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Abstract. The paper presents a method enabling calculation of the radial and serial capacitance, inductance and 
voltage between adjacent coils of the power transformer continuous disc winding. Definition of the equivalent 
electric circuit is based on the assumption of a short circuit and grounded winding next to the iron core. This way 
all radial capacitances are at the same time also ground capacitances. Calculation of the serial capacitance is 
based on the assumption of linear voltage distribution along the coil. The inductance is obtained from the stray 
magnetic field in the transformer window calculated in the FEMM 4.2 computer code. The equivalent circuit with 
respect to the 1st and 2nd Kirchhoff’s law gives two systems of ordinary differential equations for the voltage and 
current that are solved using MATLAB calculation. Results are compared with measurement results obtained on a 
dry type transformer TBS (22/6.3 kV, 800 kVA, uk= 5.5 %). A comparison shows that differences between the 
calculated and measured values are acceptable. 
 
Keywords: Transformer, continuous disc winding, surge wave, capacitance, inductance 
 
 

1 PREFACE 

Overvoltages occurring in the power transformer 
windings, are caused by lightning or switching 
overvoltages. The distribution of voltages along the 
windings is heavily affected by the forehead and back 
shape of the high voltage pulses.  As these events are 
inevitable during the transformer operation, winding 
insulation must be carefully planned to withstand them. 
 The IEC 60076 standard specifies shapes and levels 
of insulation at which the transformer is tested [6]. The 
surge wave that simulates the atmospheric discharge 
takes the form of 1.2/50 and it is the standard test that 
every power transformer must pass. 
 Interleaved and continuous disc type of the coil is 
commonly used for the power transformer high voltage 
windings. Due to technological and time reasons, the 
use of interleaved windings is usually avoided. On the 
other hand, the interleaved winding has 3-6 times lower 
initial voltage distribution than the continuous disc 
winding, which is vital for voltage fluctuations in the 
winding. 
 Because of the large volume of work and congestion 
of winding machines in the production cycle, the need 
for continuous disc winding is growing. In order to 
adapt to new requirements, it is essential to know the 
voltage conditions inside the winding during the surge 
wave test as this is the basis for assessing the winding 
suitability.  

The paper presents a method enabling calculation of the 
capacitance, inductance and voltage distribution over 
the transformer continuous disc winding. By comparing  
the obtained measurements and results, the applicability 
of the method in everyday engineering practice is 
proven. 
 

2 SURGE WAVE CALCULATION 

Surge wave distribution over the continuous disc 
winding of power transformer is calculated based on the 
equivalent electric circuit, which is represented by lump 
parameters L, C, K (Figure 1). Mutual inductances M 
are also included, but are not plotted for better clarity. 
The equivalent circuit elements are made of two coils, 
so the voltage along each element represents the voltage 
in the gap between the adjacent coils. The winding end 
is grounded. 
 

 

Figure 1. Lumped parameter model  of the transformer 
continuous disc winding. 
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2.1 Capacitance calculation 

 To determine the capacitance, the 
represented as a capacitive circuit that includes both
shunt and serial capacitance. Figure 2
made of six coils and associated capacitive circuit.
 

Figure 2. Equivalent capacitive circuit of the tr
continuous disc winding. 
 
 Letters C and K mark the shunt and serial capacitance 
of the winding element, respectively
between the serial capacitance of coil
capacitance of equivalent element 
equation (1) [1]. 
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2.1.1 Serial capacitance calculation 

The serial capacitance refers to the capacitance between 
the turns and adjacent coils of the test 
sufficiently good approximation 
capacitance can be obtained by term (2
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The end coil serial capacitance with
can be calculated from equation (3) [1
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the winding can be 
that includes both the 

2 shows a winding 
and associated capacitive circuit. 

 

Equivalent capacitive circuit of the transformer 

shunt and serial capacitance 
, respectively The relationship 

serial capacitance of coil KSV and the serial 
 K is defined by 

(1) 

calculation  

the capacitance between 
the test winding. With a 

sufficiently good approximation the coil serial 
2) [1], [2]. 

(2) 

with no potential ring 
1]. 
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m …number of turns in the coil
 
Cd is the capacitance in the radial gap between adjacent 
coils (Figure 3) calculated using
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hk … height of the radial gap  
ati …width of winding 
pap …double side thickness of paper insulation
di …mean diameter of the winding
β' …spacing coverage factor of the 
εpap …relative dielectric constant of paper
εTB-Oil …relative dielectric constant
between the adjacent coils 

 

Figure 3. Capacitance in the radial gap between 
coils 
 
Cd' is the capacitance in the radial gap between the 
adjacent turns of the adjacent coils
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The capacitance between the adjacent turns (
determined by equation (6) [3]. 
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(3) 

coil 

apacitance in the radial gap between adjacent 
using equation (4) [3]. 
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…double side thickness of paper insulation [mm] 
…mean diameter of the winding [mm] 

of the winding  
relative dielectric constant of paper insulation 

relative dielectric constant for radial gap   

 

radial gap between the adjacent 

apacitance in the radial gap between the 
adjacent coils (5). 

