
 

IEC 60076-18 
Edition 1.0 2012-07 

INTERNATIONAL 
STANDARD 
NORME 
INTERNATIONALE 

Power transformers –  
Part 18: Measurement of frequency response  
 
Transformateurs de puissance –  
Partie 18: Mesure de la réponse en fréquence 
  
 

IE
C

 6
00

76
-1

8:
20

12
 

  
  

® 
 

 

colour
inside



 

 
  

 THIS PUBLICATION IS COPYRIGHT PROTECTED 
 Copyright © 2012 IEC, Geneva, Switzerland  
 
All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form 
or by any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from 
either IEC or IEC's member National Committee in the country of the requester. 
If you have any questions about IEC copyright or have an enquiry about obtaining additional rights to this publication, 
please contact the address below or your local IEC member National Committee for further information. 
 
Droits de reproduction réservés. Sauf indication contraire, aucune partie de cette publication ne peut être reproduite ni 
utilisée sous quelque forme que ce soit et par aucun procédé, électronique ou mécanique, y compris la photocopie et les 
microfilms, sans l'accord écrit de la CEI ou du Comité national de la CEI du pays du demandeur. 
Si vous avez des questions sur le copyright de la CEI ou si vous désirez obtenir des droits supplémentaires sur cette 
publication, utilisez les coordonnées ci-après ou contactez le Comité national de la CEI de votre pays de résidence. 
 

IEC Central Office Tel.: +41 22 919 02 11 
3, rue de Varembé Fax: +41 22 919 03 00 
CH-1211 Geneva 20 info@iec.ch 
Switzerland www.iec.ch 

 

About the IEC 
The International Electrotechnical Commission (IEC) is the leading global organization that prepares and publishes 
International Standards for all electrical, electronic and related technologies. 
 

About IEC publications 
The technical content of IEC publications is kept under constant review by the IEC. Please make sure that you have the 
latest edition, a corrigenda or an amendment might have been published. 
 
Useful links: 
 
IEC publications search - www.iec.ch/searchpub 
The advanced search enables you to find IEC publications 
by a variety of criteria (reference number, text, technical 
committee,…). 
It also gives information on projects, replaced and 
withdrawn publications. 
 
IEC Just Published - webstore.iec.ch/justpublished 
Stay up to date on all new IEC publications. Just Published 
details all new publications released. Available on-line and 
also once a month by email. 

Electropedia - www.electropedia.org 
The world's leading online dictionary of electronic and 
electrical terms containing more than 30 000 terms and 
definitions in English and French, with equivalent terms in 
additional languages. Also known as the International 
Electrotechnical Vocabulary (IEV) on-line. 
 
Customer Service Centre - webstore.iec.ch/csc 
If you wish to give us your feedback on this publication 
or need further assistance, please contact the 
Customer Service Centre: csc@iec.ch. 

 
 

A propos de la CEI 
La Commission Electrotechnique Internationale (CEI) est la première organisation mondiale qui élabore et publie des 
Normes internationales pour tout ce qui a trait à l'électricité, à l'électronique et aux technologies apparentées. 
 

A propos des publications CEI 
Le contenu technique des publications de la CEI est constamment revu. Veuillez vous assurer que vous possédez 
l’édition la plus récente, un corrigendum ou amendement peut avoir été publié. 
 
Liens utiles: 
 
Recherche de publications CEI - www.iec.ch/searchpub 
La recherche avancée vous permet de trouver des 
publications CEI en utilisant différents critères (numéro de 
référence, texte, comité d’études,…).  
Elle donne aussi des informations sur les projets et les 
publications remplacées ou retirées. 
 
Just Published CEI - webstore.iec.ch/justpublished 
Restez informé sur les nouvelles publications de la CEI. 
Just Published détaille les nouvelles publications parues. 
Disponible en ligne et aussi une fois par mois par email. 
 

Electropedia - www.electropedia.org 
Le premier dictionnaire en ligne au monde de termes 
électroniques et électriques. Il contient plus de 30 000 
termes et définitions en anglais et en français, ainsi que 
les termes équivalents dans les langues additionnelles. 
Egalement appelé Vocabulaire Electrotechnique 
International (VEI) en ligne. 
 
Service Clients - webstore.iec.ch/csc 
Si vous désirez nous donner des commentaires sur 
cette publication ou si vous avez des questions 
contactez-nous: csc@iec.ch. 

 

 

mailto:info@iec.ch
http://www.iec.ch/
http://www.iec.ch/searchpub
http://webstore.iec.ch/justpublished
http://www.electropedia.org/
http://webstore.iec.ch/csc
mailto:csc@iec.ch
http://webstore.iec.ch/justpublished


 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IEC 60076-18 
Edition 1.0 2012-07 

INTERNATIONAL 
STANDARD 
NORME 
INTERNATIONALE 

Power transformers –  
Part 18: Measurement of frequency response  
 
Transformateurs de puissance –  
Partie 18: Mesure de la réponse en fréquence 
 

INTERNATIONAL 
ELECTROTECHNICAL 
COMMISSION 

COMMISSION 
ELECTROTECHNIQUE 
INTERNATIONALE X 
ICS 29.180 

PRICE CODE 
CODE PRIX 

ISBN 978-2-83220-222-7 
 

  
  

® Registered trademark of the International Electrotechnical Commission 
 Marque déposée de la Commission Electrotechnique Internationale 

® 
 

 Warning! Make sure that you obtained this publication from an authorized distributor. 
 Attention! Veuillez vous assurer que vous avez obtenu cette publication via un distributeur agréé. 

 

colour
inside



 – 2 – 60076-18 © IEC:2012 

CONTENTS 

 

FOREWORD ........................................................................................................................... 5 
1 Scope ............................................................................................................................... 7 
2 Terms and definitions ....................................................................................................... 7 
3 Purpose of frequency response measurements ................................................................ 8 
4 Measurement method ....................................................................................................... 9 

4.1 General ................................................................................................................... 9 
4.2 Condition of the test object during measurement ................................................... 10 
4.3 Measurement connection and checks .................................................................... 11 

4.3.1 Measurement connection and earthing ...................................................... 11 
4.3.2 Zero-check measurement .......................................................................... 11 
4.3.3 Repeatability check ................................................................................... 11 
4.3.4 Instrument performance check ................................................................... 11 

4.4 Measurement configuration ................................................................................... 12 
4.4.1 General ..................................................................................................... 12 
4.4.2 Principles for choosing the measurement configuration ............................. 12 
4.4.3 Star- and auto-connected windings with a neutral terminal ........................ 13 
4.4.4 Delta windings and other windings without an accessible neutral ............... 13 
4.4.5 Zig-zag connected windings....................................................................... 14 
4.4.6 Two-winding three-phase transformers ...................................................... 14 
4.4.7 Three-phase auto-transformers ................................................................. 14 
4.4.8 Phase shifting transformers ....................................................................... 14 
4.4.9 Reactors .................................................................................................... 14 
4.4.10 Method for specifying additional measurements ......................................... 14 

4.5 Frequency range and measurement points for the measurement ........................... 15 
5 Measuring equipment ..................................................................................................... 15 

5.1 Measuring instrument ............................................................................................ 15 
5.1.1 Dynamic range .......................................................................................... 15 
5.1.2 Amplitude measurement accuracy ............................................................. 16 
5.1.3 Phase measurement accuracy ................................................................... 16 
5.1.4 Frequency range ....................................................................................... 16 
5.1.5 Frequency accuracy .................................................................................. 16 
5.1.6 Measurement resolution bandwidth ............................................................ 16 
5.1.7 Operating temperature range ..................................................................... 16 
5.1.8 Smoothing of recorded data ....................................................................... 16 
5.1.9 Calibration ................................................................................................. 16 

5.2 Measurement leads ............................................................................................... 16 
5.3 Impedance ............................................................................................................ 17 

6 Measurement records ..................................................................................................... 17 
6.1 Data to be recorded for each measurement ........................................................... 17 
6.2 Additional information to be recorded for each set of measurements ..................... 18 

Annex A (normative)  Measurement lead connections ........................................................... 20 
Annex B (informative)  Frequency response and factors that influence the 
measurement ........................................................................................................................ 23 
Annex C (informative)  Applications of frequency response measurements ........................... 37 



60076-18 © IEC:2012 – 3 – 

Annex D (informative)  Examples of measurement configurations ......................................... 39 
Annex E (informative)  XML data format ................................................................................ 43 
Bibliography .......................................................................................................................... 44 
 
