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INTERNATIONAL ELECTROTECHNICAL COMMISSION 

____________ 

 
CONVERTER TRANSFORMERS –  

 
Part 3: Application guide 

 
FOREWORD 

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

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

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

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

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

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

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

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

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

International Standard IEC 61378-3 has been prepared by IEC technical committee 14: Power 
transformers.  

This second edition cancels and replaces the first edition published in 2006 and constitutes a 
technical revision.  

This edition includes the following significant technical changes with respect to the previous 
edition: 

a) revision of clause on losses to reflect the changes introduced by the second edition of IEC 
61378-1; 

b) addition of a new clause about design review of converter transformer for both industrial 
and HVDC applications; 

c) addition of content for transformer connected to voltage source converters; 
d) reference to the work of CIGRE JWG A2/B4.28 on HVDC transformers. 
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The text of this standard is based on the following documents: 

FDIS Report on voting 

14/803/FDIS 14/808/RVD 

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

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

A list of all parts in the IEC 61378 series, published under the general title Converter 
transformers, can be found 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, 

• withdrawn, 

• replaced by a revised edition, or 

• amended. 
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INTRODUCTION 

0.1 General 

IEC 61378 series is written in three parts: 

– Part 1 applies to transformers associated with general "Industrial" converter uses. (Copper 
making, aluminium smelting and the electrolysis of certain gases).  

– Part 2 applies to transformers required for HVDC applications. 
– Part 3 is this application guide which contains the topic headings described in 0.2 to 0.13. 

The scope of IEC 61378-1 is limited to application of power converters of any power rating. 
Typical applications are: thyristor rectifiers for electrolysis; diode rectifiers for electrolysis; 
thyristor rectifiers for large drives; thyristor rectifiers for scrap melting furnaces, and diode 
rectifiers feeding inverters for variable speed drives. The standard also covers the regulating 
unit utilized in such application as step down regulating transformers or autotransformers. The 
valve winding highest voltage for equipment is limited to 36 kV. 

IEC 61378-2 covers converter transformers used in “HVDC Applications”. There are two types 
of HVDC power transmission systems known generically as “back to back” and “transmission” 
schemes. The operation and evaluation of transformers operating within these two systems 
are covered by Part 2 and the present part of IEC 61378. 

Neither IEC 61378-1:2011 nor IEC 61378-2:2001, explicitly include in their scope transformers 
connected to voltage source converters (VSC). Because VSC applications are becoming more 
and more common, some guidance is provided in this standard. 

0.2 Rating data (Clause 5) 

In both IEC 61378-1 and IEC 61378-2, the method of rating converter transformers is different 
to that used historically. In the traditional method, the r.m.s. value of current was used in 
defining the nameplate rating of the transformer. IEC 61378 has introduced a fundamental 
change in the method of defining the rating of transformers. The concept of using the 
fundamental components of voltage and current as the basis for the transformer nameplate 
rating is explained. The nameplate rating derived from these fundamental components 
becomes the basis for the guaranteed impedances and losses. 

0.3 Winding configurations (Clause 6) 

There are a large number of winding connections and configurations that are specific to 
converter transformers for both industrial and HVDC applications. They have been developed 
over many years. The operating characteristics of the various rectifier connections are mostly 
covered in IEC 60146 series. In the present part of IEC 61378, the connections are discussed 
in so far as they affect the construction and some operational aspects of the transformer. 

The use of regulating schemes is common in industrial applications. The present part of 
IEC 61378 covers the principles for a number of these schemes. 

0.4 Tappings and impedances (Clause 7) 

The impedance of transformers for HVDC applications requires special attention and design 
solutions. The requirements primarily concern the limitation of the impedance variability over 
the whole tapping range, the limitation of the impedance difference between transformers and 
in some applications, the impedance difference between star and delta windings. This 
standard discusses these requirements and their practical aspects. 
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In general, the tapping range in converter transformers is wider than in conventional 
transformers. The impact of the wider tapping range on the transformer and the tap-changer is 
discussed in this standard. 

0.5 Insulation aspects and dielectric tests (Clause 8) 

Two aspects are covered in Clause 8. First, the increasing use of “hybrid” insulation systems 
in transformers for industrial applications. Secondly, the ability of transformer insulation 
structures of HVDC transformers when tested with d.c. voltage and in service. 

The basic principles, the methods of testing and the test voltage levels used for both a.c. and 
d.c. testing are discussed. The safety margins associated with the proposed testing regime 
are also reviewed. 

0.6 Losses (Clause 9) 

The present part of IEC 61378 details the derivation of the principles, testing and calculation 
methods used that take into account the effects of non-sinusoidal load currents on converter 
transformers of all types. 

The principles of testing at two frequencies for HVDC applications are detailed along with a 
worked example of the calculation. The losses derived from these tests and calculations are 
used as the base for specifying the test losses and currents to be used in establishing the oil 
and winding gradients during the thermal testing. 

0.7 Core and sound aspects (Clause 10) 

The effects of voltage harmonics and a d.c.-bias circulating-current on the performance and 
construction of the core are discussed and summarized. 

The causes of sound and the differences that may be expected between conventional factory 
sound measurements and those to be expected and experienced at site are reviewed. 

The latest methods of assessment of sound associated with converter transformers are 
discussed. 

0.8 Transformer specification (Clause 11) 

Transformers for converters differ significantly from power transformers with respect to the 
transformer specification. An outline of the details required in any specification is included as 
part of the guide for both technical and functional types of specification. 

Some guidance as to what should be specified by the purchaser and what should be expected 
from the manufacturer during the tender and order process is given. 

0.9 Short circuit considerations (Clause 12) 

In conventional power transformers, the calculation of the short circuit currents within the 
windings are dependent solely on the impedance and resistance components of the 
transformer and supply to which it is connected. 

In the case of transformers used to supply converter applications, there are fault conditions 
within the converter that need to be considered where the peak value of the fault currents may 
be higher than those derived for conventional power transformers. These conditions are 
detailed in the present part of IEC 61378. 
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0.10 Components (Clause 13) 

In the design of transformers for both industrial and HVDC converter applications, the choice 
and operation of the on-load tap-changer is crucial. The present part of IEC 61378 outlines 
some of the principles governing the use of tap-changers in these applications. 

In the HVDC application, the choice and integration of the valve-side bushings into the overall 
design is of vital importance.  

The general requirements and recommendations for the construction, integration of the 
bushings with the transformer and testing are detailed. An IEC standard specifically for HVDC 
bushing is in preparation and the recommendations in the present part of IEC 61378 draws 
upon the requirements of the new standard.  

0.11 Maintenance (Clause 14) 

Statistics suggest that the HVDC transformers require maintenance to a high standard. Those 
items that require particular attention are on-load tap-changers and valve-side bushings. 
Attention is drawn in this standard to maintenance requirements. 

0.12 Monitoring and on-site investigations (Clause 15) 

Transformer monitoring is recommended if on-site problems are to be minimized and in this 
respect, condition monitoring is discussed. The present part of IEC 61378 also presents 
recommendations for the procedure and practices to be followed in the event of a failure at 
site. These recommendations are made so that vital evidence and data are not destroyed or 
contaminated at the initial stages of the investigation. 

The use of condition monitoring for this application is also discussed in Clause 15. 

0.13 Additional sources of information 

The preparation of the present part of IEC 61378, specifically for IEC 61378-2 HVDC 
converter applications, was significantly influenced by the working papers on various topics of 
CIGRE Joint Working Group 12/14.10. 
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CONVERTER TRANSFORMERS –  
 

Part 3: Application guide 
 
 
 

1 Scope 

This part of IEC 61378 provides information to users about specific topics related to industrial 
and HVDC converter transformers with design, construction, testing and operating conditions 
differing from conventional transformers used in power systems. In addition, it is the aim of 
the present part of IEC 61378 to provide manufacturers with the technical background that 
forms the basis for the principles used within IEC 61378-1 and IEC 61378-2. 

It is intended that this part of IEC 61378 is used to supplement and not replace or supersede 
the application guide for power transformers, IEC 60076-8, since many of the general 
principles contained within it are equally applicable to converter transformers. 

