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INTERNATIONAL ELECTROTECHNICAL COMMISSION

POWER TRANSFORMERS -

Part 16: Transformers for wind turbine applications

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The objéct\ of, to promote
international co-operation on all questions concerning standardization in the el i
this end and in addition to other activities, IEC publishes International Sta ar A ications,
Technical Reports, Publicly Available Specifications (PAS) and Guide as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; E i it{tee interested
in the subject dealt with may participate in this preparatory work. 3

agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical mat
consensus of opinion on the relevant subjects since eac
interested IEC National Committees.

Publications is accurate, IEC cannot be held respo
misinterpretation by any end user.

tittees undertake to apply IEC Publications
and regional publications. Any divergence

transparently to the maxim 2
regional publication shall be clearly indicated in

between any IEC Publicatiod

the latter.

5) IEC itself does not pro id 3 i mity. Independent certification bodies provide conformity
assessment services and, to IEC marks of conformity. IEC is not responsible for any
services carried i d

6) All users should edition of this publication

7) No liability shall attac employees, servants or agents including individual experts and
members of its te and |[EC National Committees for any personal injury, property damage or
other damage.of any wat , whether direct or indirect, or for costs (including legal fees) and
expenses arfsingnoit o publication, use of, or reliance upon, this IEC Publication or any other IEC

9) Attention is d
patent rights. IE

International Standard IEC 60076-16 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
14/690/FDIS 14/698/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.
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A list of all parts of the IEC 60076 series can be found, under the general title Power
transformers, on the IEC website.

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,

e withdrawn,

* replaced by a revised edition, or
*+ amended.

IMPORTANT - The 'colour inside’' logo on the cover page of thi
that it contains colours which are considered to be
understanding of its contents. Users should therefore p
colour printer.

O
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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 manufa rs, wind turbine
manufacturers and operators and as a result the level of reliability of t 1sformers can
be lower than those used for conventional applications.

list of

transformers for

— clearances notN\n 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 opg g at a voltage
greater than 1,1 kV.

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

2 Normative references

The following referenced documents are indispensabl 3 ton of this document.
For dated references, only the edition cited appljes, nces, the latest edition

IEC 60076-1:2011, Power transformers -

IEC 60076-2:2011, Power  transformeys
transformers

IEC 60076-3:2000, Po
clearances in air

transformer
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 60076-13:2006, Power transformers — Part 13: Self-protected liquid-filled transformers
IEC 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 61400-1:2005, Wind turbines — Part 1: Design requirements
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ISO 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
other equipments are located

3.3

nacelle

housing that contains the drive-train and other ele
turbine tower

1 horizontal-axis wind

4 Service conditions

4.1 Normal service conditions

Unless otherwise stated thi rvice conditions in |IEC 60076-11 and

IEC 60076-1 apply.

4.2 Altitude

IEC 60076 serie@ i

The installation ofktra inside an enclosure without active cooling systems increases

The purcha peeify the maximum cooling air temperatures if they are different from
those stated in )76-2.

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 nojipi j

circulation around the transformers. Oﬁa&eﬁments
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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 increase
the harmonic currents. The temperature rise test shall be carried o
power due to the harmonics defined in A.2. The result of the te

thermal class.

4.5 Wave-shape of supply voltage

frequency exceeds the corresponding

IEC 60076-1.
wrer shall s ate
Pre Qrrer ma

The wind turbine manufac
voltage and the frequenc
the design of the trans

stage the maximum ratio between the
urer shall take into account this value in

The purchaser
voltages presen
the design of the tra

over and undenvoltages on each side on transformer.

Several solutions_are
transient interactio

available to increase the reliability of the transformer against these fast

— 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 (IEC 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
Un(rme)ky | Separatedsource | 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 /‘{\

r HV side.
These surges are transferred by cables to the terminals of
different values of resonance frequency. See A.4.

withstand strength of the windings

NOTE For Unp =

1,1 kV a.c. withstand voltage (shou

4.7

I;\i have“ighe

Accordlng to IEC .o\. 11 ¢ relative humidity in the test chamber shall be maintained
above 93 %_ for xen ronmen al class E2 transformers. Salinity shall be such as the

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.

IEC 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

4.11 Transportation and storage canditions

Storage conditions a
taken into acco

5 Electri actefistics

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 I,. The rated power of a three phase transformer is therefore:

Sr:\/§XU1X[1

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. ocuments
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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 IEC 60071-1 and IEC 60071-2.

5.3 Tappings
The requirements in Clause 5 of IEC 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 %.

changer.

5.4 Connection group

Unless otherwise specified by the purchaser, tr
hour figure 5 or 11 in accordance wit

5.5 Dimensioning of neutral termi

5.6 Short circuit i

For general pur

system result in ¢ i efit levels for which the transformer cannot feasibly or
economicall i vithstand, the manufacturer and the purchaser shall mutually

agree on the allowed over current. In this case, provision should be made by the
purchas it the ovencurrent to the maximum value determined by the manufacturer and
stated on

5.7 Insulation leveéls 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. Documents
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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 IEC 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 giv
Unless otherwise specified, switching is done on the HV (grid) side. The

n at\enquiry stage.
method\of switching

System inrush current limitations (maximum value, duration)
by the purchaser.

