, DC, or impulse testing in laboratories as well as on site. The modular 

system accepts up to twelve optical channels and comes with high-speed controller card to 

communicate with a computer. Besides this, the FOS4 system has additional signal output on 

the rear side and can be used as a digital isolated amplifier without the use of any software. 

For PD location purposes the ICM_acoustic software offers complete control of the FOS4 

system that includes averaging and trigger logic. The software is designed for the acoustic 

location of transformer partial discharge complying with the triangulation method as 

described in Chapter (2). The positioning of the sensors must be done in a manner that should 

reduce the effect of stray capacitance that may result due to the high electric field in the 

vicinity of the coil.  

The sensor sub-type TFS1 was installed in the center of the coil under test inside the steel 

tank while the sensor TVS1 was installed through flange that replaced the explosive vent at 

the top of the lid near the top turns of the coil. Fiber optic cables with metallic sheath were 

used to derive the signal from the sensors and conveyed to the measuring circuit. The metal 

sheath of cable provides interference from external sources. The cable from the UHF sensor 

TVS1 was taken out of the steel tank enclosure through a small drilled perforation in the lid.  
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The coil assembly was then carefully placed in the steel tank. Once the coil assembly was 

placed, the tank was filled with a fresh sample of transformer oil based on Chloro-Fluoro 

Benzene having dielectric strength of 12kV/mm. Thus the coil was enclosed in a steel tank 

filled with fresh sample of transformer oil. The steel tank and the coils were acquired from 

the sponsored industry (Heavy Electrical Complex). The steel tank was that of a single-phase 

transformer unit. The tank has an insulation bushing secured to the lid. The lid also 

incorporated an explosive vent valve. Prior to placing the coil inside the steel tank, a cooper 

clamp was secured to the coil insulation. The clamp was electrically connected to the ground 

terminal provided at the wall of the steel tank. One of the terminals of the coil was passed 

through insulation bush mounted on the lid of the metal tank. The end of this coil was 

secured to the thimble of the insulation bush with an end connector for connecting the coil to 

the test circuit. The coil enclosed in the steel tank is shown in Figure 6.17 with side and top 

view. 

 

 

Figure 6.17: Steel Tank Enclosure for Coil Under Test 
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The experimental arrangement consisted of coil assembly under test, measuring circuit and 

the testing transformer as shown in Figure 6.18. 

 

 

 

 

Figure 6.18: Testing Arrangement 

 

Referring to Figure 6.18, the measuring circuit consists of a wide-band amplifier (100MHz – 

1.8GHz) coupled to a type ORTEC DSPEC-50 Multi-Channel Pulse Height Analyzer 

(MCPHA) having broadband (9kHz – 3.2GHz) with 1Hz minimum resolution bandwidth and 
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incorporated with single and dual MCAPHA list mode and low frequency reject filter. The 

information from the MCPHA was fed to a computer through an interface circuit as shown in 

Figure 6.19 based on SL900A technology with a sensitive bandwidth between 860 kHz and 

960 MHz having unique identifier EPC code protocol. The interface has both time-based and 

limit-based data logging modes and stores over 1000 sensing violation events based on 4 

selected threshold limits.  

 

 

 

Figure 6.19: Interface Circuit 

The associated software ICM acoustic with the interface installed in computer was used to 

analyze the output signal from MCPHA.  

The supply to the coil under test was obtained from a single-phase, 50Hz, 5kVA, 

220V/100kV step-up testing transformer in high voltage laboratory, whose primary voltage 

was controlled through an auto-transformer. The test transformer was placed as far as 
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possible from the measuring system in order to avoid effect of stray capacitance with the 

couplings of measuring system. In order to avoid any electromagnetic interference due to 

corona and for safety purpose, the testing transformer was placed in Faraday cage with solid 

grounding through a 1-inch diameter, 6 feet length copper rod.  

The PD activity was monitored with the following procedure: With the sensors placed at the 

selected locations and the measuring circuit connected, the transformer HT coil under test 

was placed in the steel tank. The tank was then filled with clean fresh transformer oil so that 

the coil assembly was completely immersed. The lid was then placed on the tank with the 

terminal of the coil taken out through the insulating bushing. The lid was then secured 

tightly. The end of the coil was then connected to the output terminal (secondary) of the 

testing transformer. The ground terminal of the testing transformer was connected to the steel 

tank by a bolt located at the base. With all the connections made according to the schematic 

arrangement as shown in Figure (6.18), the main supply was switched ON and the voltage 

gradually increased through the auto-transformer to a point where partial discharge activity 

was noted, but care was taken not to increase the voltage beyond 78kV (voltage rating of the 

coil). The PD activity was noted, which was in the form of noise as seen on the screen of 

computer. The computer software then recorded the noise figure and the amplitude of the PD 

pulse lying within the sensitive bandwidth of the interface circuit. Due to the intermittent and 

random nature of PD activity, the test voltage was maintained for 5 hours at the value where 

PD activity was noted. Each coil was tested in the similar way and the PD activity recorded. 

 

6.8.1  Results of PD Activity 

The results obtained from the output of either sensor A and B were similar, which means that 

the location of sensor installation inside the transformer would not affect the output pulse 

magnitude of a discharge. Since sensor A was installed at the center of the transformer coil 

assemble, which was immersed in oil whereas sensor B installed outside the coil assembly on 

top, the transformer oil plays no part in the attenuation of the signal. Thus output from either 

sensor A or B can be taken as the result of PD activity inside the coil.  
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The reference voltage set from the MCPHA was 100 volt (taken as 1pu). Thus using the 

value of 5pC charge that result in 0.0625 pu voltage, the threshold SNR for any harmful PD 

activity is about +24dB. Thus SNR above +24dB is indication of absence of PD activity 

whereas; SNR less than +24dB is the presence of PD activity. However, to allow an 

additional factor of safety, a discharge of 1pC was considered as a threshold limit for PD 

activity. As according to the calibrated value from a standard laboratory discharge detector, 

the voltage associated with 1pC of PD activity is approximately 1% of the reference voltage 

or 0.01pu. Corresponding to the PD activity level amounting to 1pC, the SNR is therefore 

+40dB. Thus any SNR value between +24dB and +40dB is indication of harmless PD 

activity, whereas SNR above +40dB is an indication of negligible or almost no PD activity. 

However, SNR less than +24dB is a matter of concern since the level of PD activity is 

relatively harmful and may attribute to substantial damage to the insulation that ultimately 

paves way for breakdown. 

Figure (6.20) shows the result obtained from the test on coil 1. As seen in Figure 6.20 there is 

no PD activity at the rated voltage of the coil applied for 5 hours and the entire graph simply 

consists of spikes that are probably due to small electromagnetic noise present in the 

environment and noise picked up within the measuring circuit. Moreover, the very small 

amount of noise detected may perhaps also be due to slight corona that may occur inside the 

tank as the distance of coil from the walls of the enclosure tank was less than that in actual 

transformer assembly. 

Referring to Figure 6.20, the spikes have magnitude within about ±1 volt range with respect 

to a reference voltage of 1pu selected for calculations. The 1pu voltage is set from the 

MCPHA as a reference voltage. This amounts to a charge less than about 0.1pC, which is far 

less than the figure of 5pC as expected in the PD activity.  

As shown in the graph of Figure 6.20, the maximum noise voltage corresponding to the noise 

picked by the UHF sensors amounts to about 0.01 pu. This gives an SNR of +40dB, which is 

an indication of absence of any harmful discharges. This small level of noise may also be an 

indication of small corona type discharges, which may be expected during testing due to 

ionization activity resulting from the field concentrated at the tip of the antenna of UHF 
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sensor. This small amount of noise may also be attributed to that picked up by signal during 

propagation though the cables and connecting leads. 

 

Figure 6.20: PD Activity in Coil 1 

As mentioned earlier the threshold charge due to partial discharges that produces harmful 

effects is about 5pC as a generally accepted value by most testing laboratories. However, in 

the present work, keeping in view the sensitivity of the detecting system, a PD activity 

amounting to charge of 1pC was considered to allow greater factor of safety for transformer 

insulation. Thus the onset of PD activity was marked by a discharge of 1pC. 

Figure 6.21 shows the partial discharge activity for coil 2, removed from a faulty 

132kV/11kV sub-station transformer. The transformer was taken out from service after 5 

years of its commissioning due to the severe voltage fluctuations in one of the phases. On 

removal from service and performing routine test on coils, the insulation of the yellow phase 

coil was found faulty and the entire transformer was therefore moved to storage.  
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As seen in Figure 6.21 the PD level exceeds the allowed range. The amplitude of the pulses 

due to PD activity are in the range of about +3.8 pu volts and –2.3 pu volts, with the 

maximum discharge amounting to about 10.6pC. 

 

 

Figure 6.21: PD Activity in Coil 2 

The result of PD activity in coil 2 as recorded is given in Table 6-1. 

Table 6-1: Results of PD Activity 

Max Voltage Min Voltage Max Frequency Min Frequency Charge 

15.80 kV 9.47 kV 1.5GHz 0.5GHz 10.6pC 

 

The PD activity started at 9.47kV, which increased to 10.6pC when the voltage was raised to 

15.8kV. Beyond this voltage the PD activity increased enormously which lead to tripping of 

the testing transformer. The voltage was therefore maintained at 15.8kV and the noise due to 

PD activity was observed and recorded for 5 hours. The SNR calculated on the basis of 
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maximum noise voltage for PD activity in coil 2 is about –12dB, which is an indication of 

excessive noise.  

Similarly coil 3 underwent similar procedure of testing as coil 1 and 2. This coil was rejected 

by the factory due to higher than normal PD activity when tested for discharges in the quality 

control laboratory. The result of noise voltage as received through UHF sensors and 

displayed on MCPHA is shown in Figure 6.22.  

 

 

Figure 6.22: PD Activity in Coil 3 

Referring to Figure 6.22 it can be seen that the PD activity is excessive with amplitude of PD 

pulses shooting to about +2.2 pu volts and –1.15 pu volts, which started at 11.7kV and 

increased to significant value at 16.7kV. The maximum charge associated with PD pulses 

amounts to about 5.5pC to 6pC, which is indication of harmful PD activity. Table 6-2 gives 

the values of relevant quantities as obtained through the software for coil 3 tested. 
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Table 6-2: Voltage vs Frequency 

Max Voltage Min Voltage Max Frequency Min Frequency Charge 

16.70 kV 11.70 kV 2.0GHz 1.5GHz 5.5pC – 6pC 

 

Referring to Figure 6.22, based on 100 volts (1pu) set as reference voltage in the 

measurement system of MCPHA, the SNR for coil 3 was calculated to be about –6.8dB. The 

value of SNR is negative, an indication of excessive noise that is attributed to the partial 

discharge activity. This is obvious since this coil was rejected by the factory due to partial 

discharges.  

In a similar manner coil 4 was tested for PD activity. This coil was removed from a 

132/11kV, 50MVA power transformer, which was removed from service due to persistence 

overheating when the transformer was loaded beyond 50% of its rated load value. Moreover, 

when the load was increased on the transformer beyond its 50% rating, there was abnormal 

voltage sag on the yellow phase. This transformer has been in service for 6 years. The result 

of noise voltage in pu attributed to PD activity within coil 4 is shown in Figure 6.23. 