Figure 1 – Example schematic of the frequency response measurement circuit..................... 10 
Figure A.1 – Method 1 connection ......................................................................................... 21 
Figure A.2 – Method 3 connection ......................................................................................... 22 
Figure B.1 – Presentation of frequency response measurements .......................................... 23 
Figure B.2 – Comparison with a baseline measurement ........................................................ 24 
Figure B.3 – Comparison of the frequency responses of twin transformers ........................... 24 
Figure B.4 – Comparison of the frequency responses from sister transformers ..................... 25 
Figure B.5 – Comparison of the frequency responses of three phases of a winding............... 25 
Figure B.6 – General relationships between frequency response and transformer 
structure and measurement set-up for HV windings of large auto-transformer ....................... 27 
Figure B.7 – Effect of tertiary delta connection on  the frequency response of a series 
winding ................................................................................................................................. 28 
Figure B.8 – Effect of star neutral connection on the tertiary winding response ..................... 29 
Figure B.9 – Effect of star neutral termination on series winding response ............................ 29 
Figure B.10 – Measurement results showing the effect of differences between phases 
in internal leads connecting the tap winding and OLTC ......................................................... 30 
Figure B.11 – Effect of measurement direction on frequency response ................................. 30 
Figure B.12 – Effect of different types of insulating fluid on frequency response ................... 31 
Figure B.13 – Effect of oil filling on frequency response ........................................................ 31 
Figure B.14 – Effect of a DC injection test on the frequency response .................................. 32 
Figure B.15 – Effect of bushings on frequency response ....................................................... 32 
Figure B.16 – Effect of temperature on frequency response .................................................. 33 
Figure B.17 – Examples of bad measurement practice .......................................................... 34 
Figure B.18 – Frequency response of a tap winding before and after partial axial 
collapse and localised inter-turn short-circuit with a photograph of the damage .................... 34 
Figure B.19 – Frequency response of an LV winding before and after axial collapse 
due to clamping failure with a photograph of the damage [8] ................................................. 35 
Figure B.20 – Frequency response of a tap winding with conductor tilting with a 
photograph of the damage [1] ............................................................................................... 36 
Figure D.1 – Winding diagram of an auto-transformer with a line-end tap changer ................ 40 
Figure D.2 – Connection diagram of an inductive inter-winding  measurement on a 
three-phase YNd1 transformer .............................................................................................. 41 
Figure D.3 – Connection diagram for a capacitive  inter-winding measurement on a 
three-phase YNd1 transformer .............................................................................................. 42 
Figure D.4 – Connection diagram for an end-to-end short-circuit  measurement on a 
three-phase YNd1 transformer .............................................................................................. 42 
 
Table 1 – Standard measurements for a star connected winding with taps ............................ 13 
Table 2 – Standard measurements for delta connected winding without tap .......................... 14 
Table 3 – Format for specifying additional measurements ..................................................... 15 
Table D.1 – Standard end-to-end measurements on a three-phase auto-transformer ............ 39 
Table D.2 – Tap-changer connections ................................................................................... 40 



 – 4 – 60076-18 © IEC:2012 

Table D.3 – Inductive inter-winding measurements  on a three-phase YNd1 transformer ....... 41 
Table D.4 – Capacitive inter-winding measurements  on a three-phase YNd1 
transformer ........................................................................................................................... 41 
Table D.5 – End-to-end short-circuit measurements on a three-phase YNd1 
transformer ........................................................................................................................... 42 

 



60076-18 © IEC:2012 – 5 – 

INTERNATIONAL ELECTROTECHNICAL COMMISSION 
____________ 

 
POWER TRANSFORMERS –  

 
Part 18: Measurement of frequency response 

 
 

FOREWORD 
1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising 

all national electrotechnical committees (IEC National Committees). The object of IEC is to promote 
international co-operation on all questions concerning standardization in the electrical and electronic fields. To 
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications, 
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC 
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested 
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely 
with the International Organization for Standardization (ISO) in accordance with conditions determined by 
agreement between the two organizations. 

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international 
consensus of opinion on the relevant subjects since each technical committee has representation from all 
interested IEC National Committees.  

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National 
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC 
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any 
misinterpretation by any end user. 

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications 
transparently to the maximum extent possible in their national and regional publications. Any divergence 
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in 
the latter. 

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity 
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any 
services carried out by independent certification bodies. 

6) All users should ensure that they have the latest edition of this publication. 

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and 
members of its technical committees and IEC National Committees for any personal injury, property damage or 
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and 
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC 
Publications.  

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is 
indispensable for the correct application of this publication. 

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of 
patent rights. IEC shall not be held responsible for identifying any or all such patent rights. 

International Standard IEC 60076-18 has been prepared by IEC technical committee 14: 
Power transformers. 

The text of this standard is based on the following documents: 

FDIS Report on voting 

14/718/FDIS 14/728/RVD 

 
Full information on the voting for the approval of this standard can be found in the report on 
voting indicated in the above table. 

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2. 

A list of all parts of the IEC 60076 series can be found, under the general title Power 
transformers, on the IEC website. 
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The committee has decided that the contents of this publication will remain unchanged until 
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data 
related to the specific publication. At this date, the publication will be  

• reconfirmed, 
• withdrawn, 
• replaced by a revised edition, or 
• amended. 

 

IMPORTANT – The 'colour inside' logo on the cover page of this publication indicates 
that it contains colours which are considered to be useful for the correct 
understanding of its contents. Users should therefore print this document using a 
colour printer. 
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POWER TRANSFORMERS –  
 

Part 18: Measurement of frequency response 
 
 
 

1 Scope 

This part of the IEC 60076 series covers the measurement technique and measuring 
equipment to be used when a frequency response measurement is required either on-site or 
in the factory either when the test object is new or at a later stage. Interpretation of the result 
is not part of the normative text but some guidance is given in Annex B. This standard is 
applicable to power transformers, reactors, phase shifting transformers and similar 
equipment.  

2 Terms and definitions 

For the purposes of this document, the following terms and definitions apply. 

2.1  
frequency response 
amplitude ratio and phase difference between the voltages measured at two terminals of the 
test object over a range of frequencies when one of the terminals is excited by a voltage 
source 

Note 1 to entry: The frequency response measurement result is a series of amplitude ratios and phase differences 
at specific frequencies over a range of frequency. 

Note 2 to entry: The measured voltage is the voltage developed across an impedance and so it is also related to 
current.   

2.2  
frequency response analysis  
FRA 
technique used to detect damage by the use of frequency response measurements  

Note 1 to entry: The terms SFRA and IFRA are commonly used and refer to the use of either a swept frequency 
voltage source or an impulse voltage source. Provided the measuring equipment complies with the requirements of 
Clause 5, this standard can be applied to both techniques. 

2.3  
source lead 
lead connected to the voltage source of the measuring instrument used to supply an input 
voltage to the test object 

2.4  
reference lead  
Vin 
lead connected to the reference channel of the measuring instrument used to measure the 
input voltage to the test object 

2.5  
response lead  
Vout 
lead connected to the response channel of the measuring instrument used to measure the 
output voltage of the test object 
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2.6  
end-to-end measurement 
frequency response measurement made on a single coil (phase winding) with the source and 
reference (Vin) leads connected to one end and the response (Vout) lead connected to the 
other end 

2.7  
сapacitive inter-winding measurement 
frequency response measurement made on two adjacent coils (windings of the same phase) 
with the source and reference (Vin) leads connected to one end of a winding, the response 
(Vout) lead connected to one end of another winding and with the other winding ends floating 

Note 1 to entry: This type of measurement is not applicable to windings which have common part or connection 
between them. 

2.8  
inductive inter-winding measurement 
frequency response measurement made on two adjacent coils (windings of the same phase) 
with the source and reference (Vin) leads connected to one end of the higher voltage winding, 
the response (Vout) lead connected to one end of the other winding and with the other ends of 
both windings grounded 

2.9  
end-to-end short circuit measurement 
frequency response measurement made on a single coil (phase winding) with the source and 
reference (Vin) leads connected to one end, the response (Vout) lead connected to the other 
end, and another winding of the same phase short-circuited 

2.10  
baseline measurement 
frequency response measurement made on a test object to provide a basis for comparison 
with a future measurement on the same test object in the same configuration 

3 Purpose of frequency response measurements 

Frequency response measurements are made so that Frequency Response Analysis (FRA) 
can be carried out. FRA can be used to detect changes to the active part of the test object 
(windings, leads and core). 

NOTE FRA is generally used to detect geometrical changes and electrical short-circuits in the windings, see 
Annex B.  

