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Abstract — Due to the presence of transformer resid-
ual flux, the magnetic flux of the core rapidly reaches
saturation, thus causing an inrush current when the no-
load transformer is directly connected to the grid, which
affects the safe operation of the grid. Therefore, it is nec-
essary to study the residual flux in the core to reduce the
inrush current. However, the residual flux estimation has
a large error. In this paper, a method is proposed to mea-
sure the residual flux of the transformer core by solv-
ing equivalent resistance and determining the direction
of residual flux by the difference between the forward
and reverse transient currents. In addition, the relation-
ship between residual flux and equivalent resistance is
established, and the empirical formula is obtained for
calculating the residual flux. To evaluate the effective-
ness of the proposed method, the residual flux of the
square core is measured on the constructed experimen-
tal platform. Compared with the experimental results, the
relative error of the residual flux of the core calculated
by the proposed method is within 6%, which has higher
accuracy and provides a reference for residual flux esti-
mation.

Index Terms - Equivalent resistance, field-coupled
equivalent circuit, residual flux measurement, trans-
former.

L. INTRODUCTION

The power transformer is an important part of the
modern power system, and the working condition of the
transformer is directly related to the operation quality of
the power grid. The silicon steel sheet used in the trans-
former core is a ferromagnetic material, and its unique
hysteresis generates residual flux, which will not disap-
pear easily once it is generated. When the transformer is
closed at no load, it is easy to cause magnetic saturation
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inside the core under the joint action of steady-state peri-
odic component, transient bias, and residual flux. The
generated inrush current transient values can reach up
to several times the no-load current, which can cause
transformer winding deformation or current imbalance;
or it can lead to incorrect operation of relay protection
devices and loss of protection of the transformer [1, 2]].
In addition, due to the presence of residual flux, the volt-
age waveform will be distorted and second harmonics
will be generated on the grid, affecting the power qual-
ity in the power system and causing great damage to
the power electronics in the power system [3]. In engi-
neering practice, residual flux measurement has been a
pressing problem. The residual flux is difficult to mea-
sure directly in the closed core, so most measurement
methods in recent years used the relationship between
the residual flux and measurable parameters to indirectly
obtain information about the residual flux. Faraday’s law
of electromagnetic induction calculates the residual flux
in the transformer core by port voltage integration of
power off, which requires a known value of the port volt-
age of power off [4,5]]. The fluxgate sensor is used to cal-
culate the residual flux value based on the leakage flux,
and the measurement results are easily affected by the
measurement accuracy of the sensor itself and the instal-
lation location [[6]. Similarly, the first peak value of the
inrush current is used to explore the residual flux change
of the transformer, which makes it difficult to directly
determine the magnitude of the residual flux [[7]. Mean-
while, the minor hysteresis loop is used to determine the
residual flux of the transformer. Since the area enclosed
by the minor hysteresis loop is indicated as the resid-
ual energy, it is unable to represent the direction of the
residual flux. Then the charge (a variable) needs to be
introduced to determine the direction of the residual flux,
which will lead to more calculation errors [8]. In addi-
tion, there are two measurement methods, one of which
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is calculated by the relationship between the residual flux
and current-related parameters [9H11]], and the other is
an iterative calculation of the dynamic hysteresis model,
which has a more complex calculation process [12]. The
use of magnetizing inductance to calculate the residual
flux in the transformer core is likely to produce large
computational errors due to the many external factors
affecting the magnetizing inductance, which makes the
fitting of the empirical formula difficult [[13].

Considering the deficiencies of the existing mea-
surement methods, a method is proposed to calculate
the residual flux of the core by solving equivalent resis-
tance and determining the direction of residual flux by
the difference between forward and reverse transient cur-
rents. Specifically, a small DC signal excitation is applied
to measure the current in the transient process. Mean-
while, the equivalent resistance is calculated in the field-
coupled equivalent circuit through the measured tran-
sient current. Moreover, the relationship between resid-
ual flux and equivalent resistance is established. The
empirical formulas of each are then used to calculate the
residual flux from the equivalent resistance. Finally, the
experimental test platform is built to verify the feasibility
of the proposed method. The experimental results show
that the proposed method has higher accuracy and pro-
vides a reference for residual flux estimation.

