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ABSTRACT

Provided are an elastic matrix determination method and
a vibration analysis method for a laminated iron core, with
which it is possible tooptimally determine an elastic modulus
of a laminated iron core. When a vibration analysis of a
laminated iron core (21) obtained by laminating steel sheets
(22) 1is performed by using a configuration expression
indicating a relationship between stress and strain in a
matrix display by using an elastic matrix, a shear modulus
in two surfaces including a laminating direction of the
laminated iron core (21) included in the elastic matrix in
the configuration expression is determined in consideration

of slip between laminated steel sheets (22).

_33_
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DESCRIPTION

ELASTIC MATRIX DETERMINATION METHOD AND VIBRATION ANALYSIS

METHOD FOR LAMINATED IRON CORE

Technical Field
[0001]

The present invention relates to an elastic matrix
determination method and a vibration analysis method in a
configuration expression indicating a relationship between
stress and strain in elastic deformation of an iron core
applied when a vibration analysis of the laminated iron core

such as a transformer iron core 1is performed.

Background Art
[0002]

A transformer such as a power distribution transformer
is configured by winding coils around a laminated iron core
in which electrical steel sheets are laminated. Performance
that is important as the transformer includes iron loss
(no-load loss) characteristics, magnetostrictive current
characteristics, noise characteristics, and the like.

The power distribution transformer is installed in
various places. Particularly, the transformer installed in
an urban area is strongly required to have low noise. Thus,
in recent years, in particular, the noise characteristics
have become increasingly important in consideration of a

surrounding environment where the transformer is installed.
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A grain orientated electrical steel sheet is often used
as an iron core material of the transformer. The grain
orientated electrical steel sheet has material expansion and
contraction due to excitation called magnetostriction, and
the magnetostrictive vibration under excitation is said to
be a main cause of transformer noise. Therefore, the
transformer noise performance is considered to strongly
depend in the magnetostriction performance of the electrical
steel sheet to be used, and when a low-noise transformer is
manufactured, the electrical steel sheet having the low
magnetostriction characteristics is used as an iron core
material.

[0003]

However, despite the fact that the iron core is
manufactured by actually using the electrical steel sheet
having excellenl magneloslriction performance, there are
many cases where sufficient transformer low noise
characteristics cannot be obtained. When a cause of such an
occurrence i1s investigated, there are many cases considered
to be a resonance phenomenon between a natural frequency of
the transformer iron core and a magnetostrictive vibration
of the electrical steel sheet. Therefore, it is extremely
important to calculate and predict mechanical vibration
characteristics including the natural vibration of the
transformer iron core in designing and manufacturing the
transformer.

Therefore, an analysis device and an analysis method are

proposed in which a nodal force of each node of the finite
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element or equivalent to a strain of each finite element

according to a magnetic flux density given to an electrical
component based on a numerical analysis model expressed in
a combination of a plurality of finite elements in a finite
element analysis having an electrical component including a
magnetic material in which the magnetostriction occurs (for

example, see PTL 1).

Citation List
Patent Literature
[0004]

PTL 1: JP 2014-71689 A

Summary of Invention

Technical Problem
[0005]

However, the related art described in PTL 1 described
above uses a governing expression of a structural analysis
configured of an equilibrium of force, a configuration
expressionillustrating a relationbetween stress and strain,
and a relational expression of displacement and strain to
perform a quasi static structural analysis.

Of these, a configuration expression illustrating a
relationship between a stress tensor {o} and a strain tensor
{e} is represented by

{c}={D} {e¢} ({}indicates a tensor).

Date Regue/Date Received 2020-07-20
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Here, {D} is a tensor representing the relationship
between strain and stress. When components are displayed,
it becomes like the expression (1).

[0006]

[Math. 1]

0 =EID gy v ()

[0007]

In the expression, {D} has 81 components, and {c} and
{e} each have 9 components. Here, since the tensor as a
physical quantity is a symmetric tensor, independent
components of {o} and {¢} are respectively 6 components.
Therefore, the configuration expression is represented by the
following matrix.