Some examples of conditions that FRA can be used to assess are: 

• damage following a through fault or other high current event (including short-circuit 
testing), 

• damage following a tap-changer fault, 

• damage during transportation, and 

• damage following a seismic event. 

Further information on the application of frequency response measurements is given in 
Annex C. 

The detection of damage using FRA is most effective when frequency response measurement 
data is available from the transformer when it is in a known good condition (baseline 
measurement), so it is preferable to carry out the measurement on all large transformers 
either in the factory or when the transformer is commissioned at site or both. If a baseline 
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measurement is not available for a particular transformer, reference results may be obtained 
from either a similar transformer or another phase of the same transformer (see Annex B). 

Frequency response measurements can also be used for power system modelling including 
transient overvoltage studies. 

4 Measurement method 

4.1 General 

To make a frequency response measurement, a low voltage signal is applied to one terminal 
of the test object with respect to the tank. The voltage measured at this input terminal is used 
as the reference signal and a second voltage signal (the response signal) is measured at a 
second terminal with reference to the tank. The frequency response amplitude is the scalar 
ratio between the response signal (Vout) and the reference voltage (Vin) (presented in dB) as 
a function of the frequency. The phase of the frequency response is the phase difference 
between Vin and Vout (presented in degrees).   

The response voltage measurement is made across an impedance of 50 Ω. Any coaxial lead 
connected between the test object terminal and the voltage measuring instrument shall have a 
matched impedance. To make an accurate ratio measurement, the technical parameters of 
the reference and response channels of the measuring instrument and any measurement 
leads shall be identical. 

NOTE 1 The characteristic impedance of the coaxial measuring leads is chosen to match the measuring channel 
input impedance to minimise signal reflections and reduce the influence of the coaxial lead on the measurement to 
the point where it has little or no practical effect on the measurement within the measurement frequency range. 
With a matched impedance lead, the measuring impedance is effectively applied at the test object terminal. 

NOTE 2 As Vout/V in varies over a wide range, it is expressed in decibels (dB). The relative voltage response in dB 
is calculated as 20 × log10(Vout/V in), where (Vout/V in) is the scalar ratio.   

An example of the general layout of the measurement method using coaxial measuring leads 
is shown in Figure 1. 
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Figure 1 – Example schematic of the frequency response measurement circuit 

4.2 Condition of the test object during measurement 

For factory and site measurements, the test object shall be fully assembled as for service 
complete with all bushings, but coolers and related auxiliaries do not need to be assembled. 
Liquid or gas filled transformers and reactors shall be filled with liquid or gas of the same type 
(similar relative permittivity) as that which is to be used in service. All busbars or other system 
or test connections shall be removed and there shall be no connections to the test object 
other than those being used for the specific measurement being performed. If internal current 
transformers are installed but not connected to a protection or measurement system, the 
secondary terminals shall be shorted and earthed. The core and frame to tank connections 
shall be complete and the tank shall be connected to earth. 

If the transformer is not assembled in the factory in the service condition, for example if oil/air 
bushings are used in the factory and oil/SF6 bushings are to be used in service then the FRA 
baseline measurement can only be performed at site. Transport configuration measurements 
may still be possible see below.   

If special connections have been specified by the purchaser and are provided on the test 
object to enable a frequency response measurement to be made when it is arranged for 
transport, then additional measurements shall be made in the transport configuration (drained 
if required for transport) before transport and when delivered to site or as specified by the 
purchaser. 

For site measurements, the test object shall be disconnected from the associated electrical 
system at all winding terminals and made safe for testing. Line, neutral and any tertiary line 
connections shall be disconnected but tank earth, auxiliary equipment and current transformer 
service connections shall remain connected. In the case where two connections to one corner 
of a delta winding are brought out, the transformer shall be measured with the delta closed 
(see also 4.4.4). In instances where it is impossible to connect directly to the terminal, then 
the connection details shall be recorded with the measurement data since the additional bus 
bars connected to the terminals may impact on the measurement results. 

IEC   1370/12 
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NOTE There may be a difference in the connection of current transformers (CTs) between measurements made 
on-site and those made in the factory, the change in frequency response between a transformer with shorted and 
earthed CTs and one with the CTs connected to a low impedance protection system is normally negligible.  

If the transformer is directly connected to SF6 insulated busbars then it may be possible to 
make the measurement by connecting to the disconnected earth connection of an earth 
switch. In this case, the measurement shall be made both directly on the terminals before the 
SF6 busbar is assembled and using the earth switch.   

When carried out in the factory, the measurement shall be conducted at approximately 
ambient temperature (for example not immediately following a temperature rise test). The 
temperature of the test object dielectric (normally top liquid temperature) during the 
measurement shall be recorded. For measurements made on-site the temperature is not 
controlled, and although extreme temperatures may have a minor effect this is normally not 
significant. The effect of temperature on frequency response measurements is illustrated in 
B.4.8. 

It is recommended that if possible measurements on-site are not made whilst the test object 
temperature is changing rapidly for example immediately following oil treatment.    

4.3 Measurement connection and checks 

4.3.1 Measurement connection and earthing 

The methods of connection of the leads and lead earths to the test object are given in 
Annex A.  

Poor connections can cause significant measurement errors, attention shall be paid to the 
continuity of the main and earth connections. The continuity of the main and earth 
connections shall be checked at the instrument end of the coaxial cable before the 
measurement is made. In particular, connections to bolts or flanges shall be verified to ensure 
that there is a good connection to the winding or the test object tank. 

4.3.2 Zero-check measurement 

If specified, a zero-check measurement shall be carried out as an additional measurement. 
Before measurements commence, all the measuring leads shall be connected to one of the 
highest voltage terminals and earthed using the normal method. A measurement is then made 
which will indicate the frequency response of the measurement circuit alone. The zero check 
measurement shall also be repeated on other voltage terminals if specified. 

The zero-check measurement can provide useful information as to the highest frequency that 
can be relied upon for interpretation of the measurement. The zero-check measurement is not 
a calibration check and no attempt should be made to remove any deviations seen in the 
zero-check measurement from the measurement results.   

4.3.3 Repeatability check 

On completion of the standard measurements the measurement leads and earth connections 
shall be disconnected and then the first measurement shall be repeated and recorded. 

This check is necessary to evaluate the repeatability and useable diagnostic frequency range 
under the specific conditions of the measurement.  

4.3.4 Instrument performance check 

To verify the performance of the instrument, one of the following three checks shall be made 
whenever the performance of the instrument is in doubt. 

a) Connect the source, reference and response channels of the instrument together 
using suitable low loss leads, check that the measured amplitude ratio is 0 dB 
± 0,3 dB across the whole frequency range. 
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 Connect the source and reference channels together and leave the response terminal 
open circuit, check that the measured amplitude ratio is less than -90 dB across the 
whole frequency range. 

b) The performance of the instrument may be checked by measuring the response of a 
known test object (test box) and checking that the measured amplitude ratio matches 
the expected response of the test object to within the requirements given in 5.1.2 over 
the whole frequency range. The test object shall have a frequency response that 
covers the attenuation range –10 dB to –80 dB. 

c) The correct operation of the instrument may be checked using a performance check 
procedure provided by the instrument manufacturer. This performance check 
procedure shall verify that the instrument is operating within the parameters given in 
5.1.2 at least over an attenuation range of –10 dB to –80 dB over the whole frequency 
range.    

4.4 Measurement configuration 

4.4.1 General 

For common transformer and reactor winding configurations, a standard set of measurements 
is given which is sufficient in the majority of cases to provide a baseline measurement. These 
measurements shall be made in all cases. Additional measurements may be specified if 
required either to provide some additional information under particular circumstances or to 
match previous measurements. Standard measurements on other types of transformers and 
reactors shall follow the following principles. 

4.4.2 Principles for choosing the measurement configuration 

4.4.2.1 Type of measurement 

The standard measurements shall be end-to-end measurements of each phase of each 
winding, with the phases and windings separated as far as possible and with all other 
terminals left floating. Additional measurements, where specified, can include capacitive inter-
winding, inductive inter-winding, and end-to-end short circuit measurements. 

4.4.2.2 Tap-position 

For transformers and reactors with an on-load tap-changer (OLTC), the standard 
measurement on the tapped winding shall be 

a) on the tap-position with the highest number of effective turns in circuit, and 
b) on the tap-position with the tap winding out of circuit.  

Other windings with a fixed number of turns shall be measured on the tap-position for the 
highest number of effective turns in the tap winding. Additional measurements may be 
specified at other tap-positions.  