It can be seen in Figure 6.23 that the noise voltage corresponding to PD pulses have 

significant magnitude with amplitude of pulses of about +3.7 pu volts and –2.15 pu volts, 

indicating excessive harmful PD activity within the coil insulation. Table 6-3 gives the 

essential quantities recorded. Referring to Table 6-3, the PD activity within the coil started at 

11.2kV and increased to a level corresponding to charge of 10pC when the voltage was 

increased to 17.5kV. Beyond this voltage the testing transformer indicated overloading and 

therefore the voltage was maintained at 17.5kV for a period of 5 hours. The SNR calculated 

on the basis of maximum noise voltage of +3.7 pu is –11.36dB. This is also an indication of 

excessive noise and therefore significant harmful PD activity. 

 

Table 6-3:Voltage vs Frequency 

Max Voltage Min Voltage Max Frequency Min Frequency Charge 

17.5 kV 11.20 kV 3.0GHz 2.5GHz 10pC 
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Figure 6.23: PD Activity in Coil 4 

 

It can be noted from the results of PD activity as illustrated in Figure 6.21, 6.22 and 6.23 that 

the PD activity follows a random pattern and is intermittent in nature. The intermittent nature 

is mainly attributed to the successive build-up of pressure and venting during the course of 

PD. The PD activity becomes less when the gas pressure inside the cavity increases and then 

re-occur when the gas pressure is reduced through venting of gas from the cavity into the 

bulk material. It can be observed from the test results that the SNR reduces when there is PD 

activity and goes to negative value when the level of PD is excessive. It is worth mentioning 

that the level of PD activity marked by the noise and decreasing SNR corresponds to the 

extent of damage to the insulation. 
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6.9.1 Winding Hot-Spot Model  

Hot-spots are concentrated localized high temperature regions in transformer winding 

assembly which may be the result of cumulative PD activity. The modeling of hot-spots is 

based on the fundamentals principle of winding-to-oil model constituting an RC circuit with 

current source representing heat flow and a voltage source that represent temperature as 

shown in Figure (6.25) [116].  

Referring to Figure 6.25, the RC circuit thus represents the electrical equivalent thermal 

model of transformer hot-spot, between the transformer winding and top-oil surrounding the 

transformer windings. Referring to Figure 6.25, the heat produced is equivalent to the losses 

in the transformer-winding, which is dissipated as heat and injected into the system at the 

hot-spot location. In this case the non-linearity exponent 𝑚 representing the coolant 

(transformer oil). The differential equation representing the hot-spot model is: 

𝑞ℎ𝑠 = 𝐶𝑡ℎ−ℎ𝑠

𝑑𝛩ℎ𝑠 

𝑑𝑡
+ 1

𝑅𝑡ℎ−ℎ𝑠
⁄ . [𝛩ℎ𝑠 − 𝛩𝑜𝑖𝑙]

1 𝑚⁄  

                         

(6.29) 

Where: 

 𝑞ℎ𝑠  Heat generated by winding losses at hot-spot location, W. 

 𝐶𝑡ℎ−ℎ𝑠  Winding thermal capacitance at the hot-spot location, W.min/℃ 

 𝑅𝑡ℎ−ℎ𝑠  Thermal resistance at the hot-spot location, ℃/W 

 𝛩ℎ𝑠  Top-oil temperature, ℃ 

 𝑚  Non-linearity exponent 
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Figure 6.24: Winding-to-Oil Heat Transfer Model 

 

The value of m is based on IEC/IEEE specifications as given Table 5-2. In the present work 

the value of m is considered as 0.8 based on ONAF cooling mode. Equation (6.29) is reduced 

to Elmoudi et.al [101] .  

 

𝐼𝑝𝑢
2 [1 + 𝑃𝐸𝐶−𝑅(𝑝𝑢)]

1 + 𝑃𝐸𝐶−𝑅(𝑝𝑢)
. [∆𝛩ℎ𝑠−𝑅]1 𝑚⁄ = 𝜏ℎ𝑠

𝑑𝛩ℎ𝑠 

𝑑𝑡
+ [𝛩ℎ𝑠 − 𝛩𝑜𝑖𝑙]

1 𝑚⁄  
(6.30) 
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Where, 

 𝑃𝐸𝐶−𝑅(𝑝𝑢) Rated-eddy current-losses at the-hot-spot 

 𝜏ℎ𝑠  Winding-time-constant at the hot-spot-location (minutes) 

 ∆𝛩ℎ𝑠−𝑅 Rated-hot-spot-rise-over top-oil-temperature (°K) 

 

A Simulink model for hot-spots based-on Equation (6.30) was then developed as shown-in 

Figure 6.25. 

 

 

 

Figure 6.25: Hot-Spot Simulink Model 
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For simulation purpose, the parameter data which is required for the hot-spot model is 

entered in the dialog box as shown in Figure 6.26. The required data can easily be taken from 

the nameplate of power transformers. 

 

 

Figure 6.26: Required Data for Hot-Spot Simulink Model 

The PD activity is associated with thermal effects such creation of local hot-spots. Due to the 

random distribution of voids where PD activity takes place it is difficult to indicate the actual 

location and therefore the top oil temperature is the best indicator for any PD activity within 

the transformer winding. It has been documented that the maximum hot-spot top oil 

temperature can reach about 110ºC to 120ºC [117]. The hot-spot temperature depends on the 

magnitude and re-occurrence of PD activity during continuous voltage application.  

 

The simulation was conducted for two set of coils; coil 1 (with no PD activity observed) and 

coil 2 (with PD activity observed). The rated eddy current losses may increase to about 20% 

of its rated value at normal temperature [118]. Thus it can be expected that the hot-spot 

temperature over the allowed top oil temperature is 55ºC and the rated eddy current losses 

may be considered as 0.4 + 0.4(0.2) = 0.48. The value of m for non-linear exponent was 
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selected as 0.8 according to IEC/IEEE standard as given in Table 5-2. The relevant data for 

simulation was entered in the required fields of the dialog box shown in Figure 6.26. The 

simulation result is shown in Figure 6.27. 

 

Figure 6.27:The Simulation Result 

6.10.1 Loss of Insulation Life 

Insulation-is the-most-significant component-on which the life of power transformers-

depends. The insulation used in the transformer; both oil and cellulose/paper is subject to 

aging due to thermal effects, oxygen and moisture content. The hot-spot temperature of 

transformer windings can therefore be used as indicator that determines the thermal aging of 

the transformer. 

According to IEEE Guidelines [117], the users must choose their own assumed lifetime 

estimate. Normally a power transformer has a lifetime of approximately 24 years (about 

210,240 hours). It is therefore essential that the insulation-deterioration can-be-modelled as a 
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per-unit-quantity.  Elmoudi et al [101] developed a thermal model correlating the aging rate 

with insulation life on per unit basis as: 

𝑃𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑖𝑓𝑒 = 𝐴 𝑒
[

𝐵
𝛩ℎ𝑠+273

]
 

                       

(6.31) 

Where: 

 𝐴 Modified-constant-based on the-temperature-established-for one-per-unit-life 

 𝐵 Aging-rate 

 

The transformer per unit insulation life relates per unit transformer insulation life to winding 

hottest-spot temperature. Equation (6.31) is used for both distribution and power transformer 

because both are manufactured using the same cellulose conductor insulation. The use of this 

isolates temperature as the principal variable affecting thermal life. It also indicates the 

degree to which the rate of aging is accelerated beyond normal for temperature above a 

reference temperature of 110°C and is reduced below normal for temperature below 110°C. 

For transformer insulation, Equation (6.31) can be modified as: 

  𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑖𝑓𝑒 = 9.8 × 10−18𝑒(
1500

𝜃+273
)
    (6.32) 

 

The per unit transformer insulation life as governed by Equation (6.32) can be applied as 

follows: It forms the basis for calculating an aging acceleration factor (FAA) for given fixed 

load and temperature or for variable load and temperature variations over 24-hour period. It 

is pertinent to mention that FAA has a value greater than 1 for winding hot-spot temperature 

greater than the reference 110°C and less than 1 for temperature below 110°C as according to 

IEEE guidelines. 

According to IEEE guidelines for winding hot-spot temperature and for-a reference-

temperature of-110°C, the-equation for-accelerated-aging, based on Equation (6.32) is then 

given as: 
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𝐹𝐴𝐴 = 𝑒
(
1500
383

 − 
1500

𝛩ℎ𝑠+273
)
      𝑝𝑢 

 

(6.33) 

Equation (6.33) may be used to calculate equivalent aging of the transformer. The equivalent 

life (in hours or days) at the reference temperature that will be consumed in a given time 

period for the given temperature cycle is the following: For a small duration of time; 𝑑𝑡, the 

loss of life can be defined as: 

𝑑𝐿 = 𝐹𝐴𝐴 𝑑𝑡 

                           
(6.34) 

Therefore, the loss-of-life-over a given-load-cycle can-be-calculated by: 

 

𝐿 = ∫𝐹𝐴𝐴𝑑𝑡 

                           

(6.35) 

Then, per-unit-loss-of-life is: 

𝐿𝐹 = 
∫𝐹𝐴𝐴𝑑𝑡

∫𝑑𝑡
 

                           

(6.36) 
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Chapter 7   IMPLEMENTATION OF HEALTH MONITORING AND 

TESTING ARRANGEMENT FOR TRANSFORMERS BASED ON 

SIMULATIONS 

7.1 Introduction 

After developing of model and simulation in MATLAB / Simulink environment as described 

and discussed in Chapter 5 and Chapter 6, the next necessary task was to implement the 

model develop that can monitor the transformer health according to the parameters that were 

discussed in Chapter 4. The task was to accomplish the requirements of PESCO with regards 

to monitor the health of their power transformers so that necessary preventive measures may 

be exercised in order to avoid complete failure of transformers that usually result in prolong 

outages, financial loss and embarrassment to the general public. This chapter include the 

implementation of health monitoring of a 10/13 MVA, 132/11 kV power transformer 

installed and in operation in 500kV Sheikh Muhammadi Grid Sub-station Peshawar. This 

power transformer feeds a significant part of urban, industrial and rural areas on the outskirts 

of Peshawar and is therefore of considerable importance. The authorities in Sheikh 

Muhammadi sub-station did not allow installing the monitoring facility with their 

transformers unless tested with a prototype setting in the laboratory. This necessitated setting 

of prototype system for health monitoring of transformer. A prototype testing facility was 

therefore developed for health monitoring of power transformer at High Voltage Engineering 

Laboratory of Electrical Engineering Department of University of Engineering and 

Technology Peshawar. This facility will form a platform of further research in this area. 

7.2 Laboratory Prototype Setup 

Before incorporating the SEL-2414 unit with the sub-station power transformer for long-term 

assessment and health monitoring with real-time load cycles, it was necessary that a testing 

facility be developed in the laboratory level for facilitation of present and future research 

work in terms of those parameters for dynamic loads, which may be experienced in sub-
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station transformers. In order to analyze the health condition of the transformer under the 

dynamic loading and predict-any-incipient-activity-inside-the-transformer-through different 

loading conditions, a laboratory based power system, testing and experimentation scheme at 

High Voltage Laboratory of University of Engineering and Technology Peshawar was 

developed using power transformers used in distribution system as shown-in-Figure (7.1). 

The test facility and experimental setup consists-of the following components. 

1. The transformer units 

2. Protection scheme 

3. Load Control Panel 

Referring to Figure 7.1, the arrangement comprises of two distribution transformers TF1 and 

TF2 with ratings 15kVA, 11kV/400V, delta-star and 10kVA, 11kV/400V, delta-star 

respectively. The transformer TF1 is the main transformer and is operated in step-up mode 

while the transformer TF2 is the load transformer and is operated in step-down mode. 

