
Received: 26 July 2021 - Revised: 18 September 2021 - Accepted: 11 October 2021 - IET Electric Power ApplicationsDOI: 10.1049/elp2.12148

OR I G INAL RE SEARCH PA PER

Study on the residual flux density measurement method for
power transformer cores based on magnetising inductance

Cailing Huo1 | Youhua Wang1 | Chengcheng Liu1 | Gang Lei2

1State Key Laboratory of Reliability and Intelligence
of Electrical Equipment, Hebei University of
Technology, Tianjin, China

2Electrical Department, School of Electrical and Data
Engineering, University of Technology Sydney,
Sydney, New South Wales, Australia

Correspondence

Youhua Wang, State Key Laboratory of Reliability
and Intelligence of Electrical Equipment, Hebei
University of Technology, Tianjin 300130, China.
Email: wangyi@hebut.edu.cn

Funding information

National Natural Science Foundation of China,
Grant/Award Number: 51877065; Science and
Technology Research Project of Higher Education
Institutions in Hebei Province of China, Grant/
Award Number: QN2016200

Abstract
When a power transformer is reconnected to a power grid, if the residual flux in its iron
core is large, significant inrush current may be generated and result in closing failure.
Therefore, accurate residual flux measurement is necessary to avoid the harmful effects of
inrush current. This work proposes a residual flux density measurement method for the
power transformer core based on magnetising inductance. Firstly, when positive and
negative DC voltages are applied along or opposite to the direction of the initial residual
flux density, the measured positive magnetising inductance is smaller than the negative so
that the direction of residual flux density can be determined by comparing their values.
Secondly, the magnitude of residual flux density can calculated by analysing the empirical
formula between residual flux density and positive magnetising inductance using the finite
element method. Finally, this work takes the square iron core as the research object,
establishes the corresponding empirical formula, and verifies its accuracy through ex-
periments. The experimental results show that the proposed method has higher accuracy
compared with the voltage integration method widely used in this field.
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1 | INTRODUCTION

When a power transformer is powered off, due to the hysteresis
characteristics of ferromagnetic materials, there is a residual flux
density (Br) in its iron core [1]. If the residual flux is large, sig-
nificant inrush current may be generated, and its magnitude may
reach 6–8 times the rated current. This leads to failure in
reclosing the transformer, which is not conducive to the safe
operation of the power grid [2]. To overcome this issue, DC
demagnetisation operation can be performed to the iron core [3].
However, due to the unknown residual flux, it requires multiple
demagnetizations to completely eliminate the residual flux [4]. If
the residual flux can be accurately measured, the DC demag-
netisation excitation can be determined, which will reduce the
adverse effects on the transformer caused by repeated opera-
tions in direct demagnetisation. Therefore, accurate residual flux
detection is of great significance for reducing inrush current.

The empirical estimation method is generally used to es-
timate residual flux in the iron core [5]. The residual flux is
estimated to be 20%–70% of the saturation flux [6, 7].

However, the estimation error may be large as this method
depends on historical experience. Another method is the
voltage integration method. After a transformer is powered
off, it can be employed to integrate the induced voltage
waveform of winding to obtain a steady‐state magnetic flux,
which is the residual flux [8]. This method is currently the most
widely used method for measuring changes in magnetic flux.
Nevertheless, due to hysteresis characteristics of the ferro-
magnetic material, the calculated residual flux at the time of
opening is different from the residual flux after stabilisation,
and thus the feasibility of this method is limited. Moreover, a
pre‐magnetization method has been proposed on the basis of a
known residual flux [9–11]. When positive and negative DC
voltages are applied, the residual flux and residual flux coeffi-
cient can be estimated by measuring the magnetic flux at the
saturation point and the current crossing zero point. However,
after the transformer is powered off, the direction of residual
flux is unknown and the magnetization direction of the core
cannot be judged. Thus, this method cannot be applied to
actual transformer cores.
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Since the generation of residual flux involves complex
magnetic domain structure changes [12, 13], the residual flux
cannot be measured directly. In Refs. [14–16], the residual flux
is measured by controlling the closing angle and analysis inrush
current. This method can measure a certain range of residual
flux, but when the residual flux is large, the measurement error
may be greater than that in the voltage integration method. In
Ref. [17], the residual flux in the current transformer (CT) is
calculated by considering the relationship between the residual
flux and the even harmonics of the induced voltage. This
method can quickly and effectively detect the residual flux of
CT, but its measurement accuracy is mainly dependent on the
simulation model. Thus, whether this method can be applied to
the actual transformer core needs further verification. In Ref.
[18], the residual flux is measured by a transfer function of
leakage flux and residual flux. This method is conducive to on‐
site measurement of transformers. However, as different
measurement points have different transfer functions, the
measurement accuracy greatly is affected by the measurement
points. In Ref. [19], the residual flux is obtained by actually
measuring the energy of the minor hysteresis loops. In this
method, when the residual flux is small, the energy change is
not much different under different residual fluxes, which
makes the measurement error larger. This method also cannot
determine the direction of the residual flux. When the DC
voltage is loaded, the residual flux is calculated by analysing the
relationship between residual flux and transient characteristics.
In Refs. [20, 21], the residual flux density is measured by the
transient current when the DC voltage is applied. This method
uses the finite element method (FEM) to obtain the empirical
formula for calculating the residual flux, so the measurement
results depend entirely on the accuracy of the finite element
model. In FEM, the material properties of the transformer
core are used to replace the local magnetic properties at re-
sidual flux, which reduces the accuracy of the established finite
element model. In addition, it is more troublesome to select
the measurement time of transient current in this method, and
different measurement times have different empirical formulas.
Therefore, there is no effective method for measuring residual
flux density in the iron core.