2 Normative references 

The following documents, in whole or in part, are normatively referenced in this document and 
are indispensable for its application. 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 60076-5:2006, Power transformers – Part 5: Ability to withstand short circuit 

IEC 60076-14:2013 Power transformers – Part 14: Liquid-immersed power transformers using 
high-temperature insulation materials 

IEC 60296, Fluids for electrotechnical applications – Unused mineral insulating oils for 
transformers and switchgear 

IEC 60422, Mineral insulating oils in electrical equipment – Supervision and maintenance 
guidance 

IEC 61378-1:2011, Converter transformers – Part 1: Transformers for industrial applications 

IEC 61378-2:2001, Convertor transformers – Part 2: Transformers for HVDC applications 

3 Terms and definitions 

For the purposes of this document, the terms and definitions given in IEC 61378-1 and 
IEC 61378-2 apply. 

4 Symbols and abbreviations 

Symbol Meaning Units 

I1 r.m.s. value of the fundamental component of the rated line side current A 

Ix r.m.s. value of the load loss test current at frequency fx A 
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Symbol Meaning Units 

ILN r.m.s. value of the non-sinusoidal in-service load current in the winding under 
consideration at rated converter load 

A 

Ih r.m.s. value of harmonic current having order number h A 

Ieq r.m.s. value of the equivalent sinusoidal test current giving the winding in-service load 
loss 

A 

h harmonic order number  

U1 r.m.s. value of the fundamental component of the line-to-line rated voltage V 

Sr Rated power of the transformer VA 

P1 Transformer load losses measured at current I1 W 

Px Transformer load loss measured at current Ix W 

RI 2
1  

Ohmic losses at rated current I1 W 

R d.c. resistance of windings including internal leads Ω 

PWE1 Eddy losses in windings with current I1  W 

PSE1 Stray losses in structural parts (excluding windings) with current I1 W 

PN Transformer load loss in service with current IN W 

f1 Rated frequency and also the fundamental frequency (50 Hz or 60 Hz) Hz 

fx Frequency ≥ 150 Hz used to determine the distribution of eddy losses (HVDC 
transformer applications only, not applicable for industrial transformer applications) 

Hz 

fh Frequency at harmonic order number h Hz 

FWE Enhancement factor for winding eddy losses  

FSE Enhancement factor for stray losses in structural parts  

Kh Ratio of the current Ih to the rated current I1  

Uac a.c. separate source test voltage for the valve windings (r.m.s. value.) V 

Um Highest system voltage of the line winding V 

Udm Highest d.c. voltage per valve bridge V 

Udc d.c. separate source test voltage for the valve windings V 

Upr Polarity reversal test voltage for the valve windings (d.c. voltage) V 

Uvm Maximum phase to phase a.c. operating voltage of the valve windings of the converter 
transformer 

V 

N Number of six-pulse bridges in series from the neutral of the d.c. line to the rectifier 
bridge connected to the transformer 

 

NOTE “Valve side” and “line side” define the external connections of the transformer windings. Line side refers 
to the winding connected to the a.c. network and valve side to the winding connected to the converter. 

 

5 Rating data 

IEC 61378-1 and IEC 61378-2 state that the rating characteristics of the transformer are 
expressed in steady state sinusoidal quantities of current and voltage at the rated 
fundamental frequency. The guaranteed losses, impedances and sound level shall correspond 
to these values. The rated voltage and current refer to the fundamental quantities, line-to-line 
voltage and line current. 

Fundamental components are selected to establish a common platform for guaranteed 
quantities such as losses and impedances independent of the operating conditions and thus 
the spectrum of harmonic content. It should be noted that the tests in establishing the 
operating characteristics can only be carried out with sinusoidal quantities.  
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When industrial transformer units are provided with transductors (saturable reactors) in their 
tank, transductor cores make the test challenging because of the distortion of current and 
voltage wave shapes they cause. An agreement on the test modalities needs to be reached 
between the supplier and the purchaser before signing of the contract. No method has been 
commonly accepted. Some are presented in Annex G of IEC 61378-1:2011. 

Guaranteed temperature rise values are relevant for a specific loading condition as defined by 
agreement between purchaser and manufacturer. As a converter transformer is exposed to a 
current with a certain harmonic content, the actual losses will deviate from the losses 
developed with a true sinusoidal current. In general, harmonics in the current will give rise to 
an enhancement in load losses as compared to operation with true sinusoidal current. 

From the aspect of transformer design, it is important to distinguish between 

– applications with essentially sinusoidal voltage across the transformer line winding, and 
– applications with non-sinusoidal voltage where the transformer primary winding is 

energized from a converter circuit for a.c. power control or variable frequency conversion. 

Information about the converter application should be supplied in the transformer 
specification. 

The no-load loss guaranteed value is defined by the rated sinusoidal voltage. 

The actual load loss in converter operation is estimated with sufficient accuracy by the 
calculation procedure presented in IEC 61378-1:2011, 6.2 and in IEC 61378-2. From this set 
of formulae the corresponding test current for establishing the corresponding temperature rise 
can be deduced (see IEC 61378-1:2011, 7.6 or IEC 61378-2:2001, 10.5). 

It should also be noted that the actual load current in operation may be higher than the rated 
current, when measured by an instrument reading r.m.s. values of current, since the rated 
current on the nameplate refers to the fundamental component of the load current.  

6 Winding configurations 

6.1 General 

This clause describes the different versions of arrangement of windings that can exist in both 
industrial and HVDC applications. 

In general, the windings will be arranged to provide a six-pulse converter bridge from a 
balanced three-phase system. The converter will carry current twice from each phase for a 
maximum duration of 120 electrical degrees or one third of a cycle, once in positive and once 
in negative direction. See Figure 1. 

Two or more six-pulse bridges may be connected in series or parallel. When supplying the 
individual bridges with line-side, three-phase voltages displaced in time, the harmonic content 
in line-side currents and valve-side voltages and currents will be reduced. With two six-pulse 
bridges connected in a so-called twelve-pulse arrangement, the two three-phase supplies 
shall be separated by 30 electrical degrees. Still higher pulse numbers on the converters 
require less separation between the systems. See Figures 2 and 3. 
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U 

Output voltage shape 

IEC  

NOTE The symbol of rectifier means either diode or thyristor. 

Figure 1 – Bridge connection for six-pulse arrangement 

 

Output voltage shape 

U2 = U1  30° 

U1 

U2 

IEC  

NOTE The symbol of rectifier means either diode or thyristor. 

Figure 2 – Bridge connection for twelve-pulse arrangement 

NOTE 1 Increased pulse number reduces the harmonic content in voltage and currents. 

A common arrangement to reach two three-phase systems with a 30-electrical-degree 
separation is two transformers connected to a common bus on the line side. One transformer 
has the same winding connection on the line and valve sides, star-star or delta-delta. The 
other transformer has the connection star-delta or delta-star. 

 

Figure 3 – Transformer connections star-delta and star-star or alternatively, delta-delta 
and delta-star to give a 30 electrical degree separation between the valve-side voltages 

Two identical transformers with a winding connection making a 15 electrical degrees shift 
between line-side and valve-side voltages can be used to provide a 30 degree shift between 
the two valve-side voltages. One transformer is connected for positive rotation (1U-2U, 1V-2V 
and 1W-2W) and the other with negative rotation (1U-2V, 1V-2U and 1W-2W). This 
arrangement will give +15 electrical degrees and –15 electrical degrees on the valve side as 
compared to the line side. 

A 15 electrical degree shift can preferably be reached by one of the two windings connected 
in zigzag or as an extended delta. See Figure 4. 

IEC 

Line side Valve side Line side Valve side Line side Valve side Line side Valve side 

or or or 

Full document details: IEC 61378-3 2015

http://avadocuments2026.com/doc/iec-61378-3-2015
http://avadocuments2026.com/doc/iec-61378-3-2015


IEC 61378-3:2015  IEC 2015 – 15 – 

 

 

15° 

IEC 

15° 

 

Figure 4 – 15° phase shifting is preferably realized 
by extended delta or zigzag connection 

NOTE 2 The two connections can also be used for other shifting angles such as 7,5 electrical degrees for twenty-
four-pulse bridges. 

Industrial units with tertiary windings loaded with filter and compensation are covered in 
IEC 61378-1:2011, 5.7. It should be noted that the connection of the filter to the tertiary 
winding will lead to a higher than rated voltage. Therefore the fundamental current flowing 
through the filter impedance will be higher than the rated current as defined in the clause just 
mentioned. So it is important that the system engineer takes into account this phenomenon 
when specifying maximum tertiary winding fundamental current. 

