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Foreword

The text of document 14/690/FDIS, future edition 1 of |EC 60076-16, prepared by IEC/TC 14 "Power
transformers", was submitted to the IEC-CENELEC parallel vote and approved by CENELEC as
EN 60076-16:2011.

The following dates are fixed:

e latest date by which the document has (dop) 2012-06-29
to be implemented at national level by
publication of an identical national
standard or by endorsement

e latest date by which the national (dow) 2014-09-29
standards conflicting with the
document have to be withdrawn

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CENELEC [and/or CEN] shall not be held responsible for identifying any or all such patent
rights.

Endorsement notice

The text of the International Standard IEC 60076-16:2011 was approved by CENELEC as a European
Standard without any modification.

In the official version, for Bibliography, the following notes have to be added for the standards indicated:
NOTE Harmonized as (not modified).
NOTE Harmonized as (not modified).
NOTE Harmonized as (not modified).
NOTE Harmonized as (not modified).
[EC 62271-100:200§ NOTE Harmonized as (not modified).
[EC 62271-202:200 NOTE Harmonized as (not modified).
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Annex ZA
(normative)

Normative references to international publications
with their corresponding European publications

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

NOTE When an international publication has been modified by common modifications, indicated by (mod), the relevant EN/HD
applies.

Publication Year Title EN/HD Year
IEC 60076-1 2011 Power transformers - N 60076-1 2011
Part 1: General
EC 60076-2 2011 Power transformers - N 60076-2 2011
Part 2: Temperature rise for liquid-immersed
transformers
IEC 60076-3 2000 Power transformers - N 60076-3 2001
+ corr. December 2000 Part 3: Insulation levels, dielectric tests and
external clearances in air
EC 60076-5 2006  Power transformers - N 60076-5 2006
Part 5: Ability to withstand short circuit
EC 60076- 2005 Power transformers - - -
Part 7: Loading guide for oil-immersed power
transformers

1997  Power transformers -
Part 8: Application guide

EC 60076-11 2004  Power transformers - N 60076-11 2004
Part 11: Dry-type transformers
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IEC 60076-12 2008 Power transformers - - -
Part 12: Loading guide for dry-type power
transformers

EC 60076-13 2006  Power transformers - N 60076-13 2006
Part 13: Self-protected liquid-filled
transformers

EC 61100 - Classification of insulating liquids according N 61100 -
to fire point and net calorific value

IEC 61378-1 2011  Convertor transformers - N 61378-1 2011
Part 1: Transformers for industrial applications

EC 61378-3 2006  Convertor transformers - - -
Part 3: Application guide

EC 61400-1 2005  Wind turbines - N 61400-1 2005
Part 1: Design requirements

SO 12944 Series Paints and varnishes - Corrosion protection of - -

steel structures by protective paint systems


http://dx.doi.org/10.3403/02595885U
http://dx.doi.org/10.3403/01064738U
http://dx.doi.org/10.3403/01064738U
http://dx.doi.org/10.3403/02291145U
http://dx.doi.org/10.3403/00003093U
http://dx.doi.org/10.3403/02109598U
http://dx.doi.org/10.3403/30113968U
http://dx.doi.org/10.3403/01300061U
http://dx.doi.org/10.3403/30087102U
http://dx.doi.org/10.3403/30087102U
http://dx.doi.org/10.3403/30117442U
http://dx.doi.org/10.3403/30117442U
http://dx.doi.org/10.3403/00295877U
http://dx.doi.org/10.3403/00295877U
http://dx.doi.org/10.3403/01605560U
http://dx.doi.org/10.3403/30321134U
http://dx.doi.org/10.3403/00553576U
http://dx.doi.org/10.3403/03051408U
http://dx.doi.org/10.3403/BSENISO12944

BS EN 60076-16:2011

-2- 60076-16 © IEC:2011
CONTENTS
INTRODUGCTION ..ottt e e e et e e e et et et et et et e et e e et e e ea e e an e een e eneees 6
LS Yo oY o 1= PPN 7
2 NOIMALIVE TEIEIENCES ..oiii i ettt 7
3 Terms and definitioNs ... 8
S 1Y VA o7 =Y oo s T L4 o 1= P 8
4.1 Normal Service CONAITIONS ...c..iuiii e 8
N AN 1 (1 (8o =PSRRI 8
4.3 Temperature of COOIING @ir........couiiii e 8
4.4 Content of harmonic currents in the transformer ... 9
4.5 Wave-shape of supply VOIAGE .. ..o 9
4.6 Transient over and UNder VOITages .....oviniiiiiiii e 9
4.7  Humidity and Salinity ... 10
4.8 Special electrical and environmental conditions around the transformer ................ 10
4.9  Level of Vibration ... 11
4.10 Provision for unusual service conditions for transformers for wind turbine
APP I CATIONS - 11
4.11 Transportation and storage conditionS ........ccooiiiiiiiiiii 11
4.12 CorroSioN ProteCTION ..o 11
5 Electrical charaCteriStiCs .. .. 11
BRI POW T s 11
5.2 Highest voltage for equipment ... ..o 11
S N = o] o1 Yo 1= 12
5.4 CONNECHION GrOUD ..ottt e e 12
5.5 Dimensioning of neutral terminal ... 12
5.6  Short CircUit IMPedanCe .....ccuie i 12
5.7 Insulation levels for high voltage and low voltage windings.............ccccociiiiiiiiinnn.. 12
5.8 Temperature rise guaranteed at rated conditions............ccooiiiiiiiiiiii i 12
5.9  Overload capability........oooiiiii 13
Co IO T o U] o o U =Y o 13
5.11 Ability to withstand short CirCUit ..o 13
5.12 Operation with forced COOlING ......o.iiiiiii e, 13
RaAtING Plate .o e 13
=15 £ 13
7.1 List and classification of tests (routine, type and special tests)............cccceeiiiiinl. 13
7.2 ROULINE 18T it e 13
7.3 TP BSOS oo 14
T4 SPECIAl LSS Lo s 14
T4 T GENEIAl s 14
7.4.2 Chopped Wave teSt.. ..o 14
7.4.3 Electrical resonance frequency test ..o 14
T.4.4  ClMatic 1eStS oottt 14
7.4.5 Environmental test E3 ... 14
7.4.6 Fire behavior test ... 15
Annex A (informative) Calculation method and tables ..............cooiiiiiiiiii i, 16

L] o] 1o Yo =¥ o1 2 128 PP 36



BS EN 60076-16:2011

60076-16 © IEC:2011 -3-

Figure A.1 — Heat dissipation in a natural ventilated room..............cocooiiiiiiiiii e, 17
Figure A.2 — Schematic diagram of power frequency current injection apparatus ................. 30
Figure A.3 — Switched transformer winding voltage responses with capacitor injection......... 31
Figure A4 — HV Injection test figUuIe ... ... 32
Figure A.5 — Example of measurement deViCe ...........oouiiiiiiiiiiiiie e 33
Table 1 — INSUlAtioN [@VEIS ... e 10
Table A.1 — Impact of harmonics content on liquid-immersed transformer losses ................. 23
Table A.2 — Impact of harmonics content on dry type transformers losses............ccccoovevnennn.n. 26

Table A.3 — Example of voltage harmonic Order ..........co.viiiiiiii i 29



BS EN 60076-16:2011
-6- 60076-16 © IEC:2011

INTRODUCTION

This part of IEC 60076 is intended to specify the additional requirements for the transformers
for installation in wind turbine applications.

Wind turbines use generator step-up transformers to connect the turbines to a network. These
transformers can be installed in the nacelle or in the tower or outside close to the wind
turbine.