 

 

Figure 7.1: Schematic Circuit Diagram of Prototype Laboratory Setup 
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Referring to Figure 7.1, the transformer TF1 is connected to 3-phase, 400V, 50Hz main 

supply while the transformer TF2 was connected to the control panel comprising of loads, 

protective devices and the monitoring unit SEL-2414. The purpose of control panel is to 

facilitate switching of loads in controlled manner and providing housing for the protective 

devices used for transformers and monitoring unit. 

7.2.1 Installation of Sensors 

The main objective of the present research work is to monitor the health of large sub-station 

power-transformers that holds the key for reliable transmission and distribution of electrical 

energy form generating station to the load centers. The reliable operation of power system is 

entirely dependent on the transformer’s health in which case the transformer insulation plays 

a vital role in both reliability and its life expectancy as discussed in Chapter (5) and Chapter 

(6). From the collected data and case studies, it was established that the failures were 

attributed to insulation breakdown thus; “life of-insulation is the-life-of-the-transformer”. 

The oil insulation can be re-used to some extent depending on the level of degradation in its 

physical and chemical properties without overcoming its dielectric strength. However, the 

condition of transformer oil and the load current mostly influence the transformer coil 

winding insulation. In the case studies as described in Chapter (5), in all cases the faults in 

HT winding were responsible for the complete de-commissioning and transformer failure. 

Furthermore, besides in case studies, most of the reported cases related to transformer faults 

with its de-commissioning from service have also been attributed to winding insulation 

failure as a result of unbalance and over-load conditions that causes rise of internal 

temperature that often brings about thermal instability in the transformer winding insulation 

making it weaker to an extent that paves way for its breakdown and ultimately leading to 

transformer failure. 

Sub-station transformers could not be installed in the laboratory due to numerous problems 

related to safety and its operation. However, a real-time laboratory model was developed 

using two, 3-phase distribution transformers TF1 and TF2, rated respectively at 15kVA and 

10kVA, each with voltage ratio: 11kV/400V as shown in schematic of Figure 7.1. The 
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distribution transformers are compact, occupies less space and can be easily accommodated 

and installed in the laboratory. The insulation of both HT and LT winding is similar to that 

used in large sub-station transformers manufactured by PEL and HEC. Moreover, the same 

grade of transformer oil is used as ambient liquid. Due to unavailability of 11kV power 

supply in the laboratory, it was essential to use two transformers. The transformer TF1 was 

operated in step-up mode serving as 11kV power supply source, acting like a sub-station 

transformer. Since load cannot be connected directly to the HT side of this transformer, a 

second transformer TF2 was connected to transformer TF1 and was operated in step-down 

mode representing the distribution sub-system transformer to which the load can be 

connected to LT side. It is important to mention that the winding insulation used in both sub-

station and distribution transformers manufactured in local industry is composed of the same 

material and undergoes through same process. Prior to connecting the transformers, sensors 

were installed at various locations in the HT winding.  

It was immaterial to select any one of TF1 and TF2 for the installation of sensors. However, 

since load was to be connected to TF2, therefore all thermal effects due to electrical loads 

would be prominent in TF2. Thus TF2 was selected for the installation of thermal sensors. 

The HT winding assembly placed on middle limb of core (phase B, color code yellow) of 

TF2 was selected for the purpose of installation of sensors. Selection of this winding was 

mainly due to the reason that it is considered as the most vulnerable phase in terms of heat 

dissipation, which cannot be as efficient as the other phases. Four critical locations based on 

electrical and thermal stress were selected for installing the sensors. The locations selected 

are shown in Figure 7.2 as follows:   

Location 1: Near HT end connector 

Location 2: At the base of winding near the mounting 

Location 3: On midway of HT winding directly facing the steel tank wall 

Location 4: On the phase A of HT winding facing phase-B HT winding   
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The selection of locations was based on the probability of hot zone and where the insulation 

is mostly stressed. Location 1 is where the voltage stress is most severe being near to the end 

connector of HT bushing. The top-oil temperature can also be monitored at this location. 

Location 2 is where the possibility of sludge and settlements are more so that the portion of 

the winding may not be cooled accordingly and with small distance between HT element and 

grounded steel tank base, which is therefore subject to both thermal and electric stress. 

Location 3 is where the distance between the HT winding assembly and the steel tank is 

minimum, so that the electric stress is high. Location 4 is where there is least distance 

between two phase windings and therefore is a point of high electric stress. Figure 7.2 is the 

photograph of the transformer winding assembly indicating locations on the middle winding 

(phase-B) where sensors were installed. 

 

 

Figure 7.2: Locations on Transformer Winding for Installation of Sensors 
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Before taking the winding assembly out of the transformer tank, it was necessary to drain the 

insulation oil. With the oil drained out, tank lid of the transformer was opened and the 

winding assembly was taken out. The winding assembly was placed in a steel tray and left 

over-night to allow any left-over oil to drain off. Once ensured the draining of oil, a blower 

was used to clear out any left-overs and dry the winding assembly nearly as possible so that 

the chances of impurities in transformer oil are minimized. Having cleaned the winding 

assembly, thermal sensors were installed at various locations in the coil winding assembly. 

The thermal sensors used were RTD Pt-100 type. RTDS are temperature sensors that contain 

a resistor that changes resistance value as its temperature changes. The most popular RTD is 

the Pt-100 and details of the device RTD Pt-100 is included in Appendix A. They have been 

used for many years to measure temperature in laboratory and industrial processes, and have 

a reputation for being accurate, reliable and stable. 

According to the standards, DIN/IEC 60751 (or simply IEC751), requires the RTD to have 

an electrical resistance of 100 Ohms at 0°C and a temperature coefficient of resistance (TCR) 

of 0.00385 Ohms/°C between 0 and 100°C with sensitivity of ±0.06 Ohms at 0ºC. 

Each sensor was attached to the winding element at selected locations with the help of a non-

toxic; oil resistant adhesive EP41S-1 purchased from Master Bond Inc. EP41S-1 is a two-

part, room temperature curing polysulfide paste, excellent for bonding and sealing in fuel and 

oil environments and can be used in the temperature range between –80°F and 250°F and can 

resist rigorous thermal cycling. Furthermore, the physical and chemical properties of which 

are not affected by oil and which has no influence over the properties of oil and winding 

insulation. Figure 7.3 is the photograph of the transformer winding assembly indicating the 

installed sensors.  
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Figure 7.3: Photograph of Winding Assembly Indicating Locations for Sensors 

After having installed the thermal sensors, two UHF sensors were installed 1 foot apart on 

the bottom of the lid so as to position them near the top portion of the winding assembly. The 

output leads from the sensors (thermal and UHF) were taken out through a 1-inch elbow that 

was threaded in a hole drilled in the lid. As shown in Figure 7.4.    

 

 

Figure 7.4: Sensors Installation on TF2 Transformer 
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Once the sensors installed, the entire winding assembly was placed back in the tank and 

secured. It was necessary to use fresh sample of insulating oil, since the original sample was 

being left over-night may have oxidized with the inclusion of dust particles and moisture. 

Prior to filling the tank with fresh sample of oil, the oil sample was tested for breakdown 

using standard electrodes. The tank was then filled with a fresh sample of insulating oil to the 

required level. The leads connecting the sensors to external circuit were taken out through the 

explosive vent valve replaced by a bush connector. The lid was then secured tightly over the 

transformer tank. 

After having installed the sensors and the transformer winding placed in the tank with lid 

closed, the external connections were made. The HT connections were made through a 10 

kVA and 15kVA, 11kV/400 V transformers as shown in the photograph of Figure 7.5.  

 

 

Figure 7.5: Transformers for Laboratory Setup 

Referring to Figure 7.5, the HT side of TF2 was connected through 11kV, single-core pipe 

type insulated 4mm2 copper cables acting as transmission line, each provided with a color 
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code as; Red (Phase A), Yellow (Phase-B) and Blue (Phase-C) to the HT bushing of TF1. 

The connections were secured using thimbles so as to avoid corona and at the same time 

providing good electrical contact. 

7.2.2 The Protection Scheme 

A protection scheme for the experimental arrangement was incorporated in view of 

protecting the operator from the lethal high voltage (11kV) used and to protect the costly 

units from over-current in the case of any faults, which may occur as a result of turn short-

circuit or due to other internal and external faults. Thus for the purpose of safety of the 

operator and components, the protection scheme includes the following features: 

a) Over-current or over-load protection 

b) Operator safety protection 

c) Alarm (light and buzzer) 

The overcurrent protection scheme employed was based on differential protection scheme as 

shown in Figure 7.6.  

 

Figure 7.6: Protection Scheme 
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Referring to Figure 7.6, CTs, one with each phase and each with ratio of 5/1A were 

incorporated on the LT side of transformer TF1 and TF2. The common terminals of CTs 

were connected to the ground. The phase terminals of the CTs were connected to the 

respective terminals of a 3-phase over-current relay, type Tense-SS3-60. This relay has a 

wide range tripping current setting from 10A to 70A with a detection time range of 0-60 sec 

and operating time range of 0-12 sec. The accuracy of the operating time may range from 5 

to 7.5% of the nominal operating time as specified in the relevant norms. The uncertainty 

of the operating time and the necessary operating time may require a grading margin of 0.4 

to 0.5 seconds. For the present setup, the relay has been set to a maximum of 30A with 

minimum detection time providing instantaneous and delay operation to maintain maximum 

level of protection. In order to avoid erratic operation, a time delay was allowed in the 

protection system so as to avoid operate for starting currents, permissible overcurrent, 

current surges. To achieve this, the time delay of 3 seconds was provided. Thus when the 

load current increases above 30A, the relay will operate the magnetic contactor 

instantaneously and disconnect the main supply to the transformer TF1. The settings of the 

OCR may be changed according the requirements. 

The output terminals of the over-current relay were connected to a magnetic contactor 

switch. The purpose of the magnetic contactor switch was to disconnect the relay circuit and 

the transformers from the main supply circuit breaker, till the time when the relay is se-set. 

This relay has been installed at the input 3-phase voltage supply as shown in Figure 7.7. 
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Figure 7.7: Over-Load Protection 

In order to protect operator from lethal voltage and to prevent accidents, a protection scheme 

was incorporated with the door of the Faraday Cage, such that when the door opens, it 

disconnects the main supply to the transformer through a magnetic contactor switch.  

