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Abstract—Transient simulations are usually carried out to
analyze the behavior of control and protection systems when
performing switching action in power transformers. For this
reason, the saturation curve and/or the hysteresis curve of the
transformer must be properly modelled. However, in most of the
cases the real saturation/hysteresis curve of a transformer is not
known, because such measurements are not carried out as part of
the factory tests of a transformer. This article describes a method
to measure the hysteresis- and saturation curve with a portable
measuring system on-site. The added value of the measured
saturation curve is illustrated through an example, in which a
single-phase low voltage transformer is modelled. This example
shows the added value of a measurement-based modelling. An
additional example illustrates measurement of the hysteresis curve
of 350 MVA, 420/110 kV power transformers.
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I. INTRODUCTION

OR the analysis of the behaviour of protection and control

systems, as well as for an evaluation of the transient stress
of equipment in a plant, precise knowledge of the processes
occurring during grid events (e.g. switching of circuit breakers,
faults) is of particular interest. Against this background, usually
simulation studies in EMT domain are carried out. However,
the value of a simulation study depends to a large extent on the
quality of the modelling of the equipment and the correct
representation of the physical phenomena that are of interest.

Power transformers can cause high magnetising (inrush)
currents when they are connected to the grid. These inrush
currents are influenced by the switch-on time, the non-linearity
of the saturation characteristic and the residual remanence of
the iron core and exhibit characteristic harmonics.

Switching operations of transformers can thus excite
resonances in the power system (e.g., in case of high voltage
cables in the in electrical proximity) that have a negative effect
on the operation of a system (stress on equipment or
malfunction of protection and control systems).

For a realistic simulation of these effects, it is consequently
important to model the hysteresis and saturation characteristic
of the transformer as realistic as possible. In contrast to
current and voltage transformers, the measurement of the
saturation characteristic of a transformer is in general not part
of the factory tests. As a result, a simplified saturation curve
based on factory test reports (no-load measurement) is often
derived and used for modelling in the practice. Based on the
results of the short-circuit impedance and measurement of the
no-load losses, the saturation curve is usually estimated. In [1]
it is explained how the saturation characteristic can be
determined in the saturated, linear range depending on the

transformer type. In addition, the manufacturer often carries out
no-load loss measurements at 90 %, 100 % and 110 % of the
rated voltage of the transformer. These measured values are
often used to estimate a simplified saturation characteristic
based on effective values (Vrwms, Irms) [2]. For simulation
studies in the EMT domain, however, the RMS values must be
converted into instantaneous values. For this purpose, most
EMT programs have specific routines that perform the
corresponding conversion [3], [4]. An exact calculation of
inrush currents is not always necessary, i.e., depending on the
study purpose a rough estimate might sometimes be sufficient.
Nevertheless, for some applications, an exact calculation of the
inrush currents of transformers can be of particular interest.
This does not only include an exact calculation of the peak
values, but also a correct representation of the harmonic content
of inrush currents. In [5], for example, it is pointed out that the
inrush of a transformer after a fault in an offshore HVDC grid
can endanger both the stable operation of the HVDC grid and
the stable operation of wind turbines.

In the literature, there are various studies on transformer
modelling for the calculation of inrush currents. In [2] the
inrush currents calculated using different transformer models
were compared with each other. It is concluded that an exact
modelling of the saturation characteristic is crucial to validate
the model against measurements.

Since the saturation curve is usually not measured either at
factory or on-site, research works in this direction are needed.
Different publications dealing with the determination of
saturation curves from measured data can be found in the
literature. Some of these publications focus on the derivation of
saturation curves from measured data during energization
transients. In [6], for example, a procedure is described where
the energization of the transformer is detected with the help of
a Kalman filter. Subsequently, the saturation curve is calculated
from the measured waveforms.

Another method is to carry out a measurement with
alternating voltage (50 Hz). Depending on the application for
which the transformer was designed, a powerful voltage source
with a relatively large amplitude must be provided for this
measurement. This should ideally be well above the nominal
voltage (1.2 - 1.4 p.u.) of the respective transformer in order to
take the saturation effects into account. For power transformers
at high or extra-high voltage levels, this is sometimes difficult
to realise, especially for on-site measurements.