This standard covers transformers for wind turbine applications or wind farms where the
constraints on transformers exceed the requirement of the present IEC 60076 series. The
constraints are not often known or recognized by the transformer manufacturers, wind turbine
manufacturers and operators and as a result the level of reliability of these transformers can
be lower than those used for conventional applications.

The transformers for wind turbine applications are not included in the present list of
IEC 60076 standard series.

The purpose of this standard is help to obtain the same level of reliability as transformers for
more common applications.

This standard deals particularly with the effects of repeated high frequency transient over-
voltages, electrical, environmental, thermal, loading, installation and maintenance conditions
that are specific for wind turbines or wind farms.

On site measurements, investigations and observations in wind turbines have detected risks
for some different kind of installations:

— repeated high frequency transient over or under voltages in the range of kHz;

— over and under frequency due to turbine control;

— values of over voltage;

— over voltage or under voltage coming from LV side;

— high level of transient over voltages due to switching;

— presence of partial discharge around the transformer;

— harmonic contents current and voltage;

— overloading under ambient conditions;

— fast transient overload;

— clearances not in compliance with the minimum prescribed;

— installation conditions and connections;

— restricted conditions of cooling;

— water droplets;

— humidity levels that exceed the maximum permissible values;

— salt and dust pollution and extreme climatic conditions;

— high levels of vibration;

— mechanical stresses.

Therefore it is necessary to take into account in the design of the transformer the constraints
of this application, or to define some protective devices to protect the transformer. Additional

or improved routine, type or special tests for these transformers have to be specified to be in
compliance with the constraints on the network.
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POWER TRANSFORMERS -

Part 16: Transformers for wind turbine applications

1 Scope

This part of IEC 60076 applies to dry-type and liquid-immersed transformers for rated power
100 kVA up to 10 000 kVA for wind turbine applications having a winding with highest voltage
for equipment up to and including 36 kV and at least one winding operating at a voltage
greater than 1,1 kV.

Transformers covered by this standard comply with the relevant requirements prescribed in
the IEC 60076 standards.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

|IEC 60076-1:2011, Power transformers — Part 1: General

IEC 60076-2:2011, Power transformers — Part 2: Temperature rise for liquid-immersed
transformers

IEC 60076-3:2000, Power transformers — Part 3: Insulation levels, dielectric tests and external
clearances in air

IEC 60076-5:2008, Power transformers — Part 5: Ability to withstand short circuit

IEC 60076-7:2005, Power transformers — Part 7: Loading guide for oil-immersed power
transformers

IEC 60076-8:1997], Power transformers — Application guide

IEC 60076-11:2004, Power transformers — Part 11: Dry-type transformers

IEC 60076-12:2008, Power transformers — Part 12: Loading guide for dry-type power
transformers

IEC 60076-13:2008, Power transformers — Part 13: Self-protected liquid-filled transformers

EC 61100, Classification of insulating liquids according to fire-point and net calorific value
IEC 61378-1:2011, Converter transformers — Part 1: Transformers for industrial applications

IEC 61378-3:2006, Converter transformers — Part 3: Application guide

IEC 61400-1:2004, Wind turbines — Part 1: Design requirements
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SO 12944 (all parts), Paints and varnishes — Corrosion protection of steel structures by
protective paint systems

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

3.1

wind turbine transformer

generator step up transformer connecting the wind turbine to the power collection network of
the wind farm

3.2

tower

part of the supporting structure of wind turbine on top of which the nacelle with generator and
other equipments are located

3.3

nacelle

housing that contains the drive-train and other elements on top of a horizontal-axis wind
turbine tower

4 Service conditions

4.1 Normal service conditions

Unless otherwise stated in this standard, the service conditions in |JEC 60076-11 and
IEC 60076-1 apply.

4.2 Altitude

IEC 60076 series applies.

4.3 Temperature of cooling air

The installation of transformers inside an enclosure without active cooling systems increases
the transformer temperature.

The purchaser shall specify the maximum cooling air temperatures if they are different from
those stated in |EC 60076-4.

The transformer shall be designed according to real ambient temperatures and installation
real conditions as described by the purchaser at enquiry stage.

Clause A.1 provides considerations for transformers installed in a naturally ventilated area
like at the rear of the nacelle or in a separate enclosure installed outside the tower and
equipped with air inlet and outlet.

In case of transformer installed in the tower or in an enclosure where natural ventilation is not
provided the formula in A.1 is not applicable. For transformers operating under these
conditions, the effects of air inlet and outlet, cooling conditions, efficiency of air cooling and
ventilation shall be considered.

The purchaser shall prescribe the air ambient temperature and air flow inside the tower at the
enquiry stage. If no temperature or air flow is specified, an internal ambient temperature
inside the tower of 10 K higher than external temperature shall be assumed and not limited air
circulation around the transformers.
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The effect of external direct solar radiation is not taken into account at the design stage. This
can increase the temperature of transformers parts and therefore information should be given
by purchaser at enquiry time.

4.4 Content of harmonic currents in the transformer

At the enquiry stage the purchaser shall specify the magnitude and frequency of all harmonic
currents supplied to the transformer. The manufacturer shall take the losses caused by these
harmonic currents into account in the transformer design to prevent that the winding and
liquid temperature rises exceed the permissible limits.

A method to calculate the impact of the harmonic currents on the design of the transformer is
given in A.2.

The transformer shall be designed to take into account the increased rating required due to
the harmonic currents. The temperature rise test shall be carried out with the equivalent rated
power due to the harmonics defined in A.2. The result of the test shall be in compliance with
temperature limits guaranteed for the transformer and related to the transformer insulation
thermal class.

4.5 Wave-shape of supply voltage

Within the prescribed value of Uy, a transformer shall be capable of continuous service at full

load without damage under conditions of ‘overfluxing’ where the ratio of voltage over
frequency exceeds the corresponding ratio at rated voltage and rated frequency according to
IEC 60076-1.

The wind turbine manufacturer shall state at enquiry stage the maximum ratio between the
voltage and the frequency. The transformer manufacturer shall take into account this value in
the design of the transformer.

The purchaser shall specify in the inquiry the magnitude and frequency of any harmonic
voltages present in the supply. A method to calculate the impact of the voltage harmonics on
the design of the transformer is given in A.3.

4.6 Transient over and under voltages

The risk of failures of a wind turbine transformer is higher due to the fact of repeated transient
over and under voltages on each side on transformer.

Several solutions are available to increase the reliability of the transformer against these fast
transient interactions:

— to evaluate the insulation level of the transformer and if necessary apply one or more of
the following solutions. This can be done by modeling or measuring the system by high
frequency resonance analysis. The resonance frequency test is a special test. The test
method shall be agreed between manufacturer and purchaser. One method is described in
A.4;

— to install standard protection technique such as surge arresters (HV, LV), or RC circuit or
surge capacitor.

The choice of the lists 2 or 3 in Table 1 shall be the responsibility of the system engineer
based on specific insulation co-ordination (JEC 60071-1 and -2) and risk assessment.

The list 3 covers transformers with increased ability to withstand repeated transient over
voltages and increases the reliability of the transformer.
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Table 1 — Insulation levels

Highest voltage Rated short Rated lightning impulse
for equipment duration withstand voltage (peak
Uneme) kv | Soparated source | value)in kv
voltage (RMS) kV List 2 List 3

<11 3 - 20

3,6 10 40 50

7,2 20 60 75

12 28 75 95

17,5 38 95 125

24 50 125 150

36 70 170 200

High frequency steep surges can be generated by switching operation on LV or HV side.
These surges are transferred by cables to the terminals of the transformer. Transformers have
different values of resonance frequency. See A.4.

