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Abstract - The laboratory setup and corresponding experimental procedure for determining the remanent magnetic flux in the magnetic
core of a single-phase transformer are presented in this paper. Using the proposed method, the remanent flux can be determined without
prior knowledge of any parameter or past states of the transformer which is a significant advantage compared to previously known
methods. Furthermore, reliable information about the remanent flux could be obtained using less equipment than other methods. Only
electrical measurements are needed, without any physical intervention in the core or some other parts of the transformer. However, the
major drawback is that some new unknown value of the remanent flux is set after the measuring procedure. Various initial conditions of the
remanent flux and the closing voltage angle are set before each energization of the transformer to prove the validity of the proposed method,
which can be used to obtain some characteristics of the remanent flux, such as stability over time or its dependence on some external factors.
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1. INTRODUCTION The value of the remanent flux is essential in several
areas in practice. One refers to reducing a coil or trans-
former inrush current by controlled switching [1-4]. An-
flux, remanent magnetization or remanence, after the other application area where the remanent flux has an
de-energization. An example of a ferromagnetic ma-  IMmportantimpact is avoiding current transformer satu-
terial's major magnetic hysteresis loop is shown in ¢-i ~ ration [5-7]. Also, the remanent flux is important as one

A magnetic core will contain a certain amount of the
remanent magnetic flux (¢,), also known as residual

characteristics (Fig. 1). of the initial conditions in the ferroresonant circuit [8].
In almost all previously mentioned application areas,
Magnetic flux, ¢ a magnetic core forms a closed loop, so the remanent

flux is closed within the core itself and cannot be mea-
sured directly without physical intervention in the core.

_ However, some methods indirectly determine the

Magnetizing current, i remanent flux. The most widely used method is the de-

termination of the remanent flux when de-energizing

a coil or transformer by measuring the transformer ter-

minal voltage during the de-energization [8, 9]. The ba-

Fig. 1. An example of the magnetic hysteresis loop  sicidea is to determine the magnetic flux at the instant
of a ferromagnetic material of de-energization by integrating the port-voltage.
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This method is usually used to reduce the inrush cur-
rent by controlled switching. It is quite simple, but it
is unusable if the terminal voltage was not previously
measured. Furthermore, the remanent flux can change
its value while the coil is not energized if system tran-
sients occur [10], or even if there are no external im-
pacts, due to the phenomenon called magnetic viscos-
ity [11]. In that case, the method is unreliable.

Determining the remanent flux can also be done by
measuring the leakage flux - the flux near the core is
measured and then from the obtained results the re-
manent flux in the core is estimated [12-14]. Unlike the
previous method, all possible changes of the remanent
flux after the de-energization are taken into account.
Disadvantages are its inaccuracy and high implemen-
tation costs - it is challenging to install a magnetic field
sensor inside the power transformer tank in an aggres-
sive environment and high temperature. On the other
hand, installing the sensor outside the tank will not
yield satisfactory results.

The remanent flux can also be determined using the
low-voltage DC source for energization [15]. However,
an additional DC voltage source is needed to deter-
mine the remanent flux utilising this method, while
using the proposed method only the nominal voltage
source available on-site is required. Furthermore, ap-
plying this method, the major hysteresis loop of the
observed transformer needs to be obtained before de-
termining the remanent flux, which is not the case in
the proposed method. This method can be used in the
same application areas as the proposed method.

The remanent flux could also be determined using
the inductance value of the winding of a transformer
[16]. Asin [15], the transformer should be tested before
using this method, and the correlation between the re-
manent flux and the inductance must be established.
The conclusion is that the inductance will decrease
if the remanent flux is high. However, this method is
quite inaccurate - if the remanent flux value changes
from zero to the maximum value, the inductance will
change only 5% of its value.

Furthermore, the remanent flux could be determined
using a minor hysteresis loop without any data regard-
ing the last de-energization [17]. However, the trans-
former should be tested before using this method, and
the relation between the remanent flux and the param-
eter WQ has to be established. But, it could be used for
reducing the inrush current by controlled switching be-
cause the determined remanent flux will be preserved
after the measurement process.