In order to provide safety for operator, a protection scheme was incorporated with the door of 

Faraday Cage equipped with an open-door cutout switch as shown in Figure 7.8. According 

to the protection scheme an “OMRON NJ-S2” limit switch was being used in such a way that 

whenever the door of the experimental setup cage is opened, the switch will set to “1”, 

sending a tripping signal to the main automatic circuit breaker to disconnect the main supply 

to the transformers. The switch was also incorporated with a cutout circuit and buzzer, such 

that with the door open, the main switch supplying the transformer was cutout and the buzzer 

sounded simultaneously. Once the main switch cuts-off, the switch needed to be reset before 

the energization of transformer through main supply.  
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Figure 7.8: Circuit Schematic Diagram for Door Protection 

                             

7.2.3 Variable Load Control Panel 

In order to investigate the thermal behavior of transformer winding and oil insulation, current 

loading is essential. This was accomplished by connecting variable loads; resistive, inductive 

and capacitive nature to the output of transformer TF2, it is important to mention that the 

rated load current of the 10kVA transformer in each phase for a power factor of 0.85 lagging 

(lower limit set by PESCO) and at rated voltage is about 15A on the LT side. The thermal 

loading of the transformer winding insulation was checked for normal load condition, 

overload condition and unbalanced condition [119]. Furthermore, the variable loads also 

facilitated the application of different power factor loads; unity, lagging and leading. All the 

loads were enclosed in a panel with cooling fan for efficient heat dissipation with voltmeters, 

ammeters, indicator lights and application switch installed on the front panel. The panel is 

shown in Figure 7.9 with front and internal view. 
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Figure 7.9: Front and Internal View of Load Panel 

Resistive Load: The unity power factor or the resistive load comprised of six heater rods 

(two for each phase) wound non-inductively, each having rating of 1.2kW, 220-230 volts, 

5.5A and with resistance of 40ῼ.  The rods were placed at a distance of 2.5 cm from each 

other, mounted and secured on a ceramic plate having thickness of 5 mm. The ceramic plate 

has asbestos layer to protect the assembly from fire hazards which can take place accidently 

with the assembly exposed to excessive temperatures. Heater rods were connected to the 

respective phase of transformer through 15A rotary switches with dial contacts, arranged on a 

separate board and incorporated with each phase. Each dial contact allowed a single heater 

rod for connection across the transformer LT terminals. The switching arrangement 

facilitated the heater rods to be either connected as single-phase loads or can be connected in 

star or delta as 3-phase load. The arrangement is shown in Figure 7.10.   
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Figure 7.10: (a) Resistive Load (b) Variable Resistive Load Control Cards 

Capacitive Load: The leading power factor load or capacitive load comprised of twelve 

electrolyte type capacitors, each rated at 230 volts and having a value of 100µF with a 

tolerance of ±5%, which can be used within temperature range of –60°C and +80°C and its 

value only vary slightly within this range. The capacitors were arranged to form a bank. As 

shown in Figure 7.11 the capacitors in the bank were stacked in group, each comprising of 

four capacitors connected in parallel so that when connected in sequence order across the 

terminals of transformer will reduce the reactance thus resulting in drawing large leading 

power factor current.  
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Figure 7.11: Capacitive Load 

One advantage of using leading power factor load in the present investigation is to result in 

over-voltage that is expected to electrically stress the insulation besides the thermal stress 

due to temperature rise as a result of load current. Each capacitor group was incorporated 

with a rotary selector switch dedicated for a single-phase with a single capacitor connected to 

its each contact. With the help of dial, the amount of capacitor in steps of 100µF can be 

connected across the phase terminal of transformer. Each connected capacitor can contribute 

about 32 Ohms (leads resistance included). Since the capacitors are connected in parallel, the 

reactance reduces in steps according to Table 7-1. 
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Table 7-1: Load Current for Different Capacitance Values 

Capacitance (µF) 100 200 300 400 

Measured Reactance ( ῼ) 32 16 10.65 8 

Load current at rated voltage (Amperes) 7.2 14.4 21.6 28.75 

 

With each dial point of the selector switch the capacitive load current increases from 7 to 

30Amperes. 

Inductive Load: Inductive loads are difficult to fabricate without appropriate facilities. With 

limited funding and time constraints, it was not possible for purchasing custom-fabricated 

inductors. Usually transformers are considered as inductive loads for several purposes. With 

no other choice, a three-winding transformer connected in star configuration with all the 

three phases of LT windings tapped at different locations such that each tapped segment of 

winding included in the load circuit resulted in measured current of 7A. Each tapping points 

of winding were connected to the contacts of a rotary type selector switch. Separate selector 

switch as such were incorporated with each winding. However, generally transformer cannot 

be trusted to accomplish the purpose of appropriate inductive load. This is mainly due to the 

reason that transformer flux in the core exists only due to magnetizing current because the 

flux due to load current is cancelled by the primary current. Therefore, higher flux density 

can be easily achieved with very low magnetizing current due to high permeability of the 

core material. Thus using a transformer as an inductive load, will result saturation with 

current that inductor usually is supposed to handle. It is pertinent to mention that inductor 

current is usually very high as compared to low magnetizing current of transformer. Higher 

permeability of iron core causes saturation for relatively less magnetization force in 

transformer. On simple, crude way is to incorporate air gaps in transformer core to reduce 

permeability and handle higher magnetization force before saturating is reached. However, 

reducing permeability results in high reluctance and therefore requires higher magneto-

motive force for obtaining the desired current, which in the present work is 15A. In addition, 
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high magneto-motive force may result in initially high transient currents that may damage the 

health monitoring unit. 

 

In order to avoid the issue of saturation and overloading of the transformer under test, an 

inductive load controller was used to control and vary the inductive load so that load currents 

in the range of 6A to 16A can be achieved. The schematic circuit diagram of the inductive 

load controller is shown in Figure 7.12. 

 

 

Figure 7.12: Schematic circuit diagram for Inductive loads 

A dedicated control unit is used in the main control panel to vary the inductive load. This 

control unit works on the principal of phase angle control through Silicon Controlled 

Rectifier (SCR). In phase angle control a thyristor (SCR) is modulated into and out of 

conduction at a predetermined phase of the applied waveform, thus controlling and varying 
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the current to the load. The amount of inductive load switched also depends on the firing 

angle of SCR in the phase angle control mode. The correct amount of inductive load must be 

switched in order to avoid undesirable transients due to magnetizing in-rush current when the 

supply is switched on, or conversely when the inductive load is switched on to the 

transformer. 

 

When operating the SCR in phase angle control mode, the firing can directly set the point on 

the AC voltage waveform at which the SCR's will be switched on which in turn varies the 

power.  By advancing or delaying the turn-on point or phase angle, the power can be 

regulated to the load.  Phase angle control of SCR's has the advantage of being able to 

control to very fine resolution. It is best suited for fast responding loads such as lamps, as 

well as transformer coupled or inductive loads. The control unit incorporates a 

microprocessor control which was programmed according to the pattern of daily load cycles 

as observed in the case of large power transformer at the sub-station. The load pattern was 

according to the average monthly data collected from the sub-station based on the years 2018 

and 2019. The data was then averaged for peak winter and summer season.  

In addition, three inductive coils of 400 turns each were connected in parallel to provide large 

load currents in the event of large resistive or capacitive loads connected.  

7.3 The Transformer Monitoring Unit 

The objective of the present work is to provide solutions in terms of preventive measures to 

save the expensive and most important components of power system; the power transformers 

from complete failure. In order to accomplish this, real-time monitoring of parameters related 

to insulation aging and degradation is essential. Among the various methods of health 

monitoring, the method based on SNR was considered, which was accomplished by 

incorporating a Transformer Monitoring Unit (TMU). The method of SNR was discussed in 

Chapter (6) has an advantage of being the most accurate. The transformer monitoring unit 

used was SEL-2414, which was purchased from Schweitzer Engineering Laboratories (SEL) 

Pullman, Washington, United States and is shown in Figure 7.13. Figure 7.13(a) is the 
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photograph of the SEL-2414-unit front side while Figure 7.13(b) is the photograph of the 

main components of the backside of the unit. The SEL-2414 TMU provides extensive AC 

measurement and monitoring capabilities, with voltage, current, power, energy, power factor, 

frequency; demand / peak demand measurement; and maximum / minimum metering can be 

recorded and measured. Furthermore, these values can be used in programmable calculations 

within the meter. Specification sheet and details of the device SEL-2414 TMU is included in 

Appendix B. 

 

 

Figure 7.13: Photograph of SEL-2414 Unit (Left: Front, Right: Rear) 

The SEL-2414 TMU offers complete-flexibility for-tailoring according to-user defined-

specific-application. The-SEL-2414 TMU has six slots at the rear-panel, labeled-as; A, B, C, 

D, E, and Z. Slot A and Slot B are the power supply and interfacing slots respectively. Other 

slots C, D and E have options for installing additional compatible cards for expansion of 

functioning of the unit. Each of these expansion slots can be installed with cards that serve as 

specific purpose to monitor electrical and thermal parameters. Slot Z is installed with 
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input/output card, which is provided by the manufacturer for compatibility. The purpose of 

the slots and allocations for various cards are given in Table 7-2.  

Table 7-2: Slot Allocations for Different Option Cards 

Slot Description 

A Power Supply (Required in Slot A) 

B 

CPU Card (Required in Slot B) 

CPU Card + Rear Fiber Serial Port 

CPU Card + One or Two (Failover) Rear Ethernet Ports 

CPU Card + Rear Fiber Serial Port + One or Two (Failover) Rear Ethernet Ports 

C 
Communications Card (Only supported by Slot C) 

Input/output Card (8DI, 8DO, 8AI) 

D 

RTD Card (Only supported by Slot D) Universal Temperature Input Card (Only 

supported by Slot D) 

Input/output Card (8DI, 8DO, 4DI/4DO) 

E 

3PT/3CT Current and Voltage Card (Only supported by Slot E) 

3PT Voltage Card (Only supported by Slot E) 

Input/output Card (8DI, 8DO) 

Z 
Input/output Card (8DI, 8DO, 8AI, 4AI/4AO) 

4CT Current Card with 5A or 1A options (Only supported by Slot Z) 

 

 

In addition, the SEL-2414 transformer monitoring unit provides two types of important 

functions for oil filled power transformers. First, it uses measured load current and 

temperatures, combined with user-provided parameters of the transformer design, to operate 

on the basis of the IEEE C57.91 Standards for thermal model [120]. This thermal model 

calculates the hot-spot temperature of the transformer windings, and uses this temperature.to-

calculate-the thermal-loss of-life experienced by-the-transformer’s insulation-system. The 

hot-spot temperature-of-the winding can provide valuable feedback to the transformer 
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operators about the current loading on the transformer winding, and whether the transformer 

can allow further load or necessity for the load to be reduced. The long-term trends of this 

loading data are a valuable data point in planning for operation of the power transformer. 

Secondly, during through-fault events, the type SEL-2414 TMU uses measured current 

magnitude and fault duration to model the relative impact of through-fault events on the 

transformer’s mechanical damage curve. The configuration flexibility of the SEL-2414 TMU 

also provides flexibility to utilize the digital and analog inputs and outputs ports for other 

control and monitoring functions of the transformer, such as fan control, monitoring, and 

targeting of other contacts for operation of alarm on the transformer 

7.4 Complete Laboratory Set-up  

In the complete laboratory testing and monitoring arrangement, the SEL-2414 TMU was 

incorporated with RTD card for monitoring of temperature. RTDS are temperature sensors 

that contain a resistor that changes resistance value as its temperature changes. The most 

popular RTD is the Pt-100, which have been used for many years to measure temperature in 

laboratory and industrial processes. The temperature data is obtained through a RTD card / 

internal or external thermocouple SEL-2600A RTD module. While TMU can retrieve the 

temperature data at any rate, the thermal element uses the temperature data once per minute. 

The extensions from RTD Pt-100 sensors installed on the 10kVA test transformer are 

connected to the RTD card, Slot-D of the unit. Since the determination of operating 

temperature is based on load current, type of cooling system and actual temperature inputs 

that includes both the ambient and top-oil temperature. These were to be applied as inputs for 

each phase of the transformer winding. Thus three sensors were installed in each phase of 

transformer winding according to the configuration as described in Section (7.2). However, a 

single ambient temperature thermos-couple transducer was used for the entire transformer 

and was common input.   

