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Abstract--This paper presents an investigation into resonant 

overvoltages in wind turbine transformers. The transformers are 

frequently switched by vacuum circuit breakers depending on the 

wind speed. Switching surges measured on-site which show 

repetitive, high du/dt transients where believed to contribute to 

the development of resonant overvoltages in the transformer 

windings. Two transformers with different core and winding 

arrangements but the same MV/LV voltage ratio and power 

rating where investigated. The transformers where rated 2.7 

MVA, 0.690 / 33 kV with the MV side consisting of delta 

connected layer windings and the LV side consisting of star 

connected foil windings. A failed transformer had a wound core 

and used an egg-shaped winding whilst the special prototype 

transformer had a stacked core with split round windings. Part 

winding resonance tests carried out on one of the healthy 

windings of the failed transformer indicated a resonance 

amplification factor of 2.5 at 660 kHz. Measurements where also 

performed on the split winding prototype and results indicated 

that only the top half of the transformer coil had marked 

resonance effects. Calculations where then done using the Multi-

Transmission Line model and results where verified against the 

measurements. The calculated and measured results had good 

agreement with the same profile from 1 kHz to 10 MHz. 

 

Keywords: MTL model, resonant overvoltages, split winding 

design, switching surges and wind turbine transformer.  

I.  INTRODUCTION 

witching transients due to vacuum circuit breaker 

operation can lead to the development of resonant over-

voltages in wind turbine transformers. In medium voltage 

networks the switching of vacuum circuit breakers [1], [2] can 

result in re-ignitions and pre-strikes. These high-frequency 

transients with high du/dt can lead to stressing of the end-turn 

insulation of the transformer. Resonance phenomena in 

transformer windings can be categorized as either internal 

resonance or external resonance. External resonance occurs 

due to cable and transformer interaction such that the natural 

frequency of the supplying cable matches the natural frequency 

of the transformer. This is more common in wind turbine 
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transformers where energization may result in cable 

transformer resonant transients [3].  Internal resonance occurs 

when the frequency of the incoming surge equals a resonant 

frequency of the transformer winding. These resonant 

overvoltages can result in a flashover from the windings to the 

core or between the turns [4]. However it should be noted that 

internal winding resonances will not necessarily result in 

immediate breakdown, but may result in partial discharges, 

which will further aid in insulation degradation and ultimately 

failure [1]. Transformer failure due to internal resonant 

overvoltages has been widely reported in [5], [6], and [7]. The 

increase in transformer dielectric failures led to the initiation 

of the CIGRE working group (A2/C4.39) and their findings 

where published in [8]. Although it was concluded that failures 

are mainly caused by the interaction of the transformer with 

the network for different cable lengths and loading conditions 

[9], [10], and [11] some of the expertise in transformer 

modelling will be applied in this paper. In [12], [13], and [14], 

the author investigated the frequency response of layer, 

pancake and disc winding types with the main focus being on 

resonant overvoltages in wind turbine transformers. A special 

prototype transformer with the three different winding designs 

was designed and manufactured. The results indicated that 

layer windings have a higher transferred overvoltage from LV 

to MV winding than disc and pancake windings. However the 

layer and pancake windings have a low voltage distribution 

further down in the middle of the winding and nearer to 

ground than the disc winding which keeps the high values of 

the voltage drops at resonant frequencies. This paper will 

focus on the layer type of winding with an interest on the 

resonant performance of split round windings. It should be 

noted that the analysis of very fast transients in layer- windings 

has been extensively researched in [4], [15], [16] and the use 

of the Multi-Transmission Line model for calculation of layer 

to layer voltage distribution will be used. 

II.  WOUND CORE TRANSFORMER 

Failure of a wound core transformer on-site initiated the 

investigation into resonant overvoltages in wind turbine 

transformers and if switching surges could be a contributing 

factor. The damaged transformer when unwound at the 

transformer factory showed the inter-turn insulation was 

severely damaged as shown in Fig. 1. Substantial distortion of 

the first and second layer of the MV winding was also 

observed. A burn through the MV to LV barrier was also 

observed with a puncture through the first layer of the LV foil 

winding as shown in Fig. 2. 
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Fig. 1.  Failed winding with inter-turn insulation severely damaged. 