Finally, there is the method for determining the re-
manent flux which uses the nonlinear magnetizing
characteristics of the core [18]. The basic idea is to en-
ergize a coil or transformer with the low voltage DC
source and analyze the transient current. Prior to appli-
cation of the method, the observed transformer should
be tested and transient currents should be obtained for
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all possible remanent flux values. However, after apply-
ing this method, some unknown value of the remanent
flux after the determination will be established.

There are also demagnetization and prefluxing tech-
niques which actually do not determine the remanent
flux, but set it to zero and the maximum value, respec-
tively [19-21]. The basic idea of prefluxing is to set the
remanent flux to the maximum positive or negative
value prior to operation [22-25]. After demagnetization
or prefluxing, the optimal switching angle for reducing
the inrush current can easily be calculated. The devices
used for demagnetization and prefluxing are simple in
construction and operate using low DC voltage.

There is no adequate method for determining the re-
manent flux which can obtain some features, such as
stability over time or how it is influenced by some ex-
ternal factors, except the method shown in [15]. Most
of the previously mentioned methods cannot give
satisfactory results regarding the precise and reliable
value of the remanent flux in a closed magnetic core.

The laboratory setup and corresponding method for
determining the remanent flux value will be presented
in this paper. Although this paper will discuss only the
remanent flux in the transformer core, the proposed
method could also be appropriately applied to the iron
core coil.

In most cases in practice, the possibility of setting the
remanent flux to any value is not used for mitigating
inrush current, due to the fact that setting magnetic
flux value requests additional devices [20-24]. Thus,
the methods most often used rely on integrating the
measured port-voltage during the de-energization
and assuming that the determined remanent flux will
not change until the subsequent energization [2, 3,
9, 26]. The proposed method could be used to check
this assumption, where one could consider the time-
dependence of the remanent flux. In some cases, the
time interval between de-energization and the next
energization of the power transformer or coil (e.g. used
for compensation of reactive power) could be a couple
of months. Furthermore, it is proven that the remanent
flux in the core can be changed even if the transformer
is not energized [10]. Thus, using the proposed meth-
od, it can be investigated how system transients and
external magnetic fields affect the remanent flux.

Finally, the remanent flux can be determined with-
out any data about the past states. Furthermore, the
parameters of the transformer, except the nominal
voltage, should not be known. Only the voltage and
current measurements should be conducted, meaning
less equipment is required than in the other methods.

2. PROPOSED METHOD

The simple model of the winding of an unloaded
transformer can be used as shown in Fig. 2 inside the
dashed rectangle.
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Fig. 2. The model of the winding of an unloaded
transformer

The model consists of a linear resistance R in a series
with a nonlinear inductance L with ¢-i characteristics
(Fig. 1) experimentally obtained. The resistance R repre-
sents the winding resistance. The model shown in Fig. 2
uses the ¢-i characteristics of an unloaded transformer
which including nonlinear characteristics with hyster-
esis. However, only the major magnetic hysteresis loop
which is obtained for particular excitation (AC voltage,
RMS 39V, 50 Hz) is defined. The operating point or tra-
jectory could be anywhere inside the loop for some
arbitrary excitation. This makes the simulation model
appropriate only for the steady state established for the
previously mentioned excitation. However, there are
some other models more appropriate for simulation,
such as the lumped-circuit model by Chua and Stroms-
moe [27], the Preisach model [28] and the Jiles-Atherton
model [29]. The Chua mathematical model could not be
used for the remanent flux simulation, because its non-
linear characteristics of the inductance and resistance
are anhysteretic. On the other side, the Preisach and
Jiles-Atherton models can be used to explain the rema-
nent flux phenomenon as shown in [30] for the Preisach
model. However, even if it is inappropriate for simulation
in general, the role of model (Fig. 2) in this paper is to
clarify the rationale behind our experimental procedure.
Thereby, due to the straightforward physical explainabil-
ity of the model, it was not necessary, given the focus of
this paper, to use simulation as additional validation of
the experiment. Our future research will address various
already mentioned modeling and simulation methods,
but also FEM and BEM modelling [31].