For auto-transformers with a line-end tap-changer, the standard measurements shall be: 

• on the series winding with the minimum number of actual turns of the tap-winding in circuit 
(the tapping for the highest LV voltage for a linear potentiometer type tapping 
arrangement or the change-over position for a reversing type tapping arrangement, or the 
tapping for the lowest LV voltage in a linear separate winding tapping arrangement), 

• on the common winding with the maximum number of effective turns of the tap-winding in 
circuit (the tapping for the highest LV voltage), and 

• on the common winding with the minimum number of actual turns of the tap-winding in 
circuit (the tapping for the lowest LV voltage for a linear potentiometer or separate winding 
type tapping arrangement or the change-over position for a reversing type tapping 
arrangement). 
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NOTE 1 The choice of tap-position is intended to provide at least one measurement with and one without the tap 
winding in circuit so that any damage can be more easily identified as being in the tap-winding or the main winding.  

For neutral or change-over positions, the direction of movement of the tap-changer shall be in 
the lowering voltage direction unless otherwise specified.  The direction of movement (raise or 
lower) shall be recorded. 

NOTE 2 The position of the change-over selector in reversing and coarse-fine arrangements has a profound effect 
on the measured frequency response. 

For transformers with both an OLTC and a de-energised tap-changer (DETC), the DETC shall 
be in the service position if specified or otherwise the nominal position for the measurements 
at the OLTC positions described in 4.4.2.2. 

For transformers fitted with a DETC, baseline measurements shall also be made on each 
position of the DETC with the OLTC (if fitted) on the position for maximum effective turns.  

It is not recommended that the position of a DETC on a transformer that has been in service 
is changed in order to make a frequency response measurement, the measurement should be 
made on the ‘as found’ DETC tap position. It is therefore necessary to make sufficient 
baseline measurements to ensure that baseline data is available for any likely service (‘as 
found’) position of the DETC.  

4.4.3 Star- and auto-connected windings with a neutral terminal 

For the standard measurement, the signal shall be applied to the line connection, or for series 
windings the higher voltage terminal. An additional measurement may be specified with the 
signal applied to the neutral terminal if this is required for compatibility with previous 
measurements. A star connected winding with the neutral not brought out shall be treated as 
a delta winding.  The list of standard measurements for a star connected winding with taps is 
given in Table 1. 

Table 1 – Standard measurements for a star connected winding with taps 

Measurement 
number 

Source and reference lead (V in) 
connected to 

Response lead (Vout) 
connected to 

Tap position 

1 Line terminal phase 1 Neutral Max effective turns 

2 Line terminal phase 2 Neutral Max effective turns 

3 Line terminal phase 3 Neutral Max effective turns 

4 Line terminal phase 1 Neutral Tap winding out of circuit 

5 Line terminal phase 2 Neutral Tap winding out of circuit 

6 Line terminal phase 3 Neutral Tap winding out of circuit 

 

4.4.4 Delta windings and other windings without an accessible neutral 

If delta windings can be split into individual phases (six bushings brought out) then the 
standard measurement shall be made with the windings split. 

For large generator transformers where it is inconvenient to remove the phase to phase 
connections in service it is recommended that the baseline measurement in the factory and 
during commissioning is performed both with the delta open and closed. 

Standard measurements shall be made on each phase in turn with the signal applied to the 
terminal with the lowest number or letter nearest the start of the alphabet first and the 
response measured on the next numbered or lettered terminal, and continuing in a cyclic 
rotation (see Table 2).  

For delta tertiary or stabilising windings, the delta shall be closed. 
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For delta tertiary or stabilising windings that are earthed at one corner in service, the earth 
shall be removed if possible without removing liquid or gas. 

Table 2 – Standard measurements for delta connected winding without tap 

Measurement number Source and reference lead (V in) connected to Response lead (Vout) connected to 

1 A, U, R or 1 B, V, S or 2 

2 B, V, S or 2 C, W, T or 3 

3 C, W, T or 3 A, U, R or 1 

 

4.4.5 Zig-zag connected windings 

Zig-zag connected windings shall be measured as star windings with a neutral connection. 

NOTE The correspondence between the frequency responses of different phases of a zig-zag connected winding 
is not expected to be as close as would typically be expected for a star connected winding. 

4.4.6 Two-winding three-phase transformers 

The standard measurements shall be one measurement of each phase of each winding, a 
total of six measurements for a transformer without taps and nine for a transformer with an 
on-load tap-changer. 

4.4.7 Three-phase auto-transformers  

The standard measurements shall be one measurement of each phase of the series winding 
and the common winding separately with an additional measurement of the common winding 
for transformers with an on-load tap changer, a total of six measurements for a transformer 
without taps and nine for a transformer with an on-load tap-changer. If the transformer has a 
tertiary winding brought out to three line (phase) terminals an additional three measurements 
are required on this winding. 

4.4.8 Phase shifting transformers 

The standard measurement shall be from input terminal to output terminal on each phase and 
from the neutral of the shunt winding to the output terminal on each phase, each on neutral 
tap and on each extreme tap, a total of 18 measurements. If the phase shifting transformer is 
of the two core type that has external interconnections that can be removed on site then it 
shall be treated as two separate transformers.   

4.4.9 Reactors 

Series reactors shall be measured from input terminal to output terminal on each phase, a 
total of three measurements for a three-phase reactor. Shunt reactors shall be treated as a 
star winding on a transformer, a total of three measurements for a three-phase reactor without 
taps and six for a reactor with taps.   

4.4.10 Method for specifying additional measurements 

Additional measurements, if required, shall be specified by giving the connection to each test 
object terminal (signal and reference, response, earthed, floating or connected together), the 
tap-position and the previous tap-position for each additional measurement. The format 
presented in Table 3 shall be used.  
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Table 3 – Format for specifying additional measurements 

Measurement Tap Previous 
tap 

Source and 
reference 

(Vin) 

Response 
(Vout) 

Terminals 
earthed 

Terminals 
connected 
together 

Comments 

1        

2        

3        

.        

.        

.        

 

The terminal identification entered in the table shall be those permanently marked on the test 
object and shall be shown on a diagram included in the specification. 

Examples of particular measurement configurations using this format are given in Annex D.  

4.5 Frequency range and measurement points for the measurement 

The lowest frequency measurement shall be at or below 20 Hz.  

The minimum highest frequency measurement for test objects with highest voltage > 72,5 kV 
shall be 1 MHz. 

The minimum highest frequency measurement for test objects with highest voltage of 
≤ 72,5 kV shall be 2 MHz.  

It is recommended that a highest measurement frequency of at least 2 MHz is used for 
compatibility and simplicity for all test objects. 

NOTE Reproducibility of the measurement is better at frequencies higher than 1 MHz with the shorter earth 
connections possible with smaller bushings and higher frequency information is more important for the diagnosis of 
physically smaller windings (see B.3).     

Below 100 Hz, measurements shall be made at intervals not exceeding 10 Hz; above 100 Hz, 
a minimum of 200 measurements approximately evenly spaced on either a linear or 
logarithmic scale shall be made in each decade of frequency. 

If the transformer operator does not require the low frequency information used to diagnose 
changes in the core, then a lower measurement frequency of not less than 5 kHz may be 
specified for the measurement. 

5 Measuring equipment 

5.1 Measuring instrument 

5.1.1 Dynamic range 

The minimum dynamic range of the measuring instrument shall be +10 dB to -90 dB of the 
maximum output signal level of the voltage source at a minimum signal to noise ratio of 6 dB 
over the whole frequency range.  
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5.1.2 Amplitude measurement accuracy 

The accuracy of the measurement of the ratio between Vin and Vout shall be better than 
± 0,3 dB for all ratios between +10 dB and -40 dB and ± 1 dB for all ratios between -40 dB 
and -80 dB over the whole frequency range.  

5.1.3 Phase measurement accuracy 

The accuracy of the measurement of the phase difference between Vin and Vout shall be 
better than ± 1º at signal ratios between +10 dB and -40 dB, over the whole frequency range. 

5.1.4 Frequency range 

The minimum frequency range shall be 20 Hz to 2 MHz. 

5.1.5 Frequency accuracy 

The accuracy of the frequency (as reported in the measurement record) shall be better than 
± 0,1 % over the whole frequency range.  

5.1.6 Measurement resolution bandwidth 

For measurements below 100 Hz, the maximum measurement resolution bandwidth (between 
-3 dB points) shall be 10 Hz; above 100 Hz, it shall be less than 10 % of the measurement 
frequency or half the interval between adjacent measuring frequencies whichever is less. 

5.1.7 Operating temperature range  

The instrument shall operate within the accuracy and other requirements over a temperature 
range of 0 to +45 °C.  

