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he International Electrotechnical Commission (IEC) is a worldwide organization for standardizationceomprjsing
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this end and in addition to other activities, IEC publishes International Standards, Technical “Specificatjons,

echnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as
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velopment process, approved by the American National Standards Institutes which brings together volun
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International Standard IEC/IEEE 60076-16 has been prepared by IEC technical committee 14:
Power transformers, in cooperation with Performance Characteristics Subcommittee of the
IEEE Power and Energy Society 1, under the IEC/IEEE Dual Logo Agreement between IEC

and

IEEE.

This second edition of IEC/IEEE 60076-16 cancels and replaces IEC 60076-16:2011, and
constitutes a technical revision.

The

main changes with respect to the previous edition are as follows:
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2) thermal correction of the effective cooling medium has been introduced;

generator is introduced;
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3) festing regime has been strengthened to ensure transformers are suitable,for ‘the harsh
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under "http://webstore.iec.ch” in the data related to the specific publication. At this date,
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electrical environment to which they are subjected.

publication is published as an IEC/IEEE Dual Logo standard.

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

FDIS Report on vating
14/959/FDIS 14/965/RVD

hg indicated in the above table.

rnational Standards are drafted in accofdance with the rules given in the 1SOJ
ctives, Part 2.

st of all parts in the IEC/IEEE 60076 series, published under the general title Pg
sformers, can be found on the IEC 'website.

IEC Technical Committeecand IEEE Technical Committee have decided that the cont
nis publication will remaincunchanged until the stability date indicated on the IEC web

ication will be

reconfirmed,

vithdrawn,

replaced-by a revised edition, or
amended.

lingual version of this publication may be issued at a later date.

information on the voting for the approval of this.standard can be found in the reporf on

IEC
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ents
site
the

1 A list of IEEE participants can be found at the following URL: https://standards.ieee.org/project/60076-16.html
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step-up applications having a winding with highest voltage for equipment up to and indludling
72,% kV. This document applies to the transformer used to connect the wind turbine generptor
to the wind farm power collection system or adjacent distribution network and,not|the
transformer used to connect several wind turbines to a distribution or transmissign_hetwork.

Transformers covered by this document comply with the relevant requirements prescribef in
the |[EC 60076 standards or IEEE C57 standards.

2 |Normative references

Thel| following documents are referred to in the text in such/a way that some or all of their
conient constitutes requirements of this document. For‘dated references, only the edition
citefl applies. For undated references, the latest edition of‘the referenced document (includiing
anylamendments) applies.

2.1 IEC references

IEC|60076-1, Power transformers — Part 1:G€neral
IEC|60076-2, Power transformers — Part 2: Temperature rise for liquid-immersed transfornlers

IEC|60076-3, Power transformers-— Part 3: Insulation levels, dielectric tests and exteynal
cledrances in air

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

IEC|60076-7, Power, transformers — Part 7: Loading guide for mineral-oil-immersed pdwer
transformers

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

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

IEC 60076-14, Power transformers — Part 14: Liquid-immersed power transformers using
high-temperature insulating materials

IEC 61378-1, Converter transformers — Part 1: Transformers for industrial applications

2.2 IEEE references

IEEE Std C57.12.00™, |EEE Standard for General Requirements for Liquid-Immersed
Distribution, Power, and Regulating Transformers

IEEE Std C57.12.01™, |EEE Standard for General Requirements for Dry-Type Distribution
and Power Transformers
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IEEE Std C57.12.80™, IEEE Standard Terminology for Power and Distribution Transformers

IEEE Std C57.91™, |[EEE Guide for Loading Mineral-Oil-Immersed Transformers and Step-
Voltage Regulators

IEEE Std C57.96™, IEEE Guide for Loading Dry-Type Distribution and Power Transformers

IEEE Std C57.110™, |EEE Recommended Practice for Establishing Liquid-Filled and Dry-
Type Power and Distribution Transformer Capability When Supplying Nonsinusoidal Load
Currents