The TMU was configured according to transformer ratings to accurately measure the current 

and voltage of the transformer. The connecting leads from the CTs were connected to the AC 
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current measuring card of TMU and for voltage measurements. The output voltage was 

directly applied to additional AC voltage measuring card provided at Slot-E.  

Since the determination of operating temperature is based on load current, type of cooling 

system and actual temperature inputs that includes both the ambient and top-oil temperature. 

These were to be applied as inputs for each phase of the transformer winding. A single 

ambient temperature thermo-couple transducer was used for the entire transformer and was 

connected between the common and input terminals of the four thermal sensors. This thermo-

couple was employed to indicate the ambient temperature that is essential to obtain the 

temperature over the top-oil required for MATLAB simulation.   

The TMU was configured according to transformer ratings to accurately measure the current 

and voltage of the transformer. The connecting leads from the CTs were connected to the AC 

current measuring card of TMU and for voltage measurements. The output voltage was 

directly applied to additional AC voltage measuring card provided at Slot-E.  

The 15 kVA TF1 transformer was connected and used in step-up mode to provide 11 kV for 

the HT side of the 10-kVA TF2 transformer. The LT side of TF1 was then connected to the 

3-phase 400 volts, 50Hz main supply with the correct phase sequence RYB corresponding to 

ABC. The transformer TF2 with temperature sensors installed was been used in step-down 

mode with its HT winding connected to HT side of the transformer TF1 energized at 11kV, 

and its LT side connected to load control panel. The load control panel comprised of 

protection circuit and variable resistive, inductive and capacitive loads.  

The entire experimental set-up was enclosed in a Faraday Cage with solidly grounded at two 

locations; one with a 2.5 meters length, 25mm diameter standard copper rod and at other with 

30 x 30 cm copper counterpoise, buried six feet in a standard saline-charcoal mixed with soft 

earth soil. Both the transformers were solidly grounded using 6mm2 copper cable connected 

to the Faraday cage. Figure 7.14 is the photograph of the complete prototype testing facility 

developed.  
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Figure 7.14: Complete Laboratory Testing and Experimentation Facility 

 

Referring to Figure 7.14, with all sensors and TMU installed and necessary connections 

made, the supply to transformer TF1 and TMU was switched ON. An interface circuit shown 

in Figure 6.19 was used between the UHF sensor and the TMU. The use of interface circuit 

allowed converting the PD noise in terms of voltage. The load was then adjusted from the 

load panel on hourly basis in accordance with the hourly load variation data obtained from 

the sub-station for the 1st day of July (usually considered as peak summer season day) as 

given in Table 7-3. The TMU recorded the temperature variation with the changes in load 

current and the magnitude of the voltage from UHF sensor. The data was stored in the 

computer connected to TMU through communication card utilizing 8D1 and 8A1 ports. The 

information of variations in temperature with load variation as received from four thermal 

sensors installed conveyed to TMU was stored in computer, which was used to plot the data 

using the software ICM acoustic. The software allowed converting the voltage data obtained 

from sensors through TMU into corresponding dB using a reference voltage.  
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Table 7-3: Load Data for 24 Hours (1st July 2019) Obtained from PESCO Subdivision for 

Peshawar City 1 Distribution Feeder 

Duration Actual Load 

(MW) 

Converted Load (kW) on 

the Base Value 

6am to 7am 0.335 3.35 

7am to 8am 0.338 3.38 

8am to 9am 0.355 3.55 

9am to10am 0.357 3.57 

10am to 11am 0.370 3.70 

11am to 12am 0.379 3.79 

12am to 1pm 0.393 3.93 

1pm to 2pm 0.424 4.24 

2pm to 3pm 0.421 4.21 

3pm to 4pm 0.413 4.13 

4pm to 5pm 0.400 4.00 

5pm to 6pm 0.390 3.90 

6pm to 7pm 0.378 3.78 

7pm to 8pm 0.403 4.03 

8pm to 9pm 0.414 4.14 

9pm to 10pm 0.403 4.03 

10pm to 11pm 0.394 3.94 

11pm to 12pm 0.385 3.85 

12pm to 1am 0.377 3.77 

1am to  2am 0.372 3.72 

2am to 3am 0.361 3.61 

3am to 4am 0.358 3.58 

4am to 5am 0.331 3.31 

5am to 6am 0.317 3.17 
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Since the data acquired from the substation spanned over 24 hours period (that comprise of a 

day and a night), it was not possible in the laboratory to perform continuous test over the 24 

hours period due to security and safety reasons as the security has to be respected. The 

testing was therefore carried out in four quarters, each quarter comprising of 6 hour testing 

period per day with first quarter (6am to 12Noon), second quarter (12Noon to 6pm), third 

quarter (6pm to 12 midnight) and fourth quarter (12 midnight to 6am). The temperature 

variations with changing load. In order to maintain continuity, prior to testing for the loading 

conditions of the next quarter the transformer was loaded so as to attain the transformer oil 

temperature to the level where the previous quarter testing was terminated. 

7.5 Test Results 

The data for each quarter separately obtained was compiled and integrated over 24 hours to 

provide continuous variations of temperature with load. The data acquired from thermal 

sensors through TMU was also used for simulation using MATLAB according to the 

Simulink model developed as shown in Figure (5.4). The simulation in MATLAB was 

performed by employing a sweep function with time span entered over 24 hours with 

variations of 60 seconds.  

The results are shown in Figure 7.15, with the blue colored graphs obtained from actual data 

of temperature variation received from the 4 thermal sensors, acquired through TMU, which 

was stored in computer and analyzed with the software for plotting the data with Excel sheet. 

On the other hand, the red colored graphs in Figure 7.15 are those obtained through 

simulating the temperature-load data with MATLAB retrieved from TMU corresponding to 

each thermal sensor A, B, C and D. It can be seen from Figure 7.15 that the simulation results 

and actual results are consistence in so far as the pattern and trend of temperature with load 

variation is concerned. However, there are very small differences in the values at different 

points, which may be attributed to the slight non-linearity between the mathematical model 

and the instrumentation itself. Moreover, it can be seen from Figure 7.15 that the temperature 

shows a functional relationship with the load applied to the LT side of TF2, which seems 

plausible as in practice with changes in load on the transformer, the power loss and therefore 
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the heat produced will also change accordingly and thus the top-oil temperature. In the 

graphs of Figure 7.15 it can be seen that the temperature peaks occur between the 9th and 10th 

hour that falls between 3pm and 4pm when compared with Table (7.3). Therefore, the top-oil 

temperature exhibits a direct relationship with electrical load.  
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Figure 7.15: Test Results Showing Temperature Variations With Electrical Load 
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The results of any PD activity as obtained through UHF sensor are shown in Figure 7.16. The 

PD activity was monitored for 6 hours and then integrated into 24 hours, each of 6 hours 

duration obtained on the daily basis of testing. As can be seen in Figure 7.16, the signal 

contain random noise within an envelope of ±1 pu volts (corresponding to discharge of less 

than 0.001pC), which is perhaps attributed to the background noise due to electromagnetic 

field and noise picked up in propagation of signal through connecting leads and connectors. 

As such the graph of Figure 7.16 reveals no PD activity inside the transformer.  

 

Figure 7.16: Noise Level through UHF Sensor 

The data of temperature variation with load cannot be used in MATLAB simulation for PD 

as there is no provision in MATLAB in so far as the relationship between load variation and 

PD is concerned. However, in order to accomplish this, there is a need to develop an 

additional mathematical model, which is beyond the scope of the present work and is left for 

investigation in further work. Furthermore, since in Chapter (6) it was established that PD 

activity model contain relevant temperature data, which, however in this case is difficult 
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because of point-by-point variations in temperature over 24 hours period is non-predictive 

and will involve large number of simulations. For example, point-by-point data every minute 

over 24-hour period will involve 24 x 60 = 1440 simulations with different variables. The 

data from these large numbers of simulations therefore cannot be analyzed to produce a 

single graph like as shown in Figure 7.16 without the use of special computer software with 

MATLAB. The SNR pattern was obtained from MATLAB by providing a sweep function, 

which is shown in Figure 7.17. It can be seen from Figure 7.17 that the graph lies within the 

limit of +40dB, which is an indication that there is no PD activity according to the criteria 

established in Chapter (6). 

 

Figure 7.17:SNR Result 

At this stage it can be established that the only possible solution to the plotting the data to 

obtain SNR lies in the use of arrangement as shown in Figure 6.18. Based on the SNR, this 

method will provide information about any PD activity within the transformer.  
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After the satisfaction of the authorities of Sheikh Muhammadi substation and HEC with the 

prototype setting of health monitoring in the laboratory, permission was granted for the 

installation of health monitoring facility with power transformer at the substation. 

7.5 Installation of Transformer Monitoring Unit with Sub-Station Transformer 

In order to monitor the health condition of transformers installed in the sub-station, it was 

essential that selection be made from among those transformers that have been in service for 

suitable length of time so that reliable information with regard the health can be obtained. In 

the case studies presented in Chapter (4), the transformers under study took 1, 2 and 5 years 

to fail. Therefore prior to installing the SEL-2414 TMU with the sub-station transformer, a 

detailed survey of the collected data by the operation and maintenance staff of sub-station 

transformers was conducted for those transformers which has been in service for more than 5 

years. The main parameters of survey included tripping, minor and major faults, service and 

part replacement, routine testing and overloads. These transformers were selected on the 

basis that they have been in service for long time and therefore the reliable information about 

their health seems essential. The survey on the provided data showed that major components 

such as coil elements have not been replaced in any of the transformers in operation, 

however, minor components; such as explosive vents, conservative tank, cooling fans in 

some of the transformers have been replaced, which seems normal. All transformers at the 

sub-station has been subjected to overloads from time to time, but with no major fault 

reported.  

Among the transformers installed at the sub-station and on the basis of survey conducted, the 

transformer T3, 10/13 MVA, 132/11 kV power transformer was selected for health 

monitoring. This selection was based on the fact that that transformer has been in service for 

more than seven years and manufactured by PEL, similar to those which were the subject of 

case studies as discussed in Chapter (4). Moreover, the frequency of tripping and overloads 

was highest on T3 among all the installed transformers in operation at the substation. To 

assess the health condition of the selected transformer, TMU was installed on the outgoing 
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11kV line through the CT’s (current transformers) having ratio 100/10/5A. On the other hand 

the voltage input terminals of TMU were connected through PT’s (potential transformers) 

with the main power transformer as shown in Figure 7.18. The function of the arrangement 

as shown in Figure 7.18 is to form a connection between the main power transformer and the 

TMU for monitoring of load current. 

 

Figure 7.18: SEL-2414 Connection to CTs and PTs of the Transformer 

In order to configure the TMU with sub-station transformer for monitoring the quantities 

from external sensors, the requirements given in Table 7-4, as provided by the manufacturer 

were considered. It is important to mention here that the TMU only retrieve the data on 
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instant basis and does not store the data. Therefore, it was necessary that the data from the 

sensors should be routed through TMU and serially transferred to the computer through the 

communication port. Since the TMU incorporates a microcontroller, RS232 interface could 

not be used directly due to the risk of damage.  For this purpose, the UART (Universal 

Asynchronous Transmitter Receiver) was used, which sends and receives the data in serial 

form. In order to accomplish the level conversion of voltages, RS232 driver IC, MAX232 

was used between the UART and serial port.  