This work presents a residual flux density measurement
method for power transformer cores based on magnetising
inductance. The proposed method mainly has the following
improvements:

(1) To overcome the inaccuracy of the finite element model,
local magnetic properties are measured in this study

(2) The magnetising inductance is used as the independent
variable to measure the residual flux, which avoids the
error caused by the inaccurate selection of transient cur-
rent in the above method

(3) When positive and negative DC voltages are applied, the
direction of residual flux density can be judged by
comparing the values of the positive and negative mag-
netising inductances

(4) The empirical formula for calculating the residual flux
density is obtained by FEMand its accuracy is verified on the

experimental platform. The results show that the measure-
ment error of the proposed method is less than 5%, which
has a higher accuracy than the voltage integration method

(5) The range of applied DC voltage is determined. In this
range, the residual flux density changes very little, which
improves the applicability of the empirical formula in the
experiment

The rest of the work is organised as follows: Section 2
presents the principle of the proposed measurement method.
Section 3 obtains the proposed empirical formula for calcu-
lating the residual flux density by using FEM. In Section 4, an
experimental platform for the proposed method is established,
and the accuracy of the proposed method is verified. Section 5
concludes the pros and cons of the proposed method and
discusses future research work.

2 | PRINCIPLE OF PROPOSED
MEASUREMENT METHOD

2.1 | Generation principle of residual flux
density

Figure 1 shows the generation principle of Br and the magnetic
domain structure changes during the magnetization process. As
shown, the magnetization process is divided into the following:
(1) Initial state. At this time, themagnetic domains inside the iron
core are arranged in a disorderly manner, and thus the iron core
does not show magnetism to the outside. (2) Reversible
magnetization state: When the magnetic field strength (H ) in-
creases from 0 to point a, the reversible magnetic domain wall
displacement between magnetic domains is generated. At this
time, if H disappears, there is almost no Br in the iron core. (3)
Irreversible magnetization state: As H continues to increase to
point b, the magnetic domain movement begins to change from
reversible to irreversible magnetic domain wall displacement,
showing strong magnetism to the outside. After H disappears,
the magnetic domain cannot return to its original state and
produces a Br. (4) Saturation magnetization state: WhenH con-
tinues to increase to point c, the iron core enters the saturation
state and thus the ability of magnetic domain to be magnetised is
weakened. AfterH is removed, a large Br is produced in the iron
core. This phenomenon is called the hysteresis characteristic of
ferromagnetic materials. Due to this characteristic, Br is mainly
related to the change of magnetic domains from point b or c to
the Br state. This change can be reflected by the relative differ-
ential permeability (μrd), which is defined as the incremental ratio
of magnetic flux density (ΔBr) and magnetic field strength (ΔH )
at Br.

μrd ¼
1
μ0

ΔBr

ΔH
ð1Þ

where μ0 expresses the permeability of air, and its value is
4π�10−7 H/m.