IEEE Std C57.154™  |EEE Standard for the Design, Testing, and Application of.Liquid-
Immersed Distribution, Power, and Regulating Transformers Using High-Temperafure
Insylation Systems and Operating at Elevated Temperatures

AN$I C84.1, Electric Power Systems and Equipment — Voltage Ratings (60-Hz)

2.3 ISO references

ISO[12944 (all parts), Paints and varnishes — Corrosion protection of steel structure§ by
profective paint systems

ISO| 12944-4, Paints and varnishes — Corrosion protection ‘of steel structures by protedtive
paint systems — Part 4: Types of surface and surface preparation

2.4| CENELEC references

EN H0588-1:2015, Medium power transformers\50 Hz, with highest voltage for equipment| not
exceeding 36 kV — Part 1: General requirements

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

ISOjand IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropediar available at http://www.electropedia.org/

e |SO Onlingybrowsing platform: available at http://www.iso.org/obp

wind turbine transformer

3.2

tower

supporting structure of the wind turbine on top of which the nacelle with generator and other
equipment is located

3.3

nacelle

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

[SOURCE: IEC 60050-415:1999, 415-01-07]
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3.4

effective cooling medium

ambient air, either internal or external to the tower or nacelle, or cooling water that comes into
contact with the cooling surface of the transformer

3.5

compartmentalized type transformer

transformer with integral enclosure comprised of multiple independent compartments, usually
with separate entrances into the HV and LV termination compartments

3.6
seajed transformer
tranisformer which is so constructed that the external atmosphere is not intended™\to gain
access to the interior

3.7
routine sample test
test| which is usually defined as a type test or special test but carried out as an additipnal
roufine test on a random sample of transformers

4 |Use of normative references

Thig standard can be used with either the IEC or IEEE normative references but|the
references shall not be mixed. The purchaser shall include in the enquiry and order which
normative references are to be used. If the choicef, 'normative references is not specified,
then IEC standards shall be used except for wind turbine transformers intended for installation
in North America where |IEEE standards shall be.used.

5 |Rating

The| transformer rating specified by,‘the purchaser shall take into account the maxinﬂum
curfent delivered to the transfotmer by the associated wind turbine generator system
irregpective of the operating voltage and power factor.

6 |Service conditions

6.1 Normal service conditions
6.1.1 General

The| normal™ service conditions detailed in IEC 60076-1 or IEEE Std C57.12.00 | for
liqu|d-immersed transformers or the normal service conditions in IEC 60076-11| or
IEEE\Std C57.12.01 for dry-type transformers shall apply unless otherwise stated in [this
document or specified by the purchaser.

6.1.2 Temperature of external cooling medium

If the transformer is installed external to the tower or nacelle, the normal conditions specified
in IEC 60076-1 or IEEE Std C57.12.00 for liquid-immersed transformers and IEC 60076-11 or
IEEE Std C57.12.01 for dry-type transformers shall apply, unless otherwise specified. If the
transformer is installed within the tower or nacelle then particular conditions apply as shown
in 6.2.
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6.2
6.2.

Particular service conditions for transformers installed in a tower or nacelle

1 General

Where the transformer is installed in a tower or nacelle then higher temperatures of the
cooling medium local to the transformer may be expected.

6.2.

2 Temperature rise correction

Based on the ambient conditions of the installation, the purchaser shall specify the yearly
average and maximum temperature of the effective cooling medium (e.g. air or water). If the

yea
the

valy
IEC

whe

N N

av

Pﬂ

ma

Pﬂ

ma

Pﬂ

av

av

av

hot-
ind

If th
yea
ma

For
pap
32 9
bas

respective standard, the difference between the values and the “normal service condit

es shall be subtracted from the temperature rise limits specified in IEG6007
60076-11 or IEEE Std C57.12.00 as follows:
Kmax = Tmax ecm ~ Tmax std
Kav = Tav ecm ~ Tav std
re
. is the temperature correction for the maximum ambient temperature;
is the temperature correction for the yearly average ambient temperature;
l ecm 1S the maximum temperature of the effective’cooling medium;
l stqd i the maximum ambient temperature of.the effective cooling medium accordin

the relevant standard;
is the average temperature of the effective cooling medium;