Assume that the AC source voltage is
u=Usinor. (1)

Kirchhoff’s voltage law for the model shown in Fig.
2 equals

. dp -~ .
iR+ N—/—=Usinwt.
dz (2)

In the steady state, (2) for the DC components can be
expressed as

[(O)R+N%§O):U(O), 3)

where 1(0), @(0) and U(0) are the DC components of
the magnetizing current (i), the magnetic flux (¢) and
the AC source voltage (u), respectively. Considering
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that the DC component of the AC source voltage, U(0),
is zero and concerning (3), the DC component of the
magnetizing current, 1(0), must also be zero because
@(0) has a constant value per definition and, thus, its
derivative equals to zero.

Furthermore, considering that the magnetic flux
(¢) is an odd function of the magnetizing current (i),
as shown in Fig. 1, the DC component of the magnetic
flux, @(0), in the steady state must also be zero.

The basic idea is to energize the unloaded transform-
er at the nominal AC voltage and measure the magne-
tizing current (i) and inductance voltage (u,). The in-
ductance voltage can be obtained as the difference be-
tween the measured transformer terminal voltage (u)
and the product of the current (i) and the resistance (R):

u, =u—IiR. (4)

Furthermore, the inductance voltage (uL) can also be
obtained by measuring the voltage on the secondary un-
loaded winding and converting it to the primary side us-
ing the turns ratio. The magnetic flux () in the core equals

o) fu

where N is the number of the corresponding transform-
er winding turns, t and t are the time variables, and @,
is the remanent flux value, that is, the magnetic flux at
instant t = 0. Considering (5), the DC component of the
magnetic flux (¢) in the steady state can be expressed as

dr+d>R, (5)

t+T

= j { j 1) di+® }dt, 6)

where T is the period of the AC source voltage. Con-
sidering that the DC component of the magnetic flux,
®(0), in the steady state must be zero and concerning
(6), the remanent flux (@,) equals

:__rfr{ j dri|dl 7)

Whereby it is crucial to choose the period for calculat-
ing the DC component in the steady state, not during
the transient state. In other words, the instant t_must
be in a steady state. Consequently, the remanent flux
(@,) can be obtained using the measured inductance
voltage (u,), that is, the calculated magnetic flux (@,):

1 t +T

R __? ;[ ?c (t)dt= (8)

1 t
t):ﬁIuL (t)dr. 9)

3. LABORATORY SETUP

The measurement circuit with the model shown in
Fig. 3 is built to determine the remanent flux (@,) by
analyzing the unloaded transformer’s inductance volt-
age (u)) waveform. Various initial conditions of mag-
netic flux at the moment of de-energization (de-ener-
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gization flux, @) and the closing voltage angle (a) will
be set to prove the validity of the proposed method
independently of the initial conditions.

Fig. 3. The measurement circuit model

The measurement circuit model consists of the two
winding transformer (inside the dashed rectangle), the
resistance R,, three variable AC voltage sources, u,, u,
and u,, two electronically controlled switches S, and S,
and the ordinary mechanical switch S.. The transformer
is modeled with the resistance R, and the perfect trans-
former (ideal transformer with magnetizing inductance
L included) connected in a series (Fig. 3). The magnetic
characteristics of the nonlinear inductance L are shown
in Fig. 1. Physical realization of the measurement circuit
is shown in Fig. 4.

Fig. 4. Realization of the measurement circuit

The measurement circuit consists of: 1 — transformer
under test, 2 - resistor R, 3 - electronic switching de-
vice, 4 - PC with installed data acquisition software, 5 -
data acquisition card, 6 and 7 — active differential probes,
8 — passive voltage probe, 9 - oscilloscope, 10 - current
probe, 11 - digital multimeters, 12 — variable AC voltage
source u, used for the energization of the transformer,
13 - variable AC voltage source u, used for the setting of
the de-energization flux, 14 — variable AC voltage source
u, used for demagnetization.