If the high frequency steep surges generated by switching operation on LV and HV side
coincide with the internal frequency of the winding, the result of these surges can resonate
with the winding internal frequencies and cause higher electric stresses than the dielectric
withstand strength of the windings

NOTE For Uy, = 1,1 kV a.c. withstand voltage should have higher value as 10 kV.
4.7 Humidity and salinity

An abnormal level of humidity and salinity can lead to failures of dry type transformers and
problems on open type bushings of liquid-immersed transformers or dry type transformers in
enclosures.

The standard pollution levels for open type bushing for liquid-immersed transformers are
defined in IEC 60815 series. There are also simulated rain tests defined in JEC 60137.

According to |EC 60076-11, the relative humidity in the test chamber shall be maintained
above 93 % for environmental class E2 transformers. Salinity shall be such as the
conductivity of the water in E2 test shall be in the range of 0,5 to1,5 S/m.

If a dry type transformer shall operate under more severe conditions than corresponding to
class E2 without a protective enclosure against humidity and salinity, the capability of the
transformer design shall be demonstrated by the test according to class E3 described in 7.4.5
in this standard.

EC 61400-1 states that relative humidity up to 95 % shall be taken into account as a normal
environmental condition.

Higher values of humidity and salinity shall be given at enquiry stage.

4.8 Special electrical and environmental conditions around the transformer

IEC 60076-3 recommends general minimum clearances between transformer live parts and
conductive parts of the wind turbine.
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Any part of the wind turbine made of insulation material becomes conductive when moistened
with rain water, salt water or other conductive liquids. Partial discharges in the surroundings
of the transformer can decrease the dielectric strength of the air.

Therefore the clearances between these wind turbine parts and the live parts of the
transformer shall not be less than the clearances recommended in IEC 60076-3.

The transformer manufacturer shall indicate the required minimum clearances on the outline
drawing of the transformer and it is the responsibility of the purchaser to follow up that these
requirements will be met.

4.9 Level of vibration

Vibrations of the structure where the transformer is to be installed shall be taken into account
when designing the transformer and special consideration shall be given in the stress
transferred to connection terminals.

The purchaser shall specify vibration spectrum at the enquiry stage. The procedure of
vibration test if any should be agreed at enquiry stage between purchaser and manufacturer.

4.10 Provision for unusual service conditions for transformers for wind turbine
applications

Provision for unusual service conditions are indicated in IEC 60076-1 for liquid-immersed

transformers and |[EC 60076-11| for dry type transformers.

4.11 Transportation and storage conditions

Transportation and storage conditions are indicated in IEC 60076-1 for liquid-immersed
transformers and |[EC 60076-11 for dry type transformers.

Storage conditions shall be included in maintenance and operation manuals and shall be
taken into account by the purchaser.

4.12 Corrosion protection

Depending on the kind of the installation, the purchaser should choose a protection class
defined in [SO 12944 or otherwise agreed between purchaser and manufacturer.

5 Electrical characteristics

5.1 Rated power

The rated power shall be in accordance with 5.1 of IEC 60076-1.

The rated power S, of the transformer is based on the fundamental frequency of the voltage
U, and of the current 7,. The rated power of a three phase transformer is therefore:

Sr:\/ngA]X[»]

The temperature rise and the cooling requirements of the transformer shall be determined
after allowance is made for any increased losses due to harmonics.

5.2 Highest voltage for equipment

The highest voltage for equipment shall be chosen in accordance with Clause 5 of
IEC 60076-3:2000.
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The wind turbine designer shall inform the transformer manufacturer of peak voltages,
frequencies and durations of any transient and repeated over voltages (see also Table 1 of
this standard).

Information about insulation coordination is described in |[EC 60071-1 and |[EC 60071-9.

5.3 Tappings

The requirements in Clause 5 of |JEC 60076-1:2011| apply.

The preferred tapping range if any is either:
e +5 % to -5 % in steps of 2,5 %,

or

e +5 % to -5 % in steps of 5 %.

Tapping selection shall be made by means of off-circuit bolted links or an off-circuit tap
changer.

5.4 Connection group

Unless otherwise specified by the purchaser, transformer connections shall be Dyn with clock
hour figure 5 or 11 in accordance with Clause 7 of |JEC 60076-1:2011|.

5.5 Dimensioning of neutral terminal

The neutral terminal shall be capable of carrying full phase rated current unless otherwise
specified by the purchaser.

5.6  Short circuit impedance

For general purpose the impedance voltage shall be in accordance with |[EC 60076-5.

For auxiliary windings when the combined impedance voltage of the tertiary winding and the
system result in short circuit current levels for which the transformer cannot feasibly or
economically be designed to withstand, the manufacturer and the purchaser shall mutually
agree on the maximum allowed over current. In this case, provision should be made by the
purchaser to limit the over current to the maximum value determined by the manufacturer and
stated on the rating plate.

5.7 Insulation levels for high voltage and low voltage windings

The selected insulation level for the high voltage and low voltage windings shall be in
accordance with Table 1 of this standard.

5.8 Temperature rise guaranteed at rated conditions

The design of the transformer shall be in accordance with the operating conditions (harmonic
contents, ambient temperature) stated by the purchaser at the enquiry stage.

The guaranteed temperature rise shall take into account the additional losses due to
harmonics if specified, which increase eddy losses and stray losses in the windings and
structural/frame parts.

If no harmonics are specified at the design stage but the actual real load current in service
contains harmonics, the load on the transformer may need to be reduced to prevent the
transformer temperature rises exceed the guaranteed limits.


http://dx.doi.org/10.3403/00632526U
http://dx.doi.org/10.3403/01013996U
http://dx.doi.org/10.3403/30167952
http://dx.doi.org/10.3403/30167952
http://dx.doi.org/10.3403/00003093U

BS EN 60076-16:2011
60076-16 © IEC:2011 -13 -

Examples of calculations of the impact of harmonic currents are given in A.2.

5.9 Overload capability

The loading guides for liquid-immersed transformers in |EC 60076-7 and for dry type
transformers in IEC 60076-12 shall apply.

5.10 Inrush current

Due to frequent energizing of the transformers during wind farm operation, transformers are
frequently exposed to mechanical and thermal effects of inrush currents.

Frequency of energisation (number of energisation per year) shall be given at enquiry stage.
Unless otherwise specified, switching is done on the HV (grid) side. The method of switching
and synchronization shall be described in case of generator side energisation.

System inrush current limitations (maximum value, duration) shall be given at enquiry stage
by the purchaser.

5.11 Ability to withstand short circuit

Transformers shall fulfill the requirements in JEC 60076-5. If the purchaser requires a test to
demonstrate this fulfillment, this test shall be stated in the contract.

5.12 Operation with forced cooling
When additional cooling by means of fans or pumps is provided, the nominal power rating with

and without forced cooling shall be subject to agreement between purchaser and
manufacturer.

The rating plate shall indicate both the power rating without forced cooling and the maximum
power rating with forced cooling.

NOTE In case of forced cooling, the back-to-back method to carry out the temperature rise test for the
transformer is preferred and is subject to agreement between manufacturer and purchaser at enquiry stage.
Temperatures measured by the back-to-back tests correspond more closely to those obtained in practice during
normal operation.

6 Rating plate

See IEC 60076-1 and |EC 60076-11.

7 Tests

71 List and classification of tests (routine, type and special tests)

See IEC 60076-1 and |[EC 60076-11.

7.2 Routine tests

Tests described in IEC 60076-1 for liquid-immersed transformers and |[EC 60076-11] for dry
type transformers apply.

NOTE Impulse test for all transformers type and partial discharge tests for liquid-immersed transformers can be
justified on each unit by agreement between purchaser and manufacturer at enquiry stage. See |JEC 60076-13 for
this kind of test cycle for partial discharge test on liquid-immersed transformers.
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7.3 Type tests

Tests described in IEC 60076-1 for liquid-immersed transformers and |[EC 60076-11] for dry
type transformers shall apply.

