CONTENTS

DISCLAIMER OF WARRANTIES AND LIMITATION OF LIABILITY .....cooiiiinirieniensnessessessessssss s !

ACKNOWLEDGEMENTS ...ttt ss s s b sae s n s n b s ]
FOREWORD ...ttt a s s e a e a e e R e R R e e s e e R e R e et n
AUTHORS ... bbb bR s bR n e e n e an Vv
1 TRANSFORMER DESIGN CONSIDERATIONS .......cccooiiinmnenininsnesnsnssssnssssssssssssssssssessssssssnes 15

CONFIGURATION
MECHANICAL CONSIDERATION...
THERMAL CONSIDERATIONS
DIELECTRIC CONSIDERATIONS
CONSTRUCTION TYPES

A aaaa
AR WN =

1.5.1  Shell Form
1.5.1.1 Design Features .
1.5.1.2 Mechanical Strength ..
1.5.1.3 Thermal Capability
1514 Dielectric Characteristics...

1.56.2 Core Form................
1.5.21 Design Features .
1522 Mechanical Strength ..
1.5.2.3 Thermal Capability.....
1.5.24 Dielectric Characteristics

1.6 BUSHINGS

1.6.1  Design and Construction of Capacitances in Condenser Bushings Complying

with the IEEE Standards ..

1.6.2  Bushings Voltage Tap

1.6.3  Connections
1.6.3.1 Internal Electrical Connections.
16.32 Draw Lead Connected Bushings.
1.6.3.3 Bottom Connected Bushings

1.6.4  Liquid Level Indication.

1.6.5 Painting

1.7 ON-LOAD TAP CHANGERS .

1.7.1  Introductions

1.7.2  North-American Practices
1.7.21 General Description of LTCs ...
1722 Reactance Type LTCs
1.7.23 Arcing Control Methods

1.7.2.3.1  Arcing Tap Switch........
1.7.2.3.2  Arcing Switch and Tap Selector....
1.7.2.3.3  Drive Mechanism for Reactance Type LTCs.
1724 Vacuum Interrupter Type LTCs ..
1.7.25 Resistance Type LTCs ...............
1726 Drive Mechanisms for Resistance Type LTCs
1.7.27 Failure Mechanisms for LTCs
1.7.2.7.1  Electrical Connections .
1.7.2.7.2 Insulation System .
1.7.2.7.3  Control System ..
1.7.2.74 Mechanism

1.7.3  European Practices
1.7.31 Resistance Type OLTCs ..
1.7.32 Diverter Switch OLTC...
1.7.3.3 Selector Switch OLTC ..




1.7.34 Tie-In Resistors
1.7.35 Failure Mechanisms for OLTCs..
1.7.3.5.1  Electrical Connections .
1.7.3.5.2 Insulation System .....
1.7.3.56.3  Motor Drive Mechanism
1.7.3.54 Mechanism..............

1.8 STREAMING ELECTRIFICATION ...
1.8.1  Charging Tendency and its Effect of Streaming Electrification.
1.8.2  Mitigation Strategies for Streaming Electrification

2 A PRACTICAL APPROACH TO ASSESSING THE RISK OF FAILURE OF POWER
TRANSFORMERS 57

2.1 BACKGROUND ...ttt ettt ettt ettt st bt ese bt eb et s et e e bttt sbe bt eb e et et et e e nb e bt bt seenbeebeenes
2.2 LIFE MANAGEMENT PROCESS .
2.2.1 Risk Assessment
2.2.2 Layout of the Evaluation Procedure
2.2.3  Evaluation Procedure
2.2.4  Probability of Failure —
2.3 ASSESSMENT OF THE TECHNICAL RISK OF FAILURE BY CATEGORY (MTMP™ PROGRAM)
2.3.1  Mechanical Aspects ..
2.3.2  Thermal Aspects
2.3.3  Electric Aspects - Risk of Dlelectrlc Failure
2.3.4 Aspects Related to Accessory Failure
2.3.5 Total Technical Risk of Failure
24 RISk MITIGATION
25 SUMMARY

3 DIAGNOSIS OF TRANSFORMERS.........cccontmntnnnntninnssssssssss s .69
3.1 DIAGNOSTICS METHODS FOR POWER TRANSFORMERS AND ACCESSORIES ...