The single-phase transformer (1, Fig. 4) is made of a
toroidal core with two windings — 47 and 7 turns, both
wired with triple wire (each has a round cross-section of
1.3 mm?). The magnetic core (the cross-sectional area is
20 cm?) consists of oriented transformer sheets (M5-type).
The nominal power is 200 VA, nominal voltages are 30 V
and 4.5V, and nominal currents are 6.5 A and 44.5 A. The
resistor R, equals 0.19 Q and inductance L equals 0.59 H
in linear (non-saturated) area (Fig. 3). The purpose of the
resistor R, which equals 1.22 Q (2, Fig. 4, also shown in
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Fig. 3) is to limit the inrush current. If not used, it could
reach up to 120 A, devastating for the equipment used.
The secondary winding terminals are used only for ob-
taining the voltage (u). The electronic switching device
(3, Fig. 4) sets the initial remanent flux. All the measured
values (magnetizing current, primary and secondary volt-
age) are obtained using the data acquisition (DAQ) card
National Instruments NI-USB 6212 (5, Fig. 4) and the PC
(4, Fig. 4). The waveform of the magnetizing current (i) is
obtained indirectly by measuring the voltage on the ad-
ditional resistor (R,) using active differential probe GW In-
stek GDP-025 (6, Fig. 4). Furthermore, the primary voltage
(u,) is also obtained using active differential probe (7, Fig.
4) and the secondary voltage (uS) using passive differen-
tial probe (8, Fig. 4). The sampling frequency was set to
50 kHz. The frequency of all the AC sources is 50 Hz. Fur-
thermore, oscilloscope (9, Fig. 4) and digital multimeters
(11, Fig. 4) were used only for monitoring the situation.
All the measuring data used in this research is collected
using the DAQ card and PC.

4. EXPERIMENTAL PROCEDURE

Every single measurement is carried out in three
steps, but only to test the proposed method’s validity.
In possible application, only the third step of the ex-
perimental procedure should be carried out. The first
step is AC demagnetization, carried out by slowly de-
creasing the voltage of the variable AC source u, from
the RMS value of 36 V to zero in approximately 10 s, as
shown in [32]. During the core demagnetization, the
switches S, and S, are open.The demagnetization is im-
portant for setting the de-energization flux (®,) value
in the second step.

The second step follows up approximately 5 s after
the first step, and it is done using the AC source u, and
the switch S, while the switches S, and S, are open.The
second step is described in detail in [15]. The value of the
de-energization flux (@) is set by changing the RMS
voltage of the variable AC source u, (U,) and the instant
of opening the switch S, (when the current is crossing
zero value). In total, 25 different de-energization flux val-
ues are obtained in this experiment which corresponds
to 13 different RMS voltages of the variable AC source u,
(U, including zero value, and two different zero cross-
ings of the magnetizing current in the ¢-i characteris-
tics. De-energization flux (@) values and corresponding
RMS voltages U, are shown in Table 1. (only positive val-
ues due to the symmetry of the ¢-i characteristics).

Table 1. Corresponding de-energization flux values
and RMS voltages of the variable AC source u,.

U, (V) @, (mVs) U, (V) @, (mVs)
36 2.997 18 1.152
33 2.752 15 0.901
30 2.364 12 0.650
27 2.040 9 0.433
24 1.728 6 0.140
21 1.441 3 0.061
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The third step follows up in less than 1 s after the sec-
ond step. Thus, the value of the set de-energization flux
(@,) will be considered as the value of the remanent
flux (@,) in the core in the moment of energization of
the transformer in the third step. This is the usual pro-
cedure when determining the remanent flux during the
de-energization of the transformer by measuring the
port-voltage [33, 34]. The third step of the experimental
procedure is the only step which will be carried out in
the possible application of the proposed method, and it
is energizing the transformer using the AC source u, and
the electronically controlled switch S, while the switch-
es S, and S, are open. The RMS voltage of the AC source
u, is set to 36 V which is 20% higher than the nominal
voltage of the primary winding. It is done to obtain the
steady state faster. Namely, the time constant that affects
the length of the transient state is L/(RT+RR) whereby
the inductance L is not a constant value, but equals