Partial discharge for liquid-immersed transformers less 72,5 kV are not defined in
IEC 60076-3 and consequently test condition of JEC 60076-13 shall apply.

NOTE Chopped wave test can be a part of type testing by agreement between purchaser and manufacturer at
enquiry stage.

7.4 Special tests
7.4.1 General

Special tests shall be defined at enquiry stage by the purchaser.

7.4.2 Chopped wave test

The extension of the lightning impulse test to include impulses chopped on the tail as a
special test is recommended after agreement at enquiry stage.

The peak value of the chopped impulse shall be 110 % of the specified full wave impulse
(BIL).

Clause 14 of IEC 60076-3:2000 shall apply.

7.4.3 Electrical resonance frequency test

The method is described in A.4.

7.4.4 Climatic tests

EC 60076-11| shall apply for dry type transformers.

7.4.5 Environmental test E3

The transformer shall be placed in a test chamber in which temperature and humidity are kept
under control.

The volume of the chamber shall be at least five times that of the rectangular box
circumscribing the transformer. The clearances from any part of the transformer to walls,
ceiling and spraying nozzles shall be not less than the smallest phase-to-phase clearance
between live parts of the transformer (see IEC 60076-3) and not less than 150 mm according
to 26.3.1 of [EC 60076-11:2004.

The temperature of the air in the test chamber shall be such as to ensure condensation on the
transformer.

The humidity in the chamber shall be maintained above 95 %. This may be achieved by
periodically or continuously atomizing a suitable amount of water.

The conductivity of the water shall be in the range of 3,6 S/m to 4 S/m.

The position of the mechanical atomizers shall be chosen in such a way that the transformer
is not directly sprayed.

The transformer shall be kept in air having a relative humidity above 95 % for not less than
6 h, without being energized.
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Within 5 min thereafter, the transformer shall be submitted to a test with induced voltage as
follows:

a) transformers with windings intended for connection to a system which are solidly earthed
or earthed through a low impedance shall be energised at a voltage of 1,1 times the rated
voltage for a period of 15 min;

b) transformers with windings intended for connection to systems which are isolated or
earthed through considerable impedance shall be submitted to a test with induced voltage
for 3 successive periods of 5 min. During the test, each high voltage terminal in turn shall
be connected to earth and a voltage of 1,1 times the rated voltage shall be applied
between the other terminals and earth. The three-phase test can be replaced by single-
phase tests with the two non-earthed phase terminals being interconnected.

Preferably the dielectric test should be performed in test chamber.

During the voltage application, no flash over shall occur, and visual inspection shall not show
any serious tracking.

If no information in respect of test condition a) or b) is available, test b) should be performed.

7.4.6 Fire behavior test
EC 60076-11| shall apply for dry type transformers.

Liquids for immersed transformers are described in [JEC 61100.
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Annex A
(informative)

Calculation method and tables

A.1  Cooling of transformer in a naturally ventilated room

A1.1 Assumptions

The room is cooled by naturally air circulation therefore:

Oaf is the heat dissipation by forced air circulation (kW)

OaF =0 (A.1)

Oc, Oy are losses dissipated respectively through ceiling and the walls (kW)

Oc =0w =0 (A.2)

In case of harmonics in load current special considerations shall be taken into account
according A.2 or the transformer shall to be derated.

The heat dissipation through ceiling and the walls is generally low. This quantity is depending
on the heat transfer coefficients of the materials of the walls and ceiling, the surface area of
ceiling and the walls and difference between indoor and outdoor temperatures.

See following Figure A.1:
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T

Ao \
e Oc
A
&
Heat losses = no load losses + 1,1 x load losses
z t 1 4
|
\ 4
Transformer
A4
e
6
IEC 2059/11
Key
Al Air inlet effective cross section (m2)
A2 Air outlet effective cross section (m2)
01 , 02 Air temperatures of inlet and outlet (°C)
H Difference in height between mid outlet surface and mid height of transformer (m)

Qc, Oy Losses dissipated respectively through ceiling and the walls (kW)

Figure A.1 — Heat dissipation in a natural ventilated room

A.1.2 Data for the calculation of ventilation

Transformer produces losses that are dissipated in the room. This subclause gives the
calculation of these losses.

NG, is the air temperature rise (K):
AG, =6, — 64 approximate value = 15 K (A.3)
NLL is the transformer no load losses (kW);
LL are the transformer nominal load losses at reference temperature (kW);
HL are the transformer heat losses in the room (kW);

Heat losses = No load losses + 1,1 x Load losses:
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HL = NLL +11 x LL (kW)
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(A.4)

NOTE Value 15 K indicated above is common empirical value from the experience of the manufacturers.

A.1.3 Output

Losses produces by the transformers should be dissipated outside the room. This annex

allows to give the surface of the air inlet.

A] is the air inlet effective cross section (m2);

A2 is the air outlet effective cross section (m2):
Ay | A1> 1,1 (minimum 10 % more )
Orot is the heat dissipation in the transformer’s room (kW):

Otot = Onac * Owe *+ OaF (kW)

Onac is the dissipation by natural air circulation (kW):

Onac = 04 x4y x o H A8 (KW)

NG, is the air temperature rise (K);
Owe is the heat dissipation through the walls and ceiling (kW):
0,. =0, +0. =0 (see assumption)

OAF is the heat dissipation by forced air circulation (kW);

Oar =0 (see assumption).

To assure a good ventilation of the room:

HL = Onac t Owe (kW)

The required air inlet section 4, is then given by:

Calculation of air outlet section 4, :

See formula (A.5).

A1.4 Numerical application for a1 000 kVA transformer

In this example, harmonics are not considered.

(A.5)

(A7)

(A.8)

(A.10)
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NLL= 2,3kW

LL

11 kW

The heat losses HL in the room are:

HL = NLL +11x LL 23+1,1x11 =14,4 kW

H-= 4,6 m
Finally it comes:

14,4

1155 m?
01x4 4,6x 153

A4

The effective cross section of the air inlet shall be at least of 1,155 m® to assure a correct
cooling of the transformer in its naturally ventilated room.

Calculation of air outlet section A, :

A, minimum = 1,1 x 1,155 = 1,271 (m2)

The effect of transformer installed in a natural ventilated room is increasing temperature rises
of the transformer by approximately half of air increased temperature between inlet and outlet

([EC 62271-202).

A.2 Determination of the power rating of a transformer loaded with non-
sinusoidal currents

A.2.1 Transformer load losses

The transformer losses are of two types:

— direct losses (Ohmic losses) = I’ xR (W); (A.10)

— additional losses U are equal to eddy losses + stray losses.

The stray losses and eddy losses definitions are as in |EC 60076-§ and IEC 61378-1. Two

frequencies method for separating stray losses and eddy losses by measurement is stated in
EC 61378-3.

A.2.2 Eddy losses (¢)

Losses due to electromagnetic flux in the winding.

¢, are eddy losses per unit for considered winding.

A.2.3 Load losses (L/)

Load losses ( Ll) for a considered winding at the reference temperature.

LI =RxI?x(1+¢) (W) (A.11)
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A.2.4 Stray losses ( s;)

Losses due to electromagnetic flux in clamps, cover, tank and other metallic parts.

A.2.5 Total load losses (77)

The transformer total load losses 7/ are given by:
Tl = Ryx I x(1+eq)+ Ry x I3 x (1+ep) +S; (W) (A.12)

A.2.6 Harmonics

The losses of a transformer loaded with non sinusoidal currents depend on the frequency of
each harmonic present in the current and its RMS value.

The total losses of the transformer at rated current change when the current contains
harmonic content instead of a simple sinusoidal shape.