I1. PRINCIPLE OF RESIDUAL FLUX
MEASUREMENT

A. Principle of residual flux generation

Most of the ferromagnetic materials used in power
transformers are silicon steel sheets, which consist
of numerous magnetic domain structures. They can
be spontaneously magnetized in microscopic domains,
forming tiny magnetic dipoles. The motion of magnetic
domains and domain walls has a significant effect on
the hysteresis lines and magnetization curves. The mag-
netization process is divided into domain wall motion
and domain rotation motion, shown in Fig. [I] During
the magnetization process, if there is no external mag-
netic field (point O) in Fig. 2] the internal arrange-
ment of magnetic domains is disordered and the mag-
netic material does not exhibit magnetic properties exter-
nally. The magnetic domain starts to move with domain
wall displacement and domain rotation in the direction
of the applied external magnetic field when the mag-
netic field is applied. The magnetic domains occur in
reversible domain wall displacement motion when the
applied magnetic field is small (O-a). If the magnetic
field is removed, the domains will return to the starting
magnetization state without hysteresis. When the mag-
netic field is further enhanced, the magnetization pro-
cess will reach the next state (a-b), and the domain wall
motion turns into an irreversible process, accompanied
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by a little rotational magnetization. If the magnetic field
is removed at this time, the domain wall has reached a
new position, the material is still partially magnetized
and the magnetic domains are not returned to their ini-
tial state. This discontinuous and irregular motion is
accompanied by the generation of maximum permeabil-
ity due to the displacement of the domain walls jumping
from one position to another. Meanwhile, noise is gener-
ated, which is called “Barkhausen noise.” The saturation
stage is reached when the applied magnetic field (b-c)
increases continuously, the domain wall motion disap-
pears, and the domains are aligned in the same direc-
tion as the applied magnetic field. When the magneti-
zation intensity decreases to zero (point d), the mag-
netic domains and domain walls exhibit the residual
flux density because they are unable to fully recover the
state before they were magnetized. The hysteresis phe-
nomenon of ferromagnetic materials leads to the residual
flux in the core of the power transformer [[14]].

1 XY = = N

Fig. 1. Structural changes of magnetic domains during
magnetization of ferromagnetic materials.
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Fig. 2. Hysteresis curve of magnetic material in the trans-
former core.

B. Forward and reverse current obtainment
Current is obtained by applying a DC voltage of
equal amplitude and opposite direction to the transformer
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winding. When DC excitation is applied to the core, the
leakage flux of the transformer is about 0.15% of the
flux during no-load operation, as the permeability of the
core silicon steel material is much larger than the air
gap permeability. Therefore, the influence of the leak-
age flux is negligible due to the largest proportion of
the main flux. According to the field-coupled equivalent
circuit of Fig.[3| the difficult and hard-to-measure mag-
netic field problem is transformed into a circuit problem
[15]. In Fig.2] the external excitation promotes the mag-
netization of the core when the DC voltage excitation
in the direction of the black arrow is applied. The core
is demagnetized when the DC voltage excitation in the
direction of the red arrow is applied. Figure f] shows the
significant difference between the forward and reverse
currents due to the hysteresis characteristics of the fer-
romagnetic material. In this case, the current indicated
by the faster-changing solid line is the forward excita-
tion current, and the slower-changing dashed line is the
reverse excitation current. Therefore, the direction of the
residual flux density can be determined by the transient
process before reaching the steady state.

| U

Ife IL
Rfe Lm

Fig. 3. The equivalent circuit inside the core in the tran-
sient process.
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Fig. 4. Transient current diagram: (a) forward and reverse
transient current, (b) forward and reverse currents of
residual flux at -624 mT.

