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1 Introduction 

 

Short circuit withstand is always a point of debate between transformer manufacturer, customer and sometimes 

consultant. The limits on impedance change, DGA analysis and dielectric tests according the F.A.T. after the short circuit test, are 

the deciding criteria [ ref 1 ] to determine wether a transformer has passed or failed the short circuit test. In the case of a small 

transformer, a short circuit test, including a full disassembly, is more convincing and cost effective than all discussions. In the case 

of a large power transformer this is less practical due to the cost and time involved.  The limited testing capability of the short 

circuit lab can also be the deciding factor, because one is not able to supply the short circuit power.[ ref 3] 

In the Cigre working group 12.19 [ ref 2  ] the difference between the large amount of failures during short circuit 

tests of about 23% [ ref 3 + ref 4  ] and the very limited number of transformer failures in the field related to short circuit, led to 

the conclusion that the short circuit test is very severe. The conclusion at that time was that the experience based on short circuit 

testing resulted in design criteria that are on the conservative side, so indirectly leading  to a safe and reliable transformer design.  

A change in the severeness of testing was considered not desirable. Also it was concluded that having numbers in this Cigre 

brochure would be an oversimplification of all the existing knowledge and it would neglect all design and manufacturing 

experiences of the different manufacturers. 

The limitation of the present IEC 60076-5 Annex A is that it focuses on the yield strenght of the copper and that it 

has numbers. A simple separation between radial spacer windings and layer type windings is made. By adding numbers to this 

standard, even if it is an annex for guidance, one gives the impression that a transformer is short circuit proof if it has design 

numbers that comply with the standard.  

One should also realize that the number of short circuit tests on large power transformers is very limited and that 

the tests are done on a large variety of transformers with respect to MVA rating, voltage class, type of windings and impedance. 

The tests are also performed over a long time frame, so one cannot neglect the changes in design, materials and manufacturing 

over the years.  In the case of Royal Smit Transformers an average of 1 unit/year over the last 30 years but for a large transformer 

manufacturer as ABB about an average of 6 units/year over the last 16 years. [ ref 5  ].  A large short circuit test lab as DNV-GL 

KEMA laboratories  [ ref 3 ] performs about 15 test per year and this number is in line with previous numbers. 

In a first step of this paper the winding is considered a homogeneous rotation symmetric cylinder, with different 

mechanical properties in radial, tangential and axial direction. The focus is on the practical aspects of the rotation symmetric part 

of the windings and the average stresses. This approach is often adequate for small and medium power transformers, but is not 

sufficient in the case of large power transformers. The annex A  of IEC 60076-5  2006 actually  stops at this first step. 

In a next step the winding is considered as a non-rotation symmetric cylinder. This is mainly due to the high 

currents at both LV and HV side, which increase the size of the conductors and the need of parallel conductors to be transposed.  
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The third step is the effect of the windings assembled together in a winding set and the requirement of axial 

symmetry, after final pressing, to avoid unbalanced axial forces. The windingset is pressed at two locations  ( tie plate at inner 

diameter ) or four locations ( tie rods at outer diameter ). The pressing force needs to be well distributed over the circumference 

and radius to obtain a proper pressure distribution on all windings. 

As a last step one should realize that a winding set of one phase set is not on it’s own.  The magnetic and 

mechanical influence of the other phases cannot always be neglected. 

From there one can make an overview what is not in IEC 60076-5 Annex A, so one can see what could be 

adjusted and even what should be removed. 

 

2 The winding considered as a rotation symmetric cylinder      Step 1 . 

 

In this chapter the existing theory will not be repeated.  There are good publications with a lot of references [ ref 1, ref 2, 

ref 5 and ref 9 ) that describe the theoretical mechanical behavior of the conductors in windings, such as bending, forced buckling, 

free buckling and tilting. In these analysis the implicit assumption is made that the winding is a rotation symmetric cylinder, with a 

certain arrangement of the copper conductors.  

Due to the many discussions one forgets the practical  issues and that is the cause of some mythes.  Some of these myths 

will be described in this chapter, still assuming that the winding is a rotation symmetric cylinder. 

  

2.1 Radial spacer versus axial spacer – support in radial direction. 

 

As a start the mechanical stress distribution in superconducting winding. The static stresses in these windings are  much 

higher than the dynamic peak stresses in the transformer windings. As an example one can take a winding consisting of 5 layers 

(Ref [7] – Fig 2). The static radial pressure per layer is calculated and the tensile hoop stress per layer can be determined, based on 

the material properties of the conductor and the intermediate layers.  In the case of soft (= low E- modulus) intermediate layers of 

glasfibre,  the inner layer pushes against the outer layers and so it is supported. This also complies with a radial disk  with very low 

Youngs modulus of the insulation  (  ref [5] fig 9.4 because Eins ≈ 1000 MPa   ). 