 

 
Fig. 2. Burning of the first layer of the LV foil winding  

 

Part winding resonance tests were conducted on one of the 

undamaged windings of the wound core transformer to 

ascertain if resonance could be a contributing factor to the 

damage observed in the transformer. A ratio known as the 

Resonance Voltage Ratio (RVR) was used which is defined as 

the voltage between points of resonance divided by the 50 Hz 

voltage at the same point. The method used was to excite the 

winding with a variable frequency sinusoidal voltage and 

record the maximum amplitude between two layers for a 

frequency range of 1 kHz to 2 MHz. The results are shown in 

Table I. 
TABLE I 

PART WINDING RESONANCE OF THE TRANSFORMER 

 
From Table I at 660 kHz the amplification factor of 2.5 was 

recorded between the last and second last layer of the MV 

winding. This could result in a resonant overvoltage with a 

sufficient magnitude to stress the inter-turn insulation when 

closing transients occur. From Fig. 1, it is difficult to predict if 

the failure started as an inter-turn or inter-layer fault due to the 

burning of the oil paper insulation. However the failure 

mechanism had sufficient magnitude to cause substantial 

distortion of the first two layers and create a puncture through 

to the LV foil winding. This paper will seek to address the 

above mentioned problem by investigating resonant 

performance of a split MV winding in comparison with the 

failed transformer that had a non-split MV winding through 

measurements and an analytical solution. 

III.  STACKED CORE PROTOTYPE TRANSFORMER 

  The design of the stacked core transformer is such that the 

inner winding is the LV winding whilst the outer winding is 

the MV winding. This differs from the wound core transformer 

as it had the MV winding sitting inside the LV winding with a 

static screen between the two windings. The wound core 

transformer used an egg-shaped winding against the stacked 

core’s split round winding. The stacked core transformer 

prototype was installed with measuring taps at the end of each 

layer as shown in Fig. 3. 

 
Fig. 3.  Axisymmetric view of the prototype transformer 

 

The upper coil consisted of 5 layers whilst the bottom coil 

consisted of 11 layers separated by an oil gap. It should be 

noted that both transformers had the same number of layers. 

The constructed prototype is shown in Fig. 4. 

IV.  ANALYTICAL MODEL OF THE TRANSFORMER 

Analysis of the voltage distribution within the transformer 

windings can be represented by a group of interconnected and 

coupled transmission lines. The analytical modelling of the 

stacked core transformer was done using the Multi-

Transmission Line (MTL) model. The MTL equations are 

described by  (1) and (2): 
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                                           (1) 
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Point in Winding Frequency RAF 

 Start of winding (between 2 layers) 536 kHz 1.15 

 Middle of winding (between 2 layers) 1.17 MHz 0.67 

 End of winding (between 2 layers) 181 kHz 0.95 

 End of winding (between 2 layers) 660 kHz 2.5 

 End of winding (between 2 layers) 1.32 MHz 0.67 



 
Fig. 4.  Prototype transformer with measuring taps installed. 

 

where V and I are the incident voltage and current vectors 

respectively. Z and Y are the impedance and admittance 

matrices of the winding respectively. The solution of the above 

equation is well documented in [15] and [16] to yield Equation 

(3). 
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The matrix reduction techniques that are applied to get to 

equation (3) are best explained in [17].  Further manipulation 

of (3) results in (4). As the transformer winding is grounded 

VRn = 0 hence the last row can be removed as it is a redundant 

equation. 
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From (4), the voltages at the sending end of the winding 

between turn 2 and 1 are defined by: VS1= YY(1, 1) IS1 and VS2= 

YY(2, 1) IS1, hence the resonance voltage ratio is defined as: 

 
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Equation (5) can be generalized to calculate the resonance 

voltage ratio at any arbitrary turn k as shown by (6) 
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where YY is the inverse matrix of the matrix Y in (3). 

Equation (6) is the analytical expression of the RVR defined in 

section II and a comparison of the analytical calculation vs 

measured RVR is done in section VI. 

V.  DETERMINATION OF THE TRANSFORMER 

PARAMETERS 

The impedance Z = R + j ωL and admittance Y = G + jωC 

matrix of the MTL equations were calculated as shown in (7) 

and (8) from [5] and [6]. 
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  CjY   tan                                   (8) 

where μ and σ are the permeability and conductivity of the 

conductor. d1 and d2 are the diameters of the conductors. In (7) 

the real part takes into account the skin effect at high 

frequencies [6]. The real part of (8) represents the dissipation 

factor (tan δ) or dielectric losses [15], [16]. It should be noted 

that tan δ is frequency, moisture and temperature dependent 

and will influence the admittance matrix greatly at higher 

frequencies. An approximate equation for tan δ shown in (9) 

was used to model the frequency dependency of the 

transformer insulation [3]. 

    38 100.5210082.1tan   f          (9) 

The capacitance and inductance matrix were calculated as 

follows: 

A.  Capacitance 

The capacitance matrix C was formed as follows from [16]: 

Cii Capacitance of layer i to ground and the sum of 

all capacitances connected to layer i. 

