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 Abstract-- Switching transients and earth fault in a wind 

farm collection grid are two transient phenomena which can lead 
to resonant overvoltages at the LV terminal of the wind turbine 
transformers as well as inside HV and LV windings. The aim of 
this paper is to analyze the potential of resonant overvoltage for 
various winding designs; disc, layer and pancake. In this way, the 
less vulnerable winding design can be recommended.  For this 
aim, a 500 kVA transformer test object with the three 
aforementioned winding types has been designed and 
manufactured. Similar geometrical characteristics are used for 
all the three windings. By measuring the frequency response, the 
resonance frequencies can be found and the amplitude of 
transferred voltage at these frequencies can be compared. The 
windings are also modeled in this paper in detail based on 
analytical functions. This RLC ladder model is verified by the 
measurements.  

The measurements show that all winding designs have a 
resonance frequency around 800 kHz for the transferred voltage 
to LV terminal. Disc winding shows the lowest amplitude of the 
transferred overvoltages (6 p.u.). The layer winding, also has a 
resonance at 1.6 MHz with an even higher transferred 
overvoltage (80 p.u.). The frequency response of pancake winding 
has characteristics of both disc and layer windings. In spite of 
having the lowest transferred overvoltage peak, the disc winding 
have many additional resonance frequencies in the range of 100 
kHz-1MHz. This could excite resonances in other parts of the 
winding. Consequently, pancake winding designs might be the 
most promising to minimize resonance situations. 
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I.  INTRODUCTION 

EDIUM  voltage transformers with ratings in the range 
of 300kVA-8MVA have been installed in both onshore 

and offshore wind farms. The energization of each wind 
turbine may result in cable-transformer resonant transients. 
This phenomenon has been studied in traditional medium 
voltage transmission and distribution networks in [1]-[2]. The 
similar resonance condition can also happen in wind farms. 
The length of cables in wind turbines is in the range of 100-
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200 m. The quarter wave frequency of such cables can be in 
the vicinity of resonance frequencies of wind turbine 
transformers. Therefore, the energization may lead to resonant 
overvoltages on LV terminal of transformers and inside HV 
windings. These overvoltages have higher amplitude and rate 
of rise (du/dt) compared to other overvoltages. They can lead 
to insulation failures in transformers. In [3], the voltage 
distribution due to energization of a 10 kV-200 kVA reactor 
with disc winding is analyzed. It was observed that 
energizations with short rise time (<100ns) leads to the 
excitation of internal resonances.  Resonant overvoltages can 
also occur due to earth fault in cables. In this case, they can be 
harmful for the power converters as well. Thus, the 
investigation of them is necessary [4] and appropriate 
protection devices such as Resistive-Capacitive (RC) filters 
are required [5]-[6].  

The selection of less vulnerable winding design is a 
measure to prevent resonant overvoltages during wind turbine 
energizations. This means that knowing the cable lengths and 
their quarter wave frequency, a winding type can be chosen 
that does not have a resonance frequency in that vicinity. The 
aim of this paper is to compare frequency responses of three 
winding types; disc, layer and pancake. A 500 kVA 
transformer with the three aforementioned winding types has 
been designed and manufactured.  

An analytical model is also developed and introduced in 
this paper. The model assists us to draw general conclusions 
about the various characteristics of the three winding designs 
and their potential for resonant overvoltages. In literature, two 
main high frequency transformer modeling techniques are 
introduced as Multi Transmission Line (MTL) model and 
ladder RLC [7]. In [8], results from MTL and RLC ladder 
models of windings are compared with frequency domain 
measurements. It is concluded that the RLC model can give 
adequate results for fast transients (up to 1 MHz). However, 
for very fast transients (above 1 MHz) MTL model provides 
better results. In this paper, RLC ladder model is developed, 
since the maximum range of the quarter wave frequency of 
wind turbine cables are about 1 MHz. 

In section II, the transformer test object and the setup for 
frequency response analysis are outlined. Section III describes 
the transformer model. In section IV, the results of the 
analytical models for the different windings are compared. 
The characteristics of the three windings are also discussed. 
Section V discusses the challenges of transformer modeling. 

II.  TEST SETUP 

Fig. 1 shows the layout of the special 11/0.24 kV 500 kVA 

M 



transformer which is designed and produced to enable 
comparison of the frequency response of the three different 
winding designs. The core and the windings are fully paper 
insulated and out of tank during the measurements. The LV 
and HV neutrals are grounded together and connected to the 
core with 2 cm wide braided aluminum wire. 