 

In the case of an axial spacer winding, the conductor ( CTC or wire ) is pressed against a transformer board pre-dried axial 

spacer by the tension on the conductor during winding. The radial distance from copper to copper  including paper insulation and 

spacer is in the range of 5 mm to 6 mm and depends mainly on the width of the cooling duct of 4 mm or 5 mm. 

In the case of radial spacer windings with CTC , there is no axial cooling duct, but the conductors are pressed against each 

other on irregular locations and gaps up to 1 mm can be seen. As an example a CTC was ( 19// 1,85 x 6,6 – L - Ep ) with 1,3 mm 

paper increase. ( see fig 1a and 1b ) of soft copper was used for a radial spacer winding test. The radial distance from copper to 

copper is then in the range of 1,5 mm to 3 mm. 
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Remark :  The reduction of pre-tension on the conductor due to removing the winding mandrill, drying of the paper  

insulation on the conductor and “curing” of the epoxy during the epoxy bonding process are never discussed,  

but should not be neglected. It is all part of manufacturing experience of the transformer manufacturer and  

are taking into account in his design criteria . 

 

  
Fig 1a Radial spacer winding test with CTC – light shining test Fig 1b  Radial spacer winding test with 0,5 mm spacers to  

             illustrate the open spaces between the conductors 

             after winding . 

 

To illustrate this support between layers, some examples of short circuit tests on a transformer and two current limiting 

series reactors. 

 

Example 1  The HV winding of three phase transformer of 33 MVA – 161R / 34,5 kV Yd  

 

The Smit disk winding has an average diameter of  935 mm and an axial height of 1540 mm. The winding has 8 layers and 

between layers a 5 mm cooling duct. The conductor is a strap copper  wire  of  3.50 x10.40 -16p  and  has a  σ0,2 of  95 N/mm2   

The insulated dimensions are 5.62 x12.52 mm  because of  2,12 mm paper increase.  

The average tension hoop stress in the copper was 85 N/mm2 during the short circuit test, which is 90% of  σ0,2. 

Under the assumption that the inner most conductor is not supported at the outer diameter, the tension hoop stress in that 

conductor would then have a value of 160 N/mm2 , which is 168% of  σ0,2 which makes the assumption unrealistic.  

 

σ0,2 : The 0,2%  yield strength of the copper and varies between 60 [ N/mm2 ] for soft copper to 360 [ N/mm2 ]  

   for silver bearing copper  
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Example 2  Single phase current limiting reactor in tertiary winding at 13,8 kV. 

 

 The reactor with an average diameter of 660 mm and an axial height of 1360 mm consist of two parts. Each part consists of 

a single layer helical winding with 4 parallel epoxy bonded CTC ‘s and an 5 mm axial cooling duct in between.  In the the middle 

of the axial height is a transposition of the CTC’s to obtain an equal current distribution. The two parts are separated by a  spacer 

insulation barrier of 13 mm with axial spacers. The average tension hoop stress in the copper was 48 N/mm2 during the short 

circuit test, which is 50% of  σ0,2. 

 Under the assumption that the inner most conductor is not supported at it’s outer diameter, the tension hoop stress in that 

conductor would then have a value of 84 N/mm2 , which is 88 % of  σ0,2.  

 

Example 3  Three phase current limiting reactor in phase shifter for 150 kV system. 

 

The reactor with an average diameter of 850 mm and an axial height of 1284 mm  is a single layer helical winding with 5 

parallel epoxy bonded CTC ‘s and 4 axial cooling ducts of 5 mm between layers.  In the axial height there are 4 transpositions of 

the CTC’s to obtain an equal current distribution. The average tension hoop stress in the copper was 57 N/mm2 during the short 

circuit test, which is 60% of  σ0,2. 

 Under the assumption that the inner most conductor is not supported at the outer diameter, the tension hoop stress in that 

conductor would then have a value of 102 N/mm2 , which is 108 % of  σ0,2, which makes the assumption unrealistic 

 

Conclusion : It is a myth that there is no radial support if the conductors inside a winding are arranged in layers, in the case of 

radial outward directed forces. 

 

 

2.2 Small versus large diameter. 

Due to the hoop stress the diameter of the winding  ( D in mm ) increases (in the case of the outer winding) or decreases (in 

the case of the inner winding).   This is the well known pressure vessel formula.  ( ref [ 5 ] ) 

dD/D =  σh/E   => dD = σh/E  * D   

D : Average diameter of winding [ mm ]. 

dD : Change in diameter [ mm ]. 

σh : The average hoop stress in the copper conductor of the winding 

Ec : The E-modulus of the copper [ N/m2 ]. 

 

Two numerical examples for illustration purposes  

σh =110 [ N/mm2 ] and Ec = 110 103 [ N/mm2 ]. 

