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Abstract--When a transformer is energized, a voltage drop is
observed due to the inrush currents. An accurate transformer
model that can reproduce the inrush currents is required for
precisely assessing the voltage drop. Since the magnitude of the
inrush current is affected by the iron-core magnetizing
characteristics and iron-core geometry, the modeling of the iron-
core magnetizing characteristics and the representation of the
iron-core geometry are the two key factors in developing an
accurate transformer model. In this paper, the inrush currents
and residual flux are calculated using a newly proposed iron-core
magnetizing model and a geometry representation, and the
resultsare validated by comparison with laboratory test results.
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I. INTRODUCTION

hen a transformer is energized, a voltage drop is

observed due to the inrush currents [1]. From the
viewpoint of power quality, an accurate transformer model
that can reproduce the inrush currents is required for precisely
assessing the voltage drop. Now then, residual flux is usually
set 80 % of the rated flux for calculating the worst case in the
analysis of the inrush currents [2]. However, if a transformer
model is able to reproduce accurate residua flux, it becomes
possible to set practical residual flux and to caculate
appropriate inrush currents. Thus, a transformer model is
required to reproduce not only inrush currents but also residual
flux. Since the magnitude of the inrush current and residual
flux are affected by the iron-core magnetizing characteristics
and iron-core geometry, the modeling of the iron-core
magnetizing characteristics and the representation of the iron-
core geometry are the two key factors in developing an
accurate transformer model.

An Iron-core magnetizing characteristic can be represented
by the magnetizing circuit in Steinmetz's transformer
equivalent circuit. Existing magnetizing circuit models can be
divided into two classes: behavior-based models and physics-
based models. The parameter determination process for
behavior-based models is relatively simple, but these models
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cannot accurately reproduce the residua flux, which may have
asignificant effect on the magnitude of the inrush current. The
Chua model [3], which consists of a nonlinear resistance and a
nonlinear inductance connected in parallel, is one of the most
well-known behavior-based models. On the other hand, the
physics-based models can reproduce residual flux after de-
energization, but their parameter determination process is
quite complicated [4]. The Jiles-Atherton model [5], [6] and
Preisach model [7], [8] are examples of physics-based models.
To overcome the limitations of two types of model, a
behavior-based model that is capable of reproducing the
residual flux has recently been proposed [9]. This model
consists only of linear and nonlinear RLC elements, and their
parameters can be determined in a simple way using
information obtained from the nameplate, test report, and
current-flux curve. It has been shown that the model precisely
reproduces laboratory test results in terms of the inrush
currents and residua flux [9].

The other key to developing an accurate transformer model
is to represent of the iron-core geometry. Many power
transformers have a three-legged iron core or five-legged iron
core; these iron-core geometries are not three-phase
symmetrical. To accurately reproduce the magnetic flux paths
through the iron core, it is necessary to model the magnetic
circuit representing the iron-core geometry. The following
three approaches can be used to represent the magnetic circuit:
1) the traditional approach [10], 2) the duality-based approach
[11], [12], and 3) the gyrator-capacitor-based approach [13]-
[15]. Although the equations describing these three
representations are identical, their implementation is different
in general-purpose electromagnetic transient programs and
their ease of understanding by engineersis different.

In this paper, we compare the above three approaches to
representing the iron-core geometry and propose to the use of
the gyrator-capacitor-based approach owing to its ease of
implementation and understanding. In addition, the inrush
currents and residual flux are calculated using the proposed
iron-core magnetizing model and the gyrator-capacitor-based
approach, and the results are validated by comparison with
|aboratory test results.

I1. MAGNETIZING CIRCUIT MODEL

This section briefly describes the magnetizing circuit model
proposed in Ref. [9].