 

 
Fig. 1.  The layout of the manufactured 500 kVA transformer 

 
As shown in Fig. 1, the transformer consists of a layer 

winding on the left limb, a pancake winding on the middle  
and a disc winding on the right limb. To compare the 
frequency response of the  windings, design parameters are 
kept as identical as possible:  
 The number of turns in HV and LV windings and rated 

voltage ratio are the same for the winding designs.  
 The winding frame, i.e. axial winding height and radial 

width, is approximately the same for the windings. 
 The layer winding has aluminum wire and the others 

have copper wires. The conductor cross section is such 
that the DC resistance of the windings becomes similar. 

 LV windings are all aluminum foil with the same 
geometrical designs and insulation materials.     

 
The frequency responses of transferred voltages to LV 

terminals is measured from 1 kHz to 10MHz with Agilent 
network analyzer E5061B and normal oscilloscope probes 
with x10 attenuation. For measuring the input impedance of 
HV and LV windings, the current probe FLUKE PM6306 is 
used, which has low and acceptable error (<10%) in frequency 
range 1kHz-1MHz. Therefore, the results for input impedance 
will be shown in this frequency range in the next section.  

III.  TRANSFORMER MODEL  

 The three winding types; disc, pancake and layer windings 
and the LV foil winding are represented by RLC ladder model 
in this paper. This requires calculation of inductance, 
capacitance and resistance matrices to obtain the input 
impedance of HV and LV windings and consequently the 
transferred voltage from HV to LV. The accuracy of the model 
mainly depends on the level of discretization chosen for the 
windings. High discretization increases the calculation time. 
The procedure for the calculation of RLC parameters is 
explained here for layer winding. It is generally similar for the 
other windings with only topological adjustments.  

Let us consider nu number of units in each layer of HV 
layer winding. nH is the number of HV layers and therefore 
nu×nH is the total number of units. Besides, the LV foil 

winding has nL layers, and we take each layer as one unit. The 
total order of R, L, C and G matrices becomes m=nL+nu×nH. 

Performing the Kirchhoff’s Voltage Law (KVL) and 
Kirchhoff’s Current Law (KCL) for all units results in (1) and 
(2), respectively. In Appendix, KCL and KVL for an arbitrary 
unit, i, is performed. 
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Matrices V, I and Ib representing nodal voltages, injected 

nodal currents, the currents of inductive branches, 
respectively. A is a connectivity matrix describing the 
topology and linking branches and nodal quantities.  The 
diagonal elements in A matrix are equal to 1 and sub-diagonal 
elements are equal to -1 and the rest is zero. Exceptionally, the 
first row and the row number nL+1, which are for first units in 
LV and HV winding respectively, have only the diagonal 
element, since the other nodes of these units  are grounded.  

The nodal admittance matrix Y can be calculated by 
reforming (1) to obtain Ib based on V and inserting this in (2). 
This gives (3).  

 
ሾܫሿ ൌ ሾܻሿሾܸሿ 

ሾܻሿ ൌ ሾܩሿ ൅ ሿܥሾ݂ߨ2݆ ൅ ሾܣሿ௧ሺሾܴሿ ൅  ሿܣሿሻିଵሾܮሾ݂ߨ2݆

 
(3) 

 
Since all of the R, L, C and G matrices are symmetrical, the 

admittance matrix also becomes symmetrical. To obtain the 
equation for the transferred voltage to LV, impedance matrix, 
Z, should be calculated from (3) by inverting Y. Since only the 
last element of the I vector is none-zero due to the connection 
of last unit to the HV terminal, the last column of Z multiplies 
with the terminal current, Im and gives the nodal voltage in (4). 
Therefore, transferred voltage to LV terminal is according to 
(5).  
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In the following subsections, the process for calculation of 
the R, L, C and G matrices are explained. 

A.  Calculation of R and L matrices 

The analytical method [9]-[10] for computing the self and 
mutual impedance is based on the equations (12)-(15) in the 
Appendix. In addition, the internal conductor resistance is 
added to diagonal elements of R matrix, since Wilcox 
formulas only consider the core effect on the resistance 
matrix. In this paper, an analytical equation for the 
consideration of skin and proximity effects is applied for the 
calculation of internal conductor resistances [11] in both LV 
and HV winding:  
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(6) 

 
 In (6), the layer number is symbolized with n. The 

diameter of nth layer is D(n). The conductor height and width 
are h and w, respectively. The skin depth in each conductor is 
shown with δ and is related to its conductivity, σ, frequency, f, 
and its permeability, µ=µ0. The conductor height plus its 
insulation height is p. The ratio of h to p is called porosity 
factor, η. For LV foil winding, η is one with good 
approximation. For HV pancake and layer winding, 0.9< η<1. 
While for disc winding, it is 0.7< η<0.9. Since, the inter disc 
insulations increase the insulation height.    