A transformer designed without special care concerning harmonic content of its current must
be derated.

Harmonic components are represented by a periodic wave having a frequency that is an
integral multiple of the fundamental frequency.

Harmonics are designated by their harmonic number or multiple of the fundamental frequency.

Harmonic with a frequency of 250 Hz is called the 5" harmonic (5 times the fundamental
harmonic) with a fundamental frequency of 50 Hz for example.

Harmonics superimpose themselves on the fundamental wave form, distorting it and changing
its magnitude.

Harmonic currents are generated when a non linear load is connected to the secondary of the
transformer (examples: convertors, electronic equipment).

The problems caused by harmonic currents are: increased losses and overheating in the
transformer, eddy losses are of most and stray losses are of the less concern when harmonic
currents are present.

The eddy losses increase with the square of the frequency.

Due to these physical reasons (increased losses and overheating) the harmonic spectrum
must be known before designing or sent to the transformer manufacturer to determine the
ability to withstand such harmonics.

A.2.7 Eddy losses due to harmonic currents
A2.71 RMS current calculation: /ymg

The root mean square (RMS) of current /rmg supplying a non sinusoidal load is:

h=n
Irms = Iy’ (A) (A.13)
1{}; h

where
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h is the current harmonic order;

I, is the magnitude of the harmonic 2 (A).

A.2.7.2 Eddy losses calculation

The eddy current losses at a particular harmonic are given by:
B =R > xh? (W) (A.14)

where

P are the eddy losses at the fundamental frequency f with the RMS of rated current /
(W);

B, are the eddy losses at harmonic & (W);

h is the ratio of the magnitude of the current of harmonic of order # over the fundamental
current:

p = (A.15)
I4

The total eddy losses (A ) are given by the sum of the eddy losses for each individual
harmonics.

hzn 5 o
PEL:Pth17hXh (W) (A.16)

A.2.7.3 Stray losses

The stray losses at a particular harmonic % vary according to 6.2 of IEC 61378-1:2011 and
Annex A.

SLin =’ xh%®
where
h is the ratio of the magnitude of the current of harmonic of order / over the fundamental
current.
Example:

Harmonic 7 =5

Magnitude = 25,8 %
SL;s =0,258% x5%8 = 0,2412

A.2.8 Harmonic eddy loss factor: K factor

The K factor is the ratio between total eddy losses due to all harmonic currents referred to
eddy losses at fundamental current /4.

The eddy losses increase by K time its sinusoidal value when the transformer is loaded with
non sinusoidal currents.
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PeL
Ps

K factor = (A7)

A.2.9 Transformer total losses 7t/ s in service with non sinusoidal current

Ttls = no load losses ( NI/ ) + total load losses with non sinusoidal current ( Lls)
Ttl's = Nl + [(1;112 x Ry ><]12)><(k1 ><(1+e1))]+|_(]h22 X Ry ><122)><(k2 x (1+e2))J+ S, (A.18)

A.2.10 Top oil temperature rise with non sinusoidal currents T0; for liquid-immersed
transformers

See |[EC 60076-7 for top oil temperature rise calculation:

70, = TO ( Tils | Ttl)*® (A.19)

where
TO, is the top oil temperature rise with non sinusoidal currents;
TO, is the top oil temperature rise at rated current.

A.2.11 De-rating of the transformer

De-rating of the transformer shall be approximately as follows:

SrE = permissible loading for the transformer:

SrE= Sr x (Ttl1Ttl s)0-5 (A.20)
Sr is the nominal load of the transformer (kVA).

The derating factor of transformer is ( 7t/ / Ttl s)0-°.

A.2.12 Calculation examples of harmonic effects for liquid-immersed and dry type
transformers

A.2.12.1 Equivalent currents due to harmonic contents
This example is for design purpose and to demonstrate the influence of the transformer

design especially regarding the importance of quantity of the eddy losses. Eddy losses are
depending on the design of the windings (dimension, raw material, impedance).

The magnitude of the harmonic is given according to IEC 61378 series to enhancement
factors.

Two examples are given in the following Tables A.1 and A.2. Table A.1 is for a liquid-
immersed transformer and Table A.2 is for a dry type transformer.

In the first table: RMS current is increased by 3,82 % above fundamental current, resulting in
eddy losses increased by a K factor of 3,808 and stray losses by a factor of 1,308.

In the second table: RMS current is increased by 4,6 % above fundamental current, resulting
in eddy losses increased by a K factor of 5,96 and stray losses by a factor of 1,41.
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A.2.12.2 Example for a liquid-immersed transformer
A.212.21 Calculation of the permissible loading for the transformer
Table A.1 — Impact of harmonics content
on liquid-immersed transformer losses
Harmonic Magnitude /14 (In/14)? Eddy losses Stray losses
order (h) (%) enhancement enhancement enhancement

factor factor factor

1 100 1 1 1,000 1,000 0

5 25,8 0,258 0,066 56 1,664 0,241 2

7 8,3 0,083 0,006 89 0,338 0,032 7

11 5,2 0,052 0,002 70 0,327 0,018 4

13 3,3 0,033 0,001 09 0,184 0,008 5

17 1,5 0,015 0,000 23 0,065 0,002 2

19 1,4 0,014 0,000 20 0,071 0,002 1

23 0,9 0,009 0,000 08 0,043 0,001 0

25 0,8 0,008 0,000 06 0,040 0,000 8

29 0,7 0,007 0,000 05 0,041 0,000 7

31 0,6 0,006 0,000 04 0,035 0,000 6

> 1,077 9 3,808 1,308

RMS current 1,038 2
THD is the total
THD 27,91 % harmonic
distortion rate (%)

THD according to IEC60076-1:2011,3.13.2

1?2 =1077 9

K factor = LEL 3808

Ps

This calculation below is done with the coefficient calculated in Table A.1.

Rated power = 1 000 kVA

No load losses =1 100 W

Load losses at 75 °C = 10 456 W

Frequency = 50 Hz

Rated top oil temperature rise = 60 K
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Mean winding temperature rise = 65 K

Low voltage winding

Calculated losses at fundamental current

2R losses at 75 °C =4 000 W

Eddy losses (4 %) = 160 W

Total losses at 75 °C =4 000 + 160 =4 160 W
LV winding gradient = 18 K

Stray losses = 320 W

Calculated losses in service with non sinusoidal currents

2R losses = 4 000 x (1,038 2)2 =4 312 W

Eddy losses = 160 x 3,808 = 609 W

Total LV winding losses =4 312 + 609 =4 921 W

Calculated LV winding gradient = 18 x (4 921/4 160)0:5* 1.6 = 20,6 K
Total in service stray losses = 320 x 1,308 = 419 W

High voltage winding

Calculated losses at fundamental current

2R losses at 75 °C= 5 300 W

Eddy losses (12 %) = 636 W

Total losses at 75 °C = 5 300 + 636 = 5 936 W
HV winding gradient = 17 K

Stray losses = 40 W

Calculated losses in service with non sinusoidal currents

2R losses = 5 300 x (1,038 2)2 =5710 W
Eddy losses = 636 x 3,808 =2 421 W
Total HV winding losses =5 710 + 2421 =8 131 W

Calculated HV winding gradient = 17 x (8 131/5 936)0:5* 1.6 = 21 9 K
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Total in service stray losses =40 x 1,308 =52 W

Transformer total losses ( 7t/ ) at fundamental current

Ttl = no load losses ( NL/) + total load losses ( L/ )
Ttl =1100 + 4 000 + 160 + 320 + 5 300 + 636 + 40 = 11 556 W

Transformer Total losses Tt/ s in service with non sinusoidal current

Ttls=1100 +4 312 +609 + 419 + 5710 + 2421 + 52 = 14 623 W

pu increased top oil temperature rise with non sinusoidal currents

TOi | Tor = (14 623/11 556)0:8 = 1,21 (+21 %)

Derating of the transformer shall be approximately:

Permissible loading for the transformer = Rated power x (11 556/14 623)0.5
Permissible loading for the transformer = Rated power x 0,89
Derating of the transformer shall be approximately 11 %.