Cij Capacitance between layers i and j taken with the 

negative sign (i≠j) 

 

The formulas for calculating the capacitance were calculated 

from the basic formulas of cylindrical and plate capacitors in 

[18] and are shown in (10), (11) and (12).  
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where Cs is the turn to turn capacitance, Cg is the turn to earth 

capacitance and Cij is the capacitance between layer i and j. εr  

is the relative permittivity of the dielectric material between 

the turns, εo is the permittivity of free space. h is the 

rectangular conductor’s height. ds and dg are the distance 

between the turns and distance between turn and ground plane 

respectively. L is the length of the winding and w is the 

rectangular conductor’s width. a and b are the inner and outer 

radius of the winding respectively.  

The procedure for the construction of the capacitance matrix is 

explained in [19]. A matrix reduction technique explained in 

[20], [21] can be applied such that the order of matrices 

corresponds not to a single turn but to a group of turns. In this 

paper the group of turns will represent each layer of the MV 

winding.  

 

B.  Inductance 

The inductance matrix is calculated from two parts. The first is 

directly from the capacitance matrix C if the following 

assumptions are made [17]:  

1. High frequency magnetic flux penetration into the 

iron laminations and transformer core is negligible.  

2. The magnetic flux will be constrained within the 

paths of the insulation.  

The first inductance matrix can then be obtained using (13): 

1

2

 C
v

L r
n


                                      (13) 

where v is the velocity of light in vacuum and εr is the relative 

permittivity of the insulation (in this case equivalent 

permittivity of the air and paper combination). The second part 

of the inductance takes into account the flux internal to the 

conductor [6]. It is given by:  

f

R
Li                                          (14) 

where R is from the real part of (7) and f is the frequency. The 

total inductance matrix can be expressed as: 

nin ELLL                                    (15) 

where En is a unit matrix of size n x n. It should be noted that 

the MTL model has also been applied for a disc winding in 

[22]. 

VI.  MEASUREMENTS AND SIMULATIONS 

A.  Test Equipment 

The equipment used included a Krohn-Hite Power Amplifier 

7602 M series, 20 MHz Agilent 3320A waveform generator 

and Tektronix DPO 3032 Oscilloscope 300 MHz, 2.5 GS/s. 

The power amplifier is connected after the signal generator to 

keep the input voltage fairly constant. The amplifier energizes 

the whole winding whilst the oscilloscope measures the layer 

voltages from the measuring taps shown in Fig. 3 as the output. 

The RVR ratio was used to ascertain if resonance had occurred 

or not. 

B.  Comparison of measured and calculated results 

As previously mentioned, resonance can be classified as either 

internal or external resonance. It is worth noting that internal 

resonance can be further defined as internal voltage maximum 

and internal anti-resonance as internal voltage minimum [23]. 

This relationship will be crucial in the analysis of measured 

and calculated results. Comparison will not be done for all 16 

layers, however only crucial results will be revealed in this 

paper. In Figs. 5, 6 and 7 it can be seen that there is a 

relatively good agreement between the calculated and 

measured results. 

 
Fig. 5.  Resonance voltage ratio across layer 1 – measured (across lead 1 and 

2 in Fig. 3) vs calculated. 

 

 
Fig. 6.  Resonance voltage ratio across layer 15 – measured (across lead 15 

and 16 in Fig. 3) vs calculated. 

 

 The calculated results follow the profile of the measured 

results although there is a frequency shift between 1 kHz and 

10 kHz for layers 15 and layer 16. The general trend of the 



resonance voltage ratio is shown in Fig. 8, 9, 10 and 11. 

 
Fig. 7.  Resonance voltage ratio across layer 16 – measured (across lead 16 

and 17 in Fig. 3) vs calculated. 

 

 
Fig. 8.  Measured: resonance voltage distribution in layers 1-4. 

 

 
Fig. 9.  Measured: resonance voltage distribution in layers 5-8. 

It is interesting to note that the magnitude of the resonant 

overvoltages increase as you approach the break i.e. layer 1 to 

layer 5. Then the magnitude starts to decrease for layers 9 to 

layer 16. 
 

 
Fig. 10.  Measured: resonance voltage distribution in layers 9-12. 

 

 
Fig. 11.  Measured: resonance voltage distribution in layers 13-16. 

VII.  SWITCHING SURGE MEASUREMENT AND ANALYSIS 

As previously mentioned, internal resonance occurs when a 

frequency component of the incoming surge equals a resonant 

frequency of the transformer leading to resonant overvoltages. 

In order to investigate the impact of switching surges in the 

development of resonant overvoltages the following tests were 

performed:  

1. Energizing the transformer during no-load.  

2. Disconnecting the transformer during no-load.  

Measurement of the three MV phase-to-earth voltages was 

done using a capacitive voltage divider on each phase. The 

MV bushing screen had a measured capacitance of 32 pF and 

an additional capacitance of 10 nF was externally mounted in 

series with the bushing screen terminal and the transformer 

tank which provided local earth. The resulting voltage division 

ratio was 313.   
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Fig. 13.  Measured pre-strikes which show a high du/dt 
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Fig. 14.  Measured pre-strikes which show a high du/dt 

 

 
Fig. 12.  Measurement setup for recording transient events during switching. 