D = 200 mm => dD = 110/ 110 103 * 400 = 0,4 mm 

D = 600 mm => dD = 110/ 110 103 * 600 = 1,2 mm 
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If  two windings have the same hoop stress and the same type of construction, but only a difference in diameter, the larger 

diameter winding will a have, in mm’s, a larger change in diameter ( dD ).  This change should be related to the fixed axial cooling 

ducts of  4 or 5 mm. In the case of a larger diameter the layers will support each other even more than in the case of the smaller 

diameter. This complies wit [5] – fig 12.16 

 

Conclusion : It is a myth that testing larger diameter windings is more severe at the some hoop stress. 

 

2.3 Radial stability 

 

 The radial stability of a cylinder with a certain length between two flanges was first analysed by von Mises ( ref [ 10 ] ). 

The critical hoop compressive stress for an empty, long and  homogeneous cylinder with flanges at the ends under static 

pressure, is defined by:  

crit =          E           x (n2 – 1 )   x  ( h/R )2   [ N/mm2  ]  (  7-15 Timoshenko) 
      12.( 1- 2 )  
 
Variabels: 

crit : Critical hoopstress ( as function of  bucklingmode ) 

E : E-modulus of cilinder 

 : Poissonmodulus 

R  : Innerradius of cilinder  

h : Wall thickness of cilinder 

n : Bucklingmode = amount of full waves in the circumference of the cilinder at that bucklingmode.  

 

 

Numerical example for illustration purposes 

 

An inner winding has a ratio of length to  

diameter of about 1,5 to 2,5, so take 2 

A conductor of an inner winding has a ratio  

of radial thickness to diameter of about 0,01,  

In the case of a static load and a homogeneous 

cylinder and linear material properties and no 

support from the core, that will result in a  

buckling mode with n = 4 

Fig 2   Lines of constant number of lobs as function of distance  between 

             flanges/ diameter (L/2a) and radial thickness/diameter ( h/2a ) 
             Source : Trans. ASME vol 56, p 819, 1934 
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This formula one quite often sees in literature, but parameter n is usually not discussed.  Later research and tests on steel 

cylinders showed that imperfections in the cylinder reduce the radial stability and the collapse will take place at a lower stress 

level. If  the winding maintains under pressure during a short circuit event, one can consider it as a homogeneous cilinder with the 

ends supported. This is more favorable for the radial stability of the winding  

 

To gain a better understanding on the short circuit withstand of inner windings many manufacturers and research institutes 

(ref  [5]  chapter 12 and 16 )  made a model test setup. About 15 years ago a model test setup was designed at Smit with the 

objective to develop better criteria for the short circuit withstand of inner windings with axial cooling channels. The criteria should 

be based on real diameter windings, manufactured in the same way as transformer windings. The inner winding of the test setup 

can be considered as a part of the height ( about 10% ) of a normal winding. To obtain a good axial magnetic field one can use a 

magnetic yoke with return limbs. The magnetic yokes and return limbs have to be designed in such a way, that they do not press 

on the inner winding and so contribute to the radial stability of the inner winding.  From the perspective of the axial magnetic 

field, one then has an “infinite long” winding but from the mechanical perspective it is short winding with a high radial stability ( 

[5] – Fig 12.16 ). 

The test setup was in air and consisted of an outer winding connected to the power supply ( fig 3 ) and an inner winding 

that was shorted. A magnetic yoke was not used and the magnetic coupling was optimized by limiting the gap between inner and 

outer winding and making the outer winding somewhat higher. The axial magnetic profile of the inner winding deviates somewhat 

from a transformer, but criteria are based on the average axial field in the winding for free buckling and the average axial field in 

the outer layer for forced buckling. The press construction was designed in such a way that it did not contribute to the radial 

stability of the inner winding. 

The test current consisted of one peak of  20 msec by unloading a capacitor over the inductance of the test setup ( see fig 5). 

Any onset of deformation was considered a failure. In the case of multiple peaks, any deformation on the first peak causes loss of 

mechanical stability and so the next peak might result in a full collapse. In the latter case the test results might be harder to 

interpretate ( see fig 4 ).  

  
Fig 3 Outer coil and part of capacitor bank at Technical University  

         of Eindhoven 

Fig 4 Buckled layer winding with axial cooling channels  
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Example 4 Model testing of 1240 mm diameter inner windings. 

 

A test with an inner winding of  4 layers and so 3 cooling ducts with 58 spacers of  5 mm thickness , did not fail at an 

average compressive stress at 77% of  σ0,2. Under the assumption that the outer most conductor is not supported at it’s inner 

diameter, the compressive hoop stress in that conductor would then have a value of 186% of σ0,2, which makes the assumption 

unrealistic 

 

To make the forced buckling  and bending between the axial spacers the more dominating criteria above the free buckling, 

the tests were continued and the amount of spacerswas reduced by 50% 

 

 
Fig 5 Test circuit with DC charging of cpacitors on the left side and 
         discharge through reactor at the right side 

Fig 6 Test setup at Kema 

 

Remark :  The inner windings with CTC of silver bearing copper were too strong for the testing capacity of the capacitor  

  bank. These inner windings were tested according to the same procedure at the Kema short circuit test lab  

in Arnhem ( see fig 6 ) 

 

Conclusion : It is a myth that there is no radial support if the conductors inside a winding are arranged in layers, in the case of 

radial inward directed forces 
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2.4 Pressure on epoxy bonded CTC as in radial spacer winding. 