HUO ET AL. - 225
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When positive and negative DC voltages are applied, the
positive and negative relative differential permeability (μrp and
μrn) can be expressed as

8
>>><

>>>:

μrp ¼
1
μ0

ΔBp

ΔH

μrn ¼
1
μ0

ΔBn

ΔH

ð2Þ

where ΔBp and ΔBn represent the positive and negative change
of flux density in the iron core, respectively.

In this work, a core formed by stacking silicon steel sheets
of model B30P105 is selected as the analysis object. When the
measurement frequency is 5 Hz, the hysteresis loops under ac
excitation are obtained. To analyse μrd change, its change trend
from saturated flux density (Bs) to the Br state is shown in
Figure 2. When H changes from positive to negative at Br, the
magnetization ability of the magnetic domain increases from
small to large. If ΔH is greater than 5% of the coercive force
(Hc), the difference between μrp and μrn is more obvious. It is
expressed as

μrp < μrn ð3Þ

It is concluded that the direction of Br is determined by
comparing the values of μrp and μrn. However, μrp and μrn at

Br cannot be easily measured in actual measurement. It
requires a measurable variable that can reflect the change
of μrd.

2.2 | Measurement circuit analysis of the
proposed method

When positive and negative DC voltages are applied to one
winding of the transformer, the magnetising inductance
(Lm) at Br can be obtained by the measured respond cur-
rent and induced voltage. If the positive DC voltage (same
direction as initial Br) is applied, a positive magnetising
inductance (Lp) can be obtained. On the other hand, if the
negative DC voltage (opposite direction as initial Br) is
applied, a negative magnetising inductance (Ln) can be ob-
tained. Through magnetic circuit analysis, μrd can be re-
flected by the Lm at Br. Therefore, Br in the iron core can
be measured by analysing the relationship between Br and
Lp or Ln.

Figure 3 shows the DC measurement circuit of the
proposed method. As shown, us(t) expresses the applied DC
voltages (can be positive or negative). R1 and Rw stand for
the limiting current resistance in the circuit and winding
resistance, respectively. When us(t) is applied, the respond
current i(t) and induced voltage uL(t) can be measured in the
circuit to obtain the magnetising inductance Lm. The square
iron core is investigated in this work. The magnetic circuit
and the circuit mode of the square iron core are shown in
Figure 4. The magnetomotive force source on the winding
side is denoted by F, and ℜ corresponds to the reluctance
through the legs and yokes. ℜ0 represents the leakage path
between the winding and the air. Since the core material

F I GURE 1 Generation principle of residual flux density and the
magnetic domain structure changes during the magnetization process

F I GURE 2 Change trend of urd from Bs to Br state of B30P105

F I GURE 3 DC measurement circuit of the proposed method

 (b) (c)(a)

F I GURE 4 (a) Magnetic circuit mode of the iron core. (b) Equivalent
magnetic circuit of the iron core. (c) Equivalent circuit of the iron core
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permeability is much larger than the air, ℜ0 is much larger
than the remaining reluctances in most cases so that it can be
ignored, as shown in Figure 4b. ℜm represents the equivalent
reluctance of the core, which is expressed as

ℜm ¼
l

μ0μrdS
ð4Þ

where S and l are the cross‐sectional area and the average
magnetic path length of the square core, respectively.

In a uniform magnetic field, according to Ohm's law for a
magnetic circuit, the following equation is obtained:

F ¼N1iðtÞ ¼ℜmΦðtÞ ð5Þ

where N1 is the turn number of transformer windings. When
the DC voltage is applied, i(t) and Φ(t) are the respond current
and magnetic flux in the iron core with time.

When the DC voltage is applied, according to Equation (5),
the following equation can be obtained:

diðtÞ
dt
¼
ℜm

N1

dΦðtÞ
dt

ð6Þ

Based on the electromagnetic induction law, Φ(t) is
expressed as

dΦðtÞ
dt
¼

Lm

N1

diðtÞ
dt

ð7Þ

Based onEquations (1) and (4) to (7),Lm atBr is expressed as

Lm ¼
N1

2

ℜm
¼

N1
2S
l

⋅
ΔBr

ΔH
¼ k ⋅

ΔBr

ΔH
ð8Þ

where k is the parameter associated with the core.
After the core parameters are determined, there is a pro-

portional relationship between μrd and Lm. According to
Equations (3) and (8), the relation between Lp and Ln is
expressed as

Lp < Ln ð9Þ

It shows that the direction of Br can be determined by
comparing the value of Lp and Ln.