L td is the yearly average ambient: temperature of the effective cooling med
according to the relevant standard.

can be used in determining the temperature rise limit of average winding and win
spot temperatures in all transformers. In liquid-immersed transformers K ,, can be u
ctermining the temperaturerise limit for the top liquid temperature.

e only available information is the maximum ambient temperature, the increase of
[ly average ambienttemperature can be assumed to be the same as the increase of
imum ambienttemperature, making K,, and K, equal.

example(for a transformer using insulation material of thermal class 105 (regular K
er immersed in mineral oil) installed in an environment where the average temperatur
C apdithe maximum ambient temperature is 48 °C, the corrected temperature rise li
ed/on1EC 60076-2 would be:

[Ty average or maximum femperature of the cooling medium exceeds the relevant value in

ons”
6-2,

g to

ium

ding
sed

the
the

raft
e is
mits

For

K,y =(32-20)=12K

A6, =65 - K,, =65~ 12 =53 K

AG,=T78 - Ky, =78 -12=66 K
liquid-immersed transformers Kmax can be applied:

Kmax = (48 - 40) = 8 K


https://iecnorm.com/api/?name=5d9537467b6721b783b9f6cbf91b5bc2

-10 - IEC/IEEE 60076-16:2
© IEC/IEEE 2

A6, =60 - K =60-8=52K

(0] max

018
018

Another example, for a transformer using thermally upgraded insulation material (thermally
upgraded kraft paper immersed in mineral oil) with similar conditions to the previous example,

the

For

Al =65 - K5 =65-8=57K
where,
A, is the average winding temperature rise;
Ag,| is the winding hot-spot temperature rise;
AG,| is the top liquid temperature rise.
For|the transformers installed in a tower or nacelle, the purchaser shall carefully consider

inflyence on the temperature of the enclosur€; heat generated by other equipment and by
transformer itself, and the cooling system*lair renovation system, if applicable. As refere

if n

be ¢stimated as 1,5 % of its rated power (kVA).

The

the

6.3

The| purchaser shall evaluate the magnitude and frequency of the harmonic currents supp

tot

Wh
req

corrected temperature rise limits based on IEEE Std C57.12.00 would be:
K, =(32-30)=2K

A6, =65 -K,, =65-2=63K

A6, =80 -K,, =80-2=78K

liquid-immersed transformers K, can be applied:

Kmax = (48 - 40) = 8 K

b better information is available, thelthermal loading of the transformer, in kilowatts,

effect are given in IEC 60721-3-4.

Content of harmonic currents in the transformer

he transformer.

ired;

the
the
nce,
can

effect of external direct sqlar radiation should be taken into account by the purchaser
whegn calculating the temperature of the effective cooling medium. Methods for determi

ning

lied

n is

Fe total harmonic content is less than 5 % of rated current no additional informatio

Where total harmonic content is greater than 5 % the purchaser shall specify the magnitude
and frequencies of all harmonic currents supplied to the transformer. The manufacturer shall
calculate the additional losses at rated power caused by these currents using the method
given in IEC 61378-1 or IEEE Std C57.110 or as agreed between the purchaser
manufacturer.

and

During the temperature rise test the transformer shall be supplied with an additional current to
represent the additional harmonic losses for the purpose of determining the temperature rises.