3.1.1  Diagnostic Methods for Power Transformers
3.1.1.1 Stresses Acting on Power Transformers.....
3.1.1.2 Deterioration Factors and Failure Mechanisms..
3.1.13 Diagnostic Methods....................

3.1.2  Diagnostic Methods for Bushings
3.1.21 Stresses Acting on Bushings......
3.1.2.2 Deterioration Factors and Failure Mechanisms..
3.1.23 Diagnostic Methods

3.1.3  Diagnostic Methods for Surge Arresters ....
3.1.31 Stresses Acting on Surge Arresters .........
3.1.3.2 Deterioration Factors and Failure Mechanisms..
3.1.33 Diagnostic Methods

3.2 GENERAL DIAGNOSIS TOOLS ...

3.2.1  Oil Quality Assessment ...
3.211 Factors Affecting the Health and Life of Power Transformers
3.21.2 Methods for Assessing the Quality of Transformer Oils ..

3.2.1.2.1 Dielectric Breakdown Strength (BDV)..
3.2.1.2.2 Interfacial Tension (IFT).........
3.2.1.2.3  Acid Neutralization Number
3.2.1.2.4 Power Factor
3.2.1.2.5 Test for Oxygen Inhibitor ....
3.2.1.2.6 Furan Analysis...
3.2.1.27 PCB Content......
3.2.1.2.8 Corrosive Sulphur.
3213 Moisture in Transformer Insulation Systems ..
3.2.1.3.1 Transformer Qil.....
3.2.1.3.2 Relative Humidity ..
3.2.1.3.3 Paper (Cellulose)..
3.2.1.3.4  Where Does the Water Come From.....
3.2.1.3.5 Moisture Equilibrium between Oil and Paper in Transformers ............cccooevvevenevienenenennns




3.2.1.3.6  Cautions in Estimation of Moisture Using Moisture Equilibrium Curves...
3214 Limits for Measurement Oil Quality Parameters ...
3215 Moisture and Bubble Evolution in Transformers
3.2.2 Dissolved Gas in Oil Analysis (DGA) ...
3.2.21 Introduction ..
3222 Procedure .
3223 Sampling...
3.2.2.4 Extraction..
3225 Analysis ....
3.2.26 Interpretation
3.2.27 Air
3.2.2.8 Gas Spectrum — Types of Faults ..
3.2.2.8.1 Hot Metal Surface.....................
3.2.2.8.2 Examples of Hot Metal Surfaces
3.2.29 Overheated cellulose............cccocu....
3.2.2.9.1 Examples of Overheated Cellulose
3.2.2.10  Electrical Faults ..........ccccevveienene
3.2.2.10.1  Examples of Electrical Faults.
3.22.11 Factors affecting gas concentration in transformers .
3.2.2.11.1  Type and Brand of Oil ..
3.2.2.11.2 Oxygen
3.22.11.3 Load
3.2.2.11.4 Oil Preservation Systems
3.22.11.5 Gas Mixing ......
3.22.11.6 Temperature....
3.2.2.11.7 Gas Solubility in
3.2.2.11.8 Other Factors ............
3.2.2.12  DGA Interpretation Methods..
3.2.2.12.1  Key Gas Method of Interpreting DGA
3.2.2.12.2 Individual and Total Dissolved Key-Gas Concentration Method
3.2.2.12.3 Rogers Ratio Method ...
3.2.2.12.4 IEC Method
3.2.2.12.4.1 Carbon Dioxide/Carbon Monoxide (CO./CO) Ratio
3.2.2.12.4.2 |EC C2H2/H2 Ratio
3.2.2.12.4.3 |IEC Recommended Method of Interpretation
3.2.2.12.5 Duval Triangle Method for Diagnosing a Transformer Problem Using
Dissolved Gas Analysis
3.2.2.12.6 ABB's Advanced Dissolved Gas Analysis Software (ADGA).. .. 115
3.2.3  Analysis of Particles in Transformer Oils .......
3.2.31 Qil Sampling for Particle Analysis.
3.2.3.2 Particle Counting .......c.ccceoeeiuenuene
3.2.3.2.1  Normal and Abnormal Particle Count Levels..
3.2.33 Trace Metal Content of Particles ..
3.2.3.3.1  Method of Measurement.......
3.2.3.3.2 Normal and Abnormal Metallic Content of Particles in Oil.
3.23.4 Diagnostic Examples of Particle Analysis
3.23.5 Effect of particles on dielectric strength of insulating oil
3.2.3.5.1  Current filtering practices on new transformers.
3.2.3.5.2 Classification of contamination level..
3.2.3.5.2.1 Bare electrodes..
3.2.3.5.2.2 Covered electrodes..
3.2.3.5.3 Contamination deposited on insulating surface.
3.2.3.5.4 Recommended corrective action
3.2.4 Winding Resistance Test
3.2.41 Measurement Method for Winding Resistance Measurement .
3.2.56  Transformer Turns Ratio Test (TTR)................. .126
3.2.6  Insulation resistance....
3.2.6.1 Measurement...
3.26.2 Interpretation....
3.2.6.3 Polarization Index
3.2.7 Insulation Power Factor Tests.