Figure 1 shows the magnetizing circuit model, which is
composed of a non-linear inductance L., a non-linear



Fig. 1. The magnetizing circuit model has been proposed in Ref. [9].

resistance R, a linear resistance Ry, and a linear inductance
Lo. Lmag represents the magnetic saturation characteristic. Rygg
represents the iron-core loss and is characterized by a low
resistance (the slope of the voltage-current characteristic, a)
when voltage across the model is small; otherwise it is
characterized by the constant current h as shown in Fig. 1. Ry
and Ly are elements that are included to perform smooth
switching of the operation mode to be described later. Ry is set
to a vaue corresponding to the iron loss and L, is set to the
time constant of Ly and a is about 100 ms. The set value of his
obtained from the rated voltage V and R, using the following
equation:

h=""— 1
R D
The proposed model has four operating modes as shown in
Fig. 2. C is the capacitance between the transformer winding
and the ground.

A. Seady State

When the voltage across the model is sufficiently large,
Rmag enters the constant-current (= h) mode. in, is the sum of i,
and ir (mode 1), where iy, is the magnetizing current, i is the
current in Lugg, ir iS the current in Rygg. At this time, Ry
represents the iron loss because ig flows through L, instead of
Ro. When the voltage across the model is small, Ryg enters the
low-resistance mode and i suddenly changes. At thistime, ir
flows through R, because the impedance of L, is higher than
that of R, (mode 2). R, represents the iron 1oss because Ry is
in the low-resistance mode. Therefore, the model repeatedly
operates in mode 1 and mode 2 in the steady state, Ry, and Ry
represent theiron lossin modes 1 and 2, respectively.

B. After De-Energization

If a high voltage appears after de-energization, the
impedance R,y Will be larger than the impedance C and Liyg
since Ryg enters the constant-current mode. Thus, most of the
current flowing through the circuit flow only Ly, and C, and a
natural LC response appears (mode 3). After the ringdown
transient has converged, Ry,g enters the low-resistance mode.
Since ir changes dowly, ir flows through L, instead of Ry.
Consequently, the circulating current continues flowing
between Ryyg and Lig for along duration because Rygg iS in
the low-resistance mode (mode 4).

In fact, the residual flux is a static magnetic phenomenon in
the iron core; this magnetizing circuit model represents it

using the continuous current. As noted above, owing to the
two operation modes of Ry, this model is capable of the
representing two different conditions: the steady state and the
condition after de-energization.

The parameters for the model are determined in a simple
manner using information obtained from the nameplate, test
report, and current-flux curve. The detailed parameters of
transformers, such as the number of turns of the winding and
iron-core size, are usually not available. But the information of
name plate, test report and current-flux curve are available in
many cases.

I1l. REPRESENTATION OF IRON-CORE GEOMETRY

In this section, the three approaches to modeling the
magnetic circuit, the traditional approach, the duality-based
approach, and the gyrator-capacitor-based approach, are
compared.

A. The Traditional Approach

The traditional approach to representing a magnetic circuit
is to use a reluctanceresistance anaogy [10]. The
magnetomotive force (MMF).7 is regarded as being analogous
to the voltage and the magnetic flux © as being anaogous to
the current. Figure 3 shows a single-phase two-winding
transformer circuit representing the electrical circuit and the
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Fig. 3. A single-phase two-winding transformer circuit representing the
electrical circuit and the magnetic circuit using the traditional approach.

B) The magnetic circuit



magnetic circuit using the traditional approach assuming that
it is not considered the winding resistance and the magnetizing
circuit is represented by a linear resistance and a linear
inductance. The parts indicated by the dotted line in Fig. 3 are
the magnetizing circuit. The magnetic circuit can represent the
leakage flux ®, as leakage magnetic paths, but an electric
circuit cannot represent it directly. The leakage inductance is
distributed to the primary side L; and secondary side L,. The
inductance L in the electric circuit is converted into reluctance
Z in the magnetic circuit, and the resistance R in the electric
circuit is converted to the magnetic inductance ¥ in the
magnetic circuit. The value of each element is transformed
using the following equations:
N? _ N?
=/ =4 @)