[c]=[D] [¢] ([] indicates a matrix. [D] is called an
elastic matrix.)
When the components are displayed, a result is as illustrated

in expression (2).

[0008]
[Math. 2]
-Ck; I ] éX;
Oyy Eyy
Jzz &1z
=| Dy - ()
Tzx E7x
O-Xy_ L 1 Exy
[0009]

A relationship between a vertical stress o©i and a

vertical strain g; is expressed by using the elastic matrix
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[D], and a relationship between a shear strain 1i5 and a shear
strain vij 1s expressed by using a modulus of rigidity G.

However, in the related art described above, there is
no description about setting of the elasticmatrix [D] or the
modulus of rigidity G, and there is no description on how to
determine the elastic matrix [D] or the modulus of rigidity
G. However, in general, the elastic modulus of a member such
as the electrical steel sheet constituting the electrical
component to be subjected to structural analysis is often
applied as it is.

[0010]

In this case, when a mechanical vibration calculation
result of the electrical component to be subjected to the
structural analysis is compared with a result of an actual
measurement of the mechanical vibration, it is known that
there is a large difference belween a calculaled value and
the actual measurement value.

In order to suppress the difference between the
calculated value and the actual measurement value, it is
necessary to make a prototype of the electrical component to
be subjected to the structural analysis and measure the
elastic modulus. That is reversing the logical order of
things and it is difficult to reflect the structural analysis
by a structural analysis program on a design of the electrical
component.

Therefore, the present invention has been made in view
of the problems described above of the related art, and an

object the present invention is to provide an elastic matrix
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determination method and a vibration analysis method for a
laminated iron core, with which it is possible to optimally
determine an elastic modulus of a laminated iron core.

Solution to Problem
[0011]

In order to solve the above problems, the gist of the
present invention is as follows.

[1] An elastic matrix determination method including:
determining, when a vibration analysis of a laminated iron
core obtained by laminating steel sheets is performed by using
a configuration expression expressing a relationship between
stress and strain in a matrix display, a shear modulus in two
surfaces including a laminating direction of the laminated
iron core included in an elasticity matrix in the
configuration expression, in consideration of slip between
laminated steel sheets.

[2] The elastic matrix determination method according
to [1], further including: creating an iron core for testing
obtained by laminating steel sheets; measuring an actual
measurement value of a natural frequency by vibrating the
created iron core for testing in a laminating direction;
estimating, in consideration of slip between the laminated
steel sheets, a relationship between the shear modulus and
the natural frequency by performing a structural analysis
plurality times by taking, as a parameter, the shear modulus
for the iron core for testing; and determining the shear

modulus from a relationship between the shear modulus and the
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natural frequency estimated by using the actual measurement
value of the natural frequency.
[0012]

[3] The elastic matrix determination method according
to [1l], further including: forming an iron core for testing
obtained by laminating steel sheets, and measuring an actual
measurement value of a natural frequency by vibrating the iron
core for testing in a laminating direction; measuring, in
consideration of slip between the laminated steel sheets, a
relationship between the shear modulus, an elastic modulus,
and the natural frequency by performing a structural analysis
plurality times, by taking, as individual parameters, the
shear modulus and the elastic modulus, for the iron core for
testing; and determining the shear modulus and the elastic
modulus from a relationship between the shear modulus, the
elaslic modulus, and Lhe nalural frequency measured by using
the actual measurement value of the natural frequency.

[4] The elastic matrix determination method according
to any one of [1] to [3], in which the laminated iron core
is configured by laminating a plurality of electrical steel
sheets.

[5] The elastic matrix determination method according
to [4], in which the laminated iron core is a laminated iron
core for a transformer.

[0013]

[6] Avibration analysis method for a laminated iron core

including: performing a vibration analysis of a laminated

iron core obtained by laminating steel sheets by
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incorporating a shear modulus determined by the elastic
matrix determination method according to any one of [1] or
[2] into an elastic matrix of a configuration expression in
which a relationship between stress and strain is expressed
by a tensor display using a response function.

