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In this paper we present transient analysis of transformer models by the moment method in frequency do-
main. The results show that the secondary voltage has the peak which is higher than the voltage calculated
by the primary voltage and the winding ratio. The inductance of the winding and the capacitance between
windings have an influence on a surge in the transformer winding. In addition to the transient analysis we
calculate the inductance from time responses and the impedance in low frequency, and compare them with
the analytical equation which is based on Nagaoka factor.
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1. Introduction

" In electric power system a threat of a lighting surge
is decreased by using ground wires and arresters, but
the risk of the failure of transformers is still high. A
transformer winding is the most familiar conductor con-
figuration of electromagnetic field components such as
the transformer, resistors, reactance devices and etc.
Therefore, it is important that we investigate the light-
ing surge how to advance into the winding. When we
simulate a surge in the transformer, because the elec-
tromagnetic coupling at each part of winding is inho-
mogeneous, it is required to make an equivalent circuit
which is different from the general transmission and the
distribution circuit in surge analysis.

Recently many equivalent circuits are used for surge
simulation in a transformer, but there is the problem
that the electric potential distribution is not determined
only the inductance. Capacitance affects surge domi-
nantly in the high frequency domain. And exact surge
analysis has many difficult things @~®. Then, we pre-
viously simulate surge characteristic by numerical elec-
tromagnetic field computation from the geometric and
material data without equivalent circuit 7=, These
results clarify an electric potential and electric field dis-
tribution of an air-core coil in time domain, the increase
of the rise time as a result of the large inductance and
the extension of the period of the damped oscillation in
a single phase transformer with an iron-core. This pa-
per presents surge simulations in transformer models by
numerical field computation in frequency domain, and
converts to time domain by inverse Fourier transform.
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2. Simulation Method and Models

To calculate the electromagnetic field in a magnetic
and a dielectric substance by numerical computation
method, there are two kinds of moment method; time
domain method and frequency domain method. We use
the moment method in frequency domain because an
easy handling of 3-dimensional structure and a good sta-
bility of numerical computation. The moment method
based on NEC-2 %% is adopted. In this paper conduc-
tors are simulated by the perfect conductors and thin
wire approximation, and the iron-core is approximated
by cubic cells in the method of equivalent magnetomo-
tive force ** to calculate the electric and magnetic flux.

Fig. 1(a) shows the air-core transformer model. The
diameter of tlie conductor is 1 mm, the rectangular sec-
tion is 120 mm X 150 mm, and the number of the turns
of the winding is 100. The secondary winding is formed
by 10 turns of 126 mm x 56 mm x 15mm. The voltage
source locates in the central part of the rectangular from
the coil 40 mm away, and applies a step of 1kV to the pri-
mary coil through the source resistance of 1 k. Fig. 1(b)
shows the iron-core transformer model inserted the iron-
core into the air-core transformer. The iron-core has spe-
cific permeability 90, conductivity 1.0S/m and the size
of 118 mm x 48mm x 160mm. The voltage source is
also 1kV by step function as well as the air-core model.
Because the inductance becomes larger by the iron-core,
we set the source resistance to 10k$2 for asymptotic to a
stationary value in simulation time. Fig.1(c) shows the
iron-core transformer model with the closed magnetic
circuit. The core size is 120mm x 170mm x 266 mm,
and has a hollow of 120mm x 74mm x 170 mm. In this
case also, the winding is the same as the air-core trans-
former model of Fig.1(a). The voltage source and the
source resistance are the same case shown in Fig. 1(b).
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Simulation conditions are the following: the frequen-
cies are from 0.2 MHz to 25.6 MHz with the increment
step of 0.2 MHz for the air-core model and opened iron-
core model, and from 0.05 MHz to 6.4 MHz with the
incremental step of 0.05MHz for the closed iron-core
model. The segment length of the conductor is O\.O5m
and the number of segments is 1112. The iron-core is
simulated by the 1020 cubic cells of 9.8 X 9.6 x 9.4 mm in
the opened iron-core transformer model, and 1536 cells
of 14 x 15 x 12mm in the closed one. They take com-
puting time with 100 minutes in the air-core transformer
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model, 8 hours in opened iron-core model, and 19 hours
in closed iron-core model secondary open-circuited by a
personal computer with Pentium4 2 GHz processor.

