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Abstract

High currents occurring in transformers in transient state may cause the insulation materials to deteriorate. In
this paper, the effects of the capacitance values between the winding and the core and between the windings on
the transition of the lightning strike applied to the secondary side to the primary side of power transformers
were analyzed. Transformer models were created in ANSYS@Maxwell-2D environment, which realizes a
solution based on Finite Element Method (FEM). In simulation studies, a lightning impulse voltage of 1/100 us
was applied to the secondary side of the transformer with a special method. It has been observed that the change
of the values of the capacitances between the windings in power transformers affects the amplitude of the
primary lightning impulse voltage. With this study, the weak points of the insulation materials of transformers
windings were determined and the electric field distribution was analyzed.
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1. Introduction

Transformer models can be classified as low frequency [1] and high frequency [2] models
according to the applied source frequency. Low frequency models are created by open and
short circuit tests. Studies on low frequency model aim to model the nonlinear characteristics
of the core [3]. High frequency model studies are carried out for fault detection of
transformers and analysis of transient response [4]. In these models, which are analyzed based
on high frequency, capacitances are added to the designs in addition to the parameters in the
low frequency model. Since the effect of these capacitances at low frequencies is negligible,
they are not included in the analysis. However, at high frequencies these capacitances
significantly affect the transformer output.

Experimental tests have been performed on the current transformer in [3], among the studies
on the lightning impulse response of transformers, and the lightning impulse response has
been measured. With the test results, the equivalent circuit and transfer function of the
transformer are established. The lightning impulse response measured with the simulation
results with the model designed in ANSYS (@ Maxwell environment was compared. In [4] the
Frequency Response Analysis (FRA) method and an advanced model of the frequency
response of a three-phase power transformer are presented to be used for fault detection. In
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[5], the power transformer and distribution transformer have been tested with FRA
(Frequency Response Analysis) device and the equivalent circuits of the transformers have
been removed. In [6], a simple modeling method based on measurement data in frequency
domain, which can be easily applied in Electromagnetic Transients Program (EMTP) for
power transformer, is tried to be presented. The important function of the model is that it can
simulate the transient voltage transferred from one winding to another after lightning strike or
switching.

In this paper, in the power transformer model in [5], the effect of the change of capacitance
values on the primary side in case of a lightning strike applied to the secondary side has been
investigated. Transformer models were created in ANSYS@Maxwell program. The electric
field analysis of the model and the voltage distribution on the transformer are examined.

2. Power Transformer Model

[5] Study derives the power transformer model from study [6]. Experimental tests were
carried out by applying 1.2/50 ps lightning strikes to a 300 MVA 415/15.75kV Y-A power
transformer. Fig. 1 shows the power transformer model.
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Fig. 1. High frequency power transformer model [5]

Copper losses are not taken into account in this model. C;-Cg coil capacitances; C7, Cg and C9
capacitances between windings; Cio, C;; and C;, represent the capacitance between the
neutral point and ground. R;-R¢ and L;-Le represent iron losses (magnetic circuit). R7
represents the neutral resistance.

Fig. 2 contains the test setup required for the measurement of the frequency response analysis
(FRA) winding impedance of Primary - Earth (Vj,) and Neutral - Earth (V) voltages [6]. By
using the frequency spectrum of the winding impedance amplitude and angle, magnetic circuit
resistance and inductance and winding capacitance can be obtained [6]. Since impedance is
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inductive at low frequencies, the winding capacitance can be regarded as open circuit and thus
the magnetic circuit inductance can be determined from the measured reactance value. The
winding capacitance is calculated using the inductance found in the first resonance frequency
and low frequency calculation. In Eq. (1), the relation between voltages and winding
impedance is given. In Eq. (2), the resonance frequency Eq. is given.
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Fig. 2. Power transformer primary test setup [2]
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The 50 Q resistance in Eq. (1) is the internal resistance of the measuring device. The
necessary parameters can be determined by creating the same test setup for the secondary
winding. Secondary A phase test setup is given in Fig. 3 [2].
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Fig. 3. Power transformer secondary test setup [2]

Primary and Secondary voltages were measured to determine the capacities between
windings. In this study, it is stated that the frequency analysis of the primary and secondary
voltages gives the impedance between the windings. At low frequencies, this impedance
behaves capacitively and the capacitance value was obtained from the resistance [2]. Details
of this test were not included in the study. The setup of this test is given in Fig. 4.