 

A CTC is a mechanical construction with copper strands, enamel and paper around it. The copper has much higher E-modulus 

than the enamel and the layers of paper wrapped around the CTC. The applied force will result in a non-homogeneous stress 

distribution in the CTC and the calculated stress in the copper will be more or less correct in the middle of the strands if calculated 

according IEC. 

The tested conductor is an epoxy bonded CTC from a regular production order  (11//1.8 x 10.45–L–Ep )10p and  the yield 

strength is about 100 N/mm2. The flat part of the strand has a width of the strand thickness minus two times the radius of the 

strand and is 1,8 – 2*0,65 = 0,5 mm in this case. The CTC is epoxy bonded in a normal process and the samples were straight. The 

CTC is pressed between ( high density, not calendered and 4 mm thick ) radial spacers with a width of 35 mm. A total of 6 

samples are tested at about 25%, 50%, 80% ( 3 samples ) and 100% stress. The force is increased within 5 to 10 seconds and the 

machine is manually stopped as the applied force is reached and then the force is reduced within a few seconds (fig 7a ).  This 

procedure is not that accurate, so there are some small differences in the final applied force. The stress calculation is according the 

Smit design procedure, which complies with Annex A of IEC 60076-5. 

   

  
Fig 7a  Force – compression “hysteris“ curves showing the  

plastic deformation  

Fig 7b  Radial spacer with print of the strands at 80% ( upper ) 

and 100%.( bottom ) stress. 

 

So the maximum local stress in the copper at the flat part of the strand is about 1,8/0,5 = 3,6 times higher than in the middle 

of the strand. Based on the test results ( see fig 7a ), one can see almost no plastic deformation at 25% of yield strength but clearly 

is the overall plastic deformation at higher stresses. The deformation of the spacers clearly shows the footprint of the strands in the 

CTC, although at 80% stress, the average pressure on the spacer, as calculated according IEC 760076-5 is 80 N/mm2 ( see fig 7b ) 

 

Remark : This maximum axial compressive stress has to be combined with the tangential hoop stress as during a short circuit test. 

   

Conclusion : A CTC is a mechanical construction and it is a myth that it can be considerd as a rectangular copper bar.  

25%

50%

80%

100%
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2.5       Dynamic versus static.  

 

In IEC 60076-5 the appendix A is called  “theoretical evaluation of the ability to withstand the dynamic effects of short 

circuit”, but the dynamics are not considered  and so implicitly neglected in the Annex A.  All numbers and the way of thinking 

are related to static calculations and linear material properties .  

 
Fig 4  Fig 8   The dynamic effects of transformer short circuit versus the basics of theoretical models  

 

2.5.1 Radial dynamics 

 

In the case of a short circuit current in an axial spacer outer winding: As the current increases in time, the radial pressure 

increases and so the resulting hoop stress in the copper increases. As the radius increases, the oil at the outer diameter needs to 

pushed away. The oil has to flow through a long narrow axial cooling channel, that will result in a high hydraulic pressure 

preventing the winding to increase in radius. The inner layer is dynamically supported by the oil in the axial cooling channel.  

In the case of the inner winding the oil also reduces the hoop compressive stress of the outer layer.  In case of buckling  the 

oil needs to be pushed in tangential direction, so favouring a higher mode of buckling and so improving the radial stability of the 

inner winding. The layers of the winding, that are wound on top of each other,  support each other. 

In the case a winding is shifted over the core along axial spacers there is a not well defined contact at all spacers over the 

entire height between core and inner winding. So this “support” between inner winding and core is therefore not well defined and 
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the contribution to dynamic radial stability of the winding is uncertain. Therefore it is common and good practice to consider the 

winding as being unsupported in the design of a transformer.  

 

Remark : The short time span of the peak current makes the winding buckle in a higher mode, so at a higher stress level. 

  Based on the pictures of the failed windings in fig 9, a value of n = 7, can be estimated.  

 

  
Fig 9a Wire – hard copper and improved support to the core, 

             but test current at 118% of design value. 