do

A==
di

(10)
Thus, when the core reaches saturation, the induc-
tance L is significantly lower than in the non-saturated
region. Finally, the lower inductance L, the lower time
constant means faster entry in the steady state. This is
important because the remanent flux (@) value is ob-
tained as the negative value of the DC component of
the calculated magnetic flux (@ in the steady state. The
closing voltage angle (a), is set by the PC over the elec-
tronically controlled switch S,. To prove that the differ-
entinitial conditions of the de-energization flux (@) and
closing voltage angle (a) do not affect the validity and
accuracy of the proposed method, the measurements
were carried out by varying the following parameters:
« U,=36V(),33V(),...,0V,...,33V(+),36V (+);
« a=0°30°60° 90° 120° 150°, 180°
which in total gives 175 measurements. At the end, the
obtained values of the remanent flux using the pro-
posed method will be compared to the set values of
the de-energization flux.

5. EXPERIMENTAL RESULTS

The obtained results for each measurement include the
magnetizing current (i), the primary winding voltage
(u,), the secondary winding voltage (uy), and the cal-
culated magnetic flux (®,). Examples of the obtained
waveforms are shown in Figs. 5, 6, 7, and 8, respectively.

W
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[
'

Magnetizing current (A)

=}

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (s)

Fig. 5. Magnetizing current (i) for U,=18V (+)
and a =90°
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Fig. 6. Primary winding voltage (u,) for U,= 18V (+)

and a =90°
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Fig. 7. Secondary winding voltage (u) for U,= 18V
(+) and a =90°

Calculated magnetic flux (mVs)

0 0‘(l)2 0.04 0.06 0.68 0.1 0.12 0.14
Time (s)

Fig. 8. Calculated magnetic flux (@) for U,=18V (+)

and a =90°

For each measurement, the remanent flux (@) value
is obtained as the negative value of the DC component
of the calculated magnetic flux (¢ ) in the steady state.
The obtained remanent flux (@,) values are shown in
Table 2, where parameter U,is marked with its value
and sign (+) or (-) attached, depending on the sign of
the set de-energization flux (D).

Table 2. Obtained remanent flux values

RMS Closing voltage angle, @
voltage,
U, (V) 0° 30° 60° 90° 120° 150° 180°
36 (+) 3.082 3.083 3.085 3.080 3.078 3.079 3.077
33 (+) 2.752 2.788 2.757 2.747 2.748 2.751 2.766
30 (+) 2.123 2.179 2.164 2.369 2.330 2.178 2.337
27 (+) 1.805 1.881 2.104 2.078 1.872 1.864 2.055
24 (4) 1.605 1.721 1.557 1.705 1.664 1.750 1.609
21 (4) 1.323 1.455 1.378 1.344 1.536 1.309 1.242
18 (+) 1.160 1.326 1.041 1.018 1.252 1.189 1.280
15(+) 1.004 1.072 0.868 1.026 0.913 0.864 0.892
12 (+) 0.584 0.508 0.606 0.687 0.544 0.645 0.650
9(+) 0.377 0.378 0.445 0.370 0.454 0.353 0.429
6 (+) 0.273 0.331 0.339 0.310 0.340 0.312 0.267
3(+) 0.167 0.163 0.186 0.151 0.181 0.143 0.148
0 -0.049  0.002 0.002 0.013 0.051 -0.037 -0.023
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RMS Closing voltage angle,

voltage; o o o o o o o

U, (V) 0 30 60 20 120 150 180

3(9) -0.155 -0.128 -0.130 -0.139 -0.140 -0.156 -0.151
6(-) -0308 -0.263 -0.278 -0.270 -0.307 -0.342 -0.335
9() -0.443 -0386 -0.339 -0457 -0.381 -0438 -0.430
12(-) -0714 -0.738 -0.713 -0.692 -0.644 -0.801 -0.614
15(-) -0.992 -0.756 -0.802 -0.974 -0.879 -0.887 -0.988
18(-) -1.065 -1.126 -1.087 -0917 -1.006 -1.099 -1.239
21(-) -1458 -1261 -1.195 -1447 -1361 -1.360 -1.208
24(-) -1543 -1660 -1.771 -1.731 -1.502 -1.591 -1.847
27(-) -1.848 -1.825 -1.837 -2067 -1.850 -2.054 -1.916
30(-) -2.159 -2.243 -2295 -2.180 -2.238 -2.115 -2.291
33(-) -2725 -2735 -2727 -2702 -2690 -2749 -2731
36(-) -3.051 -3.049 -3.028 -3.043 -3.048 -3.055 -3.057