ACES JOURNAL, Vol. 38, No. 7, July 2023

C. Equivalent resistance calculation

The measured transient currents are post-processed
to obtain the relationship between the residual flux den-
sity and the equivalent resistance in the field-coupled
equivalent circuit. The core is internally equivalent to the
resistance and magnetized inductance, and the magneti-
zation process is reflected using the relative differential
permeability, which is defined asy,,, where
1 dB
o = 2o (M

In the process of establishing the magnetic field, the
magnetizing inductance of the transformer is calculated
by the equation

 NSuolirg

L= , 2
I 2

where N is the number of turns of the transformer wind-
ing, S is the cross-sectional area of the core, /,, is the
effective magnetic circuit length, u is the air permeabil-
ity, and U, is the relative differential permeability of the
core material. The Kirchhoff equation is written for the
circuit shown in Fig. [3}

diy,
U=Ri+L,— 3
l+ mdt’ ()
di
UL = md—f, 4)

RRge

i) = (e — e WO L 2 (s)
+Rfe R R
where R is the series external resistance and Ry, is the
equivalent resistance of the field-coupled circuit, L, is
the magnetizing inductance, iy, is the current flowing
through the equivalent resistance, iy, is the current flow-
ing through the magnetized inductance, /, is the current
in the external circuit, Uy is the voltage across the mag-
netized inductance, and U is the applied DC signal volt-
age excitation.

As the magnetic flux in the core changes, the equiv-
alent resistance in the core exhibits different characteris-
tics, since the equivalent circuit resistance parameters are
determined based on the characteristic parameters of the
port current. When a DC voltage excitation is applied to
the winding, the transient process value varies with the
current [16]. After applying different directions of DC
voltage excitation, in the same direction as the residual
flux, excitation promotes the magnetization of the core,
and reverse excitation demagnetizes. the core. The dif-
ference in the equivalent resistance between both is sig-
nificant.

The change of the forward current is significantly
faster than the change of the reverse current after apply-
ing DC voltage excitation, due to the difference in the
equivalent resistance. Eventually, both reach a steady
state, as shown in Fig. [] (a), and Fig. 4] (b) shows the
forward and reverse currents when the residual flux in
the transformer core is -624 mT during the experiment.
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Fig. 5. (a) Forward and reverse currents of residual flux at

791mT, (b) variation curve of equivalent resistance with
measured current.
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Due to the nonlinear variation of the equivalent
resistance, the transient current is varied with different
cases of the core flux, and both interact with each other
in Fig. [§] (a). Figure 5] (b) shows that as the current
increases, the equivalent resistance decreases and even-
tually tends to a stable value, so there is an obvious
inflection point in the variation of the equivalent resis-
tance. Then, to facilitate the determination of the direc-
tion of the residual flux density, a forward and reverse
voltage excitation is applied to the transformer winding.
Under the same residual flux, the applied forward voltage
acts as a magnetizing effect on the residual flux of the
core, while the applied reverse voltage acts as a demag-
netizing effect. Immediately after employing the equiva-
lent resistance calculated by the forward current, the rela-
tionship between the equivalent resistance and the resid-
ual flux density can be built, and the empirical equation
for both can be fitted.

II1. SIMULATION CALCULATION
ANALYSIS
A. Parameter analysis

The selection of the appropriate DC voltage excita-
tion and energizing time is particularly important. The
measurement process is based on the principle of facil-
itating the measurement of transient processes and not
causing changes in the residual flux density in the core.
It is ensured that the applied excitation is within the per-
missible limits for the core for different residual flux
cases.

According to Ampere’s circuital theorem, the field
intensity corresponding to the positive current in the
measurement process is H; and the negative current is
H,. When the applied voltage excitation produces a field
intensity less than H| or H,, the transient current change
is not obvious, and it is not possible to determine the
direction of residual flux. Hence, the minimum value of
H should be greater than the maximum value of both,
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and H,,, > max(H, H,). Thus the minimum voltage
applied is
HiwRI

]i] ) (6)
where R is the series resistance, / is the average mag-
netic circuit length, and N is the number of turns of the
measurement winding. Moreover, measured flux with no
more than 10% of the minimum residual flux is used as
a reference to determine the maximum value of applied
DC excitation,

Unin =

o O.lHCRl‘ )
N
In summary, the selection range of voltage excita-
tion is
HpninRI 0.1H.RI
—min7 —
where H. is the coercive force of the material.
In the finite element calculation, it is found that the
transient current has reached the steady state when the
energizing time reaches 50 ms, while too much time will
demagnetize the negative residual flux in the transformer
core. Finally, the measurement process was designed
with an energization time of 50 ms and a DC voltage
excitation of 0.15 V.
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Fig. 6. Transient current under different series resistance.