Fig  9b   Wire – too soft copper and insufficient support  

              to the core 

 

2.5.2 Axial dynamics 

  

 The total axial force on the windings can be related to the total radial force ( [5] – appendix 3 ), and can be considered as a 

given number. Due to the difference in height between the windings and the tap position of a tap changer, the total axial force is 

divided over the inner and outer winding.  For each individual winding, the corresponding axial force is averaged over the 

circumference and the radial thickness. The resulting average axial pressure  [ N/m2] on spacers and on conductors is determined, 

neglecting the fact that the radial field varies over the radius of the winding and also varies over the circumference due to presence 

of the yokes, outer limbs ( if applicable ) and other phases ( ref [8]  and ref [5] fig 7.6 ).  
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This axial force is also relevant for the radial withstand, because a high axial pressure at an inner winding increases the 

friction between conductors or between conductor and spacers.  In the case the winding does not buckle at the ends due to the 

lower axial field, that can be an indication of low friction between spacers and conductors which might be due to loss of pressure.  

( [5] - 10.1.2)  In the case of buckling on an axial spacer winding, it was always noticed that the inner winding buckled over the 

total height ( see fig 9a and 9b  ).  

 

The total axial force might then be much lower than the total radial force, but at the same time the mechanical rigidity in 

axial direction is also much lower. This mechanical rigidity depends on the percentage of insulation material in the height of the 

winding and is quite different for a winding with axial spacers and with radial spacers. In the case a low mechanical rigidity ( so 

high flexibility ) as in the case of a radial spacer winding, there is a possible risk of mechanical resonance in axial direction. 

 

Conclusions :  

It is a myth to look at the short circuit withstand as a static mechanical problem and that the criteria can only based on the  σ0,2 

yield strength of the copper.  

The free buckling mode can be determined by failure analysis of transformers after a short circuit test. 

It is a myth that a test setup( or a mockup model ) can replace a short circuit test of a full transformer. A test setup is an excellent 

tool for analyzing windings and determining potential weak points in the mechanical design of windings. 
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3 The winding is not a rotation symmetric cylinder  - Step 2. 

   

The size of the conductors and the need of parallel conductors increases if the MVA rating of the transformers increases, 

which is due to the high currents at both LV and HV side. The conductors have S-bends in either radial or axial direction to make 

crossover  from disk to disk or layer to layer. This bend has an S-shape, but mechanically one can see it as a pre-set for buckling. 

So one S-bend which is not properly supported, can destroy a large power transformer. 

The leads also have a considerable size which require good support, especially in the case of the LV windings of large 

generator step up transformers. 

To support the conductor at all these locations one has to use high quality transformerboard, quite often handmade parts to 

assure a good support. The direction sensitive properties as strength and shrinkage due to drying, should be taken into account.   

One can look at these aspects as details, but a whole transformer can fail due to such a detail. The short circuit withstand 

capability of these details are not just design related but also depend on the manufacturing capabilities and procedures of the 

transformer factory. 

 

3.1 Transpositions in high voltage disk winding. 

 

 In going from one disk to another disk in a winding, one has to bend the conductor in an S-shape. To avoid the buckling of 

the S-bend, one has to support it by using insulation blocks. In testing a Smit disk winding in the previous described test setup, 

there were two things unexpected, both related to the crossover area.  

- The crossover area is a discontinuity in the rotation symmetry, but the Smit disk windings never buckled radial in that area. 

- The S-bend in the crossover of the epoxy bonded CTC was showing an axial buckling above a certain stress level in the outer 

layer ( Fig 10a )  Buckling can be prevented  by transformer board blocks ( Fig 10b ) and these blocks are always used in 

Smit disk windings which are under a compressive hoop stress.. 

  

  

Fig 10a  Axial buckling of S-bend in Smit disk winding Fig 10b  Insulation support of S-bend in Smit disk winding. 
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This axial buckling of the S-bend is similar as the radial buckling of the S-bend in a radial spacer winding ( see fig 11 and  

[5] fig 9.9 and fig 10.31 ).  If the transposition can not be supported, the compressive stress at the location of the crossover should 

limited. ( [5] 11.3.6  - formula 11.17 -The allowable local compressive stress is  ≤ 0,65 . σ0,2).   

 

  
Fig 11  Radial outward buckling of transposition in radial spacer  

            winding 
Source: Short-Circuit testing of CTC’s and Twin Conductors used in  

Transformer windings – W.Felber – ASTA proceedings 1986 

Fig 12 Failure of insulation support at transposition. in middle  

           of single layer helical winding  of current limiting reactor, 

           resulting in a turn to turn failure. 

 

3.2 Transposing parallel conductors inside a layer winding.   

 

 The reactor from example 2 was actually tested two times in the short circuit lab at Kema. During the first test the reactor 

failed. In the middle of the heigth the parallel conductors are transposed to get an even current distribution. The open space in 

axial direction is filled by transformer board rings to give axial support. The transformerborad rings were used with the layers in 

vertical direction, which is mechanical the weaker direction.  The transformer board ring was plastic deformed during the short 

circuit test, so the axial support function failed and the total axial force is thenat the point where the conductors cross. The axial 

pressure between conductors was too high and this resulted in a turn to turn failure. ( Fig 12 )   
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3.3 Transposing parallel conductors between layers in generator step up transformer. 