The empirical formula for calculating residual flux density
can be expressed as

Br ¼ f ðLmÞ ð10Þ

In the following sections, the empirical formula of the
square core is obtained by FEM and its accuracy is proven by
experiments.

3 | SIMULATION ANALYSIS

In this work, an experimental platform that adopts a square
stacked steel sample is built and is shown in Section 4. The
main dimension of the iron core is determined as
S = 0.0016 m2, l = 1.92 m. To ensure the accuracy of the
established finite element model, several key points need to be
addressed, including the range of preset residual flux density,
the measurement of local magnetic properties in the iron core,
and the range of applied DC voltage.

3.1 | Range of preset residual flux density

After the core is completely demagnetised, a larger DC exci-
tation is first applied to the iron core to generate an H1. As H1
increases, the flux density increases. Then, when the applied H1
is removed, due to the hysteresis characteristics of ferromag-
netic materials, a preset Br will be generated in the iron core.
Under different H1, the measured DC magnetization curve and
preset Br of the iron core are shown in Figure 5. As shown, Bs
of the square core can reach 1.7 T. According to the empir-
ical estimation method [5–7], the range of preset Br is about
0.2–0.7 of Bs. Thus, the preset Br is in the range of 0.34–1.19 T.
There is a piecewise linear relationship between preset Br and
H1, expressed as

�
Br ¼ 0:0543H1 þ 0:0301 0:34T ≤ Br < 0:8T
Br ¼ 0:0016H1 þ 0:8163 0:8T < Br ≤ 1:19T ð11Þ

According to Equation (11), Br can be preset more accu-
rately. As long as the material properties are the same, the above
relation can also be applied to the actual transformer core.

3.2 | Measurement of local magnetic
properties

Since the local magnetic properties at Br are different from the
magnetic properties of the core material, the local magnetic
properties at Br need to be measured in this study. The mea-
surement progress of the local magnetic properties is shown in
Figure 6. For each preset Br, when different polarity dc voltage
us(t) is applied to the transformer winding, i(t) and uL(t) in
Figure 3 can be measured. By repeating the above processing,
the local magnetic properties at different Br can be obtained.
Based on the electromagnetic induction law and Ampere's law,
ΔBr(t) and ΔH(t) can be expressed as

8
>>><

>>>:

ΔBrðtÞ ¼
1

N2S
⋅ ∫ t

0uLðtÞdt

ΔHðtÞ ¼
N1

l
⋅ iðtÞ

ð12Þ

HUO ET AL. - 227
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where N1 and N2 are the turn numbers of the primary and
secondary windings, respectively.

Figure 7 shows the measured local BH curves when Vdc is
140 mV. As shown, by analysing the magnetization process of
local BH curves, the relationship between B and H can be
piecewise linearised, described by

BðHÞ ¼
�
k0H ; 0 < H ≤ H0
k1H − ðk1 − k0ÞH ; H0 < H ð13Þ

where k0 is a constant independent of Br, and its value is
0.863� 10−3H/m. k1 is related to Br, and k1 > k0. H0 is only
related to the magnetic material and its value is the average
value of H1 and H2. H0 is 0.45 A/m. When H is greater than
H1 or H2, the magnetic flux density increases linearly with H.
The local BH curves is mainly affected by the residual flux

density in the iron core. After the local BH curves are set as
the material properties of the core, the finite element model
of the square core is established. When preset Br is 0.832 T,
the flux density distribution of the iron core in FEM is as
shown in Figure 8. Since the length of the magnetic circuit
inside the core is shorter than that on the outside, the flux
density inside the core is higher than that on the outside. The
relative errors between them and the average flux density are
within 0.12%. Thus, the flux density mentioned in this work
is the average flux density.