In the measurement circuits, the magnitude of the
current and the time to reach the steady state is more
heavily affected by the external series resistance [17].
Therefore, it is necessary to select a suitable series resis-
tance to meet the measurement requirements. Figure [§]
shows that when the series resistance is 20 €, the value
of the current to reach the steady state is small and
changes rapidly, which is not conducive to recording the
transient process. When the series resistance is 2 Q, the
current has not reached the steady state in 50 ms. Since
the series resistor can also play a role in protecting the
circuit, the resistance value cannot be chosen too small.
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Table 1: Core and circuit parameters

Circuit and Core Parameters Value
Core material B30P105
Average magnetic circuit length 1.92 m
of the core
Cross-sectional area of the iron 0.0016 m?
core

Density of silicon steel sheets |7.65 x 10° kg/m’

Square core quality 24 kg
Core saturation magnetic density 1.8T
Circuit external resistance 4Q
Measurement of winding turns 50
Measurement time 50 ms
—=— 1
R |
"7 R |
i \ |
<— — — —
— Ip
— iN

Fig. 7. Schematic diagram of the measurement circuit.

When the 4 Q resistance is connected in series, the tran-
sient process is obvious to record, and the circuit will
not be burned due to the small resistance. Finally, for the
convenience of analysis and calculation, a series resis-
tance of 4 Q was chosen.

Based on the design criteria for transformer cores,
square cores are used to study transformer cores. The
transient characteristics of the equivalent resistance of
the transformer core for different residual flux cases are
studied. The square core is B30P105 cold-rolled oriented
silicon steel sheet, and the model parameters are shown
in Table [I] The theoretical saturation magnetic density
of the selected B30P105 material is 1.8 T, and the resid-
ual flux is generally 0.36 T ~ 1.26 T. According to
the measurement theory shown in Fig. [/| the finite ele-
ment (FEM) calculations in Fig. [§] are performed after
selecting the appropriate relevant parameters [18], and
the material parameters used in the FEM calculations are
derived from the measurements of the constructed exper-
imental platform.

It is essential to establish the relationship between
B, and core material properties to accurately simulate
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Fig. 8. Finite element calculation model for the square
iron core.

the core under different B, in finite element calculations.
By analyzing the magnetization process in the presence
of B, in the core, the flux density B and the magnetic
field intensity H are processed linearly, and the relation-
ship between B and H can be described by the following
equation:
0.86 x 1073H, 0<H<045

B(H) = { kH — (k—0.86 % 10-3)H, H> 045" @

where k is related to the residual flux density.

B. The relationship between residual flux and equiv-
alent resistance

For different cases of residual flux in the transformer
core, a connection exists between the current and the
equivalent resistance, as shown in Fig.[9]

Rfe(€2)

0 1 1 1 1 1 1
18 21 24 27 30 33

i(mA)

Fig. 9. Variation of equivalent resistance with the current.



The forward and reverse DC voltage excitation of
0.15 V is applied to the primary winding successively,
and the direction of the residual flux can be determined
by showing that the rate of change of the positive cur-
rent is greater than that of the negative current, as shown
in Fig. [I0] (a). The forward current at different residual
flux densities is selected, as shown in Fig. @l (b), and
the difference in transient currents exists due to different
residual fluxes. The corresponding equivalent resistance
is calculated from the forward current to facilitate further
calculations of the residual flux, as shown in Fig. fl;ﬂ

i(mA)

== iff)

5 —ift) 5

0 L . . 0
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.0:
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Fig. 10. Calculation of current: (a) comparison of for-
ward and reverse currents at a residual flux density of
0.6 T, (b) comparison of currents under different residual
fluxes.
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Fig. 11. Variation of equivalent resistance at different
residual fluxes.

The direction of the residual flux can be obtained
from the analysis of the forward and reverse currents;
further, quantitative analysis of the residual flux value
can be realized through the equivalent resistance. The
equivalent resistance value varies significantly with the
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change in residual flux (see Fig.[TT). Moreover, the poly-
nomial interpolation method was chosen to fit the curve
to the calculated discrete points at the inflection point
of the equivalent resistance curve. Figure [I2] shows that
the discrete points were fitted better by three polynomial
interpolations, with a residual sum of squares of 0.00075
and an adjusted R-squared of 0.99848, The empirical for-
mula is fitted by

Br = —0.309Rs.> + 0.494Rs.> — 0.839Rs. + 1.319. (10)

04

0.2 1 1 L 1 1 1 1
00 02 04 06 08 1.0 1.2 14

Re(Q)

Fig. 12. Empirical formula curve fitting for discrete
points.