 

In a 2-layer LV winding of a generator step up transformer the parallel conductors are transposed at the crossover between 

the first and second layer. In the test setup ( see fig 6 )  a 2-layer winding was tested, but due to the height limitations, only one 

conductor was used. The S-bend of the transposition buckles and becomes like a Z-bend ( fig 13 and fig 14 )   The transposition 

needs to be supported in radial direction by transformer board construction ( fig 15 ).   

 

  
Fig 13  S-bend has become almost a Z-bend due to buckling 

 

  
Fig 15 3-D drawing of insulation support of S-bend between  

            two layers 

Fig 14  Radial outward buckling of S-bend- View along  

the outside of the winding 

 

The friction between paperless conductor and hard calendered spacer is much lower than between paper insulated 

conductors.  To obtain a high friction force, the axial pressure on the winding is very important.  This is less relevant in a layer 

winding with paper insulated conductors. A short circuit test with layer windings ( example 4 ) without pressure on the windings 

showed no effect on the withstand capability. This was a test at that time to proof  that the supporting structure had no influence on 

the radial stability of the tested windings.   
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3.4 Transposition of strands in a CTC. 

 

A CTC is usually modeled as a solid rectangular bar with an E-modulus that takes into account the copper filling factor of 

the conductor. The parameters of this conductor model depend on the production experiences and test results of the manufacturer. 

    

  
Fig 16a  Buckling of strand in Giant CTC after short circuit test in model as is fig 3 and fig 6 Fig 16b buckling of strand during  

buckling test 

 

In reality a CTC is an almost rectangular  3-D construction and that is clearly visible in the case of a paperless conductor. A 

static buckling test on an epoxybonded CTC, reveals the buckling of the outer strands ( fig 16b ). There is no ( shrinking ) paper 

that presses the strands together during the bonding proces.  

The strands in the CTC are transposed as the name says and due to the winding proces the transposed strand with the S-

bend at the inside, does not touch the neighbouring strands. The conductor is wound with tension, but during winding the outside 

of the CTC gets a tension force and the inside a compressive force.  Even if there would be tension in the strand on the inside of 

the CTC, due to the very high winding tension, by removing the winding mandril the total tension force in the CTC becomes zero. 

This will result in a tension on the outside and compression at the inside and the inner transposed strands buckles and makes no 

contact with neigbouring strands. In the epoxy bonding process this transposed strand is not bonded with the other strands. The 

radial force on this strand will make this strand either bend or buckle and in that way reducing the insulation gap between layers. If 

the CTC is wrapped with some material like netted tape or Mylar tape( fig 16a ), the displacement will be limited and will not 

result in dielectric or thermal problems.  

 

3.5 Lead exit of ( high ) currents in generator step up transformers. 

 

 A winding always has a begin and an end, called lead exit. These lead exits are a disturbance of the rotational symmetry 

and the larger the size of the conductor, the larger this disturbance.  

The forces on the lead exit need to be analyzed to design a good mechanical support of this lead exit. The radial Lorentz 

force is translated into a tangential hoop stress, so it is essential to maintain a good mechanical support of the end of the last turn 

and the lead exit in tangential direction. The winding needs mechanical to be rotation symmetric as good as possible or else the 
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lead will move in tangential direction. This requires good mechanical fixation off the lead exit into a mechanical fixed pitch ring 

and also high friction between the turns of the winding. To obtain a high friction coefficient there needs to be a high pressure on 

the winding during short circuit. 

 If the support is not sufficient, the lead exit will move in tangential direction, but then the lead exit might also move in a 

radial direction due to the radial inward directed Lorentz force. Then there is a risk that the displacement of the lead exit will 

reduce the insulation gap to the core so an extra insulation support is required to reduce the risk of such a dielectric failure.  

This spiraling force [ kN ] is calculated by multiplying the average hoop stress in the middle of windinglayer [ N/mm2 ] and 

the copper cross section in the applicable parallel conductors [ mm2 ].  This unwinding or spiraling force is mainly considered  in 

high current windings. ( [5] – 10.1.2.2 ) that are usually located next to the core. One should keep in mind that a transformer does 

not fail due to a high force, but due to insufficient support of this force. In the case of insufficient support, the local mechanical 

stresses [ N/mm2 ] in a material are too high. 

 A large generator step up transformer as a specified power [MVA/leg], short circuit impedance [%], low voltage [kV] and 

restricted dimensions due to weight and transportation limitations. In designing the low voltage winding in the standard way as a 

single or two layer helical winding, this spiraling force is difficult to reduce. (fig 17 left - calculated spiraling force is set to 100 ) 

 By splitting the low voltage winding in two parallel axial parts one splits the copper cross section in two parts, so reducing 

the spriralling force by a factor of two. (fig 17 middle - calculated spiraling force is 50 in this example ). One should realize that 

the spiraling force has to be supported in the axial middle of the winding. This axial middle consists of an insulation gap to deal 

with the dielectric stresses, mainly in the direction of the high voltage winding. The calculated number of the spiraling force has 

decreased at the ends of the windings, but the complexity of the transformer has increased.  