A method to calculate the impact of the harmonic currents on the design of the transformer is
given in IEC 61378-1 or IEEE Std C57.110.
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6.4 Over-excitation

Unless otherwise specified by purchaser, transformers shall be capable of operating
continuously above rated voltage or below rated frequency, at maximum rated power (kVA) for
any tap, without exceeding the limits of temperature rise when all of the following conditions
prevail.

a) When operating under load:

1) secondary voltage and volts per hertz do not exceed 115 % of rated values and with a
minimum frequency of 95 % of rated value;

)\ £ 4 H o-Q [T
) POWTT Tallul 15 U, 0 UT TIyTITT .

b) When operating under no load, transformers shall be capable of operating contihuolsly
hbove rated voltage or below rated frequency, on any tap, without over-exeiting or
bxceeding limits of observable temperature rise, when neither the voltage ger"volts|per
nertz exceed 120 % of rated values.

6.5| Harmonic distortion of voltage

When supply voltage harmonics are expected to be in excess of 5 %-of rated voltage(the
pur¢haser shall specify the magnitude and frequency of any harmaofi¢/voltages present in[the
supply. The transformer shall be designed to withstand the specified condition or 5 % of rated
volthge, whichever is higher, without damage.

6.6| Transient voltages
a) Normal impulse protection

[ransformer lightning impulse (LI) (see IEC 60076-3) or basic lightning impulse level (BIL)
see |IEEE Std C57.12.80) shall be specified.:Increased transformer BIL levels by one step
should be considered unless system study indicates otherwise.

b) Bwitching induced overvoltages

Switching transient voltages, produced by vacuum interrupters and/or SFg switching
Hevices, have resulted in dielectric’failures of some wind turbine transformers. The f[first
and last transformers in a daisy chain are typically the most vulnerable and are mogt at
[isk when currents are light~and power factor is particularly low. I[EEE Std C57]142
hddresses this issue in depth and relates the vulnerability to current chops and volfage
restrikes by vacuum ar SFg interrupters. This is a complex phenomenon that is [not
covered in depth in_this document but should be evaluated by a system study. If system
5tudy warrants action; mitigation techniques should be employed.

NOTE The above reference to IEEE Std C57.142 is applicable to both IEC and IEEE applications as thdre is
ho current IEC_standard that covers this issue.

6.7 Humidity and salinity

The| purchaser shall define the maximum levels of humidity and salinity to which transformers
will beexposed. "'I‘

Levels of humidity and salinity associated with coastal or off-shore applications have led to
issues on transformers. These can include:

e salt spray;

e excessive moisture and humidity;

e dripping water;

e condensation.

The effects of these issues will affect different transformer technologies in different ways
(e.g. liquid immersed vs dry type).

Some of the areas of possible mitigation include:
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ncreased and more comprehensive maintenance cycles;

018
018

b) avoidance of air insulated terminals and exposed conductors, for example, by applying
bushing covers or elbow connectors;

c) i

6.8

ncreased creepage distances.

Level of vibration

Vibrations of the structure where the transformer is to be installed shall be taken into account
when designing the transformer.

The

purchaser shall specity the vibration spectrum at the enquiry stage. I'he procedur

vibrption test, if any, should be agreed at enquiry stage between purchaser and manufactu

6.9

Corrosion protection

Degending on the kind of installation, the purchaser shall specify a protection{class define]

ISO
purq

12944 (all parts), IEEE Std C57.12.28, IEEE Std C57.12.29 or otherwise agreed betw
haser and manufacturer. Unless specified otherwise, level C4 (IS© 12944-4) shal

usefl except for coastal or off-shore installation where level C5-M{ISO 12944-4) or hig

may

6.1]
A

def(
full

6.11

For

be appropriate.

Consideration for hermetically sealed transformers

b of
rer.

d in
een

be
her

ermetically sealed transformer shall be designed\\to withstand without permanent

rmation the expected pressures that occur over the specified temperature range du
oading of the transformer (see CENELEC EN 50688-1:2015, 9.4).

Flammability issues with transformers.mounted in the tower or nacelle

transformers mounted in the towerNor nacelle, less-flammable insulating liquidg

ring

or

dryqtype construction are recommendedy For dry-type transformers specified according to

IEC

6.13

60076-11, fire class F1 shall be spécified as a minimum.