where N is the number of turns of the winding. The
connections in series in the electric circuit are converted into
paralel in the magnetic circuit, and vice versa. An example of
the magnetic circuit of a two-winding, three-phase, three-leg
transformer is shown in Fig. 4 [12]. Zieq and Zyoe e the
nonlinear reluctances of the transformer limb and yoke,
respectively..#, is the linear reluctance of the leakage paths
between the primary and secondary windings, %, is the linear
reluctance of the leakage paths between the secondary (inner)
winding and the iron core, %, is the linear reluctance of the
zero-sequence leakage, and .7; and .7 , are the MMF for
induced by the primary and secondary windings, respectively.
The magnetic circuit represented using the traditional
approach is capable of preserving physical topologies, making
it easy to intuitively understand. However, it should be noted
that the losses are represented by inductors, unlike in an
electric circuit. In the implementation of a magnetic circuit
using the traditiond approach in  genera-purpose
electromagnetic transient programs, it is possible to represent
the coupling between the electric circuit and the magnetic
circuit using the following three components: 1) a current-
controlled voltage source relating the MMF in the magnetic
circuit and the winding current; 2) a differential circuit used to
calculate the rate of change of the magnetic flux flowing in the
magnetic circuit; 3) a voltage-controlled voltage source
relating the winding voltage and the rate of change of the
magnetic flux.

Fig. 4. Anexample of the magnetic circuit of atwo-winding, three-phase,
three-leg transformer using the traditional approach.

B. The Duality-Based Approach

The duality-based approach to representing the magnetic
circuit isto use an electric circuit that has been converted from
a magnetic circuit using duality theory [11], [12]. The
equivalent electric circuit in Fig. 5 is obtained by the duality
transformation of the magnetic circuit in Fig. 3. The value of
each element is transformed using the following equations:

2 2
=N r=N R 3)
R Zz

This approach can be directly used for each element in the
electrical circuit. The egquivalent electric circuit in Fig. 6 is
obtained by the duality transformation of the magnetic circuit
in Fig. 4. Unlike the traditional approach, magnetic paths
become nodes, and vice versa, since the physical topologies
are not preserved. Therefore, some effort is required to
transform the circuit and to the obtained result. In the
implementation of the magnetic circuit using the duality-based
approach in general-purpose electromagnetic transient
programs, it is possible to represent the coupling between the
electric circuit and the magnetic circuit using the following
two components: 1) a current-controlled current source
relating the current in the magnetic circuit and the winding
current; 2) a voltage-controlled voltage source relating the
winding voltage and the voltage in the magnetic circuit. In
practice, the pair of control sources is the same as that in an
ideal transformer itself. Therefore, it can be implemented
using ideal transformer components.

C. The Gyrator-Capacitor-Based Approach

The gyrator-capacitor-based approach to representing the
magnetic circuit is to use a reluctance-capacitance analogy
[13]-[15]. The MMF is regarded as being analogous to the
voltage and the rate of change of the magnetic flux @ as
being analogous to the current. The circuit representing the
one of Fig. 3 in the gyrator-capacitor-based approach is shown
inFig. 7. Rin the electric circuit is converted into conductance

Fig. 5. Theequivalent electric circuit obtained by the duality transforma-
tion of the magnetic circuit in Fig. 3.
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Fig. 6. Theequivalent electric circuit obtained by the duality transforma-
tion of the magnetic circuit in Fig. 4.



Fig. 7. Theequivaent electric circuit obtained by the gyrator-capacitance-
based approach of the electric circuit in Fig. 3.

G in the magnetic circuit, and L in the eectric circuit is
converted to the magnetic capacitance C in the magnetic
circuit. The value of each element is transformed using the
following equations:
2 2
c=N N (4)
L R

In this approach, it is difficult to intuitively understand that
the inductance is converted to the capacitance. However, the
physical topologies are preserved, and the losses are
represented as a resistance. Furthermore, the product of the
across variable and the through variable is the power,
consistent with the electric circuit. (The product of the across
variable and the corresponding through variable is the energy
in the traditional approach.) In the implementation of a
magnetic circuit using the gyrator-capacitor-based approach in
general-purpose electromagnetic transient programs, it is
possible to represent the coupling between the electric circuit
and the magnetic circuit using the following two components:
1) a current-controlled voltage source relating the winding
current and the MMF in the magnetic circuit; 2) a current-
controlled voltage source relating the rate of change of the
magnetic flux flowing in the magnetic circuit and the winding
voltage. The component with the pair of control sources that
can invert the relationship between the voltage and current of
the two circuits is called the gyrator. Thus, this approach is
called, gyrator-capacitor-based approach.