A.2.12.2.2 Conclusion

The 1 000 kVA transformer taken as an example is not appropriate for the service described
and

e transformer shall be designed with reduced winding temperatures and top oil temperature
rises,

or
e purchaser has to select a transformer with a higher rated power (e.g. 1 000/0,89 kVA),
or

« the transformer rated power is not adequate for such load profile and the user shall reduce
transformer loading by a factor of 0,89.

NOTE In the case where the (ohmic and eddy) losses are known in both LV and HV windings, then the specific
losses of the considered winding should be considered for an accuracy value of derating based on winding hot
spot.
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A.2.12.3 Example for a dry type transformer
A.2.12.31 Calculation of the permissible loading of the transformer
Table A.2 — Impact of harmonics content
on dry type transformers losses

Harmonic Magnitude W14 (In/14)? Eddy losses Stray losses
order (h) (%) enhancement enhancement enhancement

factor factor factor

1 100 1 1 1,000 1,000 0

5 26,2 0,262 0,068 64 1,716 0,248 8

7 11,0 0,110 0,012 10 0,593 0,057 4

11 8,1 0,081 0,006 56 0,794 0,044 7

13 5,8 0,058 0,003 36 0,569 0,026 2

17 4,2 0,042 0,001 76 0,510 0,017 0

19 2,6 0,026 0,000 68 0,244 0,007 1

23 1,9 0,019 0,000 36 0,191 0,004 4

25 1,6 0,016 0,000 26 0,160 0,003 4

29 1,2 0,012 0,000 14 0,121 0,002 1

31 0,8 0,008 0,000 06 0,062 0,001 0

3 1,093 9 5,960 1,412

RMS current 1,046
THD is the total
THD 30,65 % harmonic
distortion rate (%)

THD according to JEC 60076-1:2011, 3.13.2

Calculation of the equivalent current

K factor =

PeL _ 5,960
Ps

Rated power = 1 000 kVA

No load losses =2 300 W

Load losses at 120 °C =11 000 W

Frequency = 50 Hz

Mean winding temperature rise = 100 K
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Low voltage winding

Calculated losses at fundamental current

2R losses at 120 °C = 4 100 W

Eddy losses (2,9 %) = 120 W

Total losses at 120 °C =4 100+120 =4 220 W
LV winding gradient = 100 K

Stray losses = 320 W

Calculated losses in service with non sinusoidal currents

R losses = 4 100 x (1,046)2 = 4 485 W

Eddy losses = 120 x 5,959 = 715 W

Total LV winding losses =4 485 + 715 =5 200 W

Calculated LV winding gradient = 100 x ( 5200/ 4 220 )0.5* 1.6 = 118,1 K
Total in service stray losses = 320 x 1,412 = 452 W

High voltage winding

Calculated losses at fundamental current

2R losses at 120 °C= 6 000 W

Eddy losses (7,5 %) = 450 W

Total losses at 120 °C = 6 000 + 450 = 6 450 W
HV winding gradient = 100 K

Calculated losses in service with non sinusoidal currents

2R losses = 6 000 x (1,046)2 =6 563 W
Eddy losses = 450 x 5,959 = 2 682 W
Total HV winding losses = 6 563 + 2 682 = 9 245 W

Calculated HV winding gradient = 100 x (9 245/6 450)0.5* 1.6 = 133 4 K

Transformer total losses ( 7t/ ) at fundamental current

Ttl = no load losses ( NV//) + total load losses (L/)
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Tt =2 300 +4 100 + 123 + 320 + 6 000 + 450 = 13 293 W

Transformer total losses 7t/s in service with non sinusoidal currents

Ttls=2300 +4 485+ 715+ 452 + 6 563 + 2682 =17 197 W

Derating of transformer shall be approximately:

Permissible loading for the transformer = Rated power x (13 293 /17 197)0'5
Permissible loading for the transformer = Rated power x 0,88

Derating of transformer shall be approximately 12 %.

A.2.12.3.2 Conclusion

The 1 000 kVA transformer taken as example is not appropriate for the service described and
e transformer shall be designed with reduced winding temperatures,

or

e purchaser has to select a transformer with a higher rated power (eg 1 000/0,88 kVA),

or

e the transformer rated power is not adequate for such load profile and the user shall reduce
transformer loading by a factor of 0,88.

A.3 Effects of voltage harmonics

The effect of this voltage distortion leads to an increasing of:

— magnetic flux density;
— no load losses;

— no load current;

— noise level;

— magnetic core temperature;

Bh: Flux density corresponding to harmonic 4 (T)
Bn: Flux density at nominal voltage (T)
Vh: Voltage harmonic components (V)
V1: Rated voltage. (V)
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Table A.3 — Example of voltage harmonic order

Harmonic Magnitude Vh/V1 (VhIV1)? Bh/Bn (Bh/Bn)?
order (h) (%)

1 100 1 1 1 1

2 4 0,04 0,001 6 0,02 0,000 4

3 16 0,16 0,025 6 0,053 333 0,002 844 44

4 6 0,06 0,003 6 0,015 0,000 225

5 20 0,2 0,04 0,04 0,001 6

6 2 0,02 0,000 4 0,003 333 1,1111 x 105

7 11 0,11 0,012 1 0,015 714 0,000 246 94

8 2 0,02 0,000 4 0,002 5 0,000 006 25

9 5,8 0,058 0,003 36 0,006 444 4,1531 x 1070

10 4,2 0,042 0,001 76 0,004 2 0,000 017 64

11 2,6 0,026 0,000 68 0,002 364 5,5868 x 10—6

13 1,9 0,019 0,000 36 0,001 462 2,1361 x 1076

15 1,6 0,016 0,000 26 0,001 067 1,1378 x 10~6

29 1,2 0,012 0,000 14 0,000 414 1,7122 x 10~/

31 0,8 0,008 0,000 06 0,000 258 6,6597 x 10~8
z 1,090 3 1,005 402 014

RMS voltage 1,044
THD (voltage) 30,05 %
RMS flux density 1,003
THD (flux density) 7,35 %

THD according to IEC60076-1:2011, 3.13.2.
RMS voltage is the square root of the sum of (Vh/V1)2
RMS flux density is the square root of the sum of (Bh/Bn)>.

The consequences of this high voltage distortion (THD <5 % is considered being practically
sinusoidal) are not high as flux density is much less distorted than voltage.

Magnetic flux density is time integral of voltage and thus each harmonic flux density
component is inversely relative to the harmonic order. The increase in RMS flux value is close
to zero, therefore no correction is needed for the measured no load losses in regard to
voltage harmonics.

The following parameters are also related to the design of the transformer under non
sinusoidal voltage:

e no load current (especially under presence of DC component);

e noise level, (especially under presence of DC and second harmonics);

e magnetic core temperature (especially under presence of DC and second harmonics).
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NOTE The harmonic frequency flux density components increase only eddy current part no load losses. With
grain oriented core materials this part is approximately 50 % of total no load losses. The second part, hysteresis
losses part, also approximately 50 % is influenced only by an increase in hysteresis loop area and peak flux
density reached, which both in practical cases are not influenced.

A.4 Electrical resonance frequency measurement

A.4.1 Method of measurement

In order to determine the resonance natural frequency of a winding of a transformer, in a
frequency range between 50 Hz and some 100 kHz, the measurement using the principle by
capacitor current injection will be used. This method is also described in Annex F of
IEC 62271-100:2008. During the measurement the other windings shall be short circuited.