 
Fig 17  Schematic layouts of generator step up transformer to reduce the spiraling force. 

 

A next step in reducing the calculated spiraling force is by making the windingset double concentric. The high voltage 

winding is split in two parts and so reducing the average axial magnetic field in the low voltage winding. This reduces the 

core LV winding HV winding core LV winding HV winding core HV windingLV winding HV winding

Standard layout of LW inding Axial split layout of LV winding Double concentric and axial split layout of LV winding

Spiralling force in outer layer of LV winding

100 50 20
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calculated number of spiraling force even more but also the complexity of the transformer has increased more. (fig 17 right -  

calculated spiraling force is 20 in this example ). A radial support at the corners of the lead exit are now more complicated due to 

the insulation barriers between the inner part of the low voltage winding and the high voltage winding 

 

One should ask oneself the question if the short circuit withstand capability of the transformer is improved due the 

increased complexity of the transformer in spite of the much lower calculated spiraling force. 

 

The results of lead exit of the model of paragraph 3.3 ( see also fig 3 and fig 6 for the test setup ) are somewhat difficult to 

translate to a real winding, because the lead exit and the transposition are on the same location in the circumference and are close 

together in axial direction ( fig 18 ).  These models are designed for tests on radial forces and are not suitable for tests on spiraling 

forces. For tests on spiraling force one needs actually full size transformers which requires a large financial effort ( fig 19 ) 

  
Fig 18   Radial collaps at lead exit of model with radial 

spacer winding with one paperless conductor.  

Tests are performed at KEMA  

Fig 19  Some spiraling movement in low voltage winding of GSU  

as can be noticed by tangential bending of the axial sticks at the inner  

diameter of the winding. 

 

The support of the high current  leads of low voltage windings of generator step up transformers requires: 

High friction between turns. 

A good fixation of the leads in the insulated pich ring  and a fixation from pitch ring to pressure ring. 

The clamping of the leads in the pressure ring.  

Radial support towards the core at the bend of the leads. 
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3.6 Pitch of winding one layer versus 2 layers 

 

 In the case of a single layer helical winding, the middle of the winding shifts axially over the circumference. On average the 

winding is magnetically balanced in the circumference with the other winding.  The key word is average. The magnetic middle of  

a single helical winding shifts axially over the circumference, so locally in the circumference there is no axial magnetic symmetry, 

but on average there is symmetry. 

A short circuit test on a rectifier transformer with a single layer helical winding resulted in a failure at the 80% shot of the full 

short circuit current . In one place in the circumference the LV winding moved downward due to the unsymmetry ( fig 20a ), but at 

the other place, 180 degrees shifted in the circumference, the LV winding moved upward ( fig 20b ). So on average the winding 

did not move. 

The solution was a 2 layer helical winding, although the pitch is in that case twice that high, but then the outward directed axial 

forces can be neglected. The design change resulted in a succesfull test. 

 

 
 

Fig 20a  LV winding moving downward Fig 20b LV winding moving upward 
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4 Step 3 The windingset consists of axially magnetic balanced cylinders. 

 

To avoid outward directed forces, the windings need to be balanced in axial direction in such a way that this is obtained 

after drying and final clamping. This requires a good manufacturing procedure, supported by design features. The shrinkage of the 

transformerbord has to be taken into account, but one should realize that the percentage shrinkage depends slightly on the 

manufacturer of the transformerboard.  So one should not mix those materials because that might result in unequal pressure 

distribution of the windings and even loose blocks. 

 

  
Fig 21a  Tilting of non-epoxy bonded CTC at pressure test. 

( 13//2.2 x 10.8 – L )5p and σ0.2 = 120 N/mm2 

Fig 21b  Temporary support blocks of normal  density KP  

               material  after pressure test. The print of the strands is  

               clearly visible 

 

The windings are pressed by tie rods or tie plates on 2 or 4 “points”  and the pressing force should be weel 

distributed to obtain a even pressure distribution in radial and tangential direction. This requires thick transformerboard of wooden 

pressure rings with good mechanical properties.  The bending of the ring should be limited and loose blocks are not acceptable 

As an example a pressure test on a winding to determine tilting ( fig 21a ) but the support blocks on the bottom and top were 

normal density KP material ( fig 21b ) which is used for production purposes. The average pressure, as according IEC 60076-5, 

was about 25 N/mm2 dring failure of the CTC, but the maximum stress at the corners of the stands wat about 2 times higher. 
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5 Step 4  The windingset of one phase is, magnetic and mechanical, related to other phases. 