3. Simulation Result

3.1 Air-core Transformer Model

3.1.1 Short-circuited secondary Fig. 2 shows
time dependencies of the voltage and current in the pri-
mary circuit when the secondary is short-circuited. The
voltage has the peak of 0.90kV at about 60ns, and at
the same time a small peak appears in the rising phase
of current characteristic. We can also find the damped
oscillation that is caused by the leakage reactance in
the primary and the electrostatic coupling between the
windings. The time constant of current is about 439 ns
and the inductance is calculated to 0.439 mH by the time
constant and the source resistance 1 k(2. In addition, we
also calculate the inductance from the input impedance
of the primary coil at 1kHz, and the value is 0.425 mH.

The secondary current is shown in Fig.3. The time
dependency is almost the same as the primary current
shown in Fig. 2. However, the asymptotic values are dif-
ferent. The current ratio is to 1 : 2.8 and differs from
the relationship of the winding ratio in a case of an ideal
transformer.

3.1.2 Open-circuited secondary The Voltage
and current in the primary circuit are shown in Fig. 4
when the secondary is open-circuited. We find a volt-
age peak of 0.94kV and the current shows a small peak
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Fig.2. Primary voltage and current when sec-
ondary is short-circuited of air-core transformer
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short-circuited of air-core transformer model
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Fig.5. Secondary voltage when the secoridary is
open-circuited of air-core transformer model

of 0.09 A at the same time. Moreover when comparing
Fig.2 and Fig. 4, the wave tail of the voltage in open-
circuited is prolonged, and also the rise time of the cur-
rent increases. As well as the short circuited, the leakage
reactance in the primary and the electrostatic coupling
between the windings lead to the damped oscillation. At
the open circuited secondary, the time constant of cur-
rent is 440ns and the source resistance is 1k, there-
fore, the inductance is calculated to 0.44mH. We can
also obtain the inductance 0.412mH from the analytical
equation based on the Nagaoka factor. In addition, we
also calculate the inductance from the input impedance
of the primary coil at 20kHz and the value becomes
0.414 mH.

The secondary voltage when the secondary is open-
circuited is shown in Fig.5. The maximum voltage is
about 0.15kV. This value is lager than the value calcu-
lated by the winding ratio 10 : 1 and the primary volt-
age shown in Fig.4 using the assumption of the ideal
transformer. The secondary voltage shows a damped
oscillation of which the period is about 80ns and this
oscillation resembles the primary one. This means that
the resonant phenomenon is caused by the leakage re-
actance in the primary and the electrostatic coupling
between the windings.

3.2 Opened Iron-core Transformer Model

3.2.1 Short-circuited secondary  Fig.6 shows
the voltage and current when the secondary is short-
circuited in the opened iron-core transformer model and
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Fig.7. Secondary current when the secondary
is short-circuited of opened iron-core transformer
model

Fig. 7 shows the secondary current. In Fig. 6 the peak of
voltage is about 0.78kV. It is noted that the source re-
sistance is 10 k{2 which is ten times of the air-core trans-
former model. The time dependencies of the voltage and
the current in Fig.6 are almost the same as in Fig. 4,
except the following points. The first is a prominent
peak at the rising phase of the current, and we can find
the damped oscillation which is brought about by the
leakage reactance in the primary and the electrostatic
coupling between the windings. The oscillation period
is longer than the air-core transformer model. The sec-
ond is larger time constant of the voltage and current.
By the insertion of the iron-core to the air-core trans-
former model, the inductance increases and results the
larger time constant of both the voltage and current,
and the longer oscillation period. Because the leakage
magnetic flux decreases, the current ratio increases to
1:5.5. The inductance is estimated at 2.3 mH because
the time constant of current is 234 ns and the source re-
sistance is 10 k(. We also calculate the inductance from
the input impedance of the primary coil at 20kHz and
the value becomes 2.1 mH. The small peak of the cur-
rent may be due to the capacitance between coils and
the iron-core because the current builds up slowly if the
inductance plays an important role in the difference.
3.2.2 Open-circuited secondary  The primary
circuit voltage and current at the secondary shorted
circuit are shown in Fig.8. Comparing the results of
short-circuited secondary shown in Fig. 2, the rise time
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of current and the peak of voltage increase slightly. The
damped oscillation takes place by the leakage reactance
.in the primary and the electrostatic coupling between
the winding, as well as short circuited. However the
period is larger than the short circuited because the in-
ductance of the exciting reactance is in series with the
primary circuit without the secondary leakage reactance
in parallel with the exciting circuit at the short-circuited
secondary. ‘

The time constant of current is 320ns and the in-
ductance is calculated to 3.2mH by the time constant
and the source resistance 10k2. We calculate the in-
put impedance of the primary coil at 20kHz and the
inductance is 3.0 mH.