Figure 9 illustrates the measured respond current and
induced voltage waveforms at different Br with both positive
and negative Vdc. As shown, when preset Br is 0.64 T or
0.871 T, the measured current and induced voltage waveforms
are in good agreement with the simulation waveforms, which
proves the accuracy of the finite element simulation model.
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F I GURE 5 DC magnetization curve and preset Br in the iron core

F I GURE 6 Measurement process of local magnetic properties
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F I GURE 7 Local BH curves when Vdc is 140 mV. (a) Positive local
BH curves. (b) Negative local BH curves
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3.3 | Range of applied DC voltage

Figure 10 shows the local BH loops under different DC
voltages when Br is 0.64 and 0.871 T. As shown, under the
same Br, when different +Vdc is loaded, the local BH curves
are parallel in the second stage. With the increase of Vdc, the
slope of the local BH curves in the second stage is basically

unchanged. It shows that Lp at Br is unchanged at different
Vdc. However, when −Vdc is loaded, the local BH curves are
different in the second stage. As Vdc increases, the slope of the
local BH curves in the second stage varies with time. It shows
that Ln is affected more when Vdc changes. Therefore, it is
better to use Lp, rather than Ln as the independent variable to
measure Br.

0.831T0.833T

B(T)F I GURE 8 Flux density distribution in the iron
core when Br is 0.832 T in finite element method
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F I GURE 9 Waveforms of measured current and voltage when Vdc is applied. (a) Vdc = 140 mV. (b) Vdc = −140 mV
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To keep Br from being changed too much, this work
studies the range of Vdc. As shown in Figure 10b, as −Vdc
increases, the change of Br will be larger than that of the
positive process. Thus, it is only necessary to analysis the
change of ΔBn for determining the range of applied Vdc. When
−Vdc is applied, i(t) and uL(t) are expressed as

8
>><

>>:

iðtÞ ¼
−Vdc

R

�
1 − e− t

τ1

�

uLðtÞ ¼ L1
diðtÞ
dt

ð14Þ

where τ1 and L1 express the time constant and the magnetising
inductance, respectively.

Based on the electromagnetic induction law, the change of
flux density (ΔB1) in the iron core is expressed as

ΔB1 ¼
1

N2S
∫ t
0uLðtÞdt¼

VdcL1

N2SR
�
1 − e−t=τ1

�
ð15Þ

Similarly, when −Vdc is removed, the change of flux density
(ΔB2) is calculated by

ΔB2 ¼
VdcL2

N2SR

�
1 − e−t=τ2

�
ð16Þ

where τ2 and L2 express the time constant and magnetising
inductance, respectively.

In the negative voltage loading and removing process, the
change of ΔBn is expressed as ΔB1–ΔB2, which must be less
than the change of initial Br.

ΔBn

Br
¼
ΔB1 − ΔB2

Br
≤
ΔBr

Br
ð17Þ

Based on Equations (15) to (17), Vdc is expressed as

Vdc ≤
ΔBrN2SR

L1

�
1 − e− t

τ1

�
− L2

�
1 − e− t

τ2

� ð18Þ

To get the maximum value of applied Vdc, the above
equation can be simplified to

Vdcmax ≤
ΔBrN2SR

L1
ð19Þ

When −Vdc is loaded, the value of L1 is also Ln. Thus, the
maximum value of Vdc is expressed as

Vdcmax ≤
ΔBrN2SR

Ln
ð20Þ

According to Ampere's loop law, when Vdc is applied, the
following relation is obtained:

N1 ⋅
Vdc
R
¼H ⋅ l ð21Þ

As shown in Figure 2, when H is not less than 5% of Hc,
the difference between μrp and μrn is more obvious. Thus, the
minimum value of Vdc is expressed as

Vdcmin ≥
5%HcRl

N1
ð22Þ

Based on Equations (20) and (22), the range of Vdc is

5%HcRl
N1

≤ Vdc ≤
ΔBrN2SR

Ln
ð23Þ
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F I GURE 1 0 Local BH loops at different DC voltages. (a) Positive
local BH loops. (b) Negative local BH loops
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Table 1 shows the parameters of the core and circuit.
Submitting these parameters into Equation (23), the range of
applied dc voltage can be obtained, expressed as

102 mV ≤ Vdc ≤ 197 mV ð24Þ

3.4 | Empirical formula

When Vdc is applied, i(t) and uL(t) are measured under
different Br to obtain the corresponding Lp values. Figure 11
illustrates the relation between Br and Lp at different Vdc. By
using the data fitting method, the empirical formula of the
square core is expressed as

Br ¼ −0:0149Lp þ 1:3876 ð25Þ

4 | EXPERIMENTAL RESULTS
ANALYSIS

4.1 | Experimental platform

Figure 12 shows the experimental platform of the proposed
method. As shown, the square core (item 1) adopts Baosteel's
0.3 mm silicon steel sheet. The model of this silicon steel sheet
is B30P105. The width of each laminated core is 80 mm, and
the thickness of the laminated core is 20 mm. The lamination
factor of the iron core is 0.98. The inner and outer widths of the
core are 400 and 560 mm, respectively. The signal generator