B.  Calculation of C matrix 

The diagonal elements of C matrix are the sum of 
capacitances connected to each unit. While the off diagonal 
elements are all negative and equal to the capacitance between 
the unit which has the row number and other units. It is 
obvious that there are many zero elements in C matrix, since 
each unit has just capacitive coupling with four other units, 
e.g. in layer winding the two adjacent units in the same layer, 
one unit in layer before and one unit in layer after. The 
capacitance between adjacent units is calculated based on (7), 
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The permittivity of vacuum and the relative permittivity of 

the insulation between units are shown with ɛ0 and ɛr, 
respectively. D is the average diameter of two adjacent units. 
T is unit height if units are in adjacent layers or unit thickness 
if they are next to each other in one layer. The insulation 
thickness is shown with t. The fringing effect, which is the 
increment of the capacitances due to curvature of electric field 
lines in the edge of conductor, is considered by adding t to w 
[12]. 

C.  Calculation of G matrix 

The conductivity matrix, G, is calculated based on 
conductance of insulations between units. The insulation 
conductance is related to its capacitance and dissipation factor 
(tanδ).  
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(8) 

Similar to C matrix, the diagonal elements on G matrix are 
the sum of conductance connected to each unit. While the off 
diagonal elements are all negative and equal to the 
conductance between the unit which has the row number and 
other units. It should be mentioned that tanδ in (8) is also 

frequency, moisture and temperature dependent and has 
important effect for high frequency transformer model above 
100 kHz [13]. Therefore, accurate modeling really necessitates 
obtaining the frequency dependency of all insulations; the 
ones between LV foils, HV units, between LV and HV, LV to 
ground and HV to ground. In this paper, we used an 
approximated equation, (9), for all the insulation dissipation 
factors [14],  

 
tanሺߜሻ ൌ ሺ1,082 ൈ 10ି଼ሻ. ݂ߨ2 ൅ 5,0 ൈ 10ିଷ 

 

 
(9) 

IV.  MODEL VERIFICATION AND WINDING COMPARISON  

The results of modeling the three windings are brought in 
this section and compared with measurements. Besides, 
considerations for the energization of wind farms are given. 

A.  Layer winding 

In Figs. 2 and 3, the input impedance of HV layer winding 
and the LV foil winding are shown. It can be observed that the 
calculations follow the decreasing trend of the measurement 
for Layer winding in both HV and LV windings.  

 

 
Fig. 2.  HV input impedance for layer winding 
 

The shortcoming of the model is that the second resonance 
frequency (10kHz) is not represented. Besides, the amplitude 
of model response for LV winding (Fig. 3) at f=1 MHz is 
higher than measurement. 

 

 
Fig. 3.  LV input impedance for layer winding 
 

The induced voltage on the LV terminal calculated by (5) is 
compared with measurements in Fig. 4.  The frequency range 
is now extended to 10 MHz, since the voltage probes  are 
accurate also above 1MHz. Although quarter wave frequency 
of wind park feeder cables rarely can be in this range, close-up 
ground faults can give oscillations with such high frequencies. 



This also gives an opportunity to test the analytical model at 
higher frequencies. 

As it can be seen in Fig. 4, the model results are in good 
agreement with measurements for f<1MHz. But, for f>1MHz, 
it only follows the decreasing trend of the measurements. The 
dominant resonance frequency in 1.6 MHz is not well 
represented. This will be discussed in detail in discussion 
section.         

 

 
Fig. 4.  Transferred voltage from HV to LV for layer winding 
 

B.  Disc winding 

In Figs. 5 and 6, the input impedance of HV disc winding 
and its LV foil winding are shown. One weakness for the 
calculations for the disc winding is the shift in the LV input 
impedance for f>20kHz.  