 

Table 7-4: Slot Allocations For Different Option Cards 

Part Number: 19-digit number 

Product: SEL-2414 

Category Selection Required Data 

Chassis Mounting  

1. Placement Area 

2. Control Voltage of the Grid 

3. Depends on the requirement 

4. Means of communication (Fiber optics) 

5. Temperature Sensors 

6. Ratings of CT’s and PT’s 

7. Total number of installed sensors  

I/O Card Slot A Power Supply 

I/O Card-Slot-B Processor Card 

I/O-Card-Slot-C Communication Card 

I/O-Card-Slot-D RTD/TC Card 

I/O-Card-Slot-E CT and PT Card 

I/O-Card-Slot-Z Expansion Card 

 

The main purpose is to monitor, mainly the current, voltage, frequency and phase angle 

situation in addition to all the others quantities essential to transformer health. 

Referring to Figure 7.18 the 10/13 MVA sub-station transformer is connected to the three 

lines designated as X1, X2 and X3 through three identical CTs, one in each phase, star 

connected, and each having ratio of 100/10/5A through connectors from on the LT side 

(11kV). The terminals of CTs are connected to monitoring unit through connectors; E07 to 
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E10 as shown in Figure 7.18. The voltage circuit of the monitoring device draws voltage 

signal through a potential transformer having ratio 132kV/1100 volts connected via 

connectors E01 to E04 on the HT side. The out-going terminals of the main transformer are 

connected to 11kV bus bar through terminals designated as X1, X2 and X3 corresponding to 

phases A, B and C respectively on the HT side. Figure 7.19 is the photograph of the installed 

SEL-2414 unit in the main instrument panel of the selected power transformer.  

 

 

 

Figure 7.19: Set-up of SEL-2414 Unit With Power Transformer at 500 kV Grid Substation 



 

 138 

In case when the type SEL-2414 TMU is to be installed with the sub-station transformer, 

only AC voltage and current cards can be activated to monitor the real-time load cycles 

experienced by the transformer. The real-time data for the 16 parameters for the transformer 

through TMU was collected on regular hourly basis for condition assessment of transformer 

health for SNR by using a Phasor Measurement Circuit (PMC), included in the TMU. The 

typical data for an hour collected through TMU is included in Table 7-5 and Table 7-6.  

 

Table 7-5: Parameters for Thermal Model 

Rated-top-oil-rise-over-ambient 50 ℃ 

Rated-hot-spot-rise-over-top-oil 15 ℃ 

Ratio-of-load-losses-to-no-load-losses, 𝛽 4.85 

Pu-eddy-current-losses-at-hot-spot-location, LV 0.43 

Pu-eddy-current-losses-at-hot-spot-location, LV 0.3 

Top-oil-time-constant 170 min 

Hot-spot-time-constant 6 min 

Exponent-𝑛 0.9 

Exponent-𝑚 0.8 

 

Table 7-6: Winding Insulation Parameters 

Winding voltage 11 KV 

Insulation Resistance 8.25 GΩ 

Insulation Capacitance 250 nF 

 

7.6 Installation of Thermal and UHF Sensors 

As it was difficult task to install thermal sensors at the locations where they were installed in 

the laboratory based distribution transformers due to the effort and time involved in draining 
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the oil, taking and replacing the winding/core assembly, permission was therefore granted to 

install the sensors at some other suitable locations. In order to get maximum information 

regarding top-oil temperature, three thermal sensors were therefore equally spaced and 

positioned in the oil bath above the winding/core assembly by means of metal strips 

connected to the bottom of the lid of the tank. UHF sensor was installed at the center of the 

bottom of the lid. The leads from the sensors were taken out temporarily through the breather 

valve of the explosive vent. The output leads of the thermal sensors were directly connected 

to the RTD/TC card D (utilizing terminals 8D1 and 8D0) with the same connected to 

processor card at slot B of the TMU. The output leads from the UHF sensor were connected 

to the interface circuit shown in Figure 6.19. A computer with ICM acoustic software was 

connected to the communication port of the same interface circuit. The output leads of the 

UHF sensor were also connected to the communication port of the TMU.     

7.7 Thermal Model Parameters 

In Chapter (6), the simulation in MATLAB environment of dynamic thermal model of a 

three-phase, 50Hz, 10/13 MVA, 132/11 kV substation power transformer using 

MATLAB/Simulink was performed. For running the simulation on the above-mentioned 

transformer, the required parameters based on the top oil and hot spot models were taken 

from the technical specification of the transformer as given in Table 7-5. The winding 

insulation parameters determined by the methodology presented in Chapter (5) are given in 

Table 7-6.  

7.7.1 Ambient Temperature and Daily Load cycles 

In order to analyze the state-of-health of transformer winding insulation, the daily load cycles 

for each phase along with temperature were measured. The measurements were taken during 

peak summer season when the load demand increases. Load cycles and temperature were 

recorded on daily basis for several days during the peak summer season, usually falling 

between first and second week of the month of July. Based on simulations conducted as 

described in Chapter (5), Figure 7.20 shows a typical load cycle behavior plotted as a 

function of time.  
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Figure 7.20: Daily Load Cycle 

Figure 7.21 is the graph showing the variations in the ambient temperature with time taken 

over 24 hours.  

 

Figure 7.21: Temperature Cycle 

It is evident from the graphs of Figure 7.20 and 7.21 that the peak period of the load 

coincides with the ambient temperature. As seen in the graph of Figure 7.20, the peak load 
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shoots to 1.18 pu ampere corresponding to ambient temperature of 44°C on the day as can be 

seen from the graph of Figure 7.21. The peak load is perhaps due to the reason that air-

conditioning loads are switched ON by the consumer during the temperature peak associated 

with the load variations according to Figure 7.20. It can be observed from Figure 7.20 that 

the peak load occurs during the interval of 530 minutes and 580 minutes corresponding to a 

time between about 3pm and 4pm. On the other hand, the peak temperature occurs between 

330 minutes and 660 minutes that corresponds to time interval between 11:30am to 5pm as 

expected during peak summer season. This indicates strong consistency between ambient 

temperature and electrical load. It is therefore expected that the top-oil temperature would 

show a similar behavior.  

7.7.2 Top-Oil Temperature 

In order to measure the top-oil temperature, three thermal sensors were installed as discussed 

in Section (7.6). The real-time top oil and hot spot temperatures were measured for each hour 

of the load subjected on the transformer according to the situation illustrated in Figure 7.20. 

The information of temperature retrieved through all the thermal sensors was obtained 

graphically showing changes in top-oil temperature with variation in the load and ambient 

temperature. The data from the sensors was received by TMU and stored in the computer 

after each 5 minutes through the communication port of the TMU, utilizing the terminals 

8D1 and 8D0. In this way a total of 288 events, spaced 5 minutes was stored in the computer 

for 24-hour time span. The graphs were therefore obtained for 288 events between electrical 

load and temperature in Excel sheet that provide 5-minute variation of top-oil temperature 

with load. The results are shown in Figure 7.22 with blue-colored graph.  

 

The stored data obtained from the thermal sensors was used for simulation of the variations 

of temperature with load using the MATLAB/Simulink block as shown in Figure 5.4. For 

this purpose, the following quantities for each reading were obtained in accordance with 

Table 7-5. 
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 Rated top-oil temperature rise over ambient 

 Ratio of load to no-load losses 

 Top-oil time constant 

 Exponent n 

 

The results of measurement based on simulation in MATLAB environment are shown in 

Figure 7.22 with the red-colored graphs. The top oil temperature was measured by using load 

cycles and the ambient temperature. 

 

 

Figure 7.22: Top Oil Temperature  For All Phase Load Cycles 
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Referring to Figure 7.22, it can be clearly observed that whenever the load increases, both the 

top-oil temperature increases. This establishes a direct function relationship between the load 

and the internal temperature of the transformer; oil. Furthermore, the trend of actual graphs 

and those obtained through simulation is about the same. However, the slight discrepancies 

are probably attributed to the non-linear general solution of the mathematical model given in 

Equation (5.4). In addition, the sweep function for simulating the results could not be 

accurately aligned with the exact time interval as obtained through the TMU. However, it can 

be inferred that MATLAB simulation almost provides a close correlation in so far as the 

variation of top-oil temperature with load is concerned. 

Comparing the results obtained in Figure 7.15 with those obtained in Figure 7.22, the peak 

load temperature shows more flat behavior for the ONC transformer, whereas the substation 

transformer is incorporated with ONAF cooling mode. Since the thermostat of the cooling 

fans was adjusted to operate at temperature of +55ºC, the automatic swathing ON of cooling 

fans quickly bring the temperature to less than +55ºC. This is evident from the spike as seen 

in the graphs of Figure 7.22 corresponding the peak load.   

 

7.8 Signal-to-Noise Ratio Analysis 

In this section, the simulation results of the SNR model as described in Chapter (6) are 

discussed for presence of different noise content and unbalanced loading conditions. The 

analysis was based on the data retrieved from the monitoring of a 10/13-MVA power-

transformer installed in 500kV Sheikh Muhammadi Grid-station. The specifications of 

10/13-MVA transformer are shown in-Table 7-7. 

Table 7-7: Specifications of the Transformer Used 

Name-plate-data Standard-values 

Rated-Capacity- (MVA) 

Rated-input- (V) 

Rated-output- (V) 

Rated-Input-current- (RMS) 

10/13-MVA 

132000- 

11000- 

1004/1305-A 
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Rated-Output-current- (RMS) 

Cooling-method  

Rated-frequency 

Non-Exciting-current 

Vector-group 

Insulation-class 

87/114-A 

ONAN/-ONAF 

50Hz- 

0.21%- 

Dyn11- 

A- 

In order to find the parameters for the three-phase transformer model, the classical method 

based on open-circuit test (OCT) and short-circuit test (SCT) were used. The parameters 

calculated through these test are given in Table 7-8. 

Table 7-8: Internal Parameters For the Transformer Model 

Parameters- -Value-s 

OC-voltage- (Vo) (LT-winding) 

OC-current- (Io) (2-10%-of the-rated LT-side-current) 

OC-Power- (Po) (nameplate no-Load-Iron-losses). 

SC-Voltage- (Vs) - (5-10% of rated-voltage-of HT-winding). 

SC current- (Is) (rated-current-of-HT-winding). 

SC-Power- (Ps) (name-plate-core-losses). 

Winding-Ratio- (K) 

Primary-Resistance- (𝑅1) 

Secondary Resistance (𝑅2) 

Magnetizing-Inductance- (𝐿𝑀) 

Shunt-Resistance- (𝑅𝑀) 

Leakage-Inductance- (𝐿𝜎) 

11-kV 

21-A 

14-kW 

6600-V 

87-A 

70-kW 

0.083- 

4.58-Ω 

0.03-Ω 

2824-H 

2.82-kΩ 

238.3-mH 

 

7.8.1 SNR Under No-Load condition 

In order to determine the health condition of transformer winding insulation, the results from 

the SNR block were analyzed through simulations as described in Section (6.4). In this 

section, the results of simulations are plotted for the normal operation of the transformer, 

without considering the presence of any PD activity or unbalanced condition and are shown 

in Figure 7.23. The reference voltage in this case is 11kV (line–line voltage level on the HT 
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side of transformer), which is 8.98kV peak between line and ground. The reference voltage 

set at MCPHA was 100 volts. Thus at 1pu voltage, the SNR is about +40dB, which is the 

allowed dB according to the criteria established in Chapter (6). Prior to subjecting the 

transformer to load, it was essential to obtain the SNR under no-load conditions. This is 

necessary in order to find the effect of electrical loading on noise level and SNR. Figure 7.23 

is the SNR for no-load conditions obtained over a period of 1 hour. It can be seen from 

Figure 7.23 that SNR figures are lying between +24dB and about +40dB is observed for 

normal operating conditions. Thus the transformer exhibits no PD noise under no-load 

conditions.  

