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Simulations of internal overvoltages
in transformer windings using EMTP-ATP

Symulacje przepie¢ wewnetrznych w uzwojeniach transformatoréw przy zastosowaniu programu EMTP-ATP

Abstract. Insulating systems of transformer windings are subjected to overvoltages during voltage tests and under operating conditions in electrical
networks. Internal overvoltages in transformers are the result of the windings reacting to overvoltages at the input terminals. For the purpose of
simulating overvoltages in transformers, winding models are used that reflect their complex structure and material properties. The article presents a
selected model of transformer windings enabling simulation of internal overvoltages in transformers using the Electromagnetic Transients Program-

Alternative Transients Program (EMTP-ATP.

Streszczenie: Ukfady izolacyjne uzwojen transformatoréw poddawane sg dziataniu przepiec¢ podczas préb napigciowych oraz w warunkch pracy w
sieciach elektrycznych. Przepiecia wewnetrzne w transformatorach sg efektem reakcji uzwojen na przepiecia na zaciskach wejsciowych. Dla celow
symulacji przepiec¢ w transformatorach stosowane sg modele uzwojen odzwierciedlajgce ztozong ich budowe oraz wtasciwosci materiatow. W artykule
przedstawiono wybrany model uzwojen transformatoréw umozliwiajgcy symulacje przepie¢ wewnetrznych w transformatorach przy zastosowaniu
programu Electromagnetic Transients Program-Alternative Transients Program (EMTP-ATP)
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Introduction

The analysis of overvoltage exposures of insulation systems
of power equipment is essential for assessing the operating
conditions of devices in electrical networks, and is the basis for
designing insulation systems and improving their design
solutions. Among the devices installed in electrical networks,
power transformers are of great importance for ensuring the
reliability of the network. Insulating systems of transformer
windings are subjected to the impact of overvoltages during
voltage tests performed using impulse test voltages and in the
operating conditions of transformers in power systems.
Overvoltages appearing in power systems have two origins, first
caused by external energy injection like atmospheric lightning’s,
the second caused by the inside system events like switching
operations, faults, resonance events [1-4]. The transients
waveforms and maximal values of internal winding overvoltages
are related to the origins of overvoltages and transients
phenomena in the windings [5-6]. The analysis of the most
common failures in power transformer shows that more than
30% of cases is associated with the dielectric failure of
insulation systems [1-3]. The internal overvoltages are results of
the response of the winding circuit which has complex structure
reflecting the geometry of winding, material properties and
capacitive and inductive couplings between every elementin the
power transformer [7-10].

The paper presents the R,L,C based circuit model of
transformer windings for simulations of the internal overvoltages
in the power transformer windings. The model was implemented
in the Electromagnetic Transients Program/Alternative
Transients Program (EMTP/ATP) [11]. The developed power
transformer model was verified by the laboratory
measurements. Practical applications of the model in
EMTP/ATP program were shown. The simulations internal
overvoltages in transformer windings during energization of
cable line - power transformer system was done by use
presented model generated in EMTP/ATP program.

Model of power transformer windings for simulation of
internal overvoltages

The equivalent scheme of lumped R,L,C winding model is
presented in Figure 1 [10,12,13].
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Fig. 1. Equivalent scheme of winding model with lumped R,L,C
parameters: a - distribution of w turns in the single transformer
winding, b - R,L,C topology of w windings, ¢ - equivalent scheme
of single winding; K,C - capacitances: longitudinal and to ground,
L,M - self and mutual inductances between turn sections, R -
resistance of turns, G,g - conductance of insulation system, 1,n -
sections of winding

Self and mutual inductance of transformer windings is
calculated assuming that for the steep and high frequency
signals the transformer can be treated as linear time invariant
class object neglecting the silicon steel magnetic core. The
inductance of transformer winding coils is calculated from the
formula [9,14]:
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of the coils, m.

L=YN?qp -2
41

: 3
If: a, < .
where: a, = L h — height of the coils, m.
then:
_m[L_8 BB 15 57
@ ¥= 202 w8 16 1zsﬂ + ]


https://orcid.org/0000-0001-7968-6161

i 2d (3 N [N 4 23 BB
®) A=5uN a_g{Zan 3 P [31r(lnp D t3t

in other case:

2 4 4
(4) w=2n|(+E- o Y-ty
8 64 ac 2 32 96
_topn2glE, —B e i R 7 a2 1o d_qy_ e 1
(5) 4==N d SV =V T (G — 3 AP Tt g P +...)lnac (6 20 +...)lny+...
dz—dy 1 P
where: p=—"—7, f=——F—=, v="—
2d J 2 dg . . .
1+(2ac) d:zc where: C, = m%ssra, s - insulation thickness between the
K ) ‘<d_; windings, m, ds - average coil diameter, m, & - electrical

dz .