IV. EXPERIMENTAL MEASUREMENTS
AND ANALYSIS OF RESULTS
A. Residual flux preset

To simulate the case of unknown residual flux in
engineering, the residual flux of the square core needs
to be preset to facilitate comparison with the calculated
residual flux. In addition, the core needs to be demag-
netized before presetting the residual flux, considering
the influence of external conditions to which the core
is exposed. During the presetting process, the core is
charged with different proportions of saturation flux as
a residual flux by DC magnetization, and the applied DC
voltage excitation is withdrawn. When the flux density
in the core does not change with time, the stable value is
recorded as the preset residual flux at this time.

An experimental measurement was performed to
verify the feasibility and accuracy of the proposed
method by using the experimental measurement plat-
form, as shown in Fig.[I3] A signal generator (WF1974)
was used to generate the required DC voltage excitation
during the experiments and was transmitted to the pri-
mary winding of the square core through a power ampli-
fier, and data acquisition was performed using a current
probe (N2782B). An oscilloscope (DSOX6004A) was
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Fig. 13. Experimental measuring devices and square
core.

used to record the transient current data, and a flux meter
(Flux-meter480) was connected to the secondary wind-
ing during the experiments to facilitate the recording of
the residual flux variation of the core.

B. Measurement results and analysis

The residual flux of the square core is measured
by the experimental platform. The measurement system
and the transmission system generate random errors and
random noise, so noise effects are inevitable during the
experiments. The measured transient currents are filtered
using the moving average filter method. Figure [T4] (a)
compares the current finite element calculations of the
residual flux of the core with the experimentally mea-
sured current values. It can be seen that the calculated
values are similar to the experimentally measured val-
ues, so the calculated equivalent resistance values in
Fig.[I4](b) are more accurate.

R

0 —
0.00 001 0.02 0.03 0.04 0.05 000 001 002 003 008 005
Time(s) Time(s)

Fig. 14. Comparison of experimental measurements and
calculations: (a) calculated and experimental transient
current, (b) calculated with an experimental equivalent
resistance.

The fitted empirical formula is employed for the
residual flux calculation and compared with the preset-
ting value. The error rate is defined as
o By — B

x 100%, (11)

T
where B, is the calculated residual flux value, and B,

is the experimental preset residual flux value. Therefore,
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Table 2: Relative error between experimental and calcu-
lated values

Br(mT) Rie () Bre(mT) £(%)
489 1.22 467.89 4.32
624 1.08 598.61 4.07
714 0.98 679.44 4.84
791 0.89 745.01 5.81
915 0.57 943.78 3.10
954 0.51 978.41 2.56

the reliability of the measurement method is checked by
the error rate.

Table [2] shows the residual flux value and the error
based on the calculated and experimental values. The
maximum error occurred at 791 mT and the error rate
of 5.81%, while the minimum error of 2.56% occurred
at 954 mT. Considering the influence of many factors
such as measurement equipment, surrounding external
environment, and data post-processing, the measurement
error is less than 10%, which can meet the requirement.

V. CONCLUSION

This paper is based on the electromagnetic tran-
sient process of the core magnetic material after apply-
ing DC voltage excitation, by measuring the forward and
reverse currents for different residual flux density cases.
The forward current is selected as the target, and the
corresponding equivalent resistance is calculated in the
field-coupled equivalent circuit. Then, the relationship
between the equivalent resistance and the residual flux
is established, and the empirical equation for calculation
is obtained. Finally, the method is verified by establish-
ing an experimental test platform, and if the measure-
ment results show that the relative error of the measured
residual flux in the core is within 6%, the residual flux
in the transformer core can be measured accurately. The
advantage of the method is that it does not require the
known state of the transformer before the power outage
and has high measurement accuracy while meeting prac-
tical engineering requirements. Therefore, the method
provides a reference for the estimation of residual flux.
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