5.1.8 Smoothing of recorded data 

The output data recorded to fulfil the requirements of this standard shall not be smoothed by 
any method that uses adjacent frequency measurements, but averaging or other techniques to 
reduce noise using multiple measurements at a particular frequency or using measurements 
within the measurement resolution bandwidth for the particular measurement frequency are 
acceptable. 

The data displayed on a screen or any output data provided in addition to that required by 
Clause 6 is not subject to the requirements of Clause 5, however it is recommended that the 
facility to view the data recorded in compliance with Clause 6 is provided. 

5.1.9 Calibration 

The instrument shall be calibrated to a traceable reference standard at regular intervals within 
a recognised quality system.   

5.2 Measurement leads 

Separate measurement leads shall be used for each of the source, reference and response 
connections. Coaxial leads used for the measurement shall be of equal lengths and shall have 
a characteristic impedance of 50 Ω. The signal attenuation caused by an individual lead shall 
be less than 0,3 dB at 2 MHz. The zero-check measurement made without a test object or 
earth leads shall result in an amplitude deviation at 2 MHz of less than 0,6 dB. The maximum 
lead length for a passive lead system shall be 30 m.  

NOTE If an alternative measurement method is used to that shown in Figure 1, for example if a measuring 
impedance, head amplifier or active probe system is used close to the test object terminal, then the leads between 
the shunt, amplifier or probe and any other part of the instrument are not ‘used for the measurement’ in the 
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meaning of this Clause and they do not need to conform to this part of the specification provided they do not affect 
the measurement and the other requirements of Clause 5 are satisfied. 

5.3 Impedance 

The measurement impedance for the response voltage measurement shall be 50 Ω ± 2 % 
over the full frequency range.  

If coaxial measurement leads are used, the input impedance of the reference and response 
voltage channels of the measuring instrument shall be 50 Ω ± 2 % over the full frequency 
range. 

6 Measurement records 

6.1 Data to be recorded for each measurement 

Data shall be recorded as a single computer readable file for each measurement in XML 1.0 
specification format. The following data shall be recorded with each measurement.  

a) Identifier, a unique sequence of letters and/or numbers to identify the test object, typically 
this would be the customer serial number or location number for the transformer or reactor. 

b) Date, the date on which the measurement was conducted in the format YYYY-MM-DD. 
c) Time, the time at which the measurement finished in the format HHhMM (where h is the 

letter h used as a delimiter) in 24 h format. 
d) Test object manufacturer, the manufacturer of the transformer or reactor being measured. 
e) Test object serial number, the unique number given to the transformer or reactor by the 

manufacturer. 
f) Measuring equipment, a unique identification for the measuring instrument manufacturer, 

measuring instrument model and an individual serial number for the instrument used  
g) The peak voltage used for the measurement. 
h) Reference terminal, the identification of the test object terminal to which the reference and 

source leads were connected. 
i) Response terminal, the identification of the test object terminal to which the response lead 

was connected. 
j) Terminals connected together, the identification of all test object terminals that were 

connected together during the measurement in the format terminal identifier 1-terminal 
identifier 2-terminal identifier 3, terminal identifier 4-terminal identifier 5-terminal identifier 
6, and so on (for example A-B-C, D-E-F would indicate that terminals A, B and C were 
connected together and terminals D, E and F were separately connected together). 

k) Earthed terminals, the identifier of each terminal connected to the test object tank during 
the measurement separated by commas. 

l) OLTC tap position, the tap position indicated on the test object during the measurement. 
m) Previous OLTC tap position, the tap position from which the tap-changer was moved to 

reach the tap-position used during the measurement. 
n) DETC position, the position of the DETC as indicated on the test object during the 

measurement. 
o) Test object temperature, the temperature of the test object dielectric during the 

measurement (usually the top liquid temperature) in degrees Celsius. 
p) Fluid filled, yes or no depending on whether the test object was fully filled with the normal 

operating fluid during the measurement. 
q) Comments, free text to be used to state the condition of the test object during the 

measurement, typically this would be ‘service’ for the condition with busbars removed but 
all service bushings installed or ‘transport’ if special bushings for measurement in the 
transport configuration were used. 
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r) Length of the unshielded connection for each lead if the connection of the coaxial leads 
was not directly to bushing terminals (any additional information required to repeat the 
measurement should be given). 

s) Measurement result (the frequency in Hz, the amplitude in dB and the phase in degrees) 
for each measurement frequency (the values shall be given as a text string in the format 
1.2345E+04 for frequency and -1.2345E+01 for amplitude and phase). 

Each file shall be named 

identifier_reference terminal_response terminal_tap position_date_time.xml. 

EXAMPLE T1234a_H0_H1_1_2009-09-18_14h33.xml 

6.2 Additional information to be recorded for each set of measurements 

An additional computer readable file shall be supplied for each set of measurements 
(measurements made on one test object on one occasion). This file shall include the following 
information. 

a) Test object data 
1) Manufacturer 
2) Year of manufacture 
3) Manufacturer’s serial number 
4) Highest continuous rated power of each winding 
5) Rated voltage for each windings 
6) Short circuit impedance between each pair of windings 
7) Rated frequency 
8) Vector group, winding configuration / arrangement 
9) Number of phases (single or three-phase)  
10) Transformer or reactor type (e.g. GSU, phase shifter, transmission, distribution, 

furnace, industrial, railway, shunt, series, etc.) 
11) Transformer configuration (e.g. auto, double wound, buried tertiary, etc.) 
12) Transformer or reactor construction (e.g core form, shell form), number of legs (3 or 

5-leg), winding type, etc. 
13) OLTC: number of taps, range and configuration (linear, reversing, coarse-fine, line-

end, neutral-end, etc.) 
14) DETC: number of positions, range, configuration, etc. 
15) Organisation owning the test object 
16) Test object identification (as given by the owner if any) 
17) Any other information that may influence the result of the measurement 

NOTE It is preferable to include a drawing of the test object nameplate including the winding schematic. In this 
case, if the above data is included, it does not need to be repeated. 

b) Location data 
1) Location (e.g. site name, test field, harbour, etc.) 
2) Bay identification reference if applicable 
3) Notable surrounding conditions (e.g. live overhead line or energized busbars nearby) 
4) Any other special features 

c) Measuring equipment data  
1) Working principle of device (sweep or impulse) 
2) Equipment name and model number 
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3) Manufacturer 
4) Equipment serial number 
5) Calibration date 

6) Any other special features of the equipment 
d) Test organization data  

1) Company 
2) Operator 
3) Any additional information 

e) Measurement set-up data  
1) Remanence of the core: was the measurement carried out immediately following a 

resistance or switching impulse test, or was it deliberately demagnetised? 
2) Whether the tank was earthed 
3) Measurement type (e.g. open circuit, short circuit, etc.) 
4) Length of braids used to ground the cable shields 
5) Length of coaxial cables 
6) Reason for measurement (e.g. routine, retest, troubleshooting, commissioning new 

transformer, commissioning used transformer, protection tripping, recommissioning, 
acceptance testing, warranty testing, bushing replacement, OLTC maintenance, fault 
operation, etc.) 

7) Any additional information 
f) Photographs of the test object as measured showing the position of the bushings and 

connections  
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Annex A  
(normative) 

 
Measurement lead connections 

 

A.1 General 

This annex contains requirements for the method of connection of the measurement leads to 
the test object. Method 1 is the reference method preferred for repeatability beyond 1 MHz. 
Unless otherwise agreed, method 1 shall be used for baseline measurements. Method 2 which 
is an alternative configuration of the earth connections may be used when specified, or 
agreed to, by the transformer user for convenience when making the measurement. Method 3 
covers alternative connections which may be used when specified by the transformer user 
when compatibility with previous measurements made according to method 3 is required.  

NOTE In general the three methods may be expected to give identical results up to 500 kHz and results that are 
not identical, but can still be used for diagnostic purposes at frequencies up to 1 MHz.  

A.2 Common requirements for all measurements 

The details of the connections and connection method shall be given in the measurement 
record see Clause 6. 

The connections to the terminal and the transformer tank shall be made using a repeatable, 
reliable and low resistance method. 

Separate earth connections from the source and response leads shall be made to the tank, 
but the earth connections from the source and reference leads to the tank may be combined 
in a single conductor. The earth connection point shall be as close as practicable to the base 
of the bushing or terminal to which the measurement lead is connected. 

A.3 Method 1 (Figure A.1) 

The central conductor of the coaxial measurement leads shall be connected directly to the 
test object terminal using the shortest possible length of unshielded conductor. The shortest 
possible connection between the screen of the measuring lead and the flange at the base of 
the bushing shall be made using braid. A specific clamp arrangement or similar is required to 
make the earth connection as short as possible.  