Thermal cycling of transformer

Win[d turbine transformerssare exposed to significant thermal cycling leading to mechan
wegkening of the tank in. liquid-immersed transformers or in damage to the winding coil

cas

resin dry-type transformers. Purchasers should consider an increase in the numbeg

cycles required during)endurance testing, particularly where forced air cooling is applied.

The

mal endurance testing for liquid-immersed transformers shall be in accordance

EN p0588-1:2015, 9.4.5. Thermal endurance tests for dry-type transformers shall be sub
to ggreement between the purchaser and the manufacturer. The number of cycles for
theqmal(endurance test shall not be less than 2 000 cycles.

ical
5 in
r of

ith
ject
the

NOTE Thermal cycling is usually assumed to be related to the level of Toad, but during constant load at rated

powe

7

7.1

r frequent thermal cycles can be experienced when using switched forced air cooling.
Electrical characteristics

Highest voltage for equipment

The highest voltage for equipment shall be specified in accordance with IEC 60076-3 and
ANSI C84.1.

7.2

Tappings (tap-changer)

Unless otherwise specified, no tappings shall be provided.
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Where a transformer is provided with tappings on a winding these shall all be full-power
tappings. When specified, tappings other than full-power tappings may be provided, and this
shall be stated on the nameplate.

NOTE The provision of tappings on a transformer can increase size, weight and cost and can decrease reliability
and therefore are only generally used where specifically required.

7.3 Connection group

Unless otherwise specified by the purchaser, the connection group for a two winding three-
phase transformer shall be Dyn11 or LV lagging HV by 330 degrees. Other combinations of

H L 1 Hl o — PR 4l 1 bl £ 4
win HTTTYS STidll DT SUDJCULL LU dyUTCTITICTIU UCSIWTECTT NT purtitascl arnu uic miarturatiurcr.

7.4| Dimensioning of neutral connection

The| neutral connection shall be capable of carrying full phase rated current unless otherwise
spegified by the purchaser.

7.5| Short-circuit impedance

Commonly recognized minimum values for the short-circuit impedanceé of transformers at|the
rated current (principal tapping) are given in Table 1. If lower valdes are required, the ahility
of the transformer to withstand short circuit shall be subject to agreement between |the
manufacturer and the purchaser.

Table 1 - Recommended minimum values of short-circuit
impedance for transformers with‘two separate windings

Short-circuit impedance at rated current

Rated power Minimum short-circuit impedance
kVA %
25 to 630 4,0
631to 1250 5,0
1251 to 2 500 6,0
2501 to 6 300 7,0
6 301 and above 8,0

For|auxiliary windinigs when the combined impedance voltage of the tertiary winding and|the
sysiem result)in” short-circuit current levels for which the transformer cannot feasibly or
ecopomically\be designed to withstand, the manufacturer and the purchaser shall mutdally
agre¢e ons<the maximum allowed over-current. In this case, provision should be made by|the
pur¢haser to limit the over-current to the maximum value determined by the manufacturer [and
shall*be’stated on the rating plate.

7.6 Insulation levels for high and low voltage windings

The insulation level for the high voltage and low voltage windings shall be in accordance with
IEC 60076-3 or IEEE Std C57.12.00 and IEEE Std C57.12.01. Insulation levels may be
increased as detailed in 6.6.

7.7 Overload capability

The maximum sustained power output (including reactive power) of the wind turbine shall not
be considered an overload condition for the transformer and shall be provided for in the
nominal rating. The maximum sustained and peak loading cycle(s) including the worst case
power factor shall be defined by the purchaser.
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The principles in the appropriate loading guides shall be applied to the defined loading cycle:

o for liquid-immersed transformers, in IEC 60076-7 or IEEE Std C57.91;
e for dry-type transformers, in IEC 60076-12 or IEEE Std C57.96;
o for high temperature liquid-immersed transformers, in IEC 60076-14 or IEEE Std C57.154.