Fig. 9 shows the voltage at the secondary opened cir-
cuited. The secondary voltage also shows the damped
oscillation of which period is about 130ns. The period
is lager than the air-core transformer model shown in
Fig.5. This is caused of the increase of the inductance
and the capacitance of the coils. As well as the air-
core transformer, the oscillation period of the secondary
voltage is similar to the primary.

3.3 Closed Iron-core Transformer Model

3.3.1 Short-circuited secondary  Fig. 10 shows
the primary voltage and current when secondary is
short-circuited. The primary voltage has 0.79kV peak.
Because of the closed magnetic circuit, the magneti-
zation impedance increases and also the peak voltage
increases. The damped oscillation appears and the
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oscillation period is longer than the air-core transformer
model and the opened iron-core transformer model. Be-
cause the leakage magnetic flux decreases in the closed
iron-core model and the current in the secondary circuit
increases, the current ratio increases to about 1 : 8.0.
This relation is larger than the air-core and the opened
iron-core transformer model. Finding the time constant
from the primary circuit voltage, we can get the in-
ductance 2.4mH. The inductance is also calculated to
2.2mH by the input impedance at 20kHz. The induc-
tance is also higher than the opened iron-core model.

3.3.2 Open-circuited secondary The time de-
pendencies of the voltage and current in the primary
circuit are shown in Fig. 12 when the secondary is opén-
circuited. We can see the peak voltage and the ris-
ing time lager than the secondary short-circuited. The
damped oscillation is not prominent, and this shows that
the energy loss in the primary circuit becomes large. At
the open-circuited secondary, the exciting circuit is con-
nected in a series in the primary circuit, and the exciting
loss may be larger than the other model because of the
larger volume of the iron-core.

The voltage at the secondary opened circuit is shown
in Fig.13. Fig.13 also shows the damped oscillation
whose period is almost the same as the period in the
opened iron-core model. This oscillation is caused by
the reflection of surge between the primary circuit wind-
ing ends, the resonance of the leakage reactance and
the electrostatic coupling between the windings. The
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time constant of the current is 1.3 us and the induc-
tance is calculated to 13.0 mH by the time constant and
the source resistance 10k{2. As the other method, we
can obtain the inductance from the following analytical
equation of the magnetic circuit.

SN e
where S is the area of cross section of the iron core, £ is
the length of the magnetic flux path, and N is the num-
ber of the turns of winding: The 10.3mH is estimated
from the above formula. In addition, the calculation of
the input impedance of the primary coil at 20kHz gives
the inductance 11.1 mH. ‘

4. Discussion

In the case of the air-core transformer model, the pri-
mary voltage and current show almost the same time
dependencies in spite of the secondary circuit condition
as shown in Fig. 2 and Fig. 4. From this result, it is con-
sidered that the leakage reactance is large. Generally, an
air-core coil has the smaller magnetizing reactance and
larger leakage reactance than an iron-core one. There-
fore, the ratio of the magnetizing current to the primary
current increases and the current ratio is smaller than
.the winding ratio. The voltage ratio is also smaller than
the winding ratio because of the voltage drop of the leak-
age reactance in the non-ideal transformer. The simu-
lation result, however, shows that the current ratio is
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Fig.15. Electric field in secondary winding turns

1: 2.8'lower than the current estimated from the wind-
ing ratio, and on the other hand the voltage ratio is
1 : 0.15 higher. It is likely that the electrostatic cou-
pling between the windings resonates with the leakage
reactance and cause the voltage difference.

On the other hand, in the case of the iron-core trans-
former model, the difference of the shorted and the
opened circuit is larger as shown in Fig.6 and Fig. 8.
The difference is more remarkable in the closed iron-
core transformer model as shown in Fig. 10 and Fig. 12.
This is caused by the increase of the magnetization
impedance, when the iron-core is inserted into the coils.