 

 
Fig. 5.  HV input impedance for disc winding 
 

 
Fig. 6.  LV input impedance for disc winding 
 

The induced voltage to LV terminal is compared with 
measurements in Fig. 7 for the disc winding. The model 
response follows the trend of measurement and represents 
some of the resonance frequencies and especially the 
dominant one. Comparing Fig. 7 and Fig. 4, it can be seen that 
the amplitude of transferred voltage to LV at 800 kHz, which 

is the common resonance frequency and the dominant one for 
disc winding, is much lower for the disc winding. Despite that, 
the disc winding has many resonance frequencies around 100 
kHz, while layer winding has most of its resonance 
frequencies above 1MHz. The resonance frequencies of disc 
winding are in the range of quarter wave frequency of typical 
wind turbines. They can be amplified inside HV or at LV 
windings. Therefore, there can be high potential of internal 
resonant overvoltages.  

 

 
Fig. 7.  Transferred voltage from HV to LV for disc winding 
 

C.  Pancake winding 

In Figs. 8 and 9, the input impedance of HV pancake 
winding and its LV foil winding are illustrated. Compared to 
disc winding, the frequency shift in the LV model response is 
smaller but still present.  

 

 
Fig. 8.  HV input impedance for pancake winding 

 

 
Fig. 9.  LV input impedance for pancake winding. 
 

The induced voltage to the LV terminal is compared with 
measurements in Fig. 10. It seems that, the model results can 
not represent the amplitude of measurement near 800 kHz. 
Comparing measurement results for the transferred voltage to 



LV for the three windings in Fig. 11, the trend of the 
frequency response around 800 kHz for the pancake winding 
is similar to the disc winding, while the amplitude of the 
transferred voltage is in the range of the layer winding.  

 

 
Fig. 10.  Transferred voltage from HV to LV for pancake winding 
 
It can be concluded that if the quarter wave frequency of 

feeder cables is lower than 800 kHz, pancake and layer 
windings may be the less vulnerable winding for internal 
resonant overvoltages. Meanwhile, pancake winding has the 
advantage of repair easiness. For example, the pancake 
winding here has four coils. If any internal insulation failure 
happens in any coils, it can be easily replaced. This feature is 
prominent for offshore wind farms, where long distance from 
shore and accessibility challenges requires maintenance-free 
or easy repairing components. 

 

 
Fig. 11. Measured transferred voltage from HV to LV for the three 

windings 
       

V.  DISCUSSION 

The white box models; RLC ladder model and MTL model 
require precise geometrical data and material property of the 
transformer under study. In this work, we designed and 
produced this 500 kVA transformer. Therefore, detailed 
geometrical design data are available. Most of coil, core, and 
insulation material property are also known. However, the 
detailed frequency dependency of the dissipation factors (tanδ) 
of all transformer insulators, which is needed for accurate 
modeling, especially f>1 MHz is not available. Therefore, 
equation (9) from literature is just included for all transformer 
insulations.  

The next issue to be discussed is the analytical calculation 
of internal conductor resistance, which is one part of self-
resistance. The other part is the self-resistance due to the core 

and is calculated by Wilcox formula. Fig. 12 shows the total 
self-resistance of LV foil associated with disc winding 
according to the proposed model. The black solid line 
represents self-resistance due to core skin effect. The dashed 
line shows the internal conductor resistance based on (6). The 
dashed-dotted line is the internal conductor resistance only 
due to skin effect [15].         

 

 
Fig. 12.  The comparison of different resistances in LV winding with total 

resistance.  
 

It can be found that total resistance is dominantly affected 
by proximity effect for f>4MHz. Ignoring the proximity effect 
in the model and including just skin effect by the analytical 
formula in [15] leads to  resonance frequencies, around 100 
kHz, with quite high amplitudes for the transferred voltage to 
LV in layer winding (see Fig. 13). The internal conductor 
resistance becomes two orders of magnitude lower for 10 
kHz<f<1MHz by ignoring proximity. The calculation results 
for transferred voltage in this case has poor agreement with 
measurement for 50 kHz<f<500kHz. 

   

 
Fig. 13.  Transferred voltage from HV to LV for layer winding. Proximity 

effect ignored in the calculations.  
 

VI.  CONCLUSIONS 

In this paper, the frequency response of layer, pancake and 
disc winding types are studied with focus on resonant 
overvoltages in wind turbines. A special 500 kVA transformer 
with three different winding designs is produced and used as 
test object. The frequency responses of input HV impedance, 
input LV impedance and transferred voltage to LV are 
measured. Analytical RLC model of the windings is proposed 
in this paper and compared with measurements. The 
calculations show that the following characteristics of the 
windings are represented in good qualitative agreement with 



measurements: 
 
1- The general trend of the frequency response for the 

windings, i.e. the range of amplitude for input imped-
ance and voltage ratio  

2- The decreasing trend of HV input impedance. 
3- The resonance frequencies of HV and LV input 

impedances in the range of 10kHz-1MHz. 
4- The dominant resonance frequency of transferred 

voltage to LV for disc and pancake winding (800 kHz). 
This frequency is also critical for layer winding. 
 