 

Figure 7.23: SNR Under No-Load Conditions 

7.8.2 SNR Under Load 

Once testing for any noise due to PD activity and obtaining SNR pattern for no-load 

conditions, the transformer was connected to the main bus bar and subjected to load. Month 

of July was selected for being the month of peak summer season where the load is expected 

to be the highest. The data recording started at 6am in the morning of 7th July 2019 and 

ending 6am the next day, covering an excursion of measurements over the 24 hours period. 

The test was performed for three consecutive days in the similar manner with the SNR 
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obtained. The number of data samples recorder by TMU over a period of 6 hours was 36000 

at a rate of 100 samples/minute. Each sample containing the amount of noise picked up by 

UHF sensors in terms of current and the information related to load current and voltage in 

each phase. Any high frequency noise from within the transformer was retrieved through the 

UHF sensors 1 and 2. The data from both UHF sensors was delivered to the TMU and was 

transferred and stored in the computer. The data from the computer was used to obtain the 

SNR values over the entire 6-hour period with 36000 samples.  

 

Real time TMU data was analyzed in order to observe the abnormal noise during the 24 

hours load cycle. As raw TMU data does not give any indication about PD noise, 

programming was done on raw data in MATLAB environment with different data cluster 

sizes of 10, 50 and 100 in order to know which data size will give clear indication of any 

event with the help of SNR. As the data contains magnitude of 3-phase currents and voltages, 

one voltage and current phase was taken as reference angle in order to refine the phase of 

voltages and currents. Phase of current and voltage of the intermediate phase (YELLOW) 

were used as reference as this phase winding is strategically located in the region of high 

electrical and thermal stresses. The results of transformer health in terms of SNR for the three 

days monitoring with load cycle are shown in Figure 7.24, 7.25 and 7.26. In each Figure four 

graphs are shown, each representing the noise figure and SNR for 6-hour duration. In the 

Figures, the noise from sensors 1 and 2 are given in terms of current in Amperes whereas the 

SNR is given in terms of dB with the reference voltage of YELLOW phase. Each Figure 

contains 4 sets of results covering the transformer health monitoring over one-quarter (6 

hours) duration of the 24-hour period. Each set consisting of noise current from UHF sensor 

1 and 2 and the SNR determined from comparing the noise voltage with the reference voltage 

in per unit. The noise voltage in per unit was obtained by converting the noise current in 

terms of voltage measured across the standard measuring impedance through computer 

software mentioned earlier. In order to differentiate between the noise level from the two 

sensors displayed simultaneously, the offset was set at 0 for UHF sensor 2 and 0.15A for 

UHF sensor 1 as shown in the Figures.  
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It can be seen in Figures 7.24, 7.25 and 7.26 that the noise level is within the envelop of 0.1A 

giving a noise voltage of less than 1 pu based on 100 volts set as reference. The SNR over 

three days of monitoring is between +24dB and +40dB, which indicates that the transformer 

is operating normally in so far as any PD activity is concerned. 

 

 

 

S. No Time Duration Noise Voltage (pu) 

Sensor 1 

Noise Voltage (pu) 

Sensor 2 

PD 

activity 

1 6am to 12N < 1pu < 1pu NIL 

2 12N to 6pm < 1pu < 1pu NIL 

3 6pm to 12MN < 1pu < 1pu NIL 

4 12MN to 6am < 1pu < 1pu NIL 

 

Figure 7.24: Noise Level and SNR for Day 1 
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S. No Time Duration Noise Voltage (pu) 

Sensor 1 

Noise Voltage (pu) 

Sensor 2 

PD 

activity 

1 6am to 12N < 1pu < 1pu NIL 

2 12N to 6pm < 1pu < 1pu NIL 

3 6pm to 12MN < 1pu < 1pu NIL 

4 12MN to 6am < 1pu < 1pu NIL 

 

Figure 7.25: Noise Level and SNR for Day 2 
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S. No Time Duration Noise Voltage (pu) 

Sensor 1 

Noise Voltage (pu) 

Sensor 2 

PD 

activity 

1 6am to 12N < 1pu < 1pu NIL 

2 12N to 6pm < 1pu < 1pu NIL 

3 6pm to 12MN < 1pu < 1pu NIL 

4 12MN to 6am < 1pu < 1pu NIL 

 

 

Figure 7.26: Noise Level and SNR for Day 3 
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Chapter 8 DISCUSSIONS AND IMPLEMENTATION 

8.1 Discussions 

Power Transformers forms an integral part of any power system. In the power system 

of Pakistan, the power transformers deployed are mostly those manufactured by PEL and 

heavy electrical complex. Due to high cost of imported brand of transformers, and the lack of 

availability of spares, the use of these transformers are limited in the national grid system of 

Pakistan. Moreover, the use of local manufactured power transformers aims at boosting local 

product to enhance Gross Domestic Product(GDP). However, several cases of failure of local 

manufactured transformer were reported by the utility companies. These transformers had 

been in service for just few years. Majority cases of these transformers failures are caused by 

insulation damage. Most insulation fails with electric stresses that are far less than the 

intrinsic electric stress necessary to cause catastrophic breakdown. It has been discussed in 

Chapter (3) that insulation fails due to aging that is a consequence of gradual deterioration of 

its thermal and electrical properties. The gradual deterioration of insulator properties has 

been of major area of concern for electrical industry. It was also discussed in Chapter (4) that 

the causes of failure of power transformers during service in power system of PESCO have 

been attributed to winding insulation failure that is composed of cellulose paper impregnated 

with oil. These failed transformers were being service for less than five years (warranty 

period). Most of the winding insulation failures, whether due to thermal or electrical effects 

are generally attributed to cyclic loading, and electrical overloads during peak hours. The 

tripping of transformers due to overloading and thermal-electrical heating causes the security 

device to operate in order to isolate the transformer is seemingly inadequate since at the time 

of tripping, the winding insulation may have reached its thermal limit. Once the thermal limit 

reaches, most of its properties deteriorate and the insulation is on the brink of failure. Further 

operation of such transformers is risky and must be avoided until a complete inspection to 

identify possible potential sites is identified and remedial action taken. However, such 

procedures are time consuming, tedious exercise and needs experts, and therefore the utility 

companies are reluctant for their adoption. Moreover, due to the unavailability of standby or 
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spare transformer in the sub-stations, on which the load can temporarily be shifted, such 

inspections following tripping, being time-consuming is seldom exercised by the 

maintenance crew. Without the detailed inspection of the transformer following tripping, and 

running the risk of reemploying the same transformer causes its complete failure. 

The failure of power transformers causes inconvenience to both consumers and to 

utility companies because of prolong power outages due to removal of faulty transformer and 

replacement. Replacement of transformer units on the other hand throws a large financial 

burden on the utility companies. This has led both the manufacturing industry and utility 

companies to form research group that could provide possible solutions for monitoring 

transformer insulation health status so that the transformer can be operated within limits of 

electrical and thermal properties which set research areas in order to improve their product by 

exploring improved manufacturing and testing techniques, and use of better materials. Much 

of the inconvenience and financial loss can be avoided if early indication of damage due to 

incipient faults can be obtained and remedial measures exercised accordingly.     

Recently both the manufacturing industry and utility companies launched the scheme 

of providing research grants to universities in order to find solutions for early warning signs 

of transformer insulation damage and remedial measures. The present work is one of the 

funded researches aimed at exploring techniques for health monitoring of power transformers 

with early warning indication and possible remedial measures in order to avoid complete 

failure of the transformers. 

In the present work, case studies on failure of power transformers in the substations 

covered under the jurisdiction of PESCO was conducted and presented in Chapter (4). In the 

case studies three cases of failures were considered as the failed transformers were 

manufactured locally. It was found that the failures had similar nature and mostly attributed 

to winding insulation failure. Oil insulation has one advantage of its re-using after breakdown 

when treated through proper filtration, de-hydration and de-gassing. However, aging and 

breakdown of winding insulation is of permanent nature, and its damage leads to either 

replacement of complete winding element or replacement of entire transformer. In either case 
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the procedure takes a long time and is costlier with inconvenience to both consumers and 

utility company. Winding insulation is subjected to both thermal and electrical stress during 

operation of power transformers. The varying electrical load produces thermal stress due to 

power loss that builds up with time of operation of transformers, especially during summer 

season when the air-conditioning loads are considerable. In addition, high environmental 

temperatures, especially during summer seasons may also contribute to increasing the 

temperature inside the transformer. Both thermal and stresses due to environmental 

temperatures can build up to a point paving way towards thermal instability in the winding 

insulation. Appropriate cooling, especially the forced cooling methods helps to avoid this by 

exchanging the heat to the environment. However, at times, the high environmental 

temperature during peak summer seasons may not permit the efficient cooling and the 

transformer winding insulation is at risk of damage. Ironically it was noted in the case studies 

that in none of the three cases considered the transformer failed during peak summer season. 

In fact, in Case Study 2 and 3, the transformer failure was reported during peak winter 

seasons (January and February), whereas in Case Study 1, the transformer failure was 

reported in the month of September when the temperatures are moderate. Thus it can be 

inferred that environmental temperatures have little or no role to play. Moreover, the loading 

conditions in winters are far less as compared to the summer seasons due to absence of air-

conditioning loads. Majority of consumers use gas heating so that the electrical loads are 

light in winter season. Despite these, failures of power transformers are mostly reported 

during off-summer season. Thus it can be noted that in the three case studies conducted, both 

electrical loading and environmental temperature play insignificant role in so far as the three 

case studies are concerned. The insulation breakdown which led to the complete failure of 

power transformers in the case studies may be attributed to partial discharges and oxidation 

that brings about early aging thus deteriorating both its thermal and electrical properties. It is 

important to mention that during peak winter seasons (December, January and February) the 

environment is mostly foggy especially during late evenings and nights. Foggy conditions are 

usually accompanied by excessive moisture in air that can enter the transformer during 

breathing as a consequence of cyclic heating and cooling of transformer due to varying 
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electrical loads. Both moisture and oxygen in air entering the transformer forms the 

conditions for aging in seemingly quiescent period that leads to insulation deterioration.   