[7] Avibration analysis method for a laminated iron core
including: performing a vibration analysis of a laminated
iron core obtained by laminating steel sheets by
incorporating a shear modulus and an elastic modulus
determined by the elastic matrix determination method
according to [3] into an elastic matrix of a configuration
expression in which a relationship between stress and strain
is expressed by a tensor display using a response function.

[8] The vibration analysis method for a laminated iron
core according to [6] or [7], in which the laminated iron core
is an iron core for a transformer, oblained by laminating a
plurality of electrical steel sheets.

Advantageous Effects of Invention
[0014]

According to the elasticmatrix determination method for
a laminated iron core according to the present invention, it
is possible to suppress a difference between the actual
measurement value and the calculated value of the vibration
characteristics by appropriately setting, in consideration
of slip between laminated steel sheets, the elastic modulus
of the configuration expression in which the relationship
between stress and strain is indicated by using the vibration

analysis.
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In addition, the vibration analysis method for a laminated
iron core according to the present invention can improve an
accuracy of the vibration analysis by performing the vibration
analysis by incorporating a properly set elastic modulus to the
configuration expression.

According to an aspect of the present invention, there is
provided an elastic matrix determination method for: a
vibration analysis of a laminated iron core, wherein the
laminated iron core is obtained by laminating steel sheets, the
vibration analysis is performed by using a configuration
expression expressing a relationship between stress and strain
via the elastic matrix, and the elastic matrix determination
method determines a shear modulus in a plane including a
laminating direction of the laminated iron core, the shear
mcdulus being included in the elastic matrix, wherein the
elastic matrix determination method determines the shear
modulus in consideration of slip between laminated steel sheets
and further comprises: creating a rectangular parallelepiped
iron core for testing obtained by laminating steel sheets;
supporting a center with respect to the created rectangular
parallelepiped iron core for testing, and measuring an actual
measurement value of a natural frequency by vibrating in a
laminating direction; estimating, in consideration of slip
between the laminated steel sheets, a relationship between the
shear modulus and the natural frequency by performing a
structural analysis a plurality of times by taking the shear
modulus as a parameter, the structural analysis being carried
out using structural analysis software for the rectangular
parallelepiped iron core for testing, the structural analysis
software being installed in a vibration analysis device

including a computation processing device having a CPU; and

- 9 -
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determining the shear modulus from a relationship between the
shear modulus and the natural frequency estimated by using the
actual measurement value of the natural frequency.

According to another aspect of the present invention, there
is provided a vibration analysis method for a laminated iron
core comprising: performing a vibration analysis of a laminated
iron core obtained by laminating steel sheets by incorporating
the shear modulus determined by the elastic matrix
determination method as described herein into an elastic matrix
of a configuration expression in which a relationship between
stress and strain is expressed by a tensor representation using

a response function.

Brief Description of the Drawings
[0015]

FIG. 1 is a configuration diagram illustrating a vibration
analysis device applicable to the present invention.

FIG. 2 is a perspective view illustrating an iron core of a
3-phase and 3-leg transformer.

FIGS. 3A, 3B, 3C, and 3D are characteristic diagrams
illustrating vertical stress and shear stress.

FIG. 4 is a flowchart illustrating a procedure of an
elastic modulus determination method in a configuration
expression of a laminated iron core.

FIG. 5 is a schematic view illustrating a natural vibration
mode of the iron core of the 3-phase and 3-leg transformer.

FIGS. 6A and 6B are characteristic diagrams illustrating a
relationship between a shear modulus, an elastic modulus, and a

natural frequency.

Description of Embodiments

[0016]
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Hereinafter, embodiments of an elastic matrix
determination method for a laminated iron core and a vibration
analysis method for the laminated iron core according to the
present invention will be described with reference to the
drawings. The drawings are schematic and may differ from
actual ones. In addition, the following embodiments
illustrate a device and a method for embodying the technical
idea of the present invention, and do not limit the
configuration to the following. That is, the technical idea
of the present invention can be variously modified within the
technical scope described in the claims.