Transformer connections and any switches (e.g. de-energized tap changer) shall be suitably
rated to carry peak overloads.

7.8 Inrush current

Unl¢ss otherwise specified by the purchaser, the short-circuit apparent power of the sysllem
shal|l be assumed to be in accordance with IEC 60076-5:2006, 3.2.2.4. Any limitations in[the
peak value of inrush current or the duration of such current shall be specified by |the
pur¢haser.

7.9| Frequency of energization

Where the frequency of energization is in excess of 24 events per gyear, the expected value
shal|l be given by the purchaser.

7.10 Ability to withstand short circuit

Tranpsformers shall comply with the requirements of IE€.60076-5, IEEE Std C57.12.00 or
IEEE Std C57.12.01.

7.11 Operation with forced cooling

When additional cooling by means of fans orpumps is provided, the nominal rated power with
and|without forced cooling shall be in accardance with IEC 60076-1 or IEEE Std C57.12.0Q for
liqu|d-immersed transformers or with |EC 60076-11 or IEEE Std C57.12.01 for dry-fype
transformers unless otherwise agreed.by the purchaser and the manufacturer.

For|dry-type transformers forced air cooling should not affect temperature of sensors. Difect
air flow on the sensors shouldbe avoided.

Control of the forced cooling equipment for liquid-immersed transformers should be by means
of winding temperature® monitoring and/or top oil temperature monitoring by either direct
methods or simulation-

7.12 Over-temperature protection

Unl¢ss _otherwise specified, for transformers mounted in the tower or nacelle, |the
manufacturer shall provide a suitable over-temperature detector that can provide an alarm or
trip [sigmal.

8 Rating plate

Rating plate requirements are detailed in IEC 60076-1 or IEEE C57.12.00 for liquid-immersed
transformers or in IEC 60076-11 or IEEE C57.12.01 for dry-type transformers.

In addition, the number of this document shall be stated on the nameplate.
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9

9.1

Tests

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

The lists and classification of tests are detailed in IEC 60076-1 or IEEE Std C57.12.00 for

liquid-immersed transformers or in |IEC 60076-11 or IEEE Std C57.12.01 for dry-type
transformers.
9.2 Additional tests for wind turbine transformers

9.2.4— General

Dug to the harsh operating environment for wind turbine transformers, a number of\tests in

addjtion to the standard tests applied shall be carried out.

9.2.2 Lightning impulse type tests

Trapsformers shall be subjected to full lightning impulse type testing including chopped wave.
Chgpped wave tests are not required on transformers specified to, [EEE standards where

sep

9.2.
A li

Arable high voltage connectors are fitted.

3 Lightning impulse routine sample tests

yhtning impulse test, comprising full wave tests only, shall be applied to a minimum 1

sample of the contract chosen on a random basis, unless otherwise agreed between

purq

together with the routine lightning impulse tests where/specified by the purchaser.

9.2,

spe
acc

1) Partial discharge test for liquid-immersed transformers

Where specified by the purchaser, a partial discharge test in accordance with the merlhod

cified in I[EC 60076-11 or IEEE Std C57.12.01 shall be carried out. The maxi
bptable level of partial discharge shall be 100 pC.

NOTE 1 The test specified here is in.the document for dry-type transformers but for the purposes of this clau

appl

ed to liquid-immersed transformérs:

NOTE 2 This test has been spetified in accordance with the dry-type routine test method due to the impra

natu
prod

9.2,

Liction.