6.2 Industrial applications 

6.2.1 Rectifier 

In general, converter transformers for industrial application will be designed for a fairly high 
current on the valve side. The valve windings shall therefore have simple connections such as 
star or delta.  

For some industrial applications with high DC currents and low DC voltage, it is often of 
advantage to use a double-star arrangement instead of bridge configuration. 

 

Figure 5 – Double-star connection 

 Load 

− 

 IPT 

+ 

IEC 
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The line side is either connected in star or delta and the valve side has two star systems with 
180° phase shift. The valve windings should be physically interleaved to avoid DC 
magnetization of the core and to minimize magnetic leakage fluxes (eddy losses) related to 
even current harmonics. An interphase transformer (IPT) between the two star points is 
needed together with a 3 limbs core to ensure 120° valves conduction and to minimize effects 
of unbalance between the 2 neutral currents of the valve windings. When these 2 neutral 
currents are balanced, a 5 limbs core may be used instead of the IPT. 

The transformer for a six-pulse bridge converter is a three phase unit with the valve windings 
connected in star or delta. 

Twelve-pulse reactions can be obtained by using two six-pulse units with different connection 
groups or by using a transformer with two valve windings, connected in star and delta. This 
last solution requires a normal three phase core.  

More complex cases require a different arrangement with star and delta on the primary side 
and valve windings connected in star or delta. These particular arrangements may also 
require a special core design. For 12 pulse double-star rectifiers, phase displacement of 30⁰ 
needs to be achieved on the line side windings (star – delta, zig-zag, etc.). 

Converter plants with more than twelve-pulses require the use of different shifting angles 
among the various units. This is obtained in most cases by using a zigzag or extended delta 
connection or more seldom with polygon connection. Detailed description and examples can 
be found in IEC 61378-1:2011, Annex I. 

The physical arrangement of the transformer is preferably done with the valve winding as the 
outer winding to cater for the simple arrangement of the valve-side exits. The valve-side exit 
arrangement depends upon the converter structure. 

If the converter requires the presence of transductors, they are generally located in the same 
tank as the transformer and in this case, it is necessary to provide two lead exits by phase. 
Transductors, if used, may be connected according to Figure 6. 

 

IEC     

 Indicates a transductor 

NOTE The symbol of rectifier means either diode or thyristor 

Figure 6 – Typical connection of transductors 

The physical layout (both inside and outside the tank) of high current busbars may 
significantly affect the transformer load losses, short circuit impedance and tank hot spots. 
IEC 61378-1:2011, Annex F gives guidance on how to estimate these effects. 

6.2.2 Voltage regulation 

In general, there is a need for voltage regulation between the supply and valve voltages and 
often the regulation range is fairly large from a few percent up to 100 % of the rated valve 
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winding voltage. The purpose of the wide tapping range is to reduce the consumption of 
reactive power and harmonic pollution related to converter operation. For practical reasons, 
the large regulating range often requires a separate regulating transformer between the a.c. 
terminal and the converter transformer itself. 

Depending on the line voltage, the regulating unit can be built either as an autotransformer or 
with two separate windings to reduce the risks from high transient overvoltages entering the 
converter transformer. 

6.2.3 Autotransformer design 

6.2.3.1 General 

Various common connections are shown in Figures 7 to 13. 

6.2.3.2 Star connection – open phases 

The schematic constitution of the winding is shown in Figure 7. 

 

Key 

 1U – Line 2U1 – Converter transformer 2U2 – Converter transformer 

1N – Line neutral 1V – Line 2V1 – Converter transformer 2V2 – Converter transformer 

 1W – Line 2W1 – Converter transformer 2W2 – Converter transformer 

Figure 7 – Autotransformer concept for open phases 
with coarse and fine regulation steps 

1U 1V 1W 

2U1 2U2 2V2 2V1 2W2 2W1 

IEC  
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6.2.3.3 Star connection – closed phases 

 

Key 

 1U – Line 2U – Converter transformer 

1N – Line neutral 1V – Line 2V – Converter transformer 

 1W – Line 2W – Converter transformer 

Figure 8 – Conventional autotransformer concept for closed phases  
with coarse and fine regulation steps  

 

2U 2V 2W 
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1N 
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Key 

 1U – Line 2U – Converter transformer 

1N – Line neutral 1V – Line 2V – Converter transformer 

 1W – Line 2W – Converter transformer 

Figure 9 – Conventional autotransformer concept for closed phases  
with multi coarse regulation 
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2V 

1V 
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1W 
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Key 

 1U – Line 2U – Converter transformer 

1N – Line neutral 1V – Line 2V – Converter transformer 

 1W – Line 2W – Converter transformer 

Figure 10 – Booster autotransformer concept for closed phases  
with coarse and fine regulation steps  

 

IEC  

1U 1V 1W 

2U 2V 2W 
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6.2.3.4 Delta connection – open phases 

 

Key 

1U – Line 2U1 – Converter transformer 2U2 – Converter transformer 

1V – Line 2V1 – Converter transformer 2V2 – Converter transformer 

1W – Line 2W1 – Converter transformer 2W2 – Converter transformer 

Figure 11 – Autotransformer concept for open phases 
with coarse and fine regulation steps 

 

1U 1V 1W 

2U1 2U2 2V2 2V1 2W2 2W1 
IEC  
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6.2.3.5 Two winding design 

 

Key 

 1U – Line  2U – Converter transformer 

1N – Line neutral 1V – Line 2N – Secondary neutral 2V – Converter transformer 

 1W – Line  2W – Converter transformer 

Figure 12 – Transformer concept for closed phases  
with coarse and fine regulation steps 

6.3 HVDC applications 

6.3.1 Different types of transformer arrangement 

In general, HVDC transmissions are built for substantial power ratings with connections to 
high voltage a.c. systems. In order to reduce the harmonics in the a.c. and d.c. systems the 
bridges are usually built for twelve-pulse arrangements. Most often the transformers have the 
windings star-connected on the line side to take advantage of non-uniform insulation 
requirements and a voltage regulation close to earth. System needs and efficient operation of 
the converter often require fairly large voltage regulations to be in the range of up to about 
40 % of nameplate voltage. 

Depending on power rating, voltages and physical constraints, the converter transformers can 
be built as single phase or three-phase units.  

The following solutions are possible to realize HVDC transformers with twelve-pulse bridges. 

a) Six single–phase, two-winding transformers.  

• Three connected in star/delta. 

• Three connected in star/star. 
b) Three single–phase, three-winding transformers. 

• All connected star/delta-star. 
c) Two three-phase transformers. 

2U 2V 2W 

IEC  

1N 

1U 1V 1W 

2N 
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• One connected star/delta. 

• One connected star/star. 
d) One three-winding transformer. 

• Connected star/delta-star. 

A converter transformer is generally built with two or three main windings. A tertiary winding is 
required only in some specific cases, e.g. injection of test voltage, connection to special filter 
arrangements. 

6.3.2 Winding arrangements 

6.3.2.1 General 

In core type transformers, the windings are cylinder shaped and arranged concentrically 
around the core limb. The tapped part of the line-side winding generally forms its own 
physically separated winding, the regulating winding. The individual windings are almost close 
to equal height and have equal ampere-turn distribution along the winding height. 

In general, the regulating winding is located physically close to the main part of the line 
winding but not in between valve and the line windings (see Clause 7 for tapping and 
impedances and Clause 9 for losses). 

6.3.2.2 Two windings 

In general, there are two ways to arrange the individual windings in a two-winding transformer 
as indicated in Figure 13. The main and regulating windings form the line-side winding. The 
valve-side winding consists of one single winding.  

 

R L V V L R 

IEC    
 

Key 

R – Regulating (tapping) winding L – Main (line) winding V – Valve winding 

Figure 13 – Two basic arrangements of the individual windings  
of a two-winding transformer 
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Table 1 – Arrangements of two windings 

Relative winding position Advantages Disadvantages 

Regulating – line – valve d.c. lead exits easy to arrange 

Regulation by the neutral side 

Mechanical realization of lead exits 
for regulation winding 

a.c. lead exits 

Limited solution for regulation 
winding 

Valve – line – regulating a.c. lead exits easy to arrange 

Regulation lead exits easy to 
arrange 

Regulation by the neutral side 

d.c. lead exits more difficult to 
arrange 

 

6.3.2.3 Three windings 

The main solution is as follows. 

In single-phase transformer designs, there are generally two wound limbs, one for star/delta 
and the second one for star/star connections. This means that the valve winding for a delta 
connection has 3  times the number of turns for a star-connected winding but a load current 
of 31  of the current in a star-connected winding. 