[0017]

As 1llustrated in FIG. 1, the vibration analysis device
10 includes a computation processing device 12 having a CPU
11. The CPU 11 is connected to an internal storage device
14 such as a RAM and a ROM, an exlernal slorage devlice 15,
an input device 16 such as a keyboard and a mouse, and an output
device 17 for outputting image data to a display via an
internal bus 13.

The external storage device 15 includes a readable disk
drive such as a hard disk drive or a solid state drive, and
a drive device such as a CD, a DVD, or a BD for reading data
from a recording medium. A recording medium 18 storing a
commercially available vibration analysis program is set in
the external storage device 15, and the read vibration
analysis program is installed in a disk drive. The

installation of the vibration analysis program is not limited

- 10 -
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to a case where the recording medium 18 is used, and the
vibration analysis program may be downloaded via a network.
[0018]

The CPU 11 performs a vibration analysis by using the
finite element method using input data for analysis input
according to an installed vibration analysis program, and
outputs and displays, on a display, an analysis result such
as a natural frequency according to a vibration mode from the
output device 17. The analysis result is not limited to being
displayed in the display, but can be printed by a printer or
transmitted via a network.

A laminated iron core 21 to be analyzed in the present
embodiment is, for example, a laminated iron core for a
3-phase and 3-leg transformer used as a power distribution
transformer. As illustratedinFIG. 2, for example, 333 grain
orienlaled eleclrical sleel sheets 22 having a thickness of
0.3 mm and three leg portions 22c¢c connected to each other
between an upper yoke 22a and a lower yoke 22b are laminated,
and fixed by winding a glass tape.

[0019]

As an example, dimensions of the upper yvoke 22a and the
lower yoke 22b are set to width of 100 mm x length of 500 mm.
Dimensions of the three legs 22c are set to width of 100 mm
x length of 300 mm, and the three legs 22¢ are connected between
the upper yoke 22a and the lower yoke 22b at intervals of 100
mm.

When the vibration analysis of the laminated iron core

21 of such a 3-phase and 3-leg transformer is performed, a

_ll_
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configuration expression is used illustrating a relationship
between stress and strain, which is a governing equation of
a structural analysis.

The configuration expression is represented by the
following expression (3) when a laminated material is
replaced with an equivalent homogeneous body and an influence

of the lamination is expressed by a value of the elastic

matrix.
[0020]
[o]l=[C] [e]l ... (3)
Here, [o] is a stress matrix, [C] is an elastic matrix

(stiffnessmatrix) as a response function, and [¢] is a strain
matrix.

Here, assuming that a laminating direction of the steel
sheets is a Z direction, one of a two-dimensional plane
orlLhogonal Lo Lhe Z direclion is an X direction, and the other
is a Y direction. As illustrated in FIGS. 3A to 3D, vertical
components of the stress matrix [c] are represented by a
vertical stress ox in the X direction, a vertical stress oy
in the Ydirection, anda vertical stress oz inthe Z direction,
and shear components are represented by a shear stress 1zx
in a ZX plane, a shear stress 1yz in a YZ plane, and a shear
stress 1xy in an XY plane.

[0021]

Similarly, vertical components of the strain matrix [¢]
are represented by a vertical strain e¢x in the X direction,
a vertical strain ¢y in the Y direction, and a vertical strain

ez in the Z direction, and shear components are represented

_12_
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by shear strain yzx in the ZX plane, shear strain yyz in the
YZ plane, and a shear strain yxy in the XY plane.

The elastic matrix [C] is represented by 36 elastic
moduli Ciy (i=1 to 6, j=1 to 6).

When these are displayed in a matrix, the following

expression (4) is obtained.