1
[

Fig. 2. Mutual position of the cails in the transformer windings

The mutual inductance of coils A and B (Figure 2a) can be
obtained from the following formula:

1
(6) Myp = 2 (Lap — La— Ly)

where: La, La, Las — the self-inductance of the coils A and B
and of the group A-B, C.

If coils are separated (Figure 2b) we introduce the imagine
coil. The mutual inductance of the coil system A-B can be
calculated by use the simply formula:

1
(") Myp = E(LABC + Lc — Lyc — Lcg)

Capacitance to earth C of winding coils may be calculated
by use of equation [9,15]:

dy+d’
z dl—d'

(8) C =k.m he

where: h - height of the winding, m, k.- coefficient (for high voltage
transformers k=1), d’- substitute diameter of a core column,
m, d’' = 0,5d,. + 0,65+/s,, d: - diameter of the core column, m,
sr - cross-section of the column, m?, &- dielectric permeability of
the insulation between the winding and the core, Fm™.

For calculation of longitudinal capacitance K of the winding
(Figure 3) we define a substitute capacitance K calculated
by use of the formula:

(9) K, =K, +K,

where: KZ’,KZ"- capacitance representing energy in the
insulation between the windings and between the coils, F.

Capacitance K;'is given by the formula:

(10) K, = 0,5C,(N — 1)

(14)

permittivity of insulating paper, F m?, a - coil thickness, m.

The capacity K is calculated from the formula:

w1
(11) K, = 5 [ng + 1'25(Kg21 + ngz)]
where:

ey dsyB
(12) ngl = a5

D. - width of the channel between the coils, m, B - coil width,
m, &w - electrical permittivity of the insulating system between
the coils, Fm™,

The equation (12) enables also to calculate the capacitances
Kgz2 and Kgw.

core

Fig. 3. The capacitance between the coils of the winding

The longitudinal capacitance K of the winding is calculated
by dividing the capacitance value K; by the number of coils.

The insulation conductance of the winding coils G can be
calculated from the following dependence [16,17]:

_ wC¢

(13) = g0

where: w - pulsation, s, C. - ground capacity of a section or
capacity between adjacent sections, F, tg 6 - dielectric losses
coefficient of the insulating material, -

The resistance of the windings depends on the eddy
currents in the wires and is a function of frequency. The
impedance of the turn Zw in the k-th layer of the winding is
expressed by the following formula [16,18]:

Zy (@)=27R, &[( 1 +(k—1)? n_p)eoth (&)~ 2k (k—1)yr 1y cosh ()] )

where: Ry = }l,d y £=./j opo d, 4- magnetic permeability
(e}
of the wire material, F m', o - conductivity of the cable

material, S m?, w - pulsation, s%, d - cable diameter, m, h -
winding height, m, r - radius of the coil, m.

PRZEGLAD ELEKTROTECHNICZNY, R. 101 NR 5/2025



Verification of the transformer winding model for
simulations of internal overvoltages

Transformer winding model, presented in the Figure 1, was
verified by the comparison of simulation results to the
measurement results done for HV winding of the transformer
20 kVA, 15/0.4 kV (Table 1).

Table 1. Rated and construction parameters of the transformer
20 kVA, 15/0.4 kV

Parameter Value
Sn, KVA 20
Unny, KV 15
Uny, KV 0.4
U, % 4.2
APge, KW 0.114
APy, KW 0.525
lo, % 2.8
type of coils uc” rc”
number of turns in the coil, - 810 650
number of cails, - 4 4
height of the winding I, mm 280 260
internal diameter d,, mm 157 157
external diameter di, mm 205 205
‘uc - usual coils, “rc - reinforced coils

The measurements were taken inside the transformer winding at
selected points (1 -x1=0, 2-x/1=0.18, 3-x/1=0.33, 4 -x/1=0.62)
referring to the whole length of winding counting form the terminal.
The simulations and measurements covered the transient
overvoltages waveforms in transformer winding while action of
rectangular surge at the transformer terminals. The frequency
characteristics of overvoltages in selected points in HV side winding
were also determined [5]. Simulations were obtained by use of the
transformer winding model presented in Figure 1 implemented in
the Electromagnetic Transients Program/ Alternative Transients
Program (EMTP/ATP). The mutual inductances between winding
coils of the transformer are not taken into account in the model
(Figure 4). The simulation results are placed in Figure 5 but
laboratory measurements are shown in Figure 6.
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Fig. 4. Simulation model in EMTP-ATP software used for the
overvoltage distribution analysis in the transformer winding (Table 1)
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Fig. 5. Simulation results of overvoltages inside transformer winding
(Table 1) at selected points x/I: a - waveforms uy =f(t) during the action
of rectangle_impulse with the winding model considering only self-
inductances of turn sections, b - frequency characteristics u. =g(f) of
overvoltages: 1 - x/1=0, 2-x/1=0.18, 3-x/1=0.33, 4 -x/| =0.62
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Fig. 6. Measurement results of overvoltages waveforms uy, =f(t)
and frequency characteristics uy =g(f) inside transformer winding
at selected points x/I (Table 1): a - waveforms during the action
of rectangle_impulse, b - frequency characteristics uy =g(f)
of overvoltages; 1 - x/l =0, 2 - x/ = 0.18; 3 - x/l = 0.33, 4 -x/ = 0.62