A summary of the features of three methods of representing
the magnetic circuit is given in Table |. Although the

equations describing these three representations are identical
because they only convert the variables, there are some
differences as described above. We propose the use of the
gyrator-capacitor-based model to represent the magnetic
circuit because the physical topologies are preserved, the
losses are represented as resistances, and differential circuits
are not required.

IVV. VERIFICATION

In this section, the inrush currents and residual flux are
calculated using the proposed iron-core magnetizing model
and the gyrator-capacitor-based approach, and the results are
compared with those of laboratory tests for validation. The
specifications of the test transformer used in the verification
are shown in Table I1. The experimental setup is shown in Fig.
8. The test transformer is a dry-type transformer, and the
capacitance between the windings and the housing is smaller
than that of typica oil-insulated power transformer. To
simulate a typical power transformer, capacitances of 10,000
pF are connected between the primary winding terminal and
the ground of each phase. The neutral point on the primary
side is grounded using a 470 Q resistor. Figure 9 shows the
circuit of the test transformer using the gyrator-capacitor-
based approach. The electric circuit is connected to the
winding resistances Ry;, and R,, of each winding. The
magnetic circuit is connected the proposed magnetizing circuit,
and C;, representing the leakage paths corresponding to each
leakage inductance L,..#,c and.Z%, in Fig. 4 are assumed to be
sufficiently larger than the magnetic reluctances of the iron
core and are removed from the model in Fig. 9. Because the
number of turns of the primary winding N; and the number of
turns of the secondary winding N, are unknown, N; is assumed
be Vl/ J3 and N, is assumed V., because the ratio between
the number of turns of the windings and the ratio between the
voltages are subequal. The characteristics of Cpag and Gmag
are shown in Fig. 10 and the value of Gq is4.57 [§], and Cy is
61.4 [uH]. Owing to the effect of the yoke, the phase b
corresponds to the center-leg winding and the other phases
have different current-flux characteristics [16]. However, in
this ssimulation, al three phases are applied to the i — @
characteristic of the phase b winding. G, is approximated by

TABLEI
A SUMMARY OF THE FEATURES OF THREE METHODS OF REPRESENTING THE MAGNETIC CIRCUIT.
Magnetic domain
Electrical domain "
The traditional approach The duality-based approach | 1€ Yralor-Capecitor-based
approach
The across variable Voltage [V] MMF[A] Voltage [V] MMF[A]
The through variable Current [A] Magnetic flux [Wh] Current [A] Magnetic flux rate [Wh/s]
The product of the across variable
P E P P
and the through variable ower [W] nergy [J ower [W] ower [W]
The element. of repr ing the Resistance Inductance Resistance Resistance
iron loss
The physical topologies Preserve Not preserve Preserve
The coupling of the electric circuit A differential circuit and Anideal transformer A gyrator
and magnetic circuit two controlled soruces (two controlled sources) (two controlled sources)




TABLEII
THE SPECIFICATIONS OF THE TEST TRANSFORMER.
unit Tr1
Winding connection - Y-A
Rated power S VA 500
Rated voltage (HV) A \% 200
Rated voltage (LV) V, Y, 60
Frequency f Hz 50
No-load loss W, w 13.7
Load loss W w 20.7
Impedance voltage Vs Y, 8.32
L eakage inductance Lo mH 1.04
Winding resistance (HV) Ry Q 1.80
Winding resistance (LV) Ry, Q 0.434
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Fig. 8. Theexperimental setup.

l1a

11

l1c
Vie

it i
Magnetic domain

i i i
Electrical domain Electrical domain

Fig. 9. Thecircuit of the test transformer using the gyrator-capacitor-based
approach.
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Fig. 10. The characteristics of Cpag and Gmag.

anonlinear resistance, and a sufficiently large value compared
with Gy is set as the slope of the constant-current portion. The
EMT anadysis program XTAP (eXpandable Transient
Analysis Program) [17] is used in these simulations.