To overcome this disadvantage, another measuring method
can be used. This method is based on a voltage source with
variable or reduced frequency to reduce the required voltage
amplitude. By reducing the frequency, it is possible to evaluate
the saturation range despite the low test voltages. This method



is e.g., used in the model-based testing of transformers [7] and
applicable for low and medium voltage power transformers.
However, the applicability for transformers in high and extra-
high voltage is limited, because extremely low frequencies are
required to drive the core into saturation, which in turn leads to
a very long testing time. This drawback can be overcome with
the performance of measurements with direct current (DC). In
the references [8-10] the use of DC excitation for the
determination of the saturation characteristic of transformers
are addressed. In [8] the main idea and advantage of a DC-
excitation is described. It is also highlighted that the
measurement is associated with some measurement and
processing challenges, which affect the accuracy of a
measurement. In [9] a method is proposed, which allows the
determination of the saturation and hysteresis curves of
multilimb power transformers. Hall effect sensors are placed in
each limb of the transformer. These sensors are fixed with
ferrous resin to the core. Through a procedure described in the
paper, the hysteresis curve of each limb can be determined. The
approach itself is promising. However, the measurement setup
proposed with the use of hall sensors attached to the core are
not applicable for on-site applications. The use of DC excitation
for measurement was also proposed in [10]. The foundations as
well as the test setups behind the use of a DC excitation is
described. The use of the proposed method is illustrated by a
measurement of a 25 MVA transformer. As DC excitation a 400
A gasoline-power DC welding generator was used.

It can be summarized that methods proposed in [8] and in
[10] are suitable for an on-site measurement. Nevertheless,
these methods involve the use of measurement systems which
must be carefully designed and used to allow a safe and accurate
measurement on-site.

The method proposed in this paper is based on the same
foundations as presented in [8] and [10]. The main contribution
of this paper concerns use of accurate and safe measuring
devices. Today there are a set of very accurate and safe testing
instruments in the market which allow the measurement of the
DC winding resistance of transformers. In this paper the use of
such instrument devices is proposed also for the measurement
of the hysteresis curve without any need for additional
instruments. As a result, an accurate and above all safe
measurement can be carried out in a very short time on-site.

Il. DESCRIPTION OF THE MEASUREMENT METHOD

The designed measuring method is based on a measurement
with DC quantities. In this manner, the amplitude of the test
voltage as well as the required power for performing the
measurement can be significantly reduced. Thus, it is possible
to determine the saturation characteristic and hysteresis curve
with a compact and portable measuring device, even for high-
voltage and extra-high-voltage transformers.

When measuring the hysteresis curve, the transformer is
measured in no-load operation and must therefore be
completely disconnected. Fig. 1 shows the T-equivalent circuit
diagram of a transformer with the current and voltage
measurement required to record the hysteresis curve.

Fig. 1.

Setup for measurement of the hysteresis curve with DC

The longitudinal elements R: and L; are usually determined
from the short-circuit measurement performed during the
factory test. Thus, with the help of the measured voltage Urest,
the measured current Itest and the longitudinal elements Ry and
L1, the voltage Vc applied to the core inductance Ly, can be
determined. Using the induction law in (1), the flux linkage ¥
through the iron core can thus be calculated. Assuming a
sinusoidal excitation (e.g., 50 Hz), the flux linkage ¥ can be
represented according to (2).
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Pr represents the residual remanence of the iron core, which
can be removed by demagnetizing the core. From (2) can be
concluded that by reducing the angular frequency w, the voltage
V¢, and thus also the measuring voltage Vrest can be reduced,
while the flux linkage ¥ remains the same.

To determine the hysteresis curve according to the DC-
method a portable device, which is usually used for on-site
testing of power transformer, is used. Fig. 2 shows a typical
measurement situation. A special software is used to an
automatic and safe execution of the test. The user can set the
wished test current (e.g., 30 A) as well as the maximum DC
voltage to be applied. For reaching the test current setpoint, the
test device applies a DC voltage between the terminals of the
transformer. Fig. 3 shows the voltage and current waveforms of
a measurement where the test current was set to 30 A and the
maximum DC voltage was set to 50 V.

The measured waveforms can be divided into three steps. In
the first step at positive voltage (+50 V) is applied and the
saturation characteristic is recorded, provided the transformer
has been previously demagnetized. In the second step the
polarity of the DC voltage is changed to -50 V. This leads to a
polarity reversal of the flux linkage ¥ according to the upper
hysteresis curve of the core. In the third step, the polarity is
reversed again to a positive voltage (+50V) and from this
condition the lower hysteresis curve is recorded. These three
steps are schematically represented in Fig. 4.