Presented simulations of overvoltages and frequency
dependences of voltage inside the transformer, done by use of
Electromagnetic Transients Program/Alternative Transients
Program (EMTP/ATP), are similar to the experimental
results. It confirm that the transformer winding model base
on the L,R,C electrical parameters presented in the paper
(Figure 1) can be used in simulations of internal overvoltages
in transformers by use of this program which has wide range
applications to simulations of transient states in electrical
power systems.

Simulation of winding internal overvoltages during
switching operation in an electrical network

By use of the transformer winding model presented in Figure 1
was done simulations of overvoltages in the HV winding
of the transformer 20 kVA, 15/0.4 kV (Table 1) during turn on
the transformer in the part of the electrical network presented
the Figure 7. The network consists of the power transformer
tr, cable line Ik (Table 2) with the different length, surge
arresters sa POLIM-D-12 [19] and vacuum circuit breaker vb.
The cable line was modeled as JMarti procedure [11]. The
surge arrester model was simulated as IEEE WG 3.4.11

model [20].
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Fig. 7. Diagram of the 15 kV model network used in simulations of
overvoltages in the winding during turn on the transformer

Table 2. Parameters of 15 kV cable line Ik

Cross insulation screen outher R
section thickness thickness | diameter
mm? mm mm mm Q
95 4.5 2.5 31.6 0.193

The overvoltages analysis covered the simulation during
energization of the distribution transformer (Table 1)
connected with line Ik with variable length (Figure 7). The
internal overvoltages were normalized to the maximal value
of the nominal voltage at the transformer terminals.
Simulation model in EMTP/ATP software used for simulation
is presented in Figure 8.



The scope of the simulation was following during closing 3 .
circuit breaker br connected to the cable line Ik and HV
transformer winding model, the variable length of cable was 251
changing in range of 10 m to 60 km (Figure 7) [21]. Simulation
results of overvoltages inside the transformer during
exploitation shows that transient overvoltages appearing at
transformer terminals during switching operation can be
source of internal overvoltages which exceed the nominal
values. The analysis of the results shows also that the length
of cable has an impact on the overvoltages appearing in the
transformer winding. For the analyzed case the critical length . | ‘ |
for the test object was 2290 m. For this cable length the 10! 102 10% 10* 105
overvoltages inside transformer at the section of turns in the Lm
middle part and at the end of the winding have higher values Fig. 9. Characteristics  of  overvoltages maximal values
than the overvoltages at the transformer input terminal and  Uyimax/Uomax=f(lk) in relation to cable length I determined in selected

at the upper part of winding (Figure 10). points x/I of HV winding, case for switching operation of circuit
breaker 1 -x/1=0,2-x/l=0.18, 3-x/1=0.33, 4 - x/l = 0.62
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Summary

The results presented in this article shows that the R,L,C
model of transformer windings can be implemented in U
Electromagnetic Transients Program-Alternative Transients 2r
Program (EMTP-ATP) and can be used for simulation of
internal overvoltages on transformer windings. Simulation 1F
results of internal overvoltages in the transformer done by use
of the model are similar to the experimental ones. The 8
presented model of transformer windings can be used as a tool
for analysis of internal overvoltages in transformers during
tests and exploitation in power systems.
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— [ I L A I AL I L L Fig. 10. Waveforms of overvoltages at selected points x/I of HV
T T T transformer winding during closing of circuit breaker, case with
) ' ' critical cable I length 2290 m: 1-x/1=0, 2-x/1=0.18,
3-x/1=0.33,4-x/1=0.62
Autor: prof. dr hab. inz. Jakub Furgat, AGH University of Science
Fig. 8. Simulation model in EMTP-ATP software used for the and Technology, Department of Electrical and Power Engineering,
switching overvoltage distribution analysis in the HV transformer al. Mickiewicza 30, 30-059 Krakow, E-mail: furgal@agh.edu.pl.

winding in medium voltage 15 kV electrical network and variable
length cable line I
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