10

3.2.71 Two-Winding Transformer
3.2.7.1.1 Testing of Two-Winding Transformers..
3.27.2 Three-Winding Transformer ...................
3273 Typical Insulation Power Factor Values ....
3274 General Guidelines for Assessing Power Factor Values..
3.2.75 Power Factor Tip-up Tests ..........c.ccccceeeeee

3.2.8 Core Insulation Resistance Measurement .................
3.2.8.1 Measurement and Diagnosis of Inadvertent Core Grounds

3.2.9 Excitation Current Tests....
3.2.9.1 Measurement Setup .....
3.29.2 Analysis of Excitation Current Results....

3.2.10 Infrared Thermography Analysis of Transformers and Accessories
3.2.101 The Thermography Process...
3.2.10.2  Criteria for Evaluating Infrared Measurements....
3.2.10.3  Example Uses of Infrared Thermography diagnostics on Power Transformers ..

3.2.10.3.1  Loose connection at bushing outlet terminal
3.2.10.3.2 Blocked oil flow in radiators or radiator shut off ...
3.2.10.3.3 LTC overheating.........cccceeererruenueaneanenn
3.2.10.3.4 Low oil level in transformer or bushing
3.2.10.3.5 Moisture contamination of surge arrester...

3.2.11 Bushings

3.2.111 ANSI & IEC — Common Diagnostic Tools..
3.2.11.1.1  Oil leakage inspection
3.2.11.1.2 Insulator inspection and cleaning

3.2.11.1.2.1 Porcelain insulators...........
3.2.11.1.2.2 Silicon rubber insulators
3.2.11.1.3 Thermovision..
3.2.11.1.4 Oil sampling from ushing...
3.2.11.1.5 Dissolved Gas Analysis (DGA) ..
3.2.11.1.6  Moisture analysis
3.2.11.1.7  Dielectric Frequency Response Analysis (DFRA)
3.2.11.1.8 Partial Discharge measurements
3.2.11.1.9 De-polymerization analysis ..............

3.2.11.2  Diagnostics techniques for bushings complying with the ANSI/IEEE Standards .
3.2.11.2.1 Condenser Bushing Power Factor Tests
3.2.11.2.2 Factors Affecting C1 and C2 Capacitance and Power Factor Measurements .
3.2.11.2.3 Bushing Hot Collar Test ..........cccooviiiiiiiiiiiiiicee
3.2.11.2.4 What to do when Bushing Power Factor Tests are Doubtful ..
3.2.11.2.5 Special Case — Type “U” Bushings .