The relative positions of the individual winding shells are the same as the positions for a two-
winding transformer (see Table 1). 

When the physical size permits for limited power ratings and line voltages, e.g. a medium size 
back-to-back converter, the transformer may be built as a three-phase, three-winding 
transformer. Requirements for the impedances to be similar between the line-side terminal 
and the two valve terminals often require a design with two winding arrangements located 
axially on the same limb – a so called axial split. The two line-side windings with their 
regulating windings are connected in parallel and one of the valve windings is connected for 
delta and the other for star. The relative position of the individual physically separated 
windings shall be in accordance with Figure 13. 

Arrangements where the two valve-side windings each occupy two concentric positions, often 
on opposite sides of the line winding, are generally not a viable alternative. For a transformer 
with voltage regulation, it will be difficult to reach the same impedance to the two valve-side 
windings for all tap positions.  

6.3.3 Consideration of impedance – mutual impedance 

The impedance pattern between one line and two valve terminals can be visualized by three 
impedances connected together in one and the same point with two branches towards the two 
valve terminals and one towards the line terminal, also called the common mutual impedance. 

In general, the common mutual impedance shall be as low as possible to avoid interaction 
between the voltages during commutations. 

In two-winding transformers, the common mutual impedance by the transformer is non-
existent; contribution to the mutual impedance can only be achieved from the common bus. 
Three-winding transformers (Figure 14) where the two valve windings are located on different 
limbs will also have zero mutual impedance. Three-winding transformers using an axial split 
will also exhibit a low common mutual impedance. 
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IEC    
  

Key 

X1 + X2 = X1 + X3 = Transformer impedance 

X1 ideally zero, but always much less than X2 and X3 

Figure 14 – Mutual impedance  

7 Tappings and impedances – HVDC applications 

7.1 Value of impedance 

The selected impedance is the result of influences from a number of requirements. Although it 
reduces harmonic current levels, high impedance increases the commutating reactance 
leading to increased reactive power absorption of the converter, thus increasing the costs of 
the filter circuit and valve assembly. 

Low impedance has an influence on short-circuit force consideration and increases the size 
and weight of the transformer with consequential effects on cost and transport. 

7.2 Variability of impedance 

It is essential that the actual and measured transformer impedance remain within a given 
deviation from a specified value. Deviations may be of systematic as well as random nature. 

Systematic deviations may have their origin in design and manufacturing constraints. Random 
deviations depend on variations in manufacturing and measurement uncertainty. Impedance 
variations as a function of tap position can be regarded as systematic deviations where the 
type of tap arrangement influences the course of deviation, e.g. linear or reversing taps. 

Permissible impedance deviations from specified values may concern:  

– deviation from a specified impedance value at the principal tap; 
– variability between individual phases; 
– variability between transformer units; 
– variability within the tapping range; 
– deviations between star- and delta-connected windings. 

The purchaser may specify limits for all five properties. 

If not otherwise specified, rules for permissible tolerances laid down in IEC 60076-1 will apply 
together with the requirements below. 

The deviation from the impedance specified by the purchaser shall not exceed 5 % in the 
usual operating range of tap-changer. Outside this range, the deviation may go up to 10 % 
(see Figure 15). 
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The impedance variations between individual phases, transformer units and star- and delta-
connected windings should not exceed 3 % for the same tap position. Efficient cancelling of 
harmonics in a twelve-pulse bridge connection requires small impedance variability. Large 
variations between phases, units and star- and delta-connected windings will increase the 
size of the filters. 
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Key 

A – Minimum turns D – Linear taps G – ±5 % tolerance band 

B – Normal turns E – Reversing taps X – Turns 

C – Maximum turns F – ±10 % tolerance band Y – Transformer impedance p.u. 

Figure 15 – Typical impedance pattern 

8 Insulation aspects and dielectric tests  

8.1 Hybrid insulation systems 

8.1.1 General 

Hybrid insulation systems are primarily used in industrial converter transformers since there 
are advantages of working at elevated temperatures in such transformers. 

Whenever the term “hybrid” is used with reference to an insulation system, it means that high-
temperature-insulating materials (such as aramide paper or high temperature enamel) are 
combined with conventional temperature materials (such as cellulose).  

Insulating materials are used in several of the different components that make up a 
transformer’s winding: conductor insulation, spacers, cylinders, angle rings, etc. (see 
Figure 16).  
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Figure 16 – Components of a typical industrial converter transformer insulating system 

For many years, hybrid insulation was applied for oil-cooled transformers. High temperature 
materials are utilized in parts in direct contact with the copper (conductor insulation) or close 
to it (spacers), while all the other insulating components consist of cellulose. Windings with 
hybrid insulation have been designed with an average temperature rise higher than the one 
allowable for cellulose (without reduction of the transformer life), thus increasing the power 
per unit of volume. 

8.1.2 Hybrid insulation for converter transformers 

Whenever a transformer is used in conjunction with a converter, harmonic currents are 
injected in its windings. The harmonic currents will increase the eddy losses of the windings 
by a factor defined in IEC 61378-1 and IEC 61378-2. In a conventional transformer, the eddy 
losses depend on the radial and axial components of the magnetic leakage flux and on the 
geometric dimensions of the conductor subjected to this flux (see IEC 61378-1). The eddy 
losses vary along the winding height. They are lower in the central part of the winding where 
the leakage flux is mostly parallel to the thickness of the conductor and increase at the ends 
of the winding where the leakage flux is almost perpendicular to the width of the conductor. 
This non-uniform distribution of losses results in a non-uniform distribution of the temperature 
along the winding’s height. The difference between the hot spot and average winding 
temperature is therefore increased beyond that caused by the normal cooling mechanism. 

In converter transformers, when harmonic currents are taken into account, the difference 
between the hot spot and the average winding temperature may further increase because of 
the corresponding increase in eddy losses (see IEC 60076-8:1997, 9.6).  

A number of solutions to this problem are available. In agreement with the purchaser, 
adoption of high-temperature-insulation materials in the hot spot region is a solution whenever 
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it is not possible to reduce the hot spot temperature to limits indicated in IEC 60076-2:2011, 
6.2. 

In power transformers, hybrid insulation is generally intended to increase the allowable 
average winding temperature and hence the power rating. Therefore, high temperature 
insulation material is used near to all the winding conductors. In converter transformers, 
hybrid insulation could also be used in the areas near to local high hot spot temperatures, 
while average winding rises remain within limits. It also follows that high-temperature-
insulation material should be applied to the winding conductors in the hot spot regions. 

More and more solid and liquid high temperature materials are available in the market. This 
fact increases the number of possible solutions whenever the average and hot spot 
temperatures are of concern. The correct application of these materials is covered in 
IEC 60076-14. 

8.2 Dielectric tests 

8.2.1 General 

Dielectric tests and insulation aspects primarily refer to HVDC converter transformers. The 
dielectric tests and insulation aspects for industrial converter transformers are identical to 
those of conventional power transformers and are covered in IEC 60076-3. 

The insulation system in a HVDC converter transformer is exposed to the stresses caused by 
the applied voltage and induced voltages. For the line winding and its terminals, the voltages 
are of the same nature as for a conventional transformer, that is, steady state a.c. voltages 
and transitory voltages such as lightning and switching surges. The valve windings and their 
terminals will in addition to the voltages in a conventional transformer also be subjected to 
d.c. voltages. This will in turn give rise to a combined a.c. and d.c. stress. 

The distribution of all time variable voltages across the insulation system is well defined by 
the geometry and permittivity of the materials involved. In the following paragraph it is 
assumed that these materials are mainly transformer oil and cellulose. The distribution of a 
steady state direct voltage in oil/cellulose insulation deviates significantly from that of time 
variable voltages (impulse and a.c. voltages). The distribution is mainly governed by apparent 
resistivities. These resistivities are to a great extent dependent on the mobility of space 
charges in the insulation system. As a consequence, the resistivity is not a constant value and 
varies with a number of parameters, such as temperature, electrical stress, moisture, speed of 
oil flow, duration of voltage application, ageing and chemical structure. These phenomena are 
better represented by a space-charge time model. 