From Fig. 3 it can be appreciated that the applied voltage for
a very short time reaches values higher than the maximum
allowed voltage (50 V). This behaviour is related to the control
system of the current control system of the instrument device.
It can also be observed that after applying a DC voltage the
current needs some time for increasing. As soon as a DC voltage
is applied, a DC current of very low amplitude flows. In Fig. 3
it seems to be that the current is zero.This is due to the scaling
of the axis. Only after reaching saturation the current jumps to



the set test current (30 A in this case).

Fig. 2. Waveforms of voltage and current and the resulting flux linkage
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Fig. 3. Waveforms of voltage and current and the resulting flux linkage

By integrating the voltage U. over time, the flux linkage ¥
can be calculated according to (1). The measurement time can
be influenced by the measurement voltage that is set by the user.
According to (1), the measuring voltage V. must be increased
in order to reach the same flux linkage ¥ in a shorter
measurement time. The signals are sampled at 10 kHz. In the
areas of the waveforms between the polarity reversal, where the
voltage is V=0 V and the current change (dlres)/dt is close to
zero, the measuring software repeatedly calculates the winding
resistance Ri with a frequency of 1 Hz. As soon as the change
of the winding resistance falls below a threshold value given by
the user, the polarity reversal takes place, and the next step
starts. It must be highlighted that the measured winding
resistance is constantly changing during the saturation process
of the transformer. Therefore, it is important to assure that a
polarity reversal is carried out, only when a fully saturation was
achieved. The setting of the threshold value also influences the
measuring time. The smaller the threshold value is set, the
longer the measuring time is. A typical measurement time for a
110 kV transformer is around 5 minutes.
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Fig. 4. Representation of the measured hysteresis curve in three steps

As already mentioned, the method allows the measurement
of both the saturation characteristic and the hysteresis curve.
For modelling applications, it is recommended to demagnetize
the transformer before the measurement to be able to record the
saturation characteristic. Many EMT programs work with the
saturation characteristic. If a demagnetization is not carried out,
only the hysteresis curve can be recorded.

The measurement can by carried out from any side of the
transformer (primary side, secondary side, or tertiary side). By
using (4) it is possible to convert a hysteresis curve measured
from the secondary side to the primary side of the transformer,
where a represents the turns ratio.

Y 2)
$=n
lpprimary _ ¢secondary (3)
Nprimary Nsecondary
I:bprimary =ar lpsecondary (4)

For the derivation of (4) it was assumed that
Worimary=Wsecondary.- This assumption applies only to a limited
extent. Due to the different winding arrangement of the primary
and secondary side to the core, the influence on the
magnetization is additionally dependent on other factors.
Therefore, it is recommended to measure the saturation
characteristics of all voltage levels and all phases of the
transformer. The validity of a transformation of the measured
curves to the other voltage levels, to reduce the number of
measurements, is currently still under investigation.

I1l. MEASUREMENT-BASED PARAMETRIZATION OF
TRANSFORMER MODELS

In this section the use of the measurement-based
parametrization of transformer models is illustrated. The main
focus lies on the added value of the measurement of the
saturation/hysteresis curve.

A. Example 1: low voltage transformer

In this example, a low voltage transformer is considered. It
has the advantage that different operating conditions of this



transformer can be easily reproduced in the laboratory. A
picture of the transformer is shown in Fig. 5. A measurement-
based parametrization was carried out, to allow an accurate
modelling in the simulation tool ATP-EMTP. In this case the
STC-model (Saturable-Transformer-Component), which is
described in [3] was selected. The three-phase equivalent circuit
of the model is depicted in Fig. 6. When modelling a 3-leg
transformer, the coupling between phases must be considered,
to allow a valid representation of the zero-sequence system. In
the STC-model the zero-sequence is represented by the
inductance 3L, together with two fictive 1:1 transformers, as
shown in Fig. 6.

Fig. 5. Low voltage transformer with the vector group Ynyn6
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Fig. 6. Three-phase equivalent circuit of the STC-model of a three-leg

transformer

The set of measurements summarized in Table | were carried
out with the aim of determining the parameters of the equivalent
circuit of the transformer. It shall be highlighted, that according
to the STC-model only the saturation curve is required. In this
case, the hysteresis behaviour is neglected. For illustrating the
difference between a measured saturation curve based on the
AC method on the one hand and the DC method on the other
hand, both measurement were carried out and compared.