3.2.11.2.5.1 History .................
3.2.11.2.5.2 Recommendation
3.2.11.2.6 Type “T" Bushings
3.2.11.3  Diagnostics and Conditioning on ABB Bushings Complying with the IEC Standard
3.2.11.3.1 Capacitance and tane measurement ..
3.2.11.3.2 Temperature correction
3.2.12 Measurements for Assessing the Condition of OLTCs/LTCs..

3.2.121 Number of Operations ............cccceecvreeeenee.

3.2.12.2  Resistance of the Electrical Connections ..

3.212.3  Temperature.....

3.2.124  Motor Current...

3.2.12.5  Acoustic Signal ...

3.2.12.6  Relay Timing
3.2.12.7  Gas-in-Oil Analysis
3.2.12.7.1 Items Specific to the European Practice
3.2.12.7.1.1 Scope
3.2.12.7.1.2 History
3.2.12.7.1.3 Faults in OLTCs possible to indicate by DGA
3.2.12.7.1.4 The Stenestam ratio............ccccvvvvreireneennne
3.2.12.7.1.5 Important principals for interpretation of DGAs in OLTC
3.2.12.7.1.6 Interpreting the Stenestam ratio....
3.2.12.7.1.7 Typical gas concentrations




3.2.12.7.1.8 Important to bear in mind .
3.2.12.7.2 North-American Practice .
3.2.12.8  Moisture
3.3 ADVANCED DIAGNOSTIC TOOLS ...ttt sttt sttt s b ettt
3.3.1  Assessment of Mechanical Properties - Frequency Response Analysis (FRA)
3.3.1.1 Purpose of the measurement
3.3.1.2 General description
3.3.1.3 Principle of FRA measurement..
3.3.1.4 Measurement procedure ....
3.3.1.4.1 General prescriptions..
3.3.1.4.2 Test Connection Protocol .
3.3.1.5 Reporting FRA measurements ..
3.3.1.5.1 Baseline Data
3.3.1.5.2 Comparison with Sister Units...
3.3.1.5.3 Phase Comparisons ...
3.3.1.6 References/Standards......
3.31.7 Observed signal distortions during measurements ...
3.3.1.7.1 Influence of unshielded wire connections
3.3.1.7.2 Influence of the coaxial cables.................
3.3.1.8 Examples of Problems Diagnosed using FRA..
3.3.1.8.1 Axial Winding Collapse ..
3.3.1.8.2 Hoop Buckling...
3.3.1.8.3 Shorted Turns ...
3.3.2 Assessment of Thermal Properties .
3.3.21 Degree of Polymerization (DP) .
3.3.2.1.1 DP versus Life Plots .............
3.3.2.1.2 Latest Research Findings on DP Analysis
3.3.2.2 Furanic Compound Analysis
3.3.2.2.1  Origin of Furanic Compounds..
3.3.2.2.2 Detection of Furanic Compounds ...
3.3.2.2.3 Correlation Curves of Furanic Content with DP....
3.3.2.2.4 Issues to Consider in Using FUran Analysis ...........cccoourieiriaeeieneneneeeeeeeeeee e

3.3.3 Dielectric Frequency Response as a Tool for Troubleshooting Insulation
Power Factor Problems

3.3.31 Introduction............

3.3.3.2 Dielectric frequency response and X-Y model .
3.3.33 Causes of High Power Factor in Transformer Insulation
3.3.3.3.1  Comparison of DFR to Power Factor Measurement
3.3.3.3.2  Influence of Oil Conductivity and Moisture on PF and DFR ..
3.3.34 Dielectric Frequency Response Signature and Identification Techniques .
3.3.3.4.1 Identification of high Core-Grounding Resistance Problems.... .
3.3.3.4.2 Identification of Paper Contamination Problems ............ ..213
3.3.3.4.3 Low Temperature Effect on Insulation Power Factor ..
3.3.3.5 Summary
3.3.4 Assessment of Electrical Properties - Partial Discharge Measurements ...
3.3.4.1 Purpose of measurement ...........c.cccceeerennne.
3.3.4.2 Electrical PD Measurement on Transformers
3.3.4.2.1 Calibration...
3.3.4.22 PD measuring procedure
3.3.4.2.3 An Advanced PD system..
3.343 Procedure for Investigation of PD Sources ..
3.3.4.4 Acoustical Partial Discharge Measurement on Transformers
3.3.4.4.1 Acoustic PD Wave Characterization........
3.3.4.42 Acoustic Partial Discharge Localization...