For each parameter of U, the obtained remanent flux
(@,) value should be the same, regardless of the initial
condition of the closing voltage angle (). To evaluate
this, for each parameter of RMS voltage U, the average
remanent flux value (@ ) is calculated as

R_average’

7
Zq)Rr
_ =1

R_average ~ 7

(1)

Also, the standard deviation (o) of the obtained re-
manent flux (¢,) values for each parameter of RMS volt-
age U, is calculated as

7

Z ((I)Ri - ®R7avemge )2

i=1 (12)
6

o =

Furthermore, the relative standard deviation (0,) is
calculated for each parameter of U, as

7
Z(q)Rl - (I)Riaver'age )2
i=1 6 (-I 3)
-100 %.

Oy =

R _average

Table 3. Standard deviation and relative standard
deviation of the obtained remanent flux values

Average
remanent Standard Relative
RMS voltage L
flux value, deviation, o standard
U, (V) .
2 @, _average (mVs) deviation, o,
(mVs)
36 (+) 3.080 0.003 0.09%
33 (+) 2.759 0.014 0.49%
30 (+) 2.240 0.093 4.17%
27 (+) 1.951 0.114 5.82%
24 (+) 1.659 0.066 3.95%
21 (+) 1.370 0.091 6.63%
18 (+) 1.181 0.109 9.19%
15(+) 0.949 0.078 8.21%
12 (+) 0.603 0.058 9.69%
9(+4) 0.401 0.037 9.35%
6 (+) 0.310 0.028 9.01%
3(+) 0.163 0.015 9.42%
1082

0 -0.006 0.031 535.62%
3(-) -0.143 0.011 7.43%
6(-) -0.300 0.029 9.63%
9(-) -0.410 0.039 9.60%
12 (-) -0.702 0.057 8.06%
15 () -0.897 0.087 9.69%
18 (-) -1.077 0.092 8.59%
21(-) -1.327 0.100 7.51%
24(-) -1.664 0.117 7.03%
27 (-) -1.914 0.097 5.06%
30(-) -2.217 0.063 2.84%
33() -2.723 0.019 0.69%
36 (-) -3.047 0.009 0.30%

The measurement results show that the relative stan-
dard deviation (o,) does not exceed 10% in any case,
except for U, = 0 V. That exception is because the de-
nominator value (average remanent flux) is near zero
when calculating the relative standard deviation (0,,).
Also, the relative standard deviation (0,) lowers when
the RMS voltage U, rises. The reason for these devia-
tions could be in the second step of the experimental
procedure when magnetizing the transformer, that is,
setting the de-energization flux (@).In the first step of
the experimental procedure, the transformer is demag-
netized and this is done accurately. But the second step
is critical in terms of accuracy, especially at lower mag-
netizing voltage values. At higher magnetizing voltage
values, the relative standard deviation (0,) is less than
1%. In these cases, the transformer goes into saturation
even at the steady state, while at lower magnetizing
voltage values it does not go into saturation at all. So,
at lower magnetizing voltage values, the transformer
will slowly enter a steady state because of the higher
time constant in these cases. As a result, the magnetiz-
ing process in the second step does not always set the
aimed de-energization flux (@) value accurately.

Finally, the obtained average remanent flux values for
each parameter U, are compared to the corresponding
de-energization flux (&,) values shown in Table 1. The
results are shown in Fig. 9.