NOTE In general this method may be expected to give repeatable measurements up to 2 MHz.  
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A connection clamp 

B unshielded length to be made as short as possible 

C measurement cable shield 

D central conductor 

E shortest braid 

F bushing 

G earth connection 

H earth clamp 

I tank 

J smallest loop 

Figure A.1 – Method 1 connection 

A.4 Method 2 

Method 2 is identical to method 1 except that the earth connection from the measurement 
leads to the flange at the base of the bushing may be made using a fixed length wire or braid, 
so that the connection is not the shortest possible. 

The position of the excess earth conductor length in relation to the bushing may affect 
amplitude (dB) measurements above 500 kHz and resonant frequencies above 1 MHz. This 
will have to be taken into account when comparing baseline and subsequent measurements. 

If it is not possible to connect to the flange at the base of the bushing and an alternative 
connection position is used then it may be expected that the measurement will be affected at 
frequencies above 500 kHz and particular care should be taken to document the connection 
arrangement and to ensure the same connection point is used to obtain repeatable 
measurements. This would not be a standard measurement. 

A.5 Method 3 (Figure A.2) 

In a method 3 connection, the screen of the coaxial measurement lead is connected directly to 
the test object tank at the base of the bushing and an unshielded conductor is used to 
connect the central conductor to the terminal at the top of the bushing.  

NOTE If a method 3 connection is used for the response lead connection only then the results are comparable 
with method 1. This connection may be the most practical option if an external shunt (measuring impedance) is 
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used. If a common conductor is used for the signal and reference connections then the conductor is included in the 
measurement which will therefore differ from a method 1 measurement.  
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A connection clamp 

B shortest braid or wire 

C measurement cable shield 

D central conductor 

E earth clamp 

F tank 

G smallest loop 

Figure A.2 – Method 3 connection 
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Annex B  
(informative) 

 
Frequency response and factors that influence the measurement 

 

B.1 Presentation of frequency response 

Although both the amplitude and phase of the voltage ratio are recorded during frequency 
response measurements, generally only the amplitude information is presented and used for 
visual interpretation of the result. However, both amplitude and phase information may be 
necessary if the frequency response data is to be parameterised by an automatic system for 
example based on a pole-zero representation. The frequency response can be displayed on 
either a logarithmic or a linear scale as shown in Figure B.1. Each method has advantages 
but generally a logarithmic scale plot offers easy overall response trend analysis while a 
linear scale plot is useful for looking at discrete frequency bands and to compare small 
differences at particular frequencies.  
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Figure B.1a) – Logarithmic scale 
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Figure B.1b) – Linear scale 

Figure B.1 – Presentation of frequency response measurements 
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B.2 Frequency response comparison 

In order to interpret a measured frequency response, a comparison is made between the 
measured response and a previous baseline measurement (if available), as shown in  
Figure B.2. If the baseline measurement is unavailable, comparison can be made with the 
response measured on a twin transformer (a transformer made to the same drawings from the 
same manufacturer) as shown in Figure B.3 [1], [2], [3].1 Careful attention should be given 
when using responses from sister transformers (transformers with the same specification but 
with possible differences in winding configuration even from the same manufacturer) for 
comparison. Improvements and changes to the transformer design may have been introduced 
by a manufacturer over a period of time to outwardly similar units and this may cause different 
frequency responses as shown in Figure B.4 which could result in a false diagnosis of winding 
damage. For three-phase transformers, comparisons can also be made between the 
responses of the individual phases as shown in Figure B.5. 
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Figure B.2 – Comparison with a baseline measurement 
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Figure B.3 – Comparison of the frequency responses of twin transformers 

___________ 
1  Figures in square brackets refer to the Bibliography. 
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Figure B.4 – Comparison of the frequency responses from sister transformers 
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Figure B.5 – Comparison of the frequency responses of three phases of a winding 

The comparison of frequency response measurements is used to identify the possibility of 
problems in the transformer. Problems are indicated by the following criteria [4]: 

• changes in the overall shape of the frequency response; 

• changes in the number of resonances (maxima) and anti-resonances (minima); 

• shifts in the position of the resonant frequencies.  

The confidence in the identification of a problem in the transformer based on the above 
criteria will depend on the magnitude of the change when compared with the level of change 
to be expected for the type of comparison being made (baseline, twin, sister or phase). The 
possibility of the observed changes being due to a different measurement set-up or other 
variation shall also be considered in the diagnosis. When comparing phases of the same 
transformer quite significant differences are considered “normal” and could be due to different 
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internal lead lengths, different winding inter-connections and different proximities of the 
phases to the tank and the other phases. The earthing of windings and measurement leads 
can create variations and the tap changer position has a profound effect on the measurement. 
It is important to be able to determine or eliminate the variations caused by these factors to 
avoid a misleading diagnosis when interpreting frequency response measurement results. 

Good measurement practice is critical to the effectiveness of the frequency response 
measurement when used as a diagnostic tool. Once variations are observed, correct 
diagnosis requires knowledge of the transformer structure and the behaviour of the 
transformer at high frequency. The following subclauses provide information on the general 
features of the frequency response and some examples of the factors that influence the 
frequency response. Some guidelines and recommendations are included to highlight the 
importance of good measurement practice and how to distinguish poor measurements. 
Information is also provided to help to distinguish the differences that may be caused by 
problems in the winding from the “normal” differences caused by transformer construction 
variations.     

B.3 Fundamental understanding of frequency response characteristics 

Different frequency response characteristics can be expected for the various types of 
transformers, since a transformer’s frequency response has a fundamental relationship with 
the core and winding structure. The frequency response can be divided into three regions, the 
lower frequency region dominated by the core, the middle frequencies dominated by the 
interactions between the windings and the higher frequency region controlled by the individual 
winding structure, internal connections and at the highest frequencies the measurement 
connection leads. These regions are illustrated using a frequency response from the HV 
winding of a large auto-transformer as an example in Figure B.6. Note that there is no 
generally applicable frequency limit for each region as this depends on the physical size of 
the transformer and the ratings of the windings. The limits shown in Figure B.6 are only used 
for highlighting the low, the medium and the high frequency regions for the particular 
transformer windings in the example. In the core influence region (up to about 2 kHz), the 
response is dominated by the core magnetising inductances and the bulk capacitances of the 
transformer. For three-phase three limb core-form power transformers, the middle phase 
would have a single anti-resonance in this frequency region due to the symmetrical magnetic 
reluctance paths seen by the middle phase of the core through the other two phases. The 
outer phases generally have two anti-resonances since they experience two different 
magnetic reluctance paths one through the nearest (middle) phase and one through the 
furthest phase (the other outer phase). Residual magnetization of the core also influences the 
frequency response in this region. Five limb cores will have a different response in this region. 

The response in the intermediate frequency region (in between 2 kHz and 20 kHz) is mostly 
affected by the coupling between windings, which depends significantly on the arrangement 
and connections of the windings, for example delta connection, auto-transformer winding 
connection, single-phase or three-phase transformer configurations.  For an auto-transformer 
winding such as shown in Figure B.6, the response in this range shows two distinct 
resonances, this is a characteristic feature of the response of auto-transformer windings [5]. 

In the winding structure influence (high frequency) region (in between 20 kHz and 1 MHz in 
this case), the response is determined by the winding leakage inductances together with the 
winding series and ground capacitances [6]. In this region, the series capacitance is the most 
influential factor in determining the shape of the response. Typically, the response of the HV 
winding of large power transformers with a high winding series capacitance (interleaved or 
intershield construction) shows a generic rising amplitude trend with few resonances and anti-
resonances as shown in Figure B.6. On the other hand, the LV winding with low series 
capacitance generally shows flat amplitude trend and superimposed by a series of anti-
resonances and resonances.  
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At the highest frequencies of above 1 MHz (> 72,5 kV) or above 2 MHz (≤ 72,5 kV), the 
response is less repeatable and is influenced by the measurement set-up, especially by the 
earthing connections, which effectively relies on the length of the bushing. 
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Influence regions: 

A core  

B interaction between windings  

C winding structure 

D measurement setup and lead (including earthing connection) 

Figure B.6 – General relationships between frequency response and transformer 
structure and measurement set-up for HV windings of large auto-transformer 

Due to the variations or repeatability problems (as illustrated by the curves in Figure B.6) that 
are caused by the measurement limitations and the uncertainties of the condition of the 
residual flux, the useful frequency ranges that are recommended for interpreting the 
frequency response are the intermediate frequency range and the winding structure influence 
region of the high frequency range. Typically, this is between 2 kHz and 1 MHz (>72,5 kV) or 
2 MHz (≤72,5 kV). 

