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Abstract: This study describes a method that allows the modelling of magnetisation pro-
cesses in transformer steel sheets for any direction of the magnetic field strength. In the
proposed approach, limiting hysteresis loops for the rolling and transverse directions were
used. These loops are modified depending on the magnetisation angle between the direction
of the field strength vector and rolling direction. For this purpose, unique correction coef-
ficients, which are functions of the magnetisation angle, were applied for both hysteresis
loops. An algorithm for determining the limiting hysteresis loops for any magnetisation
angle is presented herein. The calculation results for several cases of magnetisation were
compared with the measured hysteresis loops.
Key words: Goss texture, hysteresis loop, magnetisation process, modelling, transformer
core, transformer steel sheet

1. Introduction

Calculations of losses in transformer cores, especially of medium- and high-power, is still
an important issue; in recent years, this problem has been discussed in [1–3]. The highest
magnetic flux density occurs in the inner parts of corners and T-joint points of the transformer
cores. It should be noted that the magnetic field lines in these areas are parallel neither to the
rolling direction nor to the transverse direction. A significant difficulty in numerical calculations
of losses is the consideration of the non-linearity of the transformer core and, above all, the
magnetic hysteresis. Professional software allows one to take into account the non-linear but
unambiguous magnetisation characteristics, which is discussed e.g. in [4, 5]. However, direct
consideration of the magnetic hysteresis by introducing a certain model of this phenomenon into
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the field distribution equations is not possible in methods such as the finite difference method,
and the finite element method, because these methods are based on the differential form of the
Maxwell’s equations. The introduction of the hysteresis model into the equations of the magnetic
field distribution is possible in the equivalent reluctance network method, which is based on
Maxwell’s equations in the integral form or using a significant modification of this method
described in [6, 7].

The lines of the magnetic field in the transformer cores are mostly parallel to the rolling
direction (RD). It refers to the columns and yokes of these cores; therefore, the magnetic field can
be treated as a one-dimensional field. However, the lines of the magnetic field in the corners and T-
joint points of three-phase transformers are not parallel to the RD, similar to the overcurrent states
of the transformers, because a significant leakage flux can close through the air. Consequently, the
magnetic field in these regions should be considered a two-dimensional field (Fig. 1). Calculations
of the field distribution in corners and in T-joint points are still an important issue because in
these areas, the heating of the core is more intense compared to the part of the core where the
magnetic field can be treated as a one-dimensional field. It is important in medium- and high-
power transformers. Changes in the flux density and field strength differ from each other because
of the hysteresis phenomenon and anisotropy of the transformer sheets, and the vectors of these
magnetic quantities are usually not co-linear.

Fig. 1. Part of a transformer core with examples of field strength directions

Note that the magnetisation characteristics for directions other than RD have a shape that is
significantly different relative to the shape of a “classic” hysteresis loop (Fig. 2) [8–10]. This causes
significant difficulties in the calculation of the magnetic field distribution in the aforementioned
regions of the transformer cores because the hysteresis loops for particular directions of the
possible magnetisation processes differ from each other.

The measurements of hysteresis loops along different magnetisation directions were made
using the Epstein frame at a frequency of 3 Hz, which allows the effect of eddy currents to be
neglected. Strips for the Epstein frame were cut from the tested transformer sheet at assumed
angles with respect to the rolling direction.

The scientific literature contains papers that present hysteresis loops of the transformer sheets
for directions other than the RD; however, most often, these loops are a result of measurements,
not calculations using some model of magnetisation processes occurring in these sheets.
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Fig. 2. Hysteresis loops of the transformer sheet type M120-27S measured for seven
magnetisation directions every 15 degrees

2. Magnetisation processes in transformer steel sheets

Transformer steel sheets are produced as grain-oriented sheets, and the Goss texture is a
characteristic feature. Each iron crystal of the transformer sheet is cubic in shape and has three
easy magnetisation axes (Fig. 3) [11–14]. One is parallel to the rolling direction, and the two axes
are inclined at an angle of 45◦ with respect to the transformer sheet plane. This causes these sheets
to be most easily magnetised along the rolling direction. In other directions, the magnetisation
properties are significantly worse. When the direction of the field strength is not parallel to the RD,

Fig. 3. Iron crystal in a transformer sheet with the Goss texture
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magnetisation processes occur in varying degrees along each easy magnetisation axis. It should
be noted that the magnetisation process in iron crystals first occurs along the easy magnetisation
axes [100], [010], [001]. Note that the [010] and [001] axes are magnetically equivalent.