From a practical point of view, it is generally accepted that an insulation structure can be 
modelled as an R-C network to determine its behaviour under d.c. conditions (provided that 
ion-drift effect can be neglected). When a d.c. voltage is initially applied, the voltage 
distribution is capacitive, while the final or steady state d.c. field in a complex structure is 
determined by the relative resistivities of the involved materials. In most cases, the use of an 
R-C model gives a conservative and safe design margin. Resistivity ratios between solid 
insulation and oil may range from 10:1 up to 500:1 at room temperature. As the temperature is 
increased, the resistivity ratios typically decrease up to one order of magnitude. 
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Figure 17 – Insulation system, equivalent R-C circuit 

A model shown in Figure 17 can be used to simulate the insulation system. The interface 
between the oil and the cellulose barrier is assumed to be an equipotential surface. 

Because the a.c. and d.c. stresses are predominantly determined by independent parameters, 
it may be assumed that any complex voltage field can be separated into its a.c. and d.c. 
components. The stress due to each voltage can be calculated separately, and the two 
stresses can be combined to give a measure of the actual stress. 

Figure 18 gives an indication of the stresses at steady state d.c. voltage and immediately after 
a polarity reversal, which are the two critical stress patterns. The maximum stresses occur 
when the resistivity ratio of cellulose/oil is high.  

In the steady state condition, a resistive distribution of the d.c. voltage dominates. Normally, 
the resistivity is such that the major part of the total voltage drop will be across the cellulose. 
Together with the a.c. component, the distribution in the composite system will be like the 
lower line in Figure 18. Thus, a significant stress in the solid insulation will develop and this is 
mainly due to the applied d.c. voltage.  

Immediately after a polarity reversal (the upper line in Figure 18), the charge of the cellulose 
in the opposite direction remains, but will be reduced due to capacitive voltage distribution at 
the 2U step (–U to +U). The consequence is a significant increase of the voltage across the 
oil. The value of resistivities and permittivities involved govern this temporary voltage across 
the oil. This voltage is normally higher than the voltage across the oil immediately after an 
application of +U or –U, but it will be reduced to a low value (mainly a.c. voltage) in the steady 
state condition. 
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Figure 18 – Voltage distribution before and immediately after polarity reversal 

8.2.2 Dielectric safety margins in long term d.c. and polarity reversal testing 

Significant variations in resistivity for oil and cellulose, and hence resistivity ratios, will occur 
during service. This raises the question whether the factory testing represents conditions that 
demonstrate that there is a sufficient dielectric safety margin for the design. 

The aim of the long term d.c. separate source test is to demonstrate that there is a sufficient 
safety margin over the operating stresses in service across the cellulose insulation. The test 
is made at room temperature, hence the resistivity ratio between cellulose and oil is 
comparatively high. This will achieve stresses that are essentially above the most extreme in 
service. Testing at high temperature will result in a lower safety margin. 

The aim of the polarity reversal test is to demonstrate that there is a sufficient safety margin 
over the operating stresses in service in the oil ducts. However, the duration of the polarity 
reversal stress under testing conditions is questioned. It has been shown that resistivity ratios 
close to 1:1 in service may produce stresses in the oil ducts that are not adequately verified 
by the polarity reversal test. For this reason, a new 1 h separate source a.c. test with partial 
discharge measurement has been introduced. This test creates a long-term oil duct stress 
sufficient to demonstrate an adequate safety margin under the worst conditions obtained 
under polarity reversal in service.  

The direct voltage testing shall be carried out at a temperature of 20 °C ± 10 °C.(see 10.4.3.1 
of IEC 61378-2:2001). If the tests are carried out immediately after the heat run test, the time 
constants for charging and recharging of the insulation system will be shorter due to the high 
temperature. This may have the effect that the dielectric margins are not demonstrated in a 
proper way. 

Reference is made to 8.2.3 and CIGRE JWG 12/14.10 paper. 
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The recommendations from the CIGRE paper have been incorporated into the dielectric 
testing requirements of IEC 61378-2. In summary, IEC 61378-2 incorporates three dielectric 
tests to validate the d.c. insulation structure of the valve windings: 

– long duration d.c. separate source voltage withstand test; 
– the polarity reversal test; 
– a.c. separate source voltage withstand test. 

CIGRE JWG A2/B4.28 has further investigated the effectiveness of PR and DC tests in their 
present form (see CIGRE Technical Brochures 406 and 407). The key issue is knowledge 
about oil resistivity.  

Such knowledge is vital because: 

– steady state stress distribution in the HVDC transformer insulation systems is a function of 
material conductivities; 

– oil resistivity influences the time needed by the insulation system to reach steady state 
and, therefore, the effectiveness of present tests. Tests duration needs to be longer than 
the time to reach steady state. 

CIGRE JWG A2/B4.28 also determined that oil conductivity is not measured in an uniform and 
consistent way by HVDC transformer manufacturers and users (see CIGRE Brochure 406). 

The matter of oil conductivity has been taken up by CIGRE JWG A2/D1.41 HVDC transformer 
insulation. Oil conductivity and its results will be reflected in edition 2 of IEC 61378-2. 

8.2.3 Comments on the dielectric test procedures 

8.2.3.1 General 

Figure 19 shows a simplified sketch of the a.c./d.c. conversion scheme and the definition of 
the voltages Uvm and Udm as defined in IEC 61378-2.  
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Figure 19 – a.c./d.c. conversion – Simplified sketch  

8.2.3.2 DC separate source voltage withstand test  

The test level Udc is expressed in the equation in IEC 61378-2:2001, 8.2.3. 

According to Figure 19, the component (N – 0,5)Udm is the direct voltage level of the 
transformer winding. 

The peak value of the superimposed a.c. voltage level is 0,7Uvm. The constant 0,7 is the 
multiplication factor to obtain this peak value from the a.c. phase-to-phase r.m.s. voltage. 

In line with the same procedure used to establish the normal a.c. long-term testing values, the 
multiplier 1,5 is applied to obtain the test voltage. 

8.2.3.3 Polarity reversal test 

The test level Upr is expressed in the equation in IEC 61378-2:2001, 8.2.4. 

The same principles as mentioned in 8.2.3.2 apply. However, when d.c. with superimposed 
a.c. is considered, the d.c. component is doubled for the polarity reversal and the a.c. 
component is added but not doubled. Thus only half of the a.c. component is added, which 
gives the factor 0,35. The final result is multiplied by 1,25 to give a safety margin. 

The polarity reversal is made from positive to negative polarity and vice-versa. The reason is 
that the insulation structure is not perfectly symmetrical and the impact of the transient 
stresses during the reversal will differ depending on polarity. 
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8.2.3.4 AC separate source voltage test 

The test level Uac is expressed in the equation given in IEC 61378-2:2001, 8.2.5. 

The a.c. voltage test level corresponds to the sum of the d.c. voltage level of the valve 
winding and the peak value of the a.c. phase-to-earth voltage and division by 2  gives the 
r.m.s. value. In line with the procedure of IEC 60076-3 used to establish the normal a.c. long 
term test value, the multiplier 1,5 is applied to obtain the test voltage. 

It should be noted that this test is not a substitute to the polarity reversal test. It is only a 
supplementary test to be carried out for the reasons described above. 

9 Losses 

9.1 General 

9.1.1 General considerations 

Whenever an alternating current flows through the winding of a transformer, in addition to the 
I2R losses, it produces: 

– eddy losses in windings; 
– eddy losses in high current busbars, when present; 
– stray losses in structural steel parts. 

The external short circuit connection, to be set up for the measurement of the load losses, 
influences the measuring results. An agreement should be reached between the supplier and 
purchaser before starting the test on how to correct the measuring results owing to losses and 
impedances of the test circuit. 

When units provided with transductors are subject to load losses tests, the electrical 
quantities might not be sinusoidal. An agreement should be reached between the supplier and 
purchaser before starting the test on how to correct the measuring results. 

These losses originate as follows. 

An a.c. current flowing through a winding produces an alternating magnetic flux. This 
alternating flux induces electromotive forces in all conductive materials that it encounters. 
These electromotive forces produce eddy currents in all conductive materials and hence they 
generate eddy and stray losses. 

Electromotive forces are proportional to the derivative of the magnetic flux. If we consider a 
sinusoidal state, then electromotive forces are proportional to:  

f × B 

where 
f is the frequency; and 
B is the magnetic flux density. 

The magnitude of the induced eddy currents is proportional to: 

(f × B)/R 

where R is the resistance encountered by the eddy currents. 
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Considering that B is generally proportional to the winding’s current I, then the eddy losses 
are proportional to: 

 (f2 × B2)/R and therefore Peddy = constant × (f2 × I2)/R (1) 

This relationship is also valid for stray losses in structural steel parts, providing they are 
unsaturated. 