(5) 

adjacent turns (Figure 4) is 
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b0 …height of the bare wire or transpose cable
di …mean diameter of the winding  
pap …double side thickness of paper insulation
εpap …relative dielectric constant of paper
 

Figure 4. Capacitance between the turns. 
 

2.1.2 Shunt capacitance calculation

The shunt capacitances are capacitance
winding at the adjacent windings and grounded parts of 
the transformer (yoke, tank). During the
adjacent windings are short-circuited and grounded, 
thus all shunt capacitance become ground
The capacitance is determined depend
position of the test winding. Figure 
capacitance of the middle phase of the 
 

Figure 5. Shunt (ground) capacitances for the middle phase of 
the three phase transformer. 
 
Among the windings of the same phase (
are capacitances Cf, which are calculated by equation
(7) [3]. 
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dsr …mean diameter of the gap between the windings
bg …height of the shorter winding [mm
d …double width of the gap between windings
deb …thickness of solid insulation between 
windings [mm] 

bare wire or transpose cable [mm] 
[mm] 

paper insulation  [mm] 
relative dielectric constant of paper insulation 

 

calculation 

capacitances of the test 
cent windings and grounded parts of 

, tank). During the test, all the 
ed and grounded, 

become ground capacitance. 
depending on the 
 5 shows the earth 

of the transformer. 

 
Shunt (ground) capacitances for the middle phase of 

windings of the same phase (Figure 6) there 
calculated by equation 

[F] (7) 

between the windings[mm] 
mm] 

…double width of the gap between windings [mm] 
…thickness of solid insulation between the the 

εTB …relative dielectric constant of solid insulation 
between the windings 
εOil …relative dielectric constant of oil
fak …(εTB- εOil)/εTB  
 

Figure 6. Capacitance between the two windings of the same 
phase. 

 
Equation (8) [3] holds for the capacitance between the 
outer windings of the adjacent phases (
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xn … half the distance between the limb center
Rs …outer diameter of the most outer winding
Other marks have the same mean
 

Figure 7 : Geometry used in determin
capacitances between the most outer windings 
phases and between the most outer winding and 
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…relative dielectric constant of solid insulation 

…relative dielectric constant of oil 

 

Capacitance between the two windings of the same 

the capacitance between the 
adjacent phases (Figure 7).  

1510−⋅⋅κ [F] (8) 

distance between the limb center [mm] 
most outer winding  [mm] 
meaning as above. 

 

determination of the shunt 
most outer windings of the adjacent 

phases and between the most outer winding and the tank. 
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Equation (8) can be used to determine the capacitance 
between the external winding and 
Instead of half the distance between the limb center 
the minimum distance between the axe of the external 
winding and the tank is inserted
expression multiplied by 2 (9)[3]. 
 

mfCkC ⋅= 2  

 
The total ground capacitance of winding 
of all partial ground capacitances 
particular case. 
 Capacitance C of the equivalent 
determined by dividing the total ground capacitance
the number of elements in the equivalent winding circuit
(10). 
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Nel … number of elements in the equivalent 
circuit 
 

2.2 Inductance calculation 

 Inductances in the equivalent electric circuit
determined based on the assumption 
winding next to the iron core. This assumption allows us 
to neglect the influence of the iron core in the 
inductance system [1].  
 

 

Figure 8. Elements layout and calculation 

computer program FEMM 4.2. 
 
 Due to a good magnetic coupling
windings and coils, self and mutual inductance
determined from the stray magne
transformer window (11) [1]. 
 Figures 8 and 9 show a layout of
directions of the currents in the inductance 
using the FEMM 4.2 computer program
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) can be used to determine the capacitance 
and tank (CNN, CVN). 

distance between the limb center xn, 
axe of the external 

is inserted, and the entire 

(9) 

of winding Cg is the sum 
s appearing in a 

 winding circuit is 
ground capacitance by 

the equivalent winding circuit 

(10) 

equivalent electric 

equivalent electric circuit are 
n the assumption (of a short circuit 

. This assumption allows us 
of the iron core in the 

 

 KSiL −σ  using the 

coupling between the 
and mutual inductances can be 

magnetic field in the 

layout of the elements and 
inductance calculation 

computer program [4].  