In typical transformer sheets, the process of rotation of the resultant flux density vectors of
individual magnetic domains towards the direction of the magnetic field strength begins when the
field strength is several hundred A/m. Therefore, for lower values of field strength, the resultant
flux density vector at any point on the given transformer sheet can be treated as the sum of the
flux densities along the RD ([100]) and along the transverse direction (TD), where the value of
this flux density is the sum of the flux densities along the axes [010] and [001] multiplied by
cos 45◦. The measured flux density value for a certain magnetisation direction is the projection
of the resultant flux density vector in the magnetisation direction. For both the RD and TD, the
flux density and field strength vectors are co-linear. The value and direction of the resultant flux
density vector cannot be determined directly. Changes in its value and direction depend on the
direction of magnetisation [8]. If any magnetisation process occurs at an angle less than 54.7 with
respect to the RD, the flux density along the TD initially increases as well. Because the algebraic
sum of the flux densities along the RD and TD cannot be higher than the saturation flux density
of the given transformer sheet, the flux density along the TD decreases and tends to zero when
the field strength increases. When the magnetisation angle is greater than 54.7 with respect to the
RD, the flux density value along the RD also increases initially. At high field strength values, the
direction of the resultant flux density vector is closer to the TD.

It should be emphasised that domains which create 180-degree walls are rebuilt into domains
which form the 90-degree walls [10]. The flux density vectors (or magnetisation vectors) of ‘new’
domains are parallel to one of the axes [010], [001]. During this domain rebuilding the resultant
flux density of the whole sheet sample increases relatively slowly, and the flux density begins to
increase faster after the end of this process.

3. Modelling of the magnetisation process in transformer sheets

The domain structure and its changes in the transformer steel sheets are frequently used to
model the magnetisation process in these sheets. In previous studies [15,16], the dependence be-
tween the magnetic properties of the transformer sheets and their domain structure was discussed;
however, the authors of these papers did not propose how to determine the hysteresis curves for
any direction of the magnetisation process. Similar comments apply to the works [17,18], which
proposed modelling the magnetisation process for two specific directions, that is, for the rolling
and transverse directions. However, the most useful of the proposals so far is the modelling
method of the magnetisation processes presented in [10], in which the hysteresis loops measured
and calculated for several magnetisation directions on the sheet plane are compared. However,
this study does not present a method for determining partial hysteresis loops for any direction
of the magnetisation process. Proposals on modelling magnetisation processes using tensor rela-
tionships were presented in [19, 20]; however, such an approach does not allow the correction of
model magnetisation processes for any direction of the field strength. In [21], a hysteresis operator
for the simulation of Goss-textured ferromagnetic materials was proposed, which is based on the
classic Stoner–Wohlfarth model.
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In the proposed approach of modelling the magnetisation process in the transformer sheets,
rotations of the flux density vectors towards the field strength direction are neglected because
such cases occur for relatively high field strength values. This implies that the changes in the
flux density only occur along three easy magnetisation axes of the iron crystals. The proposed
method refers to a static hysteresis loop. The impact of eddy currents is often included in
calculations by introducing an additional eddy current resistive network related to the magnetic
field network [22–24].