The general diagram of current injection device, given by JEC 62271-10Q is given in
Figure A.2 below.

Jr

Sh | | I_ ________________ |
hy N hy A |
¥ =g ) | i
| | | |
‘—5'—' | |
07 D ! |
| |
Oy ! —_— i
| i
| |
| |
| |
' |
A .
7 e 1
7/
AL__ IEC 2060/11
Key
Ry Charging resistor
S Switching relais
C, Source capacitance
Sh Current measuring shunt
(OF Cathode-ray oscillograph, trace 1 recording magnitude and linearity of the current and checking the diode
operation
Oy Cathode-ray oscillograph, trace 2 recording the response of the circuit
Parallel connection of up to 100 fast silicon switching diodes
P Circuit the prospective TRV of which is to be measured
CuU Control unit to provide the sequence of operation

Figure A.2 — Schematic diagram of power
frequency current injection apparatus

NOTE Other method like frequency sweep with respective continuous impedance measurements can be used.
During the measurement other windings of transformer shall be short circuited.

A.4.2 Measurement of the resonance frequency of a transformer winding

The principle consists in discharging a capacitor in the winding of the transformer and to
analyse the visual winding voltage response.

The capacitance discharge is followed by a dumped oscillation, as no energy is feeded.

The frequency of this oscillation is the frequency of resonance of the transformer.
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he following Figure A.3 shows the waveforms of current i and voltage u after the time where
the current passes through 0 after switching the switching relay S.

The transient recovery voltage (TRV) is starting and the dumped oscillation is illustrated.

The first half cycle Te/2 of the TRV gives the frequency of resonance of the switched winding
of the transformer.

Current i
[
|
|
Voltage u :
|
|
! Udiode
|
|
|
|
|
|
! o
' tr
f 2 1o
IEC 2061/11
Key
0 Time where current passes trough zero (beginning of the TRV oscillation)
14 Instant of switching of relays S
to Tripping of the cathode-ray oscillograph
i3 Duration of current through diode D
u Voltage curve across the terminals of the circuit P

i Waveform of the injected current
Udiode Maximum voltage stressing of the diodes
Tgl2 Duration of half-cycle of TRV

Figure A.3 — Switched transformer winding voltage
responses with capacitor injection

A.4.3 Practical aspects of the injection measurement method
A.4.3.1 Injection test figures

This measurement is carried out in single phase supply for three phase transformers.
Below is described a scheme to measure phase A.

In case of injection between A and B (then B and C connected together) with LV phases (a, b,
c¢) short circuited and LV neutral not connected, the following way of injection given in Figure
A.4 will be used:
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n
A
> O—
Injection —20
B
— b
c c

e IEC 2062/11
Key
A,B,C  High voltage terminals
a,b,c Low voltage terminals

n Is neutral terminal

Figure A.4 — HV Injection test figure

With the 3 LV phases short circuited, 3 different ways of HV injection should be considered:

e HV phases B and C connected together and LV neutral connected to the ground of
transformer. This case shall be used when the LV neutral is earthed during operation and
gives the value of phase A.

e HV phases B and C connected together and connected to ground and LV neutral
connected to the ground of transformer. This case is valid to see the difference in case of
high voltage system ground fault and gives the value of phase A.

e HV phases B and C connected together and LV neutral not connected. This case shall be
used when the LV neutral is not earthed during operation. Figure A.4 shows this kind of
measurement configuration and gives the value of phase A.

For measurement of the other phases, rotation of the same sequences should be applied.

A.4.3.2 Example of measurement system
Figure A.5 is showing a practical measurement system with devices such as:

— battery supply, capacitors, driving diode, winding of transformer to be measured at the
bushings;

— S1 and S2, current and voltage measuring and waveform visualisation devices;
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Figure A.5 — Example of measurement device

The recommendations are as follows:

— contact C with no bounces required;

X o

On W] Off
Shunt

S2

— some diodes with reduced recovery time may be used and mounted in parallel;

_ ! External circuit
to be measured

IEC 2063/11

— supply of the voltage visualisation device (oscilloscope) by battery or with an insulation

transformer.
A.5 Table of symbols
Symbol Meaning Units

91 Air inlet temperature °C
92 Air outlet temperature °C
Aga Air temperature rise between outlet and inlet K
v Additional losses W

| Air inlet effective cross section m?2

5 Air outlet effective cross section m?2
AF Air forced cooling -
Bh Flux density corresponding to harmonic 4
Bn Flux density at nominal voltage
E2, E3 Environmental classes -
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Symbol Meaning Units
e Eddy losses per unit for considered winding -
ya Frequency Hz
h Current harmonic order -
H Difference in height between mid outlet surface and mid height of the m
transformer
HL Heat losses of transformer kw
HV High voltage kV
1 Load current circulating in the considered winding (see A.2) A
/rms RMS current A
14 Fundamental current A
Th Magnitude of the harmonic 4 current A
I Rated current A
K factor Ratio between total eddy losses due to all harmonic currents referred to )
eddy losses at fundamental current
LL Transformer nominal load losses at reference temperature kW
Ll Load losses for a considered winding at reference temperature
Lls Transformer total load losses with non sinusoidal current
LV Low voltage V
NLL Transformer no-load losses kW
P Total eddy losses for each individual harmonics W
P Eddy losses at fundamental frequency with rated current
Ph Eddy losses at harmonic &
OAF Heat dissipation by forced air circulation kW
QC, QW Losses dissipated respectively through ceiling and the walls kW
Qnac Dissipation power by natural air circulation kW
Qtot Heat dissipation power in the transformer’s room kW
ch Heat dissipation through the walls and ceiling kW
R,R,R, Winding resistance 0
rh Ratio of magnitude of current harmonic % over fundamental current -
S; Stray losses W
SL. Stray losses for harmonic of order /4 referred to stray losses at fundamental )
ih current I
Sr Nominal load of the transformer kVA
SrE Permissible loading for the transformer kVA
Total harmonic distortion rate
THD %
TI Transformer total load losses W
TOI Top oil temperature rise with non sinusoidal currents
Tor Top oil temperature rise with rated current
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Symbol Meaning Units

Transformer total losses at fundamental current

Ttl W
Transformer total losses in service with non sinusoidal current

Ttls W

Um Highest voltage for equipment kV

VA1 Rated voltage kV

Vh Voltage harmonic at order n expressed per unit \%




BS EN 60076-16:2011
- 36 - 60076-16 © IEC:2011

Bibliography

IEC 60071-1:2008, /nsulation co-ordination — Part 1: Definitions, principles and rules

IEC 60071-2:1996, Insulation co-ordination — Part 2: Application guide

IEC 60137:2008, Insulated bushings for alternating voltages above 1 000 V

IEC 60270:2000, High-voltage test techniques — Partial discharge measurements

IEC 60815 (all parts), Selection and dimensioning of high-voltage insulators intended for use
in polluted conditions

IEC 62271-100:2008, High-voltage switchgear and controlgear — Part 100: Alternating-current
circuit-breakers

IEC 62271-202:2008, High-voltage switchgear and controlgear — Part 202: High voltage/low
voltage prefabricated substation



http://dx.doi.org/10.3403/30091630
http://dx.doi.org/10.3403/01013996
http://dx.doi.org/10.3403/30111591
http://dx.doi.org/10.3403/02304418
http://dx.doi.org/10.3403/30093775
http://dx.doi.org/10.3403/30087933

This page deliberately left blank



NO COPYING WITHOUT BSI PERMISSION EXCEPT AS PERMITTED BY COPYRIGHT LAW

British Standards Institution (BSI)

BSI is the national body responsible for preparing British Standards and other
standards-related publications, information and services.