9.1.2 Losses and frequency 

Eddy currents, induced in a conductive material by an alternating magnetic field, distribute 
themselves unevenly in the conductor section and concentrate near the conductor surface. 
This phenomenon is known as “skin effect”. 

The penetration depth of eddy currents depends on the material, electrical and magnetic 
properties together with the frequency of the alternating magnetic field. This relationship can 
be expressed as follows: 

 
σπµ ×××

=
f

1deπthσkin  (2) 

where 

µ is the material magnetic permeability; 
f is the frequency; 

σ is the material electrical conductivity. 

The skin effect then influences the value of the conductor resistance at a given frequency. 
Thus Equation (1) may be rewritten as: 

 
)(

constant
22

eddy fR
IfP ×

×=  (3) 

The conductor’s resistance remains constant up to a certain frequency (called transition 
frequency), if the frequency is increased beyond this, the resistance increases in a manner 
described by the formulae given in Annex A of IEC 61378-1:2011. 

Eddy losses in a given conductor will increase with the square of the frequency up to the 
transition frequency. For higher frequencies, the relationship is: 

 xfP ∝eddy  (4) 

where x is 0,5 < x ≤ 2 and constantly decreases with an increase in frequency. 

The value of transition frequency of a specific conductor depends significantly on the 
geometric dimensions of the conductor itself, hence the larger the dimensions, the lower the 
transition frequency (see IEC 61378-1:2011, Annex A).  

The different conductive materials inside the transformer may be divided into two groups: 
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– winding conductors, the dimensions are usually1 comparable with the skin depth at 
fundamental frequency; 

– high current busbars and structural steel parts where at least one dimension is 
significantly greater than the skin depth at fundamental frequency. 

The geometric differences between the two groups are reflected in a different relationship 
between eddy loss and frequency. Eddy losses in winding conductors vary as f2, while those 
in high current busbars and structural steel parts vary as f 0,8. 

The use of just two exponents is a simplification in respect to what is described in  
IEC 61378-1:2011, Annex A. However, several measurements and simulations have shown 
that these exponents are both safe and reasonable. 

9.1.3 Current sharing, losses and hot spot in high current windings 

Valve windings in converter transformers for industrial applications are often characterized by 
a small number of turns and large rated currents (several kA and more). Often the 
consequence of this fact is that the valve winding has to be made of several coils connected 
in parallel. 

Whenever a winding is made up of coils connected in parallel, the sharing of the total winding 
current among the coils will be influenced by the self and mutual reactance of each coil and 
by the loading of other windings. In general, coils exposed to radial leakage flux will carry a 
higher current than the coils exposed to axial leakage flux only.  

Current values for coils placed at the ends of a valve winding may be typically 1,2 to 1,7 times 
the value of current corresponding to a perfectly even sharing among coils. In addition, it shall 
be noted that also the current sharing among the strands forming the turns of these higher 
loaded coils is unequal unless even current sharing among the strands is achieved by perfect 
transposition or by using continuously transposed cable. 

This means that these windings will exhibit a difference between hot spot and average 
temperature rise which can be significantly higher than that of other windings. 

Therefore a simple hot spot factor cannot be assumed and load losses need to be computed 
accurately. In particular the manufacturer should compute: 

a) I2R loss due to uneven current sharing among the coils making up the high current 
winding; 

b) I2R loss due to uneven current sharing among the strands making up the turns of each 
coil; 

c) eddy loss in each strand making up the turns of each coil. 

These calculations can be carried out by means of magnetic field simulations which take into 
account both the connections among the different coils and windings in the transformer and 
sinusoidal variation of currents versus time. 

There is a need for one simulation for each leakage field pattern (see subclause 9.1.5). 

9.1.4 Current harmonics 

The harmonic current will increase the transformer eddy and stray losses. Such increases can 
reach levels that may lead to transformer failure. 

___________ 
1 Foil windings are an exception to this (see IEC 61378-1:2011, Annex A Equation (A.4)). 
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Converters, to which transformers are connected, act as sources of harmonic currents. The 
characteristic of these harmonics depend on: 

– the converter’s power circuit configuration; 
– the converter’s control technique; 
– interaction between the converter and the system to which it is applied; 
– the characteristic of the power electronic components. 

The transformer manufacturer does not have the necessary information and knowledge to 
predict the current harmonic generated by the converter. Accordingly, IEC 61378-1 and 
IEC 61378-2 require that a harmonic spectrum be included in the specification in terms of 
amplitude and phase. The purchaser has the responsibility of specifying the harmonics to 
which the transformer will be subjected, whilst the transformer manufacturer has the 
responsibility of designing the transformer taking into account the specified harmonics.  

IEC 60146 series identifies different converter power circuit configurations. For each of these 
configurations, a pulse number p was assigned so that it would be possible to predict the 
harmonics that, theoretically, should be present. 

Current developments in electronics make possible the application of new real-time control 
techniques that significantly alter the behaviour of the converter. The result is that a clear 
relationship between the converter power circuit configuration and its number of pulses, and 
hence the value of the current harmonics, is uncertain. 

9.1.5 Transformers with three or more windings wound on the same core limb 

Winding arrangements and leakage fields are described by use of an example of core-form 
transformers. The same consideration can be applied to shell-form transformers. 

In a two-winding transformer, ampere-turns are balanced if the magnetizing current is 
neglected. The harmonic currents flowing in the valve winding are balanced by harmonics 
(with the same p.u. magnitude) in the line winding; therefore the eddy loss enhancement 
factor is the same for both the line and valve windings.  

In a transformer with three windings, it is known that the sum of all windings ampere-turns 
adds up to zero and so it is necessary to consider in detail how to calculate each winding 
eddy-loss enhancement factor.  

It is possible to identify the following configurations for three winding core-type transformers 
characterized by the coupling between valve windings: 

a) close coupling – two-valve windings interwoven and one line winding; 
b) no coupling – two pairs of valve-line windings separated by an intermediate yoke; 
c) loose coupling :  

– double concentric transformer with one line winding positioned radially between the 
two valve windings; 

– two line windings in parallel, one above the other, each line winding facing one valve 
winding. 

After measuring current harmonics at all three transformer terminals, it is possible to observe 
that, while some harmonics injected into the valve windings appear on the line with an 
identical p.u. value, other harmonics are not present on the line side. 

Therefore, it is possible to divide the harmonics injected into the valve windings into two 
groups: 
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1) harmonics in phase – there is no phase displacement between these harmonics flowing in 
the valve windings; they sum and appear on the line side; 

2) harmonics in phase opposition – there is a 180° phase displacement between these 
harmonics flowing in the valve windings; they cancel each other out and do not appear on 
the line side2. 

Harmonic currents in phase always contribute to the total eddy loss value.  

The effect of harmonic currents in phase opposition is related to the valve winding coupling 
(see IEC 61378-1:2011, 6.4): 

a) close coupling – harmonics in opposition are balanced between the interwoven valve 
windings; they produce a negligible leakage flux so that they only produce I2R losses in 
the valve windings (see Figure 20); 

b) no coupling – the intermediate yoke separates the magnetic circuits of the two pairs of 
valve-line windings; harmonics in opposition are balanced between each valve-line 
windings couple so that they produce both I2R and eddy losses in both line and valve 
windings (see Figure 21); 

c) loose coupling obtained with double concentric valve windings – harmonics in opposition 
do not flow in the line winding as they are balanced between the valve windings where 
they produce both I2R and eddy losses (see Figure 22); 

d) loose coupling obtained with two line windings in parallel axially-displaced – harmonics in 
opposition are almost completely balanced between each valve-line windings couple so 
that the same considerations made for no coupling apply (see Figure 23). However, local 
loss distribution may differ significantly, see paragraph below. 

When rectifiers cause harmonic currents of opposite direction in loosely connected valve 
windings, the resulting magnetic leakage fields have significant radial components at the 
winding ends. These radial components generate local eddy losses in the uppermost and the 
lowest parts of each valve winding. The winding arrangement shown in Figure 23 requires 
special attention because of the high concentration of harmonic current of certain orders in 
the lowest part of the upper valve winding and in the highest part of the lower valve winding. 
Such service condition cannot be produced in a normal temperature rise test where the valves 
are not connected to the transformer. Therefore, if required by the purchaser, the effects of 
the harmonics in opposition shall be studied by means of the appropriate magnetic field 
simulation tools to validate the design solution. Similar considerations, based on the mutual 
coupling of the windings, apply when more than three windings or shell type transformers are 
considered. 