In the simulation results, we mainly studied the time
dependency of the voltage and current but an electric
field between the turns and the layer is important to
the dielectric design of a transformer. We simulated the
electric field of an axis component at every 10th turn,
when the applied voltage is 1kV and the secondary is
open circuited. Fig. 14 shows the axial component of the
electric field between the first turn and the second turn,
between the 50th turn and the 51th turn in the primary
winding. In Fig. 14 we can find about 16.6kV/m max-
imum peak at the end part of winding. However, the
electric field at the central part of the winding is much
smaller than the one at the terminal.

The axial component of the electric field between the
first turn and the second turn, and the fifth turn and
the sixth turn in the secondary winding are shown in
Fig. 15 when we calculated the electric field per a turn
at the same condition as Fig. 14. The peak of the electric
field is about 6.46kV/m at the end part, and the peak

'is almost the same value at the central part. Comparing
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the result shown in Fig. 14, the electric field in the sec-
ondary winding turn is smaller than the one in the pri-
mary winding turn. Two electric fields at 1-2 turn and

The inductance value of the transformer

Table 1.
model
Model SCiCl;);li%?;f Time Constant ?‘]I;?ll:’ggil Imgél:l:ttlce
Air-core Short 0.439 0.412 0.425
Transformer Open 0.44 0.412 0.414
Opened Iron-Core Short 2.3 / 2.1
Transformer Open 3.2 3.1 3.0
Closed Iron-Core Short 2.4 Ve 2.2
Transformer Open 13.0 10.3 11.1

5-6 turn are almost the same because the secondary coil

is located on the middle of the primary coil. The period
of oscillation is similar to the secondary circuit voltage.

In addition to the electric field, we studied the volt-
age between winding by the product of the distance be-
tween turns and the axis component of the electric field
between turns. Fig. 16 shows the voltage distribution be-
tween the primary winding, and Fig. 17 shows the volt-
age distribution between the secondary winding.

In Fig.16 the voltage has the maximum at the end
part, and shows a nearly symmetrical distribution to
the center. However, in Fig.17, the voltage distribu-
tion in the secondary winding is not symmetry, and
the end part does not show the maximum. Compar-
ing the results of the air-core coil model ™", the period
of oscillation increases and the voltage between turns
decreases. These results are caused by the magnetiza-
tion impedance which increases when the iron-core is
ingerted into the winding. ,

In this paper we use specific permeability 90 such as
ferrite for high frequency range, which is adapted in the
pulse transformer. In generally, however, power trans-
formers are made by silicon steel which specific perme-
ability is several thousands. If at high specific perme-
ability the skin depth becomes small, we may be required
to make a fine volume mesh for the iron-core to keep the
simulation accuracy.

Except the air-core model, the magnetic core makes

TH B, 123 % 11 5, 2003 &
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a simulation model to be almost an ideal transformer
because of the decrease of the leakage flux. However,
the transient voltage and current do not have the re-
lation of the primary and secondary which follows the
ratio of windings. Therefore, it is necessary to construct
an equivalent circuit of a transformer model which han-
dles the electrostatic coupling between windings and a
magnetic core. (

As it is important to investigate the accuracy of the
simulation results, we check the accuracy comparing
with the inductances calculated, and show them in Ta-
ble 1. In the air-core model, we find close agreement
among values calculated by the time constant of step
response, the impedance at 1kHz and the analytical for-
mula with Nagaoka factor. We also compare the calcu-
lated inductance with the theory of the magnetic circuit
in the closed iron-core model. The inductance calcu-
lated by the time constant is slightly higher than other
two values. However, we obtain the close agreement be-
tween the inductance of the impedance method and that
estimated by the theory of the magnetic circuit.

5. Conclusion

We calculated surge in the air-core transformer model,
opened iron-core transformer model, and closed iron-
core transformer model by moment method. The re-
sults show that the secondary voltage has the maximum
which is higher than that estimated by the primary volt-
age and the winding ratio. Surge in transformer wind-
ing depends on not only the inductance of the winding
but the capacitance among the windings and the iron-
core. Comparing three inductances calculated from the
time response, the impedance in low frequency and the
analytical equation based on Nagaoaka factor to inves-
tigate the simulation accuracy, close agreement between
them was obtained. It is proved that the simulation of
transient electromagnetic phenomenon in transformer is
possible by moment method.

To develop a moment method applicable to the dielec-
tric design of high voltage power transformers, it is nec-
essary to handle a high permeability and a multi layer
structure in addition to large volume in geometrically.

(Manuscript received March 3, 2003,

revised July 8, 2003)
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