TABLE |
PARAMETER DETERMINATION
Measurement Parameter
Turns ratio N1/N2
DC-winding resistance Ri11, R21 (DC values)
Short-circuit impedance Ru1, Ra, Lag, Log
Saturation curve (AC, rms) Lm, Rm
Saturation curve (DC, peak) Lm
Zero sequence impedance 3Lo
TABLE II
RESULTS OF PARAMETER DETERMINATION
Test Parameter Value
a-Phase U 3.408
Turns ratio a-Phase V 3.380
a-Phase W 3.181
a-average 3.323
R11-Phase U 667.49 mQ
DC-winding Ri11-Phase V 669.99 mQ
resistance-Primary | Ri;-Phase W 674.09 mQ
Ri1-average 670.5 mQ
indi R21-Phase U 45.76 mQ
rDegg‘;‘;':ce'_”g Ras-Phase V 46.07 mQ
Secondary R21-Phase W 43.50 mQ
R21-average 45.11 mQ
AC winding Ri11+R21-Phase U 3.408 Q
resistance (real part | Ru1tR21-Phase V' | 3.380 Q
of the short-circuit | Ri1+Rz1-Phase W | 3.181 Q
impedance) Ri11+R21-average 3.323Q
Stray reactance X11+X21-Phase U | 952.720 mQ
(imaginary part of X11+Xz1-Phase V| 939.655 mQ
the short-circuit X11+X21-Phase W | 957.163 mQ
impedance) Xu+Xzi-average | 949.8 mQ
Saturation curve Lm See Fig. 8
(AC, rms) Rm (average) 6200 Q
(S[a;tg,rz;tégﬂ)curve Lm See Fig. 9
Zero sequence Zo 3639
impedance 3Lo 11.555 mH
Ro 4.596 in kV/H

Inthe ATP "Rule Book", on page 62 of chapter IV [8], where
the model is described, it is pointed out that the calculation of
Ro must be done according to (5). Urar represents the “rated
equivalent phase voltage”, while Lo corresponds to the single-
phase value of the zero-sequence inductance. It must be
considered, that Urar corresponds to the rated primary voltage
to be entered in the model (see Fig. 7). This value must be
entered in kV and not in V, as suggested by the input mask
shown in Fig. 7.

R — URAT2
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Fig. 7. Screenshot of the parametrization of the STC-model in ATP-EMTP

Fig. 8 shows the saturation curve measured from the primary
side according to the AC-method. The results are shown only
for the phase V. These results are only used for a comparison
between a parametrization based on the AC-method (rms
values) and the parametrization based on the DC-method (peak
values). Such comparison was carried out for the phase V.
Fig. 9 shows the saturation curves of all three phases measured
from the primary side of the transformer according to the DC-
method.
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Fig. 8. Saturation curve of the phase V measured according to the AC-method
(rms-values)

For a comparison of simulations based on the AC and DC
methods, first a real measurement was carried out under
stationary conditions. Subsequently, the measurement results
were compared to the simulation results for validation purposes.
Measurements were carried out with a SIRIUS-Dewesoft
recording device. The measurement setup is illustrated in
Fig. 10. The validation results are reflected in Fig. 11 (for the
AC-method) and Fig. 12 (for the DC-method). As can be
observed in Fig. 11, the parametrization based on the AC-
method leads to considerable deviations between model and
simulation, while the parametrization based on the DC-method
gives a much better congruity between model and
measurement. The deviations obtained by the parametrization
with the AC-method can be associated to the internal
calculations carried out by the ATP-EMTP (e.g., SATURA
routine) for converting the measured effective values (rms) into

instantaneous values. The results illustrate the added value of
measuring directly the instantaneous values of the saturation
curve with the DC-method.
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Fig. 9. Saturation curve of all three phases measured according to the DC-
method (peak-values). For each phase against neutral point a curve was
measured.
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Fig. 10. Measurement Setup for validation under 1-phase condition
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Fig. 11. Comparison between measurement and simulation for validation of

the modelling based on the saturation curve measured according to the AC-
method

For a further validation of the DC-method, an inrush
transient was measured, and the simulation results were
compared to the simulation, as shown in Fig. 13. A single-phase
energization (Phase V) was carried out. The deviations between
the model and the simulation are negligible, confirming again
the high accuracy that can be achieved by a modelling of the
saturation curve based on the DC-method.
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the modelling based on the saturation curve measured according to the DC-
method
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Fig. 13. Comparison between measurement and simulation of an inrush
transient