TABLE 1 Parameters of core and circuit

Core and circuit parameters Value

Average magnetic circuit length of the iron core l 1.92 m

Cross‐sectional area of the iron core S 0.0016 m2

The coercive force Hc 13 A/m

When Br is 0.36 T, the average of Ln at different Vdc 0.3 H

Total resistance R 4.1 Ω

The number of turns of measuring winding N1 50

The number of turns of measuring winding N2 25

30 40 50 60 70

0.4

0.6

0.8

1.0
 Fitting curve
Vdc = 180 mV

Vdc = 140 mV

ytisne
D

xulFlaudise
R

 B
r

)
T(

Positive Magnetizing Inductance Lp (mH)

F I GURE 1 1 Relation between Br and Lp at different Vdc

1
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45

6
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9
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F I GURE 1 2 Experimental platform of the proposed method. 1.
Square core. 2. Signal generator. 3. Power amplifier. 4. Switch. 5. Series
resistance. 6. Oscilloscope. 7. Primary winding. 8. Secondary winding. 9.
Current probe. 10. Fluxmeter‐480

F I GURE 1 3 Measurement process of the proposed method
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(item 2) is used to generate positive and negative DC voltages
signals, then amplified by the power amplifier (item 3) and
finally applied to the DC measurement circuit. The generated
DC voltages are expressed as +Vdc and −Vdc, respectively. The
switch (item 4) can control the on‐off in the measurement
circuit and the series resistance (item 5) can limit the current
flowing in the winding. When the DC voltage is applied, the
oscilloscope (item 6) can be used to observe the respond cur-
rent of primary winding (item 7) and the induced voltage of
secondary winding (item 8). The current probe (item 9) is used

to collect the current signal flowing in the primary winding. The
model of the current probe is N2782B, which can accurately
measure currents at the ms or even μs level. Through the
voltage integration principle, when the DC voltage is loaded,
the real‐time change of magnetic flux density can be tracked by
using the Fluxmeter‐480 (item 10).

Figure 13 shows the measurement process of the proposed
method. After the transformer is powered off, the direction
and magnitude of Br is unknown. At this time, when +Vdc with
the same polarity as Br is first applied, the positive respond
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F I GURE 1 4 Measured waveforms when Br is
0.77 T and Vdc is 0.15 V. (a) Waveforms of applied
DC voltage, respond current, and induced voltage.
(b) Local BH hysteresis loops
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current i+(t) and induced voltage uL+(t) can be measured.
Then, L+ is obtained at Br. When −Vdc is applied, the negative
current i‐(t) and induced voltage uL‐(t) are measured, and L− is
obtained at Br. On comparing the values of L+ and L−, if L+ is
less than L−, it is determined that the smaller inductance value
is Lp and the larger inductance value is Ln, so that it proves that
the residual flux density in the core is positive Br. If L+ is
larger than L−, the residual flux density in the core is nega-
tive Br. Finally, the corresponding value of Lp is substituted
into the proposed empirical formula to calculate Br value in the
core.

4.2 | Measurement of residual flux density

In the existing measurement methods, the voltage integration
method is the most widely used and is a highly accurate
magnetic flux measurement method. Therefore, this work
compares the measurement error of the proposed method with

that of the voltage integration method to prove the accuracy of
the proposed method. When dc voltage is applied, Brv ex-
presses the measured flux density by the voltage integration
method, which can be observed by the Fluxmeter 480. The
ε1% expresses the relative error between preset Br and calcu-
lated residual flux density (Brc) by the proposed empirical
formula. The ε2% expresses the relative error between preset
Br and Brv.