___________ 
2 As in even harmonics in a double-star single-way rectifier. 
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Figure 20 – Leakage fields for a three-winding transformer  
with closely coupled valve windings 
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Figure 21 – Leakage fields for a three-winding transformer  
with decoupled valve windings 
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Figure 22 – Leakage fields for a three winding transformer  
with loosely coupled double concentric valve windings 
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B – Leakage flux produced by harmonics in phase 

C – Leakage flux produced by harmonics with 180º phase displacement 

L – Line winding 

V – Valve windings 

Figure 23 – Leakage fields for a three winding transformer  
with loosely coupled double-tier valve windings 

9.1.6 Dual frequency testing of HVDC transformers 

The procedure is based on the difference in behaviour of eddy losses in windings and stray 
losses in structural parts as described in 9.1.1. Through the measurement at two frequencies 
it is possible to evaluate the division of eddy and stray losses according the procedure shown 
in 10.3.2 of IEC 61378-2:2001. Analysis has shown that a reasonable accuracy for the 
division will be achieved if load loss measurements are made at two different frequencies 
which are sufficiently separated. If one measurement is made at power frequency, 50 Hz or 
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60 Hz, the second measurement shall be made at a frequency equal to or greater than 
150 Hz. A voltage source for the second frequency measurement is normally available since 
the equipment for induced over-voltage test may be used. This procedure is not intended for 
use on transformers covered by IEC 61378-1, where a theoretical estimation of the 
distribution of the eddy losses is made. 

The dual frequency procedure implies that: 

– the result is based on well-established measurement techniques that lead to a division 
with reasonable accuracy; 

– measurements in the kHz range are avoided; 
– theoretical estimation is avoided. 

Calculation example: 

P1  is the total load loss at 50 Hz 
P5  is the total load loss at 250 Hz 
PWE1  is the eddy loss in windings at 50 Hz 
PSE1  is the stray loss in structural parts at 50 Hz 

RI 2
LN   is the ohmic loss at rated current 

Iv  is the current at harmonic v 
f  is the frequency 

Transformer data:  

P1 = 449 kW kW3662
LN =RI   P5 = 1 500 kW (5) 

giving the following equations: 
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Inserting the values gives: 

 449 = 366 + PWE1 + PSE1 (8) 

 1 500 = 366 + PWE1 × (250/50)2 + PSE1 × (250/50)0,8 (9) 

Solving Equations (4) and (5) gives PWE1 = 39 kW and PSE1 = 44 kW. 

Estimation of service losses: 

Harmonic spectrum (see Table 2 below): 
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Table 2 – Data for calculation of load losses with harmonic currents  
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5 0,18 25 3,62 0,032 

7 0,12 49 4,74 0,014 

11 0,06 121 6,81 0,003 6 

13 0,05 169 7,78 0,002 5 

17 0,03 289 9,64 0,000 9 

19 0,02 361 10,5 0,000 4 

 

Service losses: 

 ∑∑ 




















×








×+





















×








×+=

v

1

8,0

1

v
2

LN

v
SE1

v

1

2

1

v
2

LN

v
WE1

2
LNN f

f
I
I

P
f
f

I
I

PRIP  (10) 

The equation may be written as: 

 1SESE1WEWE
2
LNN PFPFRIP ×+×+=   (11) 

where FWE and FSE are enhancement factors as described in IEC 61378-2. 

Inserting the values gives: 

PN = 366 +39(0,92 × 1 + 0,032 × 25 + 0,014 × 49 + 0,003 6 × 121 + 0,002 5 × 169 + 0,000 9 × 
289 + 0,000 4 × 361) + 44(0,92 × 1 + 0,032 × 3,62 + 0,014 × 4,74 + 0,003 6 × 6,81 + 0,002 5 × 
7,78 + 0,000 9 × 9,64 + 0,000 4 × 10,5) = 366 + 3,67 × 39 + 1,17 × 44 = 560 kW (12) 

9.1.7 Transformers with more than one active part in the same tank 

A converter transformer for industrial applications may, for example, contain in the same tank 
a regulating autotransformer (connected to the line) that feeds two fixed ratio step-down 
transformers (connected to the rectifiers). 

The valve windings of these two transformers are displaced by 30° and each of them feeds a 
six-pulse bridge. 

Each step-down transformer is subjected to harmonics due to six-pulse operation (harmonic 
order = 6 × k ± 1, with k = 1,2,3…). 

However, the two six-pulse systems have a 30° displacement in order to give a twelve-pulse 
operation on the line side. Therefore, the harmonics in the autotransformer are those of 12-
pulse operation (harmonic order = 12 × k ± 1, with k = 1,2,3...). 

The eddy losses enhancement factor for the autotransformer windings is then lower than 
those of the step down transformers because of the cancellation of the 5th and the 7th 
harmonics. 
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The stray losses enhancement factors also differ. However, only the sum of the stray losses 
due to all active parts can be deduced from the measurements. 

It is reasonable to assume that each active part produces a portion of the total stray losses 
that is proportional to the product of its rated power and short-circuit impedance (in p.u.). 

Only when the harmonic current spectrum is specified for all the windings in a transformer 
having more than one active part, is it possible to apply IEC 61378-1 with the modification 
above for the computation of stray losses enhancement factor. 

9.1.8 Transformers connected to a voltage source converter 

9.1.8.1 General 

It may be possible (by means of filters, commutation strategy and technology) to keep current 
and/or voltage harmonics within the limits defined by IEC 60076-1:2011, 4.2. However such 
situation should not be assumed but, instead, verified on a case by case basis. 

9.1.8.2 No load losses 

In case voltage harmonics exceed the levels defined by IEC 60076-1:2011, 4.2, then it is 
necessary to properly take into account the additional eddy losses in the core laminations and 
the increased hysteresis and anomalous losses due to minor BH loops. Hysteresis and 
anomalous losses are nonlinear phenomena, therefore it is not possible to compute them 
through harmonic analysis. Such an increase in losses may result in a need to lower the core 
induction and/or improve the core cooling. 

9.1.8.3 Load losses 

In case current harmonics exceed the levels defined by IEC 60076-1:2011, 4.2, then the same 
considerations made for converter transformers connected to line commutated converters 
should apply. 

9.2 Thermal tests 

9.2.1 General 

The basis of the temperature rise test for converter transformer is to take into account the 
effect of current harmonics on eddy and stray losses by properly increasing the sinusoidal test 
loss and current. 

9.2.2 Calculation of test currents and losses for industrial transformers 

In addition to that already described in IEC 61378-1, it is important to note that, when 
transformers with more than one active part are considered, the following problems may arise: 

– because of harmonic cancellation, one active part may have rated current and FWE 
significantly lower than the others and this may result in an overload of this active part 
during the temperature rise test; 

– the interconnection of windings belonging to different active parts affects the temperature 
rise measurement by resistance. 

Both problems should be solved by agreement between the transformer manufacturer and the 
customer at the contract stage. 

9.2.3 Calculation of losses and test currents for HVDC transformers 

The service load losses are estimated through the procedure described in 9.1.5.  
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In order to simulate the service load loss during the heat run test, an equivalent load current 
is used which is derived from the result of the dual frequency measurements.  

Taking the calculation example in 9.1.5 

Load loss at fundamental frequency:  P1 = 449 kW and  (13) 
Service load loss: PN = 560 kW (14) 

From the above, the equivalent test current will be: 

 A12,1
449
560

1

5,0

1eq III ×=





×=  (15) 

See the equation given in IEC 61378-2:2001, 10.5. 

9.2.4 Considerations on the hot spot and limits of the thermal tests  

IEC 61378-1 and IEC 61378-2 define the value of an r.m.s. sinusoidal current with power 
frequency (in a particular winding) that produces the total losses equivalent to that when the 
winding is harmonically loaded. Eddy losses, with harmonics, increase in the winding end 
regions and a test with sinusoidal current is not able to reproduce the leakage field patterns 
that occur in service. In summary, therefore, it should be noted that this equivalent test 
current does not produce the local loss distribution within the winding that will occur under 
harmonically-loaded conditions.  