The previous simulation results based on single phase
conditions has shown a very good congruity between
measurement and simulation, when the saturation curve is
based on the DC-method. Nevertheless, it shall be kept in mind,
that for a proper modelling of a three-phase transformer, the
overlapping effects (magnetic coupling) of flux in the core must
be considered. The magnetic coupling between phases is
nevertheless not foreseen when modelling a transformer
according to the classical T-equivalent model. To illustrate the
modelling inaccuracy introduced with the use of the T-
equivalent modelling under three-phase conditions, a real
measurement was carried out according to the measurement
setup shown in Fig. 14.

Fig. 14. Measurement Setup for validation under 3-phase condition
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Fig. 15. Measurement results under steady state 3-phase condition (no-load)
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Fig. 16. Simulation results under steady state 3-phase condition (no-load)

As additional validation check, a 3-phase energization was
measured, to validate the accuracy of the model under transient
conditions. The measurement results are depicted in Fig. 17,
while the simulation results are shown in Fig. 18. Despite of the
inaccuracy of the modelling based on the T-equivalent circuit,
a good congruity between the measurement and the model have
been observed. Particularly the peak value and the decay rate of
the inrush current are very similar. Only the harmonic content
of the currents, particularly of the phases V and W differs.
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Measurement results under 3-phase energization



> 20 } \
= 1 5 i | 1 |
£ ‘
= 100 / | \- \ J \ I / |
% 200 ‘! 141 1 BEEEE RS [ @ |
> a0 \ / \ J \/ / \ J
o 012 o6 ® o2
(file modell_dreiphasig_neu.pld; x-var t) v:X ¢ X00038
L
a
(A) \
< 3 fA
O
0.04 0.08 0.12 0.16 (s) 0.2
Phase U — PhaseV — PhaseW
Fig. 18. Simulation results under 3-phase energization

B. Example 2: high voltage transformer

Fig. 19. shows the measured hysteresis curve of two 350
MVA, 420/110 kV transmission transformers. The legend
indicates the manufacturing year of the transformers. The
measurement setup as well as the measurement settings used for
the measurements are the same as in the example shown in
Fig. 3 (Ites=30 A, V1est max=50 V). The experience of the
authors indicates that a l1ex=30 A and Urest max=50 V is
sufficient for reaching the saturation area of power
transformers. In case that these settings lead to extremely short
measuring times, the setting of V1est max can be reduced (for
example to 20 V).
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Fig. 19. Measured Hysteresis curves of two 350 MVA, 420/110 kV

Transformers

IV. CONCLUSIONS

Using a three-phase laboratory transformer, both single-
phase and three-phase measurements were performed under
steady-state and transient conditions. These measurements were
used to validate the simulation models defined in this work.

The parameterization of the models is based on an electrical
measurement of the transformer. A major focus was placed on
modelling the magnetizing inductance as accurately as possible.
This was done by measuring the saturation characteristic on the
transformer.

The example 1 illustrated the added value of a transformer
modelling using the measured saturation curve. It was

demonstrated how very accurate simulation results could be
obtained using the saturation characteristic measured with the
DC-method. It was found that modelling the magnetizing
inductance using an AC saturation curve with RMS values
resulted in appreciable inaccuracies. The inaccuracy is on the
one hand related to the conversion of rms values to peak values
and on the other hand related to the current range of the
measurement of the saturation curve. With the AC-method only
a limited current range is usually measured. Therefore, the
simulation tools must perform extrapolations, which lead to
inaccuracies.

Although, a good match between measurement and
simulation could be achieved in the laboratory tests, it shall be
kept in mind that the use of the T equivalent circuit-based
modelling also leads to inaccuracies. One clear limitation of the
T equivalent circuit-based modelling is that the superposition
of the magnetic fluxes of the three-phase system in the core
cannot be correctly represented. As a result, the harmonic
spectrum of both no-load and inrush currents obtained from the
simulation is not correct. This means that for studies where the
harmonic spectrum of the currents is of interest, the accuracy of
the modelling can be increased by another type of modelling
approach, such as topology-based models.
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