5 Climatic and environmental tests for dry-type transformers

Thel following:additional tests shall be performed when specified by the purchaser at tim

enq

a)
b)

uiry when/no relevant test evidence is available:

climatic tests for dry-type transformers in accordance with IEC 60076-11;

0 %
the

haser and the manufacturer. Chopped wave Jlightning impulse tests may be applied

um

se is

tical

e of a full partial discharge test to IEC 60076-3 or IEEE Std C57.12.01 being applied to multiple unifs in

of

14

environmental tests 1or dry-type transtformers In accordance with 1EC 6UU/o6-TT.


https://iecnorm.com/api/?name=5d9537467b6721b783b9f6cbf91b5bc2

A1

- 16 - IEC/IEEE 60076-16:2
© IEC/IEEE 2

Annex A
(informative)

Effects of voltage harmonics

Design and specification considerations

018
018

Special consideration needs to focus on the effects of a rapid ramp-up of power due to a rapid
increase of current during a quick change of wind speed to which the blade pitch motors are

rapi

ramp-up effect and needs to be considered. Additionally, consideration should be g

SIO\’F to react. IEC 60076-14:2013, Annex B refers to bubbling effect that can be causeq

to the following:

Fur
har

NOT
Clas
term

A.2

The

narmonic current filtering;

narmonic impact on the neutral;

pbower factor correction equipment;

blectrostatic shielding;

narmonic spectrum analysis;

vinding design to mitigate heat attributed to eddy currents;
osses when performing temperature rise calculations;

switching transients.

her consideration needs to be given for power{low reversal, heat rise during LVRT,
onic loading due to power factor control equipment.

F |IEEE Std C57.12.00 requires these transformers to be considered to be a hybrid transformer which
5 1 compartmentalized type power transformerwith step-up capabilities and never energized from th
nals.

Effects of voltage harmonics

effect of this voltage distortion leads to an increasing of:

magnetic flux density,
no load losses;

no load current;

hoise level;

maghnetic core temperature;

by
ven

and

is a
b LV

The

bl

£fall H 1 £ 41 [E k. H <l H I A H H ot H
TUTTUWITTY CTAATITYITC UT TG VUTLAY© TTartimurnimTe UTUTT 1T T AauTe AL T TITYyTTTygTrito trito Toout.

Bh:  Flux density corresponding to harmonic & (T
Bn: Flux density at nominal voltage (T

Vh:  Voltage harmonic components (V)
V1: Rated voltage. (V)
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Table A.1 — Example of voltage harmonic order

Total harmonic distortion (THD).
Rodt mean square (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)Z2.

Harmonic order Magnitude Vh/V1 (Vh/IV1)? Bh/Bn (Bh/Bn)2
(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 1,111 1 1475
7 11 0,11 0,012 1 0,015 714 0,0007246 94
8 2 0,02 0,000 4 0,002 5 0,000'006 35
9 5,8 0,058 0,003 36 0,006 444 41531 x 1q°5
10 4,2 0,042 0,001 76 0,004 2 0,000 017 g4
11 2,6 0,026 0,000 68 0,002 364 5,586 8 x 1(°°
13 1,9 0,019 0,000 36 0,001,462 2,136 1 x 1q7®
15 1,6 0,016 0,000 26 0,001 067 1,137 8 x 1(q°®
29 1,2 0,012 0,000 14 0,000 414 1,712 2 x 1477
31 0,8 0,008 0,000 06 0,000 258 6,659 7 x 1478
% 15090 3 1,005 402 0f14

RMS voltage 1,044

THD (voltage) 30,05 %

RMS flux density 1,003

THD (flux 7,35%

density)

The| consequences of this high voltage distortion (THD < 5 % is considered to be practigally

sinysoidat)-are not considered significant as flux density is distorted much less than voltagg.

Magnetic flux density

is time

integral

of voltage and thus each harmonic flux density

component is inversely proportional 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

non-sinusoidal voltage:

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

related to the design of the transformer

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

under

e magnetic core temperature (especially under presence of DC and second harmonics).
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NOTE The harmonic frequency flux density components are increased mainly by eddy current no load losses.
With grain oriented core materials, this accounts for approximately 50 % of total no load losses. Hysteresis losses
also accounts for approximately 50 % of total no load losses and is influenced by an increase in hysteresis loop
area and frequency. In practical cases this influence is negligible.
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