Most solid insulation has breakdown strength somewhere between 1MV/cm and 

10MV/cm  [121] . However, transformer winding insulation is generally operated at stresses 

that are far less than the breakdown strength of most solid insulation. With electrical stress 

far less than the breakdown strength, the main cause of insulation failure is thermal stress due 

to PD activity that builds up gradually with time, thereby deteriorating both physical and 

chemical properties. One reason of thermal stresses is due to temperature rise in the 

transformer winding as a result of load current. Failure to dissipate the heat produced 

efficiently to the ambient is the prime factor leading to thermal instability and therefore loss 

of dielectric strength. There appear two main reasons behind failure of transformers that have 

been considered in the case studies. The first reason may be attributed to the transformer oil 

that is unable to cool the winding insulation either plagued with contaminants or inefficient 

forced cooling mechanism. The second reason may be the use of sub-standard material for 

winding insulation. However, on investigation with manufacturing company records, the 

winding insulation used in local manufactured transformer is cellulose paper impregnated 

with oil and was found to comply with the international standards. In order to ensure, 

whether the winding insulation of locally manufactured transformers comply with 

international standards, samples of winding insulation were obtained from the manufactures 

“PEL” and Heavy Electrical Complex, the two sole transformer manufacturing companies in 

Pakistan. The samples were tested in the laboratory under standard test cell with rounded 

uniform field electrodes for breakdown under power frequency voltage. In order to avoid 

errors due to external discharges, the test cell was filled with clean and fresh sample of 

transformer oil. It was found that the samples tested have breakdown strength in the range of 

3MV/cm to 5.6MV/cm that complied with the manufacturer data sheet. Furthermore, these 

breakdown values are within the range of the cellulose paper insulation as according to IEC 

standards [122, 123] and are much greater than that experienced in practice in so far as the 

transformer winding insulation is concerned. Thus it can be inferred that the winding material 

used is complying with international standards and is suitable for application in transformers.      
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The failure of power transformers in service has led to the initiative of finding solutions 

for monitoring the health of transformer insulation, which comprise of both the transformer 

oil and winding insulation. Impurities in transformer oil degrades its insulation and cooling 

properties with the result that heat produced as a result of temperature rise due to losses is not 

exchanged efficiently and as a consequence the winding insulation overheats irrespective of 

the environmental temperature, the thermal stresses in winding insulation usually result in 

hotspots at locations that are most vulnerable to build up of thermal stresses. It has been 

documented that most hotspots are active partial discharge sites in voids within the insulation 

resulting from thermal dissociation of enlargement of already existing harmless void [124]. 

Thus the thermal stresses due to temperature rise have adverse effect on the state of health of 

transformer insulation that includes both the oil and winding insulation.  

In order to arrive at the possible hotspots locations, the thermal modelling of the 

transformer insulation was carried-out as explained in Chapter (5). The thermal model was 

tested through MATLAB simulations for the purpose of locating the hot-spots. In order to 

locate the potential sites for hot-spots within the transformer winding insulation the partial 

discharge model was developed and likewise was tested with MATLAB simulations. The 

partial discharges within the insulation at active sites produce localized heating that result in 

hot-spots. The MATLAB simulation of model enabled to locate the potential sites of hot-

spots, which helped to install sensors. In order to find out the behavior of top-oil temperature 

and its relationship with any PD activity, a real time transformer set up on the laboratory 

basis was developed. With thermal sensors installed at appropriate locations, the top-oil 

temperature with load variation was observed. The simulation and actual results were 

consistence; however, the top-oil temperature did not yield any information about any PD 

activity. In order to observe PD activity, a method based on SNR was deployed in which case 

UHF sensors were installed. Most PD activity is accompanied by frequencies in the range of 

300MHz to 3GHz. The UHF sensors installed had sensitivity within this range provided the 

noise level that was converted to SNR by using special software. It was established that the 

threshold SNR of about +40dB and above is an indication of absence of PD activity. In this 

context, four coil assemblies of 10/13MVA, 132/11kV were tested in the laboratory as 
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described in Chapter (6). It was observed that the faulty coil yielded Figures of SNR much 

lower that the +40dB value whereas the SNR obtained for healthy coil remained near +40dB. 

Thus it was established that the SNR is a vital parameter for monitoring of transformer 

winding insulation health. With successful simulations and establishing the vital parameter 

for transformer health, the procedure was employed with a power transformer at Sheikh 

Muhammadi substation. Observations regarding noise voltage and SNR were conducted over 

a load cycle of 24 hours period on the hottest summer day of July when the load on the 

transformer is expected to be highest. From the observations the SNR was determined and 

found to be normal. With the satisfaction of authorities of Sheikh Muhammadi Grid 

Substation, the sponsors (HEC and USAID) allowed to implement the same monitoring 

system as a test case in one of their freshly manufactured transformer, which has passed all 

the quality control tests.  

8.2 Implementation 

 Four thermal sensors, each type RTD/pt-100 and two UHF sensors type FOS4 were 

installed. The four thermal sensors were installed according to the locations as described in 

Chapter (5). These sensors were positioned such that they were all submerged in oil, so that 

the oil temperature can be measured. Two UHF sensors 1 and 2 were installed at the bottom 

of the lid such that they were located above the oil level and placed at the distance of 1 meter 

from each other. This is shown in Figure 8.1. 
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Figure 8.1: Installation UHF Sensors 

Two of the thermal sensors A and B were installed in space between the RED and YELLOW 

phase on a 2mm thick, 50mm wide copper strip with as shown in Figure (8.1), referred to as 

the main copper strip, the main copper strip is connected rigidly with the help of bolted 

copper clamp to the metal tank of the transformer thus allowing earth contact for the thermal 

sensors. The copper strip thus provided the electrical connection, in addition to supporting 

the sensors and their proper positioning. The third sensor C was installed below the middle 

winding (YELLOW phase) with the help of a thin copper strip to the steel platform with 

ground contact provided through the main copper strip. The fourth sensor D was installed on 

the bottom of the lid so that it can submerge in oil when the lid is fitted. The sensor D detects 

the top-oil temperature and sensor C detects the bottom-oil temperature.  
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A 10mm hole was drilled in the side of the tank close to the lid. An insulator bush was tight-

fitted in the drilled hole through which wires from the sensors were taken out. The spaces 

between the wires were carefully filled with silicon sealant in order to avoid any moisture 

and air entering into the transformer tank. The output leads of the four thermal sensors were 

connected to the universal temperature sensor card of TMU by utilizing ports 8D0, 8D1, 4D0 

and 4D1 for sensors A, B, C and D respectively. The output leads form the two UHF sensors 

were connected to slot E of the voltage card utilizing the ports 4A0 and 4A1 for UHF sensor 

1 and 2 respectively. A computer was connected to the communication card at slot C using 

the port 8A1. The serial data transfer was accomplished by connecting the computer serial 

transfer bus to CPU/Ethernet card in slot B. This allowed the data received by TMU from the 

sensors to be transferred to the main computer for storage and analysis. The TMU offers a 

facility of storing the received data at every 5 minutes for 10 days (240 hours) before re-

setting automatically. 

With the system in place, the transformer was tested in the laboratory of Heavy Electrical 

Complex in order to ensure that the sensors installed are working properly and that the 

required data is displayed on the computer screen. The transformer was energized and 

balanced dummy loads were connected to each phase and gradually increased to its full 

capacity of 100kW. With this arrangement the transformer was kept energized for one hour 

and 288 data points regarding temperature from thermal sensors and any PD activity from 

UHF were stored and displayed on the computer screen. From the stored data, using the 

software the SNR was determined, which was within the limits of normal.   
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Chapter 9 CONCLUSIONS AND FUTURE WORK 

9.1 Conclusions 

The present research work documented in this thesis was sponsored by USAID (United 

States Agency for International Development) in collaboration with (ASU) Arizona States 

University as a part of development in energy sector of Pakistan. In this context the problem 

of health monitoring of power transformers was undertaken as highlighted by Heavy 

Electrical Complex, which has been the area of concern for the manufacturers and electrical 

utility companies as their transformers failed catastrophically during service. The thermal and 

electrical parameters were investigated to provide vital information related to the health of 

power transformer, so that any abnormality is reported and the transformer is taken out from 

service and send for repairing to avoid complete failure which has strong repercussions on 

the economy and power system reliability. 

Transformer is the backbone and the most expensive asset of the electrical power system. It 

is responsible for the connectivity between the consumers and generating stations and 

substations. Therefore, the efficient and continuous operation is the dire need in order to 

maintain continuity of power to the load centers. Due to unavailability of a real-time 

monitoring system, aging and breakdown frequently occur causing prolong outages, resulting 

in inconvenience to both the utility companies and consumers. Real-time monitoring of 

transformers will ensure equipment safety and guarantee necessary intervention at the time of 

need. This reduces the risk of non-scheduled energy blackout in the system. The predictive 

maintenance will ensure that the transformers remain available for maximum period and, in 

case of any fault detection at earlier stage will minimize the damage. The increase in service 

life of the transformer owing to continuous monitoring will play an important role in the 

economic profitability of the electric system. Based on the work conducted and presented in 

this thesis the following conclusions are derived. 

1. The vital parameters for health monitoring of power transformers are the top-oil 

temperature that corresponds to over-heating and the high frequency noise due to PD 

activity in the winding insulation. PD activity can result in hot-spots at potential sites. 
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The top-oil temperature does not provide the relationship between loading conditions 

and hot-spots. 

2. The top-oil temperature is a direct function of the electrical load subjected on the 

transformer during operation. 

3. Presence of PD activity is marked by radio frequency noise that was detected with 

UHF sensors with sensitivity bandwidth between 300MHz and 3GHz. SNR analysis 

were conducted on the basis of noise voltage for rejected coils due to PD activity and 

a healthy coil. It is concluded that the SNR value of less than +24dB is an indication 

of PD activity. The noise voltage from UHF sensors was displayed as SNR with a 

figure of healthy condition with no PD activity was established to be between +24dB 

and +40dB. 

4. The thermal model of top-oil temperature and hot-spots were simulated with 

MATLAB/Simulink for predicting any abnormality. The real time data of load cycles 

and thermal parameters were used for simulation. 

5. On the basis of simulation, a prototype testing facility was developed with thermal 

and UHF sensors incorporated in the high voltage laboratory of University of 

Engineering and Technology, Peshawar for the purpose of forming a platform for 

research work in the area of health monitoring of power transformers. A Transformer 

Monitoring Unit (TMU) was used to collect the relevant data. The results of top-oil 

temperature with load cycle were consistent with the MATLAB Simulink results. The 

noise voltage from UHF sensors was displayed as SNR with a figure of healthy 

condition with no PD activity was established to be about +40dB. The actual results 

and simulated results with MATLAB were again consistent. Thus the 

MATLAB/Simulink simulations can be used as predictive tool for obtaining 

information related to transformer health.  

6. The monitoring system was installed in power transformer and tested with a worst 

possible load cycle pertaining to peak summer season. The results were consistent 

with the simulations and the system turned out to be successful for practical purpose. 
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7. The monitoring system was finally installed with freshly manufacture power 

transformer at HEC with successful results, which provides a solution for the 

manufacturing industry in so far as health monitoring of power transformers during 

operation is concerned. It is therefore suggested that with each transformer 

manufactured thermal and UHF sensors at suitable locations is fruitful for health 

monitoring of power transformers. 

9.2 Future Research Work 

The area of health monitoring of power transformer is important and need to be developed 

further. For this purpose, the following sub-sections provide avenues of further future 

research work. 

9.2.1 Data Integration of Transformers Operating in Parallel 

The health monitoring of power transformer using TMU as discussed in this work is 

expensive to install with each transformer in the parallel stream in the Grid Sub-station. A 

monitoring system can be developed that can receive the data from sensors from all the 

transformers operating in parallel at the Grid sub-station and integrate it in the form that can 

be acceptable using a single TMU with multi-channels or multiplexing the data for display on 

a single large Substation computer. 

9.2.2 Real-Time Health Monitoring of Power Transformers Using MATLAB 

Interface  

The thermal information and high frequency noise can be directly coupled through an 

interface circuit. In this manner data stored in the computer can be directly used to be 

simulated in MATLAB environment to obtain SNR and top-oil temperature. 

9.2.3 Development of a Thermal Model for Partial Discharge Activity in 

Transformers 

Hot-spots in transformers may be attributed to partial discharges and corona type discharges 

inside the transformer. Sensors does not differentiate between corona type and PD within the 
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voids inside the winding insulation. A thermal model is required to differentiate between PD 

and corona type discharges. 
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