The proposed model enables calculation of the magnetisation process in transformer steel
sheets for any direction on the sheet plane. In further consideration, the easy magnetisation axes
are denoted as axes 1, 2 and 3, respectively, and the field strength and flux density along these
axes have appropriate indices. Let the direction of the magnetic field strength 𝐻𝛼 form an angle
𝛼𝐻 with respect to axis 1 (Fig. 4). The values of the field strength along axis 1 are equal to:

𝐻1 = cos𝛼𝐻𝐻𝛼 . (1)

The easy magnetisation axes, 2 and 3, are magnetically equivalent; therefore, the field strength
values of these axes can be written as follows:

𝐻2 = 𝐻3 = cos 45◦ sin𝛼𝐻𝐻𝛼 . (2)

The resultant flux density occurring on the sheet plane is the vector sum of the flux densities
along axes 1, 2, and 3. Because axes 2 and 3 are magnetically equivalent, it can be assumed
that at an angle of 45◦ to the sheet plane, one axis of easy magnetisation exists, and the flux
density along this axis, denoted as 𝐵23, is the sum of flux densities along axes 2 and 3. However,
it is not possible to determine the values of the resultant flux density vector on the basis of the
magnetisation curves measured along the rolling and transverse direction, because changes in
the flux density along the easy magnetisation axes depend on the direction of the magnetic field
strength.

Depending on the direction of the field strength, a process of rebuilding the domain structure
occurs in transformer sheets, which not only involves rebuilding of the 180-degree walls but also
the 90-degree walls [8,10]. The intensity of this rebuilding of the domain walls strongly depends
on the angle 𝛼𝐻 between the direction of the given field strength and the rolling direction (Fig. 4).

Fig. 4. Determination of the field strength value along easy magnetisation axes
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The higher the angle, the greater is the intensity. However, the rebuilding process has not been
sufficiently described quantitatively or qualitatively. Because of the occurrence of this process,
it is not recommended to consider the magnetisation characteristics in the rolling direction, as
shown in Fig. 2. When the directions of the field strength are different, some domains are under
rebuilding, and they cannot be considered for the given values of the field strength. Therefore,
in these cases, changes in the flux density along axis 1 should be determined separately for each
direction of the magnetic field strength. These dependencies are only determined to limit the
hysteresis loops for individual directions of the field strength.

The hysteresis limiting loop for each magnetisation direction should be determined because
the so-called minor hysteresis loops are inside the limiting loops. The limiting hysteresis loops
were determined based on the measured loop for the rolling direction (RD, axis 1) and the loop
for direction 23, which was determined on the basis of measurements in the transverse direction
(TD). It is assumed that when the magnetisation angle 𝛼𝐻 increases, the flux density along axis 1
changes more slowly, that is, the same flux density value occurs for higher values of field strength
𝐻1 with increasing magnetisation angle. For this purpose, the field strength values resulting from
Formula (1) are multiplied by an appropriately selected correction coefficient 𝑤1, which is equal
to 1 for 𝛼𝐻 = 0 and less than 1 for magnetisation angles greater than zero:

𝐻1𝛼 =
1
𝑤1

(
cos𝛼𝐻𝐻𝛼 ± 𝐻𝑐1

)
∓ 𝐻𝑐1 , (3)

where 𝐻𝑐1 is the coercive force of the hysteresis loop along the rolling direction.
When the field strength increases, in the first component of the last formula the sign “−”

occurs, and the second component has the sign “+”. However, when the field strength decreases,
the first component has the sign “+” and the second term has the sign “−”. This note applies to
all subsequent dependencies where the character “±” occurs.

A similar procedure was applied for direction 23; the correction coefficient 𝑤23 for this
direction was equal to 1 for 𝛼𝐻 = 90◦; for other angles, this coefficient was less than 1. The field
strength 𝐻23𝛼 along direction 23 is expressed as:

𝐻2𝛼 = 𝐻3𝛼 = 𝐻23𝛼 =
1
𝑤23

(
cos 45◦ sin𝛼𝐻𝐻𝛼 ± 𝐻𝑐23

)
∓ 𝐻𝑐23 , (4)

where 𝐻𝑐23 is the coercive force of the hysteresis loop along direction 23, which was determined
based on the hysteresis loop for the transverse direction.