BSI is incorporated by Royal Charter. British Standards and other standardization
products are published by BSI Standards Limited.

About us

We bring together business, industry, government, consumers, innovators
and others to shape their combined experience and expertise into standards
-based solutions.

The knowledge embodied in our standards has been carefully assembled in
a dependable format and refined through our open consultation process.
Organizations of all sizes and across all sectors choose standards to help
them achieve their goals.

Information on standards

We can provide you with the knowledge that your organization needs
to succeed. Find out more about British Standards by visiting our website at
bsiaroun.com/standards or contacting our Customer Services team or

Knowledge Centre.

Buying standards

You can buy and download PDF versions of BSI publications, including British
and adopted European and international standards, through our website at
bsiaroun.com/shop, where hard copies can also be purchased.

If you need international and foreign standards from other Standards Development
Organizations, hard copies can be ordered from our Customer Services team.

Subscriptions

Our range of subscription services are designed to make using standards
easier for you. For further information on our subscription products go to
bsiaroun.com/subscrintions.

With British Standards Online (BSOL) you'll have instant access to over 55,000
British and adopted European and international standards from your desktop.

It's available 24/7 and is refreshed daily so you'll always be up to date.

You can keep in touch with standards developments and receive substantial
discounts on the purchase price of standards, both in single copy and subscription
format, by becoming a BSI Subscribing Member.

PLUS is an updating service exclusive to BSI Subscribing Members. You will
automatically receive the latest hard copy of your standards when they're

revised or replaced.

To find out more about becoming a BSI Subscribing Member and the benefits

of membership, please visit bsiaroun.com/shop.

With a Multi-User Network Licence (MUNL) you are able to host standards
publications on your intranet. Licences can cover as few or as many users as you
wish. With updates supplied as soon as they're available, you can be sure your
documentation is current. For further information, email bsmusales@bsigroup.com.

BSI Group Headquarters
389 Chiswick High Road London W4 4AL UK

bsi.

Revisions
Our British Standards and other publications are updated by amendment or revision.
We continually improve the quality of our products and services to benefit your

business. If you find an inaccuracy or ambiguity within a British Standard or other
BSI publication please inform the Knowledge Centre.

Copyright

All the data, software and documentation set out in all British Standards and
other BSI publications are the property of and copyrighted by BSI, or some person
or entity that owns copyright in the information used (such as the international
standardization bodies) and has formally licensed such information to BSI for
commercial publication and use. Except as permitted under the Copyright, Designs
and Patents Act 1988 no extract may be reproduced, stored in a retrieval system
or transmitted in any form or by any means — electronic, photocopying, recording
or otherwise — without prior written permission from BSI. Details and advice can
be obtained from the Copyright & Licensing Department.

Useful Contacts:

Customer Services

Tel: +44 845 086 9001

Email (orders): orders@bsigroup.com
Email (enquiries): cservices@bsigroup.com

Subscriptions
Tel: +44 845 086 9001
Email: subscriptions@bsigroup.com

Knowledge Centre
Tel: +44 20 8996 7004
Email: knowledgecentre@bsigroup.com

Copyright & Licensing
Tel: +44 20 8996 7070
Email: copyright@bsigroup.com

..making excellence a habit’


www.bsigroup.com/standards
www.bsigroup.com/shop
www.bsigroup.com/shop
www.bsigroup.com/subscriptions

	30252436-VOR.pdf
	English

	CONTENTS
	FOREWORD
	INTRODUCTION
	1 Scope
	2 Normative references
	3 Terms and definitions
	4 Service conditions
	4.1 Normal service conditions
	4.2 Altitude
	4.3 Temperature of cooling air
	4.4 Content of harmonic currents in the transformer
	4.5 Wave-shape of supply voltage
	4.6 Transient over and under voltages 
	4.7 Humidity and salinity
	4.8 Special electrical and environmental conditions around the transformer
	4.9 Level of vibration
	4.10 Provision for unusual service conditions for transformers for wind turbine applications
	4.11 Transportation and storage conditions
	4.12 Corrosion protection

	5 Electrical characteristics
	5.1 Rated power
	5.2 Highest voltage for equipment
	5.3 Tappings
	5.4 Connection group
	5.5 Dimensioning of neutral terminal 
	5.6 Short circuit impedance 
	5.7 Insulation levels for high voltage and low voltage windings
	5.8 Temperature rise guaranteed at rated conditions
	5.9 Overload capability 
	5.10 Inrush current
	5.11 Ability to withstand short circuit
	5.12 Operation with forced cooling

	6 Rating plate
	7 Tests
	7.1 List and classification of tests (routine, type and special tests) 
	7.2 Routine tests 
	7.3 Type tests
	7.4 Special tests

	Annex A (informative)
Calculation method and tables
	Bibliography
	Figures

	Figure A.1 – Heat dissipation in a natural ventilated room
	Figure A.2 – Schematic diagram of power frequency current injection apparatus 
	Figure A.3 – Switched transformer winding voltage responses with capacitor injection
	Figure A.4 – HV Injection test figure 
	Figure A.5 – Example of measurement device

	Tables

	Table 1 – Insulation levels 
	Table A.1 – Impact of harmonics content on liquid-immersed transformer losses
	Table A.2 – Impact of harmonics content on dry type transformers losses
	Table A.3 – Example of voltage harmonic order


	Français

	SOMMAIRE
	AVANT-PROPOS
	INTRODUCTION

	1 Domaine d'application
	2 Références normatives
	3 Termes et définitions
	4 Conditions de service
	4.1 Conditions normales de service
	4.2 Altitude
	4.3 Température de l’air de refroidissement
	4.4 Contenu des courants harmoniques dans le transformateur
	4.5 Forme d’onde de la tension d’alimentation
	4.6 Surtensions et sous-tensions transitoires
	4.7 Humidité et salinité
	4.8 Conditions électriques et environnementales particulières autour du transformateur
	4.9 Niveau de vibration
	4.10 Dispositions pour conditions de service exceptionnelles pour les transformateurs destinés à des applications éoliennes
	4.11 Conditions de transport et de stockage
	4.12 Protection contre la corrosion

	5 Caractéristiques électriques 
	5.1 Puissance assignée
	5.2 Tension la plus élevée pour le matériel
	5.3 Prises
	5.4 Groupe de connexions
	5.5 Dimensionnement de la borne neutre 
	5.6 Impédance de court-circuit 
	5.7 Niveaux d’isolement pour les enroulements haute tension et basse tension
	5.8 Echauffement garanti aux conditions assignées
	5.9 Capacité de surcharge
	5.10 Courant d’enclenchement
	5.11 Tenue au court-circuit
	5.12 Fonctionnement avec refroidissement forcé

	6 Plaque signalétique
	7 Essais
	7.1 Liste et classification des essais (essais individuels de série, de type et spéciaux)
	7.2 Essais individuels de série
	7.3 Essais de type
	7.4 Essais spéciaux

	Annexe A (informative)
Méthode et tableaux de calcul
	Bibliographie
	Figures

	Figure A.1 – Dissipation thermique dans une pièce à ventilation naturelle
	Figure A.2 – Schéma de l’appareil d’injection de courant à fréquence industrielle
	Figure A.3 – Réponses en tension de l’enroulement sous tension du transformateur avec injection par condensateur
	Figure A.4 – Figure d’essai d’injection HT
	Figure A.5 – Exemple de dispositif de mesure

	Tableaux

	Tableau 1 – Niveaux d’isolement
	Tableau A.1 – Impact du contenu harmonique sur les pertes d'un transformateur immergé
	Tableau A.2 – Impact du contenu harmonique sur les pertes d'un transformateur de type sec
	Tableau A.3 – Exemple de rang d’harmonique de tension