 

The setup for recording the transient events is shown in Fig. 

12. It should be noted that the above setup measures phase to 

earth voltages on the MV side. Measurement of the voltage 

waveforms was done using a Fluke 1750 Power Recorder 

which samples transients at 5 Mega samples per second. 

A.  Energizing the transformer during no-load 

Energization of the transformer always results in at least one 

pre-strike per phase [24]. During the contact making process 

of the vacuum circuit breaker, generation of high dU/dt 

transients can occur at the transformer terminals leading to 

over-voltages [7]. This behaviour can be observed from the 

measured transients in Figs. 13 and 14. Analysis of the 

measured waveforms show that there is substantial overshoot 

and ringing when the contacts are closed. Also from Figure 14, 

the peak value of the second peak is almost 2.5 times above 

the system voltage. Since relatively short cables of small surge 

impedance exist between the VCB and the transformer, this 

type of low surge impedance connection has a low du/dt 

limiting effectiveness [7]. Hence the high value of 

overvoltages and high frequency transients which were 

measured. 

B.  De-energizing the transformer during no-load 

On disconnection by the VCB higher over-voltages can occur 

if the arc re-ignites after the first current interruption [25]. If 

the VCB is not able to quench the arc, multiple re-ignitions 

can occur and with each re-ignition, the voltage escalates 



resulting in higher overvoltages. No significant over-voltages 

were measured on de-energizing of the transformer. 

VIII.  DISCUSSION 

In [26], research was conducted on the performance of oil 

impregnated cellulose paper when subjected to transients with 

different repetition frequency, rise time and magnitude. It 

was found that the faster the rise time, the more damage to the 

insulation that occurs and the quicker the transient reaches its 

peak value the more profound the damage to the insulation. 

Most commonly used insulation paper in transformers is 

Krempel DPP 0.25mm which has a breakdown voltage in oil 

of 13.5 kV [27]. From the peak values in Figs. 13 and 14, it is 

possible to design the insulation system such that it is able to 

withstand the high overvoltages between the layers. However 

the repetition rate would require damping by series connected 

choke elements [7]. It should be noted that the insulation 

system of the wound core transformer withstood the routine 

induced overvoltage test specified in IEC 60076 and complied 

with the impulse test in IEC 60076. 

Use of the MTL model was possible since precise design 

information was made available by the transformer 

manufacturer. However no tan (δ) testing is done for an MV 

distribution transformers hence an approximated equation was 

used. As previously mentioned equation (9) will not take into 

account the detailed frequency dependency of the dissipation 

factors of the transformer insulation, which are crucial for 

accurate modelling using the MTL model. This could explain 

why the model was not able to accurately predict certain 

resonance frequencies for the transformer winding. 

Two transformer designs have been presented. The major 

difference is the transformer with the split winding has higher 

resonant overvoltages below 100 kHz whereas the investigated 

transformer that had a non-split winding had high resonant 

overvoltages above 500 kHz. The split winding could be the 

reason why only the top half of the coil participates in 

resonances as can be seen by the decreasing trend of the 

resonant voltage ratio in Figs. 8, 9, 10 and 11.  

Although the two transformers also differed in the type of core 

used, where the failed transformer used a wound core as 

opposed to the constructed prototype which used a stacked 

core, the focus was on resonance performance between a split 

MV winding versus a non-split MV winding. Customers 

usually prefer a transformer with a stacked core over the 

wound core. This is largely due to difficulties associated with a 

wound core when compared to a stacked core which are [28] 

(i) air gaps may diverge due to the tolerances of the machine 

during the cutting and winding of the sheets and also 

difficulties in processing of the magnetic material (ii) 

obtaining accurate dimensions in stacked cores is much easier 

than in wound cores during cutting (iii) core formation may 

deteriorate the magnetic material insulation and (iv) 

homogeneous temperature distribution in a wound core is hard 

to obtain during the annealing procedure as compared to 

stacked cores.  

The measurement of resonance voltage ratio in this paper was 

done using the oscilloscope and signal generator. These 

measured RVR were needed for comparison with the 

calculated RVR in equation (6) for resonance analysis.  

However a different technique could have been done using 

frequency response analysis equipment where the impedance 

characteristics of the winding are determined. Both analysis 

techniques have been shown to produce the same results as 

shown in [29]. 

IX.  CONCLUSION 

In this paper, resonance phenomena in transformer windings 

and the measurement of switching transients have been 

presented.  The MTL model has been used to calculate the 

magnitude of the resonant overvoltages within the layers and 

to determine between which layers breakdown could occur. 

Different winding designs were also investigated and their 

effect on part winding resonance was explored. The developed 

model still has several shortcomings; however it can be used in 

the prediction of resonances, especially in layer type 

transformers. 
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