To select the values of the correction coefficients 𝑤1 and 𝑤23 for the given magnetisation
angles, the hysteresis limiting loops should be calculated for different values of these coefficients,
and the values for which the calculated limiting loops are closest to the measurement loops
are selected. For this purpose, the least squares method is recommended. Figure 5 shows the
correction coefficients for magnetisation angles from 0◦ to 90◦. Determination of the coefficient
𝑤23 for magnetisation angles lower than 54.7◦ is not critical because the values of the flux density
along the TD are relatively small in a significant range of changes in field strength.

The correction coefficients for the other angles are determined based on a linear approximation
of the coefficients for the two angles closest to the given angle. Figure 6 shows hysteresis loops
along axes 1 and 23 for several magnetisation angles 𝛼𝐻 .
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The magnetic properties of iron crystals show that the sum of flux density 𝐵1 along axis 1
and 𝐵23 along axis 23 cannot be greater than the saturation flux density 𝐵sat. Hence:

abs(𝐵1) + abs(𝐵23) ≤ 𝐵sat . (5)

Fig. 5. Values of the correction coefficients 𝑤1 (black line) and 𝑤23 (red line)
for several magnetisation angles

(a)



862 M. Sierżęga, W. Mazgaj Arch. Elect. Eng.

(b)

Fig. 6. Limiting hysteresis loops for several magnetisation angles 𝛼𝐻 along: (a) axis 1; (b) axis 23

Therefore, condition (5) should be checked during the determination of the limiting loops. If
the sum of the flux densities is greater than 𝐵sat, then for increasing field strength values, the flux
density 𝐵23 decreases if the magnetisation angle is less than 54.7◦; otherwise, the flux density
𝐵1 decreases and 𝐵23 increases simultaneously. The algorithm used to determine the limiting
hysteresis loops is illustrated in Fig. 7.

Before starting the calculations of the limiting hysteresis loop for any magnetisation angle, the
following data should be entered: the measured limiting hysteresis loops 𝐵𝑅𝐷 = 𝑓𝑅𝐷 (𝐻𝑅𝐷) and
𝐵𝑇 𝐷 = 𝑓𝑇 𝐷 (𝐻𝑇 𝐷) for both the rolling and transverse directions, the maximum value 𝐻max of the
field strength, an assumed field strength increase Δ𝐻, and values of the correction coefficients 𝑤1
and 𝑤23 for the given magnetisation angle. The hysteresis loop for direction 23 was determined
based on the hysteresis loop measured along the transverse direction. For successive values of the
field strength 𝐻𝛼 along the given magnetisation direction, the field strengths 𝐻1 and 𝐻23 were
determined, and then the flux density values along these directions were determined:

𝐵1 = 𝑓𝑅𝐷 (𝐻1𝛼) = 𝑓𝑅𝐷

[
1
𝑤1

(cos𝛼𝐻𝐻𝛼 ± 𝐻𝑐1) ∓ 𝐻𝑐1

]
, (6)

𝐵23 =
1

cos 45◦
𝑓𝑇 𝐷 (𝐻23𝛼) =

1
cos 45◦

𝑓𝑇 𝐷

[
1
𝑤23

(cos 45◦ sin𝛼𝐻𝐻𝛼 ± 𝐻𝑐23) ∓ 𝐻𝑐23

]
. (7)

For each value of field strength 𝐻𝛼, condition (5), which refers to the saturation state, should
be checked. If this condition is satisfied, calculations are performed for the next value of the field
strength. Otherwise:

𝐵23 = sign(𝐻23)𝐵sat − 𝐵1 if 𝛼𝐻 ≤ 54.7◦, (8a)
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or
𝐵1 = sign(𝐻1)𝐵sat − 𝐵23 if 𝛼𝐻 ≥ 54.7◦. (8b)