5.11 Ability to withstand short circuit

5.12 Operation with forced cooling

When additional cooling by means of fans or purp

and without forced cooling shall %ct to

greement between purchaser and

manufacturer.

Temperatures meas 5 to-back tests correspond more closely to those obtained in practice during
normal operation.

See IEC 600 E°60076-11.

7 Tests

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

See IEC 60076-1 and IEC 60076-11.

7.2 Routine tests

Tests described in IEC 60076-1 for liquid-immersed transformers and IEC 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 IEC 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 IEC 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 IEC 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
7.41 General

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

7.4.2 Chopped wave test

The peak value of the chopped impulse shall be
(BIL).

Clause 14 of IEC 60076-3:2000 shall app

7.4.3 Electrical resonance freque

The method is described i

7.4.4 Climatic tests

IEC 60076-11 S@p

7.4.5 Environnie

circumscribing~he transformer. The clearances from any part of the transformer to walls,
ceiling and spraying fozzles 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 IEC 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 ngtless than
6 h, without being energized. ocuments
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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 visu
any serious tracking.

If no information in respect of test condition a) or b) is available

7.4.6 Fire behavior test

IEC 60076-11 shall apply for dry type transformer
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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)

OpF =0 (A1)
Oc, Oy are losses dissipated respectively through ceiling and
Oc =0w 30 (A.2)

all be taken into account

ategials of the“walls and ceiling, the surface area of
d outdoor temperatures.

The heat dissipation through ceiling and thls i rally low. This quantity is depending

ceiling and the walls and differe een iINdooRg

See following Figy\(e Al

nce betv
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T

Ao \
e Oc
A
&
Heat losses = no load losses + 1,1 x load losses
’ t ot 4
|
Y
Transformer
A
6 \> IEC 2059/11
Key
Al Air inlet effective cross section (m2)
A, 5
01
H
Qc, Ow
A.1.2

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) (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 | A4> 1,1 (minimum 10 % more ) (A.5)
Orot is the heat dissipation in the transformer’s room (k
(A.6)
Qnac
(A.7)
JAY-A is the air tempers
Owe is the heat dis
(A.8)
OaF
OnaF = /(s
To assure a good_ventilation of the room:
HL = Ohac t Owe (kW) (A.9)
The required air inlet section 4, is then given by:
HL 2
Ay = ———— (M%) (A.10)
01y H 864
Calculation of air outlet section A, :
See formula (A.5).
A.1.4 Numerical application for a1 000 kVA transformer
In this example, harmonics are not considered. Documents
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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 =144 kW

H= 46 m

Finally it comes:

14,4

44
01xy 46x 153

The effective cross section of the air inlet shall be at leag
cooling of the transformer in its naturally ventilated roo

assure a correct

Calculation of air outlet section A, :

poom is increasing temperature rises
temperature between inlet and outlet

The effect of transformer installed in a\natgrakventilate
of the transformer by approxXigmatety-half of ajr increased
(IEC 62271-202).

A.2 Determi io
sinusoi

A.21

g of a transformer loaded with non-

Transfa

(A.10)

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

The stray losses and eddy losses definitions are as in IEC 60076-8 and IEC 61378-1. Two
frequencies method for separating stray losses and eddy losses by measurement is stated in
IEC 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 ( L/) for a considered winding at the reference temperature.

Ll =RxI%x(1+¢) (W) Docguments
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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 = RyxI? 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 equency of
each harmonic present in the current and its RMS value.

The total losses of the transformer at rated current change entcontains

harmonic content instead of a simple sinusoidal shape.

A transformer designed without special care concerni
be derated.

Harmonic with a frequen i * harmonic (5 times the fundamental
harmonic) with a fundamen ; xample.

Harmonics superimpo S wndamental wave form, distorting it and changing
its magnitude. @

8 a non linear load is connected to the secondary of the
transformer (exafmples: , ctronic equipment).

The problems caused b (monic currents are: increased losses and overheating in the

The eddy losses insrgase 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:

rms —1 Zlh (A'13)
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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:
By =B xh? (W) (A.14)

where
P, are the eddy losses at the fundamental frequency f with the RMB
(W);

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

ated current /;

h is the ratio of the magnitude of the current of harmonic oforde efuhdamental
current:
p = (A.15)
14
The total eddy losses (A ) are given by th of h@ddy osses for each individual
harmonics.

L

(A.16)

A.2.7.3 Stray losse

The stray losses a
Annex A.

SLip = m? xh%®

I is hre_ragnitude of the current of harmonic of order i over the fundamental
current:

Example:
Harmonic h =5

Magnitude = 25,8 %
SL;s =0,258% x5%8 = 0,241 2

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 lgaded with

non sinusoidal currents. ocuments
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