When making comparisons, the differences between the frequency responses in these 
regions may be caused by problems or faults in the transformer. However, differences can 
also be caused by other factors categorised as the following: 

• different measurement set-up and practice;    

• different transformer interconnections and conditions; 

• transformer construction variations (when comparing sister units or using a comparison 
between phases). 

The differences caused by these factors shall not be confused with the differences caused by 
the actual problem in transformer. Clause B.4 highlights some examples of the effect of some 
of the factors mentioned using measurement results. However, to demonstrate the effect of 
transformer constructional variation, it is easier to use an FRA simulation model. In this case, 
both the validated simulation result and the corresponding measurement result are shown to 
illustrate the effect [7]. It should be kept in mind that the purpose of transformer modeling and 
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FRA simulation is not to provide “exact” matches with measured results; instead it is a tool to 
aid the understanding and interpretation of the measured results, especially when used to 
identify the features which are indicative of winding displacement and deformation. 

B.4 Factors that influence frequency responses 

B.4.1 Tertiary delta connections 

The phases of star connected windings are only connected at the neutral (star-point), while 
the phases of a delta connected winding are directly linked at the line terminals. This direct 
coupling has a profound influence on the frequency response of the phases of a transformer 
with a delta winding particularly in the frequency region dominated by the interaction between 
windings. Figure B.7 shows the measurement results of the series winding of an auto-
transformer with the tertiary delta connection both made and opened.  

From Figure B.7, it is shown that when the tertiary delta connection is opened, the frequency 
response of the series winding is altered significantly, especially in the intermediate 
frequencies. This is due to significant changes in the inductive and capacitive coupling from 
the tertiary delta connection which causes the anti-resonances and resonances particularly in 
the frequency region influenced by the interaction between windings (in this case between 
2 kHz and 20 kHz) to shift to lower frequencies. 
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Figure B.7 – Effect of tertiary delta connection on 
 the frequency response of a series winding 

If the tertiary delta connection is made outside the tank and earthed, for better phase 
comparison (in case of no other reference measurement available) the earth connection 
should be removed leaving the delta connection intact. Otherwise the capacitive couplings 
among windings will be different for each phase, resulting in a very significant difference 
between the responses of three phases in the middle frequency range.   

B.4.2 Star neutral connection 

If a three phase transformer has separate neutral terminals for each phase (external star-
point) the neutral terminations can be either joined together or left individually floating during 
an FRA measurement. Figure B.8 shows a comparison of the measurement results of a 
tertiary winding with the neutrals joined and opened. Clearly, the frequency response of the 
tertiary winding is changed especially in the low and in the intermediate frequencies.  
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Figure B.8 – Effect of star neutral connection on the tertiary winding response 

The frequency response of the series winding of an auto-transformer also show that the 
neutral connection influences the low and the intermediate frequencies, especially regarding 
the position of the resonances, as shown in Figure B.9.   
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Figure B.9 – Effect of star neutral termination on series winding response 

These examples show that it is important that the termination method is recorded so that the 
same termination connection is made for future frequency response measurements. 
Otherwise, the frequency responses could show discrepancies especially in the winding 
interaction frequency region (in this case between 2 kHz and 20 kHz) as shown in Figure B.9. 

B.4.3 Internal leads connecting the tap winding and the tap-changer 

When making a comparison between phases, the responses away from the core influence 
region of the three phases often display subtle differences between each other. Possible 
reasons for this include manufacturing tolerances and internal lead effects. The internal tap 
leads that connect the tap-changer to the tap windings could vary in length. This could cause 
the lead capacitances of each phase to be different. Consequently, the response for each 
phase will be different for certain frequency ranges depending on the winding type. For a low 
voltage (LV) winding, subtle differences are observed in the response between 20 kHz and 
200 kHz shown circled in Figure B.10. 
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Figure B.10 – Measurement results showing the effect of differences between phases in 
internal leads connecting the tap winding and OLTC 

B.4.4 Measurement direction 

One of the important details that shall be included in the measurement method is which 
terminal the signal is being injected into and from which terminal the response measurement 
is being made. Comparing measurements made on the same winding phase but in different 
directions (line to neutral or neutral to line) can show discrepancies in the higher frequencies, 
as shown in Figure B.11. This illustrates why it is important to follow the measurement 
connections given in 4.4 or repeat the measurement connection used in the baseline 
measurement if different. 
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Figure B.11 – Effect of measurement direction on frequency response 

B.4.5 Effect of different types of insulating fluid 

The use of a different type of insulating fluid such as natural ester rather than mineral oil in 
the transformer can produce differences in the frequency response across the frequency 
range, as shown in Figure B.12. This is important especially when comparing sister units. A 
similar effect, but in the opposite frequency direction, occurs if the transformer is filled with air 
rather than insulating fluid, as shown in Figure B.13. 
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Figure B.12 – Effect of different types of insulating fluid on frequency response 
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Figure B.13 – Effect of oil filling on frequency response 

B.4.6 Effect of DC injection tests and measurements 

DC injection tests can cause discrepancies between frequency response measurements 
especially in the core influence region in the low frequency range as shown in Figure B.14. 
Therefore, it is desirable to arrange the test and measurement sequence such that the 
frequency response measurement is not made following a DC injection test that can leave 
residual magnetism in the core. Examples of such tests include switching impulse tests and 
winding resistance measurements. 
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Figure B.14 – Effect of a DC injection test on the frequency response 

B.4.7 Effect of bushings 

It is possible that different bushings are used during factory testing compared to those fitted 
at site. This may cause differences in the high frequencies, as shown in Figure B.15. Larger 
discrepancies may be expected in the high frequencies if the transformer is directly connected 
to the SF6 insulated busbars and the measurement is made by connecting to the 
disconnected earth connection of an earth switch.  
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Figure B.15 – Effect of bushings on frequency response 

B.4.8 Effect of temperature 

Temperature affects the frequency response when the temperature variation is larger than 
about 50 °C, as shown in Figure B.16. The temperature differences cause changes in winding 
resistance and hence the amplitude of the frequency response. Changes in fluid density and 
dielectric constant with temperature together with possible physical expansion can also cause 
minor but consistent shifts in resonant frequencies across the frequency range.   
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Figure B.16 – Effect of temperature on frequency response 

B.4.9 Examples of bad measurements 

Figure B.17 highlights some examples of frequency response measurements made with a bad 
contact or loose connection made deliberately at either side of the measurement terminals of 
a test object. From the results, it can be concluded that a bad contact or loose connection 
between the measurement terminals and the measurement leads will generally give noisy 
frequency responses in the lower frequency range and a lower (or more negative dB) 
amplitude trend.   

It is important that frequency response measurements are always made in a consistent way 
and that all details of the measurement method are systematically recorded. This will help to 
avoid false discrepancies and ensure the compatibility of frequency responses during 
comparison. Furthermore, if differences are observed when comparing with a baseline result, 
it is important to first verify the measurement by repeating to ensure that the differences are 
not caused by bad measurement practice or by making a different measurement connection. 
Again it is important to stress that all data relevant to each and every frequency response 
measurement is recorded in detail to enable possible discrepancies to be understood. 
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Figure B.17 – Examples of bad measurement practice 

B.4.10 Evaluation of frequency response 

If the measurements have been made in the same way systematically and no changes have 
been recorded regarding the condition of the transformer, then the discrepancies between the 
frequency responses may be caused by winding movement or deformation. Some of the 
examples of faults that have been detected by the frequency response measurement are 
outlined in Figure B.18, Figure B.19 and Figure B.20. 
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Figure B.18 – Frequency response of a tap winding before and after partial axial 
collapse and localised inter-turn short-circuit with a photograph of the damage 
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Figure B.19 – Frequency response of an LV winding before and after axial collapse due 
to clamping failure with a photograph of the damage [8] 
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Figure B.20 – Frequency response of a tap winding with conductor tilting 
with a photograph of the damage [1] 

B.4.11 Conclusion 

It is very useful to be able to identify the differences in frequency response in particular 
frequency regions or features of the frequency response that are expected to result from 
various types of transformer faults. Although many studies have been carried out to identify 
such relationships, the findings cannot be generalised across all types of transformer. A 
particular fault, which may have caused differences in a certain frequency region or to a 
frequency response feature in one transformer, may be detected in a different frequency 
region or cause a different response feature in another transformer if it has a different design 
and/or construction. The severity of the winding movement and deformation will influence the 
extent of the changes in the frequency response.  