[0022]
[Math. 3]
0x| [C11C12C13C14C15Cig][ex |
Oy | |G12C22 023 G4 G25 Gogl €y | 4
0z | _|G13 C23 C33 Caa O35 Cae| [£ 2 | | Vertical components. i
Tyz| 1G14 C24 C34 G4 C45 Cas| Yyz lshear components
Tzx| |G15 C25 C35 Cas Css Csel |V zx
| Txy] |C16 C26 C36 Gas Cs6 Gl [¥xy)
[0023]

Since the laminated iron core is manufactured by
laminating grain orientated eleclrical sleel sheels, il has
the mechanical symmetry of the laminated iron core, and also
has 180 degree symmetry in a longitudinal direction of the
laminated steel sheet and in a direction perpendicular
thereto. Therefore, as an anisotropic classification, an
orthotropic anisotropy is provided. Therefore, an object
having the orthogonal anisotropy can be basically represented
by a total of 9 elastic moduli of Ci1, Ciz, Ci3, Cz2, C23, Cszsz,
Caa, Css, and Ces as illustrated in the following expression
(5).

[0024]

[Math. 4]

- 13 -
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Ox| {C11C12Ci30 0 0 |[|ex

gy | [Gi2Goo Co30 0 O |ley

02| _[C13C23 Ca30 0 0 ||z Tverﬁcal components
Tyzl {0 0 0 Caq0 O [|1yz lshear components

Tzx |0 0 0 0 Cs5 0 |(¥ax

Txy) |0 0 0 0 O Cegfrxy

1=y, Vyy Yx T Vox Vyz ‘
Cii=—" -+ = (6) Cpp=—FT—""" - (7
"TTEE,A 2= R E, A
Vaxt Vyx Vay 1= Vxz Vax
C oy ———— L] L] 8 C R e —am—— » m - (9)
13 £, A 8 Co ELE A
Vzyt+ vy Vox 1= vxy Vyx |
Coy= = 2 (10) Cizg=—————— -« = -+ (11
23 EEy A B=EE A (1
_ 1= Vxy Yyx— Vxz Vax— Viy Wz =2 Vyx Vzy Vox (1)

E(E,E;
[0025]

Among Lhem, Lhe elaslic moduli Cii, Ci2, Ci3, C22, C23, and

Cs3 can be calculated by expressions (6) to (12) according

5 to the elastic moduli Ex, Ey, and Ez, and Poisson's ratios
VXY, VYX, VyzZ, Vvzy, vzx, and vxz.

Here, Ex is the elastic modulus (Young's modulus) in the

X direction, Ey is the elastic modulus (Young's modulus) in

the Y direction, vxy is the Poisson's ratio in the XY plane,

10 wvyx is the Poisson's ratio in the YX plane, and vyz is the

Poisson's ratio in the YZ plane, and vzy is the Poisson's ratio

in the ZY plane, vzx is the Poisson's ratio in the ZX plane,

and vz is the Poisson's ratio in the XZ plane. The elastic

modulus C44 1s a shear modulus Gyz in the YZ plane, the elastic

15 modulus Css is a shear modulus Gzx in the ZX plane, and the

_14_
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elastic modulus C66 is a shear modulus Gxy in the XY plane.
The elastic moduli Ex and Ey can be set to be equal to the
elastic moduli Ex0 and Ey0 of one steel sheet, but the elastic
modulus Ez cannot be set to be substantially equal to the
elastic modulus Ez0O of one steel sheet. The reason is that
there is a slight gap between the laminated steel sheets.
[0026]

Also, the shear modulus Gxy in the XY plane can be
set equal to the shear modulus Gxy0 of one steel sheet, but the
shear modulus Gzx in the ZX plane and the shear modulus Gyz in
the YZ plane cannot be set to the shear moduli Gzx0 and GyzO0 of
one steel sheet as they are.

The reason is that, in the laminated steel sheet,
since slip occurs in the X direction and the Y direction
orthogonal to the laminating direction at the interface between
the respective laminated steel sheets, an influence of the slip
between the steel sheets needs to be reflected in the shear
moduli Gzx and Gyz.

Therefore, in the elastic matrix, it is important to
determine the elastic modulus Ez, the shear modulus Gzx in the
ZzX plane, and the shear modulus Gyz in the YZ plane, in the
vibration analysis using the relational expression of stress
and strain of the laminated iron core.