The shortcomings of the model can also be listed as: 
1- The second resonance frequency (=10kHz) of the input 

impedance of the HV and LV windings is not repre-
sented. It can be due to flux linkage of other windings 
via core. 

2- There is a frequency shift between impedance 
measurements and calculations. 

3- The model cannot represent the voltage ratio meas-
urements for f>1MHz. It can be due to inaccuracy in 
measurements due to effect of leads, inaccuracies in 
the proximity effect or dissipation factors (tanδ) formu-
las. 

 
In fact, the qualitatively good agreement of the calculation 

model assists us to study the internal overvoltages in future 
work. It can assist wind turbine operators to energize wind 
turbines with lower risk of resonant overvoltage. The least 
vulnerable winding design seems in this case to be the 
pancake winding. Its modular design makes it also easier to 
repair compared to the two other winding types.    

VII.  APPENDIX 

A.  KCL and KVL for an arbitrary unit 

Figure 14 shows an arbitrary unit, i, in HV winding and its 
adjacent unit. Performing KVL in this unit gives, 

 
 ௜ܸ െ ௜ܸିଵ ൌ ௕ሺ݅ሻܫ௜,௜ݖ ൅ ௕ሺ݅ܫ௜,௜ିଵݖ െ 1ሻ ൅

௕ሺ݅ܫ௜,௜ାଵݖ ൅ 1ሻ ൅ ௕ሺ݉ሻܫ௜,௠ݖ ൅ ௕ሺ݊ሻܫ௜,௡ݖ ൅ ⋯ 
 

 
(10) 

Mutual impedance of the unit i with other units is 
calculated by means of (12). Self-impedance, zi,i, is calculated 
by adding the internal resistance (6) to (12). Writing KVL for 
all units in LV and HV result in (1). 

 
 
To perform KCL, an injected nodal current, I, is connected 

to node i (see Fig. 14). The sum of all branch currents is equal 
to I. 
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Fig. 14.  The layout of unit i, an arbitrary unit in HV windings 

 
 Writing KCL for all units in LV and HV and doing simple 

mathematical manipulation result in (2). Besides, equation 
(11) shows that the summation of all adjacent capacitors of 
unit i come into the diagonal element of C matrix. Since they 
are all multiplied to V(i). 

B.  Computation of the self and mutual impedance 

Figure 15 shows two arbitrary units around the core. 
Assuming the core as a solid magnetic material with µz in the 
axial direction, µr in the radial direction and an isotropic 
resistivity ρ, equations (12)-(15) describe the mutual 
impedance between these two units [9]. 

 

h1

h2
w1

w2

br1 r2raa1 a2

z lth unit
(Nl turns)

kth unit
(Nk turns)

 
Fig. 15.  Dimensions of two arbitrary units for the calculation of self and 

mutual impedances. 
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s is the Laplace transform operator in (12).  In (13), K(p) 

and E(p) are complete elliptic integrals of the first and second 
kinds respectively, and 
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The dimensions a, r and z are specified in Fig. 15. In (14), 

the core skin effect parameter, m, is equal to, 
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In (15), βn=2πn/λ, where λ is the length of the magnetic 

circuit. I0, I1,K0 and K1 are modified Bessel functions. The 
functions P, Q, and F, are defined in (18)-(21). 
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(21) 

 
In (21), ρ´=γ.|s| and γ is defined as fundamental core 

parameter related to leakage flux and is in the range of 10-10-
10-8 [9]. The functions f, g and p1 are defined by 
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(24) 

 
In (24), Lk(α) is the modified Struve function, 

 

ሻߙ௞ሺܮ ൌ ෍
ሺ0.5ߙሻ௞ାଶ௡ାଵ

ሾ݊ ൅ 0.5ሿ! ሾ݇ ൅ ݊ ൅ 0.5ሿ!

ஶ

௡ୀ଴

 
 

(25) 

 
 It should be mentioned that for self-impedance calculation 

(Zkk), z should be set to zero in (15) and z=0.2235(h+w) in 
(16) where h and w are height and width of the coil cross 
section. 
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