Particular attention is drawn to the fact that the hot spot temperature and its location, 
determined through a temperature rise test with sinusoidal current, is not necessarily the 
same as will be encountered during converter service. Therefore, because of the test 
procedure, care should be taken at the test stage to prevent thermal stresses beyond those 
occurring in service. The use of fiber optic sensors inside the windings should be a useful tool 
for checking the thermal behaviour of the unit either during the thermal test, or at on-load 
service. 

9.2.5 Considerations on temperature rise test of industrial transformers  

9.2.5.1 Bus bars assemblies to short circuit valve windings during the test  

The geometrical and mechanical arrangement of the bus-bars used to short circuit the valve 
winding will influence: 

– the measured load losses and short circuit impedance; 
– tank hot spots in the vicinity of the busbars; 
– current sharing among busbars connected to the same phase; 
– time needed to open up the short circuit at the end of the temperature rise. 

The first three points can be addressed by means of 3D magnetic-thermal simulations and the 
last point by having part of the bus-bars shorted by plates which are held in place by pressure 
elements (instead of being bolted) so they can be quickly dropped. 

9.2.5.2 Transformers with built in transductors 

Transductors, during service, are connected in series to diodes and, therefore, they operate 
with unidirectional currents only. If they are kept in the circuit during load loss and 
temperature rise tests, then they would operate with bidirectional currents and 
correspondingly higher core losses. IEC 61378-1:2011, Annex G describes several ways to 
address this problem. 
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9.2.5.3 Combined test with rectifier 

Sometimes the transformer is tested while connected together with its rectifier.  

The assumption is that such combined test is closer (than the individual tests) to real 
operating conditions. 

However, during such combined test, the rectifier is short-circuited. In these conditions, the 
currents going through the transformer windings will be almost sinusoidal (instead of being 
close to a square wave when in operation with the real load). 

Therefore such combined test is not representative of operating conditions and it is not 
recommended because: 

– it does not allow a more realistic measurement of losses; 
– it is not possible to split load losses between the rectifier and the transformer; 
– the fact that the valve terminals are connected to the rectifier makes more difficult the 

measurement of the valve winding temperature rise by resistance method. 

9.2.6 Tank hot spots in industrial transformers  

Valve windings of industrial transformers carry large currents (from several kA to 100 kA  
–150 kA). 

These currents may cause concentrated hot spots on the tank, which may provoke premature 
deterioration of gaskets, paint or other adjacent materials. 

Once the transformer is built, it is very difficult to apply remedies for these hot spots. This 
problem is best addressed at design stage by 3D magnetic-thermal simulation (see 
IEC 61378-1:2011, Annex F). 

10 Core and sound aspects 

10.1 Core 

10.1.1 Constructional features 

10.1.1.1 Cores of transformer active part 

The design of magnetic circuits is generally the same for converter transformers and 
conventional a.c. power transformers. Three-phase and single-phase core-form and shell-type 
constructions may be used, incorporating one of several customary arrangements of yokes 
and wound and unwound limbs as described in IEC 60076-8. 

The type of core and core design are generally decided by the transformer manufacturer. The 
aim is to achieve the best technical design. However, the core design may also be influenced 
by the purchaser’s specification, for example for reasons of compatibility or interchangeability 
with existing equipment.  

The core materials, limb and yoke configurations, clamping and support structures, core 
insulation systems, flux control measures, and so forth, usually follow a.c. power transformer 
technical practices. 

10.1.1.2 Cores of transductors when in unit 

In rectifier transformers that feed an electrolysis process, often transductors are used for fast 
and stepless d.c. voltage regulation. These transductors are built by wound laminated core 
sheets and the transductor control principle requires that the core be magnetised up to full 
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saturation. This will create significant sound levels due to high magnetostriction forces in the 
transductor cores themselves. 

10.1.1.3 Cores of Interphase transformers when inside the tank  

An interphase transformer (IPT) is a special reactor usually connected between the neutrals 
of both star valve windings of a transformer for single way rectifiers and the d.c. load (see 
Figure 5). 

Interphase transformers are used to optimize parallel operation of line commutated 
converters, mostly the paralleling of 3 pulse rectifiers. For higher pulses rectifiers (six, twelve, 
etc.), the impedance of the various circuit components may be enough. 

Depending on the interphase transformer type, either ‘wound’ or ‘bar mounted’ single core 
form or shell-type form constructions may be used. 

The type of interphase transformer and its type of core and core design is decided by the 
transformer manufacturer taking into consideration: 

a) the voltage difference between valve windings neutrals; 
b) the direct current rating; 
c) unbalance between neutral currents (which may require the presence of airgaps). 

Windings or mounted bars assemblies of interphase transformers are assembled in a way to 
generate opposing magneto motive forces which cancel each other out when d.c. currents are 
balanced. 

A five limb core for the transformer active part may be an alternative to the use of the 
interphase transformer, however special care should be taken to minimize any unbalance 
between the neutral currents. 

10.1.2 Effect of harmonics on transformer active part cores 

For line commutated converters, when the ratio between the network short circuit power and 
the power of the converter is big (higher than 10), the line-side voltage is close to sinusoidal. 
The voltage on the valve side instead, will deviate from sinusoidal by the internal voltage drop 
in the transformer. 

With a sinusoidal voltage, the major magnetic flux will also have a sinusoidal course resulting 
in no-load loss and magnetizing currents similar to the ones developing in normal a.c. 
operation. The effect of a d.c. bias current in the line-side and/or valve-side currents are 
discussed in 10.1.3. 

For forced commutated valves, the applied voltage may deviate from a true sinusoidal shape 
and the harmonics in voltage will have an influence on the harmonic content of the magnetic 
flux which has to be considered by taking into account the different components of no load 
losses (eddy losses, hysteresis and anomalous losses in core laminations) 

10.1.3 DC bias voltage effect on main active part cores 

A small d.c. bias current circulating in the valve winding(s) may have its origin from several 
different sources. Slight differences in the valve operation can give rise to small residual 
currents of d.c.-nature through the valve winding(s). Differences in potential between line-side 
neutral and the earthing point for star connected line-side windings will result in a d.c.-bias in 
the line winding. Such potential differences may have their origin in adjacent current carrying 
the earthing point of the d.c. system, e.g. a system with earth return. 
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The d.c.-bias will have an influence on the magnetic flux as an unipolar component. Steps are 
taken so that such unipolar component is kept small enough to avoid significant effects on the 
no-load loss. 

A d.c.-bias will also increase sound level from single-sided saturation of the core lamination 
(see IEC 60076-10-1). 

10.1.4 Summary about cores 

For HVDC units, the dominant difference for the core between converter operation and 
conventional a.c.-operation is that it is subject to a d.c.-bias current, which needs to be 
minimized at system level.  

For industrial units, the dominant difference regarding cores between converter operation and 
conventional a.c.-operation can be the presence of: 

– transductors which pose challenges to testing under a.c. conditions; 
– interphase transformers which cannot operate (and therefore tested) without being 

connected to a converter. 

10.2 Sound 

10.2.1 General 

It is increasingly required that equipment sound levels in service should not attain values that 
exceed acceptable environmental levels. 

In practice, these levels are usually imposed by governmental and other statutory authorities. 
They usually apply to the overall converter station and not to the individual plant items. The 
sound levels may refer to one or several measurement points around the periphery of the 
installation, normally the boundary.  

Therefore, when an overall sound level is prescribed for a converter station, a sound level 
value shall be derived for each transformer in addition to the other individual plant items. The 
value obtained will represent the transformer maximum permissible sound level allowed in 
service.  

Unlike conventional power transformers in a.c. operation, the sound level of converter 
transformers depends on the following. 

– In operation, a converter transformer may be subject to a wide range of harmonic voltages 
and currents of various magnitudes, in addition to a d.c. bias voltage and current. 

– Whenever present, transductors and/or interphase transformers are the main source of 
noise in converter transformers. Different design solutions of interphase transformers 
cores can have a significant effect on noise generation (however there are no means to 
quantify with precision such effects), The same consideration is not applicable to 
transductors which need to work in saturated conditions. 

– In specifying a maximum permissible overall site sound level, there is the dual problem of 
determining the actual permissible contribution from a transformer and proving this value 
will not or has not been exceeded.  

At present, there is no standard test procedure for determining the on-load sound 
characteristic of a converter transformer at site for comparison with a specified site sound-
limiting value.  

The present standard practice for HVDC transformers is for purchasers to specify a measured 
sound level that will be obtained in the factory during a rated no-load test at the fundamental 
frequency. 
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