The most important step towards making a successful diagnosis with frequency response 
analysis is to ensure that the measurement is of good quality and the measurement records 
are systematically logged. These shall be in line with the normative text of this standard. 
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Annex C  
(informative) 

 
Applications of frequency response measurements 

 

C.1 Transformer transportation 

The detection and evaluation of damage to a transformer during transportation is a commonly 
used application of frequency response measurements. The method can provide information 
about the mechanical condition of the core, the windings and the clamping structures with one 
set of measurements. All these parts are susceptible to transportation damage. There are 
however parts of the transformer that are also susceptible to transport damage that are not 
effectively checked by this measurement. In particular core to frame and tank insulation 
should also be checked.   

As for all other applications of FRA, performing the measurements for comparison under the 
same conditions is important to get reliable results. Therefore if measurements during 
transport, or on arrival at site are to be made in the transport configuration then an initial 
measurement in this configuration is also needed. Usually the transformer will be equipped 
with bushing cover plates or preferably small transport bushings, which are strongly 
recommended to facilitate measurement in the transport configuration. Generally medium and 
large transformers are shipped without oil (depending on size, weight and environmental 
restrictions) so baseline data from factory or on-site measurements taken with the transformer 
full of oil cannot be used to compare with measurements taken in the transport configuration 
because the results will differ from each other. Similarly it shall be noted that measurements 
made in the transport configuration usually cannot be used as baseline data for future 
measurements in the operational condition. Measurements made to detect and evaluate 
damage during transport should generally follow the procedures in this document and they 
shall include an end-to-end open circuit measurement with all other terminals floating. Short 
circuit measurements are not able to sensitively detect problems in the core area. The 
measurement needs to be performed using frequency points that adequately cover the lowest 
frequency region of the frequency response, since this frequency region is related to the 
magnetic core which is especially vulnerable for transport damage.  

After the initial measurement before the start of the transportation, measurements can be 
performed at any time during transit to check the integrity of the transformer. It is important to 
note that the frequency response measurement should be the last electrical test prior to 
transportation and the first test after arrival. Other tests in between, especially DC tests (e.g. 
a winding resistance test) may change the core magnetization status and hinder a reliable 
evaluation of the core integrity. The status of core magnetisation should be noted in the test 
documentation (whether the previous test was a winding resistance measurement or switching 
impulse test) along with tap-changer position and the oil level or filling medium if not oil. If the 
measurement has been performed shortly after draining the oil this fact should be noted, 
because of the effects of residual oil within the insulation. A subsequent measurement without 
oil may lead to inconclusive results since the residual oil may drain out of the windings during 
the transport which may lead to changes in the capacitance and therefore slightly shifted 
response curves.  

It is important that the transportation configuration of the transformer is well documented and 
available to other testing personnel who have to perform repeat measurements. If there are 
more than one transportation configuration, then baseline data and configuration records will 
be required for each one. If the transformer undergoes several distinct transport legs on its 
journey, for example road, ship, railroad, crane off-loading etc. it may be important to 
determine where any damage occurred, so measurements before and after particular 
transport legs may be prudent particularly if they involve different legal custodies or insurance 
arrangements. After the receipt of the transformer at its final destination a measurement in 
the transport configuration should be performed to compare with the initial measurement to 
detect any damage that might have occurred during transportation. If this measurement shows 
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no abnormalities, another frequency response measurement with the transformer assembled 
and oil-filled as for service should be performed to be used as baseline data for future 
measurements. In all cases it is recommended that photographs are taken of the connections 
between the frequency response measuring equipment and the bushings.  

C.2 Short-circuit test 

Frequency response measurements have proved to be an accurate way of detecting damage 
to windings caused by a short circuit test. This detection method is complimentary to a visual 
inspection, because it may reveal subtle changes to winding dimensions that are not easy to 
see, but some small displacements to leads etc. may not be easily detected using frequency 
response measurements. 

If a frequency response measurement is used to indicate changes during a short circuit test 
then the following points should be observed. 

The baseline measurement should be made at the short circuit test station before the short 
circuit test 

It is recommended that short circuit measurements are included in the frequency response 
measurements for this application as this may help to determine if changes are due to core 
magnetization or winding distortion. 

A measurement shall be made at the conclusion of the short circuit tests. It is recommended 
that frequency response measurements are also made between short-circuit applications to 
detect any incipient failure before the next short circuit application, but these may be carried 
out with one winding short circuited if more convenient,  

The measurements before and after test should where possible be made using the same 
measuring equipment and the same measurement leads and measurement lead arrangement 
to eliminate as many potential sources of uncertainty about the cause of any observed 
variation as possible.  
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Annex D  
(informative) 

 
Examples of measurement configurations 

 

D.1 Standard end-to-end measurements on a three-phase auto-transformer 
with a line-end tap changer 

The standard measurements for an auto-transformer with line-end tappings are shown in 
Table D.1.  Figure D.1 and Table D.2 shows the winding diagram and tap changer 
connections, the highest LV voltage being on tap position 1 and the change-over at tap 
position 10. 

Table D.1 – Standard end-to-end measurements on a three-phase auto-transformer 

Measurement Tap Previous 
tap 

Source 
and 

reference 
(Vin) 

Response 
(Vout) 

Terminals 
earthed 

Terminals 
connected 
together 

Comments 

1 10 9 A a none none Series winding, 
no tap-winding in 
circuit 

2 10 9 B b none none ditto 

3 10 9 C c none none ditto 

4 1 2 a Na none none Common winding, 
full tap-winding in 
circuit 

5 1 2 b Nb none none ditto 

6 1 2 c Nc none none ditto 

7 10 9 a Na none none Common winding, 
no tap-winding in 
circuit 

8 10 9 b Nb none none ditto 

9 10 9 c Nc none none ditto 

All terminals not specified in the table to be left floating, except delta windings with only two terminals brought out 
for closing the delta which should be closed. 
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Figure D.1 – Winding diagram of an auto-transformer with a line-end tap changer 

Table D.2 – Tap-changer connections 

Tap position number Switch connects Low voltage across a, b, c 

1 LV-13, 4-x Maximum voltage 

10 LV-13/LV-3, LV-y Rated voltage 

19 LV-3, 12-x Minimum voltage 

NOTE The change-over position (tap-position 10) has two possible winding connection configurations depending 
on whether the previous tap was tap 9 or tap 11, these will give different frequency responses. This is why it is 
very important to record and be consistent with the previous tap position.  
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D.2 Inductive inter-winding measurements 

The inductive inter-winding measurements on a three-phase transformer (YNd1) are shown in 
Table D.3 and Figure D.2. 

Table D.3 – Inductive inter-winding measurements  
on a three-phase YNd1 transformer 

Measurement Tap Source 
and 

reference 
(Vin) 

Response 
(Vout) 

Terminals 
earthed 

Terminals 
connected 
together 

Comments 

1 Max A a N and b none  

2 Max B b N and c none  

3 Max C c N and a none  

 

VoutVin

A B C a b c
N

 

 

Figure D.2 – Connection diagram of an inductive inter-winding  
measurement on a three-phase YNd1 transformer 

D.3 Capacitive inter-winding measurements 

The capacitive inter-winding measurements on a three-phase transformer (YNd1) are shown 
in Table D.4 and Figure D.3. 

Table D.4 – Capacitive inter-winding measurements  
on a three-phase YNd1 transformer 

Measurement Tap Source 
and 

reference 
(Vin) 

Response 
(Vout) 

Terminals 
earthed 

Terminals 
connected 
together 

Comments 

1 Max A a none none  

2 Max B b none none  

3 Max C c none none  

 

IEC   1400/12 
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Figure D.3 – Connection diagram for a capacitive  
inter-winding measurement on a three-phase YNd1 transformer 

D.4 End-to-end short-circuit measurements 

The end-to-end short-circuit measurements on a three-phase transformer (YNd1) are shown 
in Table D.5 and Figure D.4. 

Table D.5 – End-to-end short-circuit measurements on a three-phase YNd1 transformer 

Measurement Tap Source 
and 

reference 
(Vin) 

Response 
(Vout) 

Terminals 
earthed 

Terminals 
connected 
together 

Comments 

1 Max A N none a-b-c  

2 Max B N none a-b-c  

3 Max C N none a-b-c  

 

VoutVin

A B C N a b c

 

 

Figure D.4 – Connection diagram for an end-to-end short-circuit  
measurement on a three-phase YNd1 transformer 
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Annex E  
(informative) 

 
XML data format 

 

The following XML data format should be used to share the measurement records. 
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