A. Residual Flux

A typica circuit breaker can generaly turn off when the
current becomes zero. However, it might turn off at a nonzero
current since the magnetizing current is quite small as the
transformer is not subjected to a load. The voltage, current,
and flux waveforms of the primary winding when the circuit
breakers of each phase are simultaneously turned off from the
steady state are shown in Fig. 11. The flux waveforms are
calculated from the measured voltage waveforms by numerical
integration. The phenomenon that the residua flux is retained
after the circuit breakers are turned off is represented, and the
values of residua flux of each phase have similar values to the
measured values. Figure 12 shows an enlarged view of Fig. 12
around the region where the circuit breakers are turned off.
Overvoltages appear after the circuit breakers are turned off
because the breakers cut small currents. These phenomena are
reproduced in the simulation results, but the magnitudes of the
overvoltage are smaller than the measured values. This
simulation takes into account the iron-core geometry but not
the different of the i — @ characteristics between the center leg
and the other leg. Thisis considered to be one of the causes of
the differences between the measured and cal culated results.

In addition, the results when the circuit breakers of each
phase are turned off at current zeros are shown in Fig. 13. The
overvoltages do not appear in this condition, and the values of
residual flux of each phase have similar values to the
measured values.
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Fig. 11. The voltage, current, and flux waveforms of the primary winding
when the circuit breakers of each phase are simultaneously turned off from
the steady state (Solid line: measured, dashed line: calculated).
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Fig. 12. An enlarged view of Fig. 12 around the region where the circuit
breakers are turned off (Solid line: measured. dashed line: calculated).
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Fig. 13. The voltage, current, and flux waveforms of the primary winding
when the circuit breakers of each phase are turned off at current zeros (Solid
line: measured, dashed line: calculated).

B. Inrush Currents

The inrush currents are measured under the condition after
the circuit breakers of each phase are turned off at current
zeros. The timing of the energization is varied from 0 to 360°
with increments of 18°. In simulations, the same simulation
case in the previous section is used. The computation is
proceeded for 20 ms from the de-energization timing, and the
next timing that the voltage of phase a becomes 0° is regarded
as 0° in thissimulations. The residual flux of phase ¢ (absolute
value) is the largest among all phases in these experiments. In
this case, it is expected that the inrush current will be largest
when the voltage of phase c is energized at 180° (60° for
phase a). Figure 14 shows the voltage, current, and flux
waveforms when the energization occurs at 54°. The
measurement results and calculated results are in good
agreement. The peak values (absolute value) of the inrush
current of each phase at each timing are shown in Fig. 15. As
predicted above, the peak inrush current occurs when the
energization occurs at approximately 60°, and it is possible to
confirm the same tendency in the calculation.

V. CONCLUSIONS

In this paper, transformer models that take into account the
iron-core geometry and can be used for inrush current and
residual flux calculations are described. The three approaches
to modeling the iron-core geometry are compared and the use
of the gyrator-capacitor-based is proposed owing to its ease of
implementation and understanding. It was shown that the
proposed magnetizing model with the magnetic circuit model
using the gyrator-capacitor-based approach precisely
reproduces laboratory test results for the inrush currents and
residual flux.

VI. FURTHER WORK

In this paper, we have only validated the proposed model
using the small transformer not an actual transformer. Thus,
we will carry out the proposed model validation using actual
power transformers.
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Fig. 14. The voltage, current, and flux waveforms when the energization
occurs at 54° (Solid line: measured, dashed line: calculated).
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