4

3 P
72 w
> 2
g 1
Z
=
£ IPEEEECEEE YT RS
i,‘l MO NN X — D
S —_— =N AN AR R
D)

-3

-4

RMS voltage U, (V)

—Obtained average residual lux -~De-energization {lux

Fig. 9. Obtained average remanent flux values and
corresponding de-energization flux values for each
parameter of RMS voltage U,
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The obtained average remanent flux value is almost
the same as the corresponding de-energization flux val-
ue for each parameter U, as shown in Fig. 9. Also, sym-
metry of the results can be seen in Fig. 9, which is the ex-
pected result because of symmetrical ¢-i characteristics.
The ratios of the obtained average values of remanent
flux (@,) and corresponding values of de-energization
flux (@) are shown in Table 4 for each parameter U,

Table 4. Ratios of the obtained average values of
remanent flux and corresponding values
of de-energization flux

Remanent flux /

U, (V) De-en:lrug):zation U, (V) De'_‘::‘ear;iezl‘;tﬁf‘l:‘x f:ux
36 (+) 102.79% 36 (-) 101.69%
33 (+) 100.23% 33 (1) 98.93%
30 (+) 94.74% 30(-) 93.78%
27 (+) 95.65% 27 (-) 93.80%
24 (+) 95.97% 24 (-) 96.25%
21 (+) 95.01% 21 (-) 92.07%
18 (+) 102.47% 18 (-) 93.46%
15 (+) 105.28% 15(-) 99.55%
12 (+) 92.88% 12 (-) 108.08%
9(+) 92.56% 9(-) 94.81%
6 (+) 222.05% 6(-) 214.98%
3(+) 266.70% 3(-) 233.93%

The results in Table 4 show that the average rema-
nent flux values are between 93% and 108% of the cor-
responding values of de-energization flux in most cases.
The exceptions appear only for parameters with RMS volt-
ageU,=3V(+),U,=3V(-),U,=6V(+), and U,=6V(-).
The reason for these exceptions could be the relatively
small absolute values of the obtained remanent flux and
corresponding de-energization flux which can cause
higher measurement uncertainty. Another reason could
be the imprecise setting of the de-energization flux in
the second step of the experimental procedure.

6. CONCLUSION

The remanent flux can be determined using the pre-
sented experimental procedure without any data about
parameters or past states of a transformer, using only
electrical measurements. Some of the previously men-
tioned methods determine the remanent flux during
the de-energization, which is very useful for reducing
the inrush current by controlled switching. However,
most of these methods cannot be used for investigating
stability over time and the impact of the external exci-
tations (system transients and magnetic fields) on the
remanent flux in the core because they determine it in
the moment of de-energization. Namely, those external
excitations could change the remanent flux value while
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the transformer is not even connected to the grid. This
means that the remanent flux can have a different value
at the end of such an idle state, compared to the de-
energization instant. On the other hand, the proposed
method determines the remanent flux in the moment
of energization of the transformer, that is, after an idle
state. This means that the proposed method is unusable
for reducing the inrush current by controlled switching
because some new value of the remanent flux is estab-
lished in the core after conducting the experimental
procedure. It also means that the determined value will
depend on the moment of the previous de-energiza-
tion. Still, every change of the remanent flux between
the previous de-energization and new energization will
be taken into account, contrary to the other methods of
determination during the de-energization. Thus, some
new value of the remanent flux is established in the core
after conducting the proposed method, but in investi-
gating the stability over time and impacts of external ex-
citations on the remanent flux, this drawback is not cru-
cial because the goal is to determine how remanent flux
was changed during the idle state, that is, its new value
established at the end of the experimental procedure
is not significant. Although there is a method similar to
the proposed one which uses the low voltage DC source
to determine the remanent flux, the proposed method
could be more applicable because it uses the nominal
voltage for energization, which could be easier to ob-
tain on-site. Furthermore, the proposed method does
not demand any data about the observed transformer,
except the nominal voltage, which is not the case when
using the method with the DC energization.

Finally, the other methods which determine the re-
manent flux during de-energization and the proposed
method go along in investigating the stability over time
and impacts of external excitations on the remanent
flux. Namely, using the previously known methods, the
remanent flux will be determined in the moment of de-
energization and using the proposed method, the re-
manent flux will be determined in the moment of new
energization, enabling comparison of these two values,
that is, detecting the remanent flux changes due to the
impact of external excitations.
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