Source CH1 a Transformer A

Fig. 4. Power transformer secondary-primary test setup [2]
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In the model in [1], the capacitive effect of the primary side is transferred to the secondary
side as leakage inductance due to the inductive coupling between the windings. In the
frequency analysis of the secondary winding, it is seen that the impedance is inductive at the
second resonance frequency. From the impedance value at this frequency, the inductance;
From Eq. (2) capacitances can be found.

The parameters of the tests and calculations of the power transformer model given in Fig. 1
are given in Table 1. In this study, calculation of magnetic circuit resistances is not included.
It can be understood from the study that these resistors are not removed from the low
frequency impedance.

Table 1. Power Transformer Parameters [5]

R (Q) 0.001053
L (H) 0.366
C12 (nF) 70.08

3. Modeling of Transformer Using ANSYS@Maxwell

Power transformer model in [5] were created in ANSYS@Maxwell environment and
lightning impulse response was investigated. 170 kV 1/100 ps lightning impulse voltage was
applied to the power transformer. The simulation is set to 100 ps. Lightning impulse has been
applied in the 1st ps to see the voltage wave precisely. Fig. 5 shows the power transformer
model.

/K PN

)
>

{
1
/] N

AW RN

Fig. 5. Power transformer model

In the program environment, boundary conditions of the transformer model, geometric
dimensions and the properties of all materials used are defined on the model. The core of the
transformer is defined in the program environment with the B-H curve of the magnetic
material and thin sheets. The B-H curve, which is the magnetic property of the core material
used, is given in Fig. 6. The geometric properties of the designed transformer are given in
Table 2.
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Table 2. Geometric properties of the designed transformer

HV 33.000 V
LV 11.000 V
Core loss 12.500 W
Load loss 97.000 W
HYV connection Delta
LV connection Star
HYV turn number 675
LV turn number 131
HV current 152 A
LV currunt 785 A
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Fig. 6. B-H curve of core material

The graph of the lightning impulse voltage applied to the transformer windings in the program
environment is presented in Fig. 7.
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Fig. 7. Lightning impulse voltage applied.
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3.1. Analysis of the model

In Fig. 7, the form of the voltage applied to the primary A phase of the power transformer,
and the form of the voltage generated in the secondary. The electric field distribution caused
by a lightning strike is given in Fig. 8. The electric field voltage curve is given in Fig. 9.
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Fig. 8. Lightning-impulse electric field.
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Fig. 9. Electric field-voltage relationship

The amplitude of the electric field value occurring in the transformer and the amplitude of the
electric field strength are presented in Fig. 11 and Fig. 12, respectively.
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Fig. 10. Magnitude of electric field on primary winding.
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Fig. 11. Magnitude of density field

The energy released due to the electric field in the transformer windings and the stresses
occurring at the edges of the transformer windings are given in Fig.s 12 and 13.
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Fig. 12. Energy storage on winding
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Fig. 13. Edge force density on winding

The result of the lightning voltage in the secondary winding is consistent with the lightning
pulse applied. Critical areas that could cause degradation in the insulating materials between
the primary and secondary windings have been identified. The electric field distribution in
critical regions on the insulating material of the two-dimensional model is also shown.
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7. Conclusions

In the power transformer model, it has been observed that changing capacitance values
increase and decrease the amplitude of the voltage. In the conflict, it is also seen how the
electric field of the transformer under transient regime causes the strain on the insulation
material. Lightning impulse is a very important phenomenon for all electrical power systems
due to surge surge. This is why the lightning analysis is equally important to the power
problem. In this article, the lightning impulse voltage applied to the transformer during the
lightning-strike, the electric field of the transformer and the voltage distribution are presented
with simulation results. Critical areas between primary and secondary windings that may
cause degradation in insulating materials are shown in three dimensions. The electric field
distribution in critical regions on the insulation material of the two-dimensional model is also
shown. This article presents the use of the integral Eq. approach in computing the electric
field. This approach is used to solve a numerical example to verify the applicability of a
transformer to calculate the electric field. The system of Eq.s is solved using boundary
element methods. Results are compared to those of a commercial FEM software and are in
good agreement.
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