Fig. 7. Determination of the limiting hysteresis loops

4. Examples of modelling of magnetisation processes

It is necessary to determine minor hysteresis loops for any value of the magnetic field strength
in the calculation of magnetisation processes in transformer steel sheets. For this purpose, the
Preisach hysteresis model or the Jiles-Atherton model has been proposed for use in [25–27]. How-
ever, both models have disadvantages, as discussed in [28]. In the proposed approach to modelling
the magnetisation processes, the method of approximation of hysteresis changes presented in [29]
was applied. This study extensively describes how to determine minor hysteresis loops for any
field strength value, and the model of the magnetisation process in transformer steel sheets can be
universal when it allows the determination of changes in flux density for any value and direction
of the field strength. Therefore, for magnetisation angles for which measurements have not been
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performed, the correction coefficients 𝑤1 and 𝑤23 should be selected such that the differences
between the measured and calculated loops are as small as possible.

For the given magnetisation direction and the given value of the field strength 𝐻𝛼, projections
of this field strength on axis 1 and direction 23 are calculated, and the flux density 𝐵1 along axis 1
and flux density 𝐵23 along direction 23 are determined. Further, the value of the flux density
vector 𝐵𝛼 for a given magnetisation direction is determined as follows:

𝐵𝛼 = cos𝛼𝐵1 + cos 45◦ sin𝛼𝐵23 . (9)

Calculations of values 𝐵𝛼 allow the comparison of the calculated flux densities with the mea-
sured values for the given magnetisation angle, and this is the basis for verifying the correctness
of the proposed model of the magnetisation process in transformer sheets.

One of the main purposes of calculating the magnetisation processes is to determine the
changes in the resultant flux density vector, particularly in the corners and T-joint points of
transformer cores. This vector is the geometric sum of the flux densities along directions 1 and
23, and its length 𝐵𝛼res is equal to:

𝐵𝛼res =
cos 45◦𝐵23

sin𝛼res
, (10)

where 𝛼res denotes the angle between the direction of the resultant flux density vector and the
rolling direction.

The angle 𝛼res on the sheet plane can be determined as follows:

𝛼res = arctan
(
cos 45◦𝐵23

𝐵1

)
. (11)

Exemplary calculations were performed for the magnetisation angle of 30◦ and 60◦. Figure 8
shows the measured and calculated limiting and minor hysteresis loops. Figure 9 shows the
changes in flux density along axes 1 and 23 for the same values of magnetisation angle.

When the magnetisation angle is 30◦ then at the field strength of about 256 A/m
(𝐻1 = 221 A/m, 𝐻23 = 91 A/m) the sum of the flux densities 𝐵1 and 𝐵23 is equal to 𝐵sat.
The changes in the flux density 𝐵1 along axis 1 are predominant. The flux density 𝐵1 increases
to 𝐵sat, and 𝐵23 decreases to zero. At the magnetization angle 60◦, the flux density 𝐵1 decreases
to zero, and 𝐵23 increases to 𝐵sat when the field strength is higher than 186 A/m (𝐻1 = 93 A/m,
𝐻23 = 114 A/m). In this case, the changes in the flux density 𝐵23 along axis 23 have a decisive
influence on this magnetization process.

Note that the flux density along the transverse direction TD on the sheet plane is equal to the
flux density 𝐵23 multiplied by cos 45◦. This nature of changes in the flux densities along axis 1
(rolling direction) and axis 23, which forms an angle of 45◦ with the transverse direction on the
sheet plane, was discussed in [8] and partially confirmed by measurements [30, 31].

When the saturation flux density 𝐵sat is reached during the magnetisation process at an angle
of 30◦ (Fig. 9(a)), the lower limiting curve 𝐵23𝑟 becomes the upper curve and vice versa. After
reaching the saturation state, flux density 𝐵23 changes according to the limiting curve 𝐵23𝑟 with
increasing field strength values. If the field strength starts to decrease, flux density 𝐵23 moves
to curve 𝐵23𝑑 . When the algebraic sum of flux densities 𝐵1 and 𝐵23 is lower than 𝐵sat, flux
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(a)

(b)
Fig. 8. Limiting and minor hysteresis loops for the magnetisation angle: (a) 30◦; (b) 60◦;

continuous lines – calculated loops, dashed lines – measured loops

density 𝐵23 changes only along the limiting curve 𝐵23𝑑 . Similar changes were observed for the
flux density 𝐵1 when the magnetisation angle was 60◦ (Fig. 9(b)).