4  ONLINE DIAGNOSTIC MONITORS FOR TRANSFORMERS AND KEY ACCESSORIES........... 230

4.1 POWER TRANSFORMER (TANK & CORE)..
4.2 LOAD TAP CHANGER................

4.3 BUSHING & CT
4.4 EXAMPLE MONITORING SYSTEMS .....citietieiteeiteeateesneesieeaseeasee et et aseeanse et enseenneanseebeenneenseeaneens 232

11



5 PREVENTIVE MAINTENANCE OF TRANSFORMERS 240

5.1

5.1.1
5.1.2  Paper Degradation....
5.1.3

5.1.4  Oil reclaiming

5.2

5.2.1  Recommended schedule of Maintenance activities ..

5.2.2  Maintenance of Components ............

5.2.3  Investigation of Transformer Disturbances.

5.2.4 Internal Inspection.................

5.2.5 Maintenance of Bushings...
5.2.6  Maintenance and Service of OLTCs/LTCs
5.2.7  General Quality Information for Various Types of LTCs

BASIC AGEING PROCESSES .
Introduction ............

On-site Drying Methods.
5.1.3.1 Traditional methods ...
5.1.3.2 On-site drying with low frequency heating (LFH) in combination with hot-oil spray ...

5.1.4.1 Online oil reclaiming technology
514.2 Comparison with oil change ....
5143 Long- term stability

GENERAL MAINTENANCE OF TRANSFORMERS

5211 Monthly Maintenance Schedule
52.1.2 Quarterly Maintenance Schedule
5213 Annual Maintenance Schedule with The Transformer De-energized

5221 Transformer liquid and insulation ...
5222 Bushings and joints
5223 Off-load tap changer (DETC)
5224 On-load tap changer-..
5225 Motor drive unit...
5226 Qil filtering unit.
5227 Coolers ............
5228 Liquid conservator with rubber diaphragm (COPS
5229 Gaskets........cccceeuee
5.2.2.10  Surface protection...

5.2.2.10.1 Painted surfaces

5.2.2.10.2 Zinc coated surfaces ..

)

5.2.3.1 Recording of disturbances...
5232 Fault localizations advice for

5.2.4.1 Opening the Transformer .
5242 The Inspection .
5243 Electrical Tests ...

5271 North-American Practices.
5272 European Practice

6 REPAIR, REFURBISHMENT AND RETROFIT.............
6.1 PREPARATION PHASE .......tutetteuietesteett sttt eteestaseeseese st e beesesseebeeseensensensessesbeebeanesneene et ensensenenees
6.2 UNTANKING AND DISASSEMBLY OF ACTIVE PART
6.3 REPAIR OF THE TRANSFORMER ........c.ccovveveenes
6.4 ASSEMBLY AND TANKING OF THE ACTIVE PART .
6.5 DRYING
6.6 FINAL ASSEMBLY.
6.7 HIGH VOLTAGE TESTING
6.8 QUALITY PLAN ....cevnnee.
6.9 FACILITIES FOR SITE REPAIR...

6.9.1  Temporary Workshops.

6.9.2  Facilities for Heavy Lifting ..
6.9.3  Moisture control

12

6.9.1.1 Steel Buildings.
6.9.1.2 Large Tents......
6.9.1.3 Foundation for a Temporary Workshop....




6.9.4  Oil processing
6.9.5 Drying equipment.....
6.9.6 High voltage test equipment

ENVIRONMENTAL ASPECTS

71 CONTAMINATION OF OILS WITH PCB (POLYCHLORINATED BIPHENYLS)
7.1.1  General
7.1.2  Dehalogenation Processes Using Sodium and Lithium Derivatives..................cc.cccoccurne.. 281
7.1.3  Dehalogenation Processes Using Polyethyleneglycol and Potassium Hydroxide
7.1.4  Dehalogenation in Continuous Mode by Closed Circuit Process.....................