(11) 

 

Wmag …magnetostatic energy in the 
 

Figure 9. Elements layout and calculation 

FEMM 4.2 computer program. 
 
 Self inductance of the winding
by multiplying the leakage inductance between the 
element and the short-circuit winding reduced to one 
turn and multiplied by the square of the number of turns 
in the element (12) [1]. 
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Mutual inductance between the eleme
by equation (13) [1]. 
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wi …number of turns in i-th element
wj … number of turns in j-th element
Lσi-KS …leakage inductance between 
and short circuit winding reduced 
Lσj-KS … leakage inductance between 
and short circuit winding reduced to
Lσi-j … leakage inductance between 
element of the winding reduced to

 

2.3 Equations 

 

  

Figure 10. Equivalent electric circuit of the winding build up 
of three elements. 
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the transformer window 

 

Elements layout and calculation jiL −σ  using the 

of the winding element is calculated 
by multiplying the leakage inductance between the 

circuit winding reduced to one 
by the square of the number of turns 

(12) 

Mutual inductance between the elements is determined 

ji ww ⋅  (13) 

th element 
th element 

leakage inductance between the i-th element 
and short circuit winding reduced to one turn. 

leakage inductance between the j-th element 
uit winding reduced to one turn. 

leakage inductance between the i-th and j-th 
reduced to one turn. 

Equivalent electric circuit of the winding build up 
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 Figure 10 shows the equivalent electric circuit of the 
winding. First Kirchoff's Law holds with respect to the 
currents in the nodes. 
 

0)()( 1
121210121 =⋅−−⋅−−⋅+−

dt

du
Cuu

dt

d
Kuu

dt

d
Kii  

0)()( 2
232321232 =⋅−−⋅−−⋅+−

dt

du
Cuu

dt

d
Kuu

dt

d
Kii  

 
Rearrangement and translation to the matrix notation 
gives the following equation. 
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Or in a shorter form: 
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 The second Kirchoff's Law holds for the voltages 
along the closed loops. 
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In the matrix notation:  
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In a shorter form: 
 

[ ] [ ] [ ] [ ] [ ] [ ] 0
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Putting terms (14) and (15) together gives us a linear 
system of ordinary differential equations (16) solved by 
MATLAB.  
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TDL ][][ 1 ⋅−= −α  
][][ 1 DCK ⋅= −β  

][][ 1 FL ⋅= −γ  
][][ 1 EKCK ⋅= −δ  

 
[u0] …surge wave 
[u] …vector with unknown nodal potentials 
[i] …vector with unknown branch currents 
[CK] …matrix with capacitances 
[EK] …vector with capacitive connections between 
surge wave u0 and other nodes  
[D] …first difference matrix 
[L] …matrix with inductances 
[F] …vector with direct connections between surge 
wave u0 and other nodes 
 

3 RESULTS 

 Results of our calculation of the surge wave in the 
power transformer winding are gradients between the 
adjacent coils in the winding and are determined by 
equation (17). They are compared with measurements 
obtained on a dry type transformer TBS (22/6.3 kV, 800 
kVA, uk=5.5%) found in reference [1]. 
 

)max( 11 ++
−=∆ iii uuu     i=0,1,2…Nel (17) 

 
ui …potential of the i-th node in the equivalent electrical 
circuit  
Nel …number of elements of the winding 
 
 The surge wave used in our calculation and 
measurements is 1.2/50 µs with the peak value 95 kV. 
The surge wave is described by equation (18). 
 

)(95 21
00
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U0=1.043325 
p1=14732 s-1 

p2=2080313 s-1 
 
 Figure 11shows the calculated and measured values 
of gradients in the radial gaps between the equivalent 
circuit elements of the winding, which correspond to the 
gradient between the adjacent coils. The test voltage is 
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selected so that the gradients between the
correspond to the percentage values of 
wave. 
 

Figure 11. Gradients in the radial gaps between 
coils, calculated (*) and measured values (o).
 
Figure 12 shows relative deviations of the measured 
values from the calculated values. 
 

Figure 12. Relative deviations of the measured values 
calculated values. 
 

4 CONCLUSION

The paper presents a method to be used in
capacitances, inductances and voltage
transformer continuous disc winding. 
computer code was developed to sup
made according to the presented method
results were compared with measurement
available in the literature.  
 As seen from the obtained results, the
the measured and calculated values 
which is acceptable for the engineering 
It can be concluded that the calculation of volt
distribution along the power transformer continuous 
disc winding approximates the actual voltage conditions 
inside the winding well enough and can therefore be 
used to design winding insulation. 
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