The hysteresis loops of the resultant flux densities for magnetisation angles of 30◦ and
60◦ are shown in Fig. 10. These loops differ from those calculated and measured along the
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magnetisation angles, and, as mentioned earlier, the flux density along the magnetisation direction
is the projection of the resultant flux density vector onto the magnetisation direction.

Certain ‘teeth’ that appear on the resultant hysteresis loop for the magnetisation process at an
angle of 60 degrees require an explanation. These small ‘teeth’ appear when the sum of the flux

(a)

(b)
Fig. 9. Limiting and minor hysteresis loops along axes 1 and 23 for the magnetisation angle: (a) 30◦;
(b) 60◦; 𝐵1𝑟 , 𝐵23𝑟 – flux densities for increasing field strength along direction 1 and 23, respectively, 𝐵1𝑑 ,
𝐵23𝑑 – flux densities for decreasing field strength along direction 1 and 23, respectively, continuous lines –

limiting hysteresis loops, dashed lines – minor loops
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density in axes 1 and 23 is close to the saturation flux density. This is because 𝐵1 decreases as
soon as the sum of 𝐵1 and 𝐵23 equals 𝐵sat.

The direction of the resultant flux density vector is not constant and depends on the magnetic
field strength. Consequently, the magnetisation process in transformer steel sheets cannot be

(a)

(b)
Fig. 10. Hysteresis loops of the resultant flux density and hysteresis loops along the magnetisation direction
for the angle: (a) 30◦; (b) 60◦; black lines – calculated loops of the resultant flux density, red lines – calculated
loops of the flux density along the magnetisation direction, continuous lines – limiting loops, dashed lines

– minor loops
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treated as the axial magnetisation when the field strength direction is different from the rolling
and transverse direction. This should be taken into account during calculations of changes in flux
density in the corners and T-joint points of the transformer cores, especially during estimation of
losses in these areas.

5. Conclusions

The proposed modelling of the magnetisation process for any direction in the transformer
sheets requires only measurements of the limiting hysteresis loops in both the rolling and transverse
directions. In addition, hysteresis loops should be determined for several selected angles in order
to properly determine the correction coefficients which allows the determination of changes in the
flux density along the three easy magnetisation axes of the iron crystal. This approach simplifies
the modelling of the magnetisation process for any direction on the sheet plane because there is
no need to store magnetisation loops for all possible directions in the computer memory.

To properly select the correction coefficients that allow the determination of changes in the
flux density along the easy magnetisation axes for any magnetisation direction, only the hysteresis
limiting loops for a few selected magnetisation directions should be measured.

Assuming that the flux density changes along the easy magnetisation axes are the basis for
modelling the magnetisation processes in transformer sheets, it is easy to determine the resultant
flux density vector, which cannot be measured. This vector is the sum of the flux density along
the rolling direction and the flux densities along the easy magnetisation axes, which form a 45◦
angle with respect to the sheet plane.

Due to the Goss texture, the magnetic field strength and flux density vectors are co-linear
only for magnetization along the rolling direction or transverse direction of the given transformer
sheet. Then the hysteresis losses are equal to the area of the hysteresis loop for one of these
directions. In other cases, hysteresis losses, especially in the corners and areas of T-joint points
of the transformer cores, should be determined using the general formula on hysteresis losses
for any magnetization process [8, 32]. As mentioned in the introduction, the magnetic hysteresis
can be taken into account in the methods based on the integral form of Maxwell’s equations.
The dependences between the magnetic flux density and field strength for individual elementary
segments of the division of the magnetic field area are introduced into the equations of the
magnetic field distribution [29].
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