7.2 ELECTROMAGNETIC COMPATIBILITY (EMC)
7.2.1  Introduction
7.2.2  Methods to Reduce EMF Levels in Existing Substations . .282

7.3 AUDIBLE NOISE .
7.3.1  Introduction
7.3.2  Background

7.3.21 Characteristics of Transformer Noise ..
7322 Propagation of Sound............c.cc..c...
7.3.3  Criteria for Community Noise Levels..
7.3.4 Requirements
7.3.5  Methods of Substation Noise Control

74 RELEASE OF INSULATING OlL...........

7.4.1  Introduction .................
7.4.2  Use of Synthetic Ester.
7.4.3  Use of Natural Ester

ECONOMICS OF TRANSFORMER ASSET MANAGEMENT ... 288

8.1 FAILURE STATISTICS FOR POWER TRANSFORMERS
8.1.1  CIGRE Survey of Failures in Large Power Transformers
8.1.2  Canadian Electricity Association Forced Outage Report

8.2 ECONOMICS OF TRANSFORMER MANAGEMENT FOR FLEETS AND SPECIFIC UNITS
8.2.1 Introduction
8.2.2  General Concept for Economics of Transformer Management ..
8.2.3 Description of the Simulation Model
8.2.4 Case Study by a Utility
8.2.5  CONCIUSIONS.......c.oeeeeieeee ettt ettt ettt

HEALTH AND SAFETY ASPECTS / RECOMMENDATIONS

9.1 PREAMBLE .....
9.2 INTRODUCTION ..
9.3 SCOFPE............
9.4 DEFINITIONS..........
9.5 SAFETY MANAGEMENT .
9.6 DOCUMENTATION............
9.7 ELECTRICAL SAFETY RULES
9.7.1  General Rules
9.7.2  Communication and Control Rules
9.7.3  Rules for working on dead Electrical Equipment....
9.7.4  Rules for working on or very near live Electrical Equipment ..
9.7.5 Switching
9.7.6  Work on or very near live conductors
9.7.7 Testing and Commissioning
9.8 WORK AT HEIGHT: ADDITIONAL SAFETY EQUIPMENT FOR POWER TRANSFORMERS
9.8.1 “NO-RISK SYSTEM”
9.8.2 “Fall Arrest Towers and Base Plates”. 311
9.9 APPENDICES

13



9.9.1  Appendix 1 - Minimum WOrKing CIEArance.................ccouuvueeeeeeesieeasei e 312
9.9.2 Appendix 2 - Minimum design clearances where power lines cross or are in

close proximity.
9.9.3 Appendix 3 - Minimum separation aross point of disconnection in a
9.9.4 Appendix 4 - Principles of Risk ASS€SSMeNt ............ccccevvvesceeseannen. .316
9.9.5 Appendix 5 - Example of Sample Risk Assessment Sheet. .317
9.9.6 Appendix 6 - Electrical Job Hazard Analysis Sheet...
9.9.7 Appendix 7 - Sample Safety Check Sheet ...
9.9.8 Appendix 8 - Sample Safety Permit to work...........
9.9.9 Appendix 9 - Sample Energized Electrical Work Permit.

REFERENGCES ..ottt b e e a e sa s e a e a e

ABB TRANSFORMERS SERVICE GENERAL BROCHURES
ABB TRANSFORMERS SERVICE PRODUCT LEAFLETS.........cccccoiimiininnnnssseesssnss s
ABB TRES NORTH AMERICA SERVICE BROCHURES...........ccccouvueunee.
CONTACT LIST FOR MAIN ABB SERVICE CENTERS

14