8
>>><

>>>:

ε1%¼
�
�
�
�
Brc − Br

Br

�
�
�
�� 100%

ε2%¼
�
�
�
�
Brv − Br

Br

�
�
�
�� 100%

ð26Þ

Figure 14 shows the measured waveforms when preset Br
is 0.77 T and Vdc is 0.15 V. As shown, when the positive and
negative dc voltages are applied, the waveforms of response
current and induced voltage are measured, and then the

-0.8 -0.4 0.0 0.4 0.8
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F I GURE 1 5 Local BH hysteresis loops when Br is −0.542 T and Vdc

is 150 mV

TABLE 2 Experimental results of the proposed method

Br (T) Lp (mH) Brc (T) Brv (T) ε1 (%) ε2 (%)

0.410 64.74 0.423 0.360 3.17 12.20

0.592 52.32 0.608 0.530 2.70 10.47

0.690 45.61 0.708 0.625 2.61 9.42

0.950 28.43 0.964 0.860 1.47 9.47

1.020 24.13 1.028 0.920 0.78 9.80

−0.362 69.97 −0.345 0.310 4.70 14.37

−0.561 57.09 −0.537 0.503 4.28 10.34

−0.625 52.32 −0.608 0.560 2.72 10.40

−0.845 37.02 −0.836 0.765 1.07 9.47

−0.974 28.43 −0.964 0.890 1.03 8.62

(a)

(b)

F I GURE 1 6 Error comparison between proposed method and
voltage integration method. (a) Positive Br. (b) Negative Br
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corresponding local hysteresis loop is obtained in Figure 14b.
It shows that in the second stage, the slope of the positive BH
curve is 0.0195 and the slope of the negative BH curve is
0.181. Then, L+ and L− are calculated as 40.62 and 377.02 mH.
By comparison, L+ is less than L−, so the direction of Br can
be judged. It is determined that the residual flux density in the
iron core is positive Br. The larger L+ is considered as Lp. After
determining the Br direction, the magnitude of Br is calculated
by the proposed empirical formula. Substituting Lp into the
proposed empirical formula, Br is calculated to be 0.782 T and
ε1% is 1.56%.

When the transformer is powered off, the direction of Br in
the iron core is unknown. There will be a situation when the
residual flux density in the iron core is a negative value. To
verify the accuracy of the proposed method at −Br, the local
hysteresis loop is measured when preset Br is −0.542 T and Vdc
is 0.15 V, as shown in Figure 15. It shows that after the load of
the positive and negative DC voltages, Lp and Ln are calculated
as 58.2 and 443.62 mH, respectively. By comparison, Lp is less
than Ln, and thus the residual flux density in the iron core is
negative Br. Then, substituting Lp into the proposed empirical
formula, Br is calculated to be −0.52 T and ε1% is 4.06%.
Table 2 shows the experimental results of the proposed
method under positive and negative Br. The corresponding the
error comparison between the proposed method and the
voltage integration method is shown in Figure 16. It shows that
the range of ε1% is 0.78%–4.7%, and the range of ε2% is
8.62%–14.37%. By comparison, ε1% is less than ε2% at same
Br, which proves that the proposed method has higher accu-
racy than the voltage integration method. Besides, the results
show that the error in smaller Br is large. When Br is small, the
possibility of generating inrush current is small. When Br is
large, this possibility is very high. Due to the high accuracy of
the proposed method in this case, it can avoid the inrush
current to a large extent, which is very beneficial to the safe
operation of the power grid. The direction of Br has been
determined. When the closing direction of the transformer is
opposite to the polarity of measured Br, no magnetising inrush
current will be generated.

5 | CONCLUSION

This work presented an accurate residual flux density mea-
surement method for power transformer cores based on
magnetising inductance. The proposed method has several
pros, including the following: (1) It does not need to know the
past state of the transformer and is able to measure the residual
flux density in the iron core by connecting the DC measure-
ment circuit. (2) When positive and negative DC voltages are
applied, the direction of residual flux density can be judged by
comparing the values of positive and negative magnetising
inductance. (3) The residual flux density is accurately calculated
by the proposed empirical formula, and the maximal relative
error is less than 5%. Compared with the voltage integration
method, it has higher accuracy. This method also has several
cons. To improve the accuracy of the finite element model, it is

necessary to measure the local magnetic properties in advance,
which makes the extraction of empirical formulas difficult.
Moreover, although many transformers share the same struc-
ture, there are still some uncertain factors that may affect their
parameters and further study is needed.

In this research, the local magnetic properties are different
from the magnetic properties of iron core materials. It is
inaccurate to directly use the magnetic properties of iron core
materials to study residual flux in the existing research. If we
want to measure residual flux more accurately, we can consider
introducing a local hysteresis model. To further improve the
applicability of the empirical formula, the proposed method
will be applied to the actual single‐phase transformer with the
same structure and material. Subsequently, this method will be
extended to three‐phase transformers.
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