 

5.1 Magnetic –relation between phases 

 

The magnetic fields of phases interact with each other, as already published in the past [ ref 8 ]. The axial pressure 

in the outer windings becomes  higher and the phases attract each other.  In the case of a series reactor with small gap between the 

phases and no core inside, a support of transformerboard is required ( fig 22 ) to avoid displacement of windings towards each 

other. In the case of a transformer the attracting forces are supported by the core, so the core leg will experience a bending force 

and the yokes are under compression. 

 

  
Fig 22 Transformer board support  between 

           phases of series reactor 

Fig 23 Independent clamping per phase by 4 tie rods per phase 

 

 

5.2 Mechanical  –relation between phases by the clamping construction.  

 

In the case of a single phase fault, only one phase in a transformer gets high forces. If the three phases are clamped with 

one common pressure beam construction, one phase has high axial forces and will reduce in height. The other two phases will 

remain about the same height, so the winding set in the faulted phase will experience  a reduced axial pressure.  If each phase has 

it’s own clampuing construction,  this will not be the case. ( fig 23 )  
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6. Annex A of IEC 60076-5 edition 2006 – 02  - what is YES or NOT taken into account. 

 

 This chapter is in some essence a kind of summing up of items from the previous chapters, with some additional aspects, 

and  in that sense it gives a kind of overview. 

Annex A of IEC 60076-5 edition 2006 – 02   Does  NOT take in account: 

From the design point of view : 

- All kind of mechanical distortions in the cylindrical shape, such as transpositions inside the winding,  crossovers in disk 

windings, pitch of a winding and insulation supports inside the winding. 

- All kind of magnetic field distorsions in rotational symmetry such as yoke, unwound leg, other phase and tank wall. 

- The CTC is a mechanical construction with an irregular surface and should not be considered as a rectangular copper bar. 

- Type of winding with parallel conductors and current division. 

- Friction between turns. 

- The interaction between phases, both magnetic and  mechanical  

- Dynamic aspects, such as mechanical resonance in axial direction and the influence of the oil 

From the manufacturing point of view:  

- Quality of cured epoxy ( bonding strength as function of operating temperature ) and the quality of epoxy bonding process.  

- Roundness of winding ( As a remark : one measures circumference during production  ) 

- Dimensional tolerances  

- Balancing windings on  axial symmetry. 

- Paper and insulation shrinkage after drying process. 

- Final pressing and tightening procedure before assembled in the tank. 

 

Annex A of IEC 60076-5 edition 2006 – 02   Does YES  take in account: 

- The yield strength of the copper and criteria, as an average number, that are based as a percentage of this yield strength. 

- The average axial pressure of a whole disk on the radial spacer and on non epoxy bonded CTC and wire. 

- The average axial pressure on the end construction as an average number. 

 

IEC 60076-5 edition 2006 – 02   does  YES  take in account: 

Change in reactance, so implicitly it accepts: 

 Axial deformation ( loss of pressure, inelastic deformation of radial spacers ) 

 Radial deformation ( inelastic deformation due to hoopstress both compression and tension,  by setting of turns ) 

 Tangential deformation ( unwinding ) 

– Retest ( dielectric ) to determine if deformation is fatal. 

– Fatal ( mechanical) damage during inspection and not detected by dielectric testing.  
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Remark :  

-  The short circuit test is at ambient temperature, so the bonding strength and oil viscosity have an almost  fixed value. 

-  The reactance changes during the successive short circuit shots and stabilizes after some shots.  In the last shot it passes the short 

circuit test , although there is still some deformation from previous shots. 

- A reactance measurement can looked at as a FRA measurement at one frequency. 

 

7. Conclusions. 

 

The yield strength of the copper is just one of the many parameters that determine the short circuit withstand capability of a 

transformer.  

 

An epoxy bonded CTC is a mechanical construction with an irregular surface and should not be considered equivalent with a 

rectangular copper bar. 

 

In a radial spacer and axial spacer winding the conductors support each other in radial direction. 

 

The transformer board  insulation parts inside a winding of a large power transformer, usually looked at as details, are also a 

deciding factor in the short circuit withstand capability of a transformer. 

 

The windings of large power transformer are, magnetic and mechanical, not rotation symmetric. 

 

The short circuit withstand capability of a transformer can not be presented in some formula’s and summarized in a spreadsheet 

table as in the IEC 60076-5 Annex A  third edition 2006-02.  That is an oversimplification of all the existing knowledge and it 

neglects all design and manufacturing experiences of the different manufacturers. 

 

The theoretical evaluation of the short circuit withstand capability should be based on manufacturers design rules with a solid 

experimental basis. These rules should stem from the analysis either of the results of a number of short-circuit withstand tests on 

actual transformers from the same production facility or the outcome of tests performed on transformer models from the 

manufacturer. 

 

A transformer does not fail a short circuit event stress, but due to locally a too high stress on the conductor or the insulation. 

A transformer does not age due to the winding temperature, but due to locally a too high temperature in the insulation paper of a 

conductor, called hot spot. 
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