[0027]

However, in order to make the shear modulus Gzx in
the ZX plane and the shear modulus Gyz in the YZ plane reflect
the influence of slip between steel sheets, a laminated iron

core for the 3-phase and 3-leg transformer is actually
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manufactured and an accurate shear moduli Gzx and Gyz have
to be measured. However, if the measured natural frequency
of the manufactured laminated iron core for the 3-phase and
3-leg transformer does not coincide with a natural frequency
to be target, it is necessary to remanufacture the iron core.
It is difficult to manufacture an iron core of which the
natural frequency coincides with the natural frequency to be
target by repeating the process.

Thus, in the present embodiment, the elastic matrix
determination method is performed according to a procedure
illustrated in FIG. 4 to determine, in consideration of the
elastic modulus and slip in the laminating direction, the
shear modulus between the laminated electrical steel sheets.
[0028]

To determine the elastic matrix, instead of
manufacturing the iron core ilsell, [irsl, an iron core [or
testing using a same electrical steel sheet as the iron core
is manufactured (step S1). For example, a rectangular
parallelepiped iron core for testing is manufactured by
laminating, for example, 20 sheets of grain orientated
electrical steel sheets each having a thickness of 0.3 mm,
a width of 30 mm, and a length of 280 mm and a glass tape is
wound thereon to be fixed.

Here, a shape of the iron core for testing is not limited
to the rectangular parallelepiped. Not only a rectangular
parallelepiped, but also a corner may be rounded, a notch or
a cutout may be partially formed, and it may not necessarily

be a rectangular parallelepiped. Further, an iron core

- 16 -
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formed by laminating elliptical electrical steel sheets may
be used.
[0029]

Hereinafter, details of the present invention will be
described using the iron core for testing as the rectangular
parallelepiped iron core.

Next, an impedance head for measuring an acceleration
and a force is attached between the created rectangular
parallelepiped iron core for testing and a vibrator, and the
natural frequency is measured while the rectangular
parallelepiped iron core for testing is supported at a center
(step S2). With a vibration direction as the steel sheet
laminating direction, the natural frequencies of a primary
mode and a higher order mode of a bending vibration at a center
support (both ends free) are obtained. In the case of the
center support, the higher order mode becomes a Lhird mode.

A support position at this time may be center support
(bothends free) or both ends support (center free). Further,
one end of the iron core for testing may be fixed and the other
end may be free.

[0030]

Next, natural vibration analysis of the iron core for
testing is performed by using structural analysis software
installed in the vibration analysis device 10. First,
assuming that the elastic modulus Ez is equal to that of one
steel sheet used for the iron core for testing, a primary
approximation value of the elastic modulus Ez is set to Ezl

(step S3).
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Then, based on a result of performing the structural
analysis plurality times while changing a value by taking,
as a parameter, the shear modulus G, with the shear modulus
Gyz=Gzx=G of the iron core, the relationship between the shear
modulus G and the natural frequency is measured, and a
characteristic diagram illustrated in FIG. 6A is created.

The characteristic diagram is obtained by making the
shearmodulus Gin a horizontal axis and the natural frequency
in a vertical axis. The relationship between the shear
modulus G and the natural frequency of the iron core for
testing in the primary mode and the third mode in the bending
vibration mode at both ends free is illustrated.

[0031]

Next, the actual measurement values of the natural
frequencies of the primary mode and the third mode in the
characteristic diagram of FIG. 6A are given, and each shear
modulus G is calculated. Therefore, the primary
approximation value of the shear modulus G can be determined
(step S54).

For example, an average value of the shear moduli Gla
and Glb of the primary mode and the third mode can be set to
a primary approximation value Gl (Gl=(Gla+Glb)/2) of the
shear modulus G.

Next, a secondary approximation value of the elastic
modulus Ez is obtained by using the primary approximation
value Gl of the shear modulus G obtained in step S4. This
is the same as the case where the approximation value of the

shear modulus G is obtained. Based on the result of

- 18 -

Date Regue/Date Received 2020-07-20



10

15

20

25

CA 03089090 2020-07-20

performing the structural analysis plurality times while
changing a value by taking, as a parameter, the elastic
modulus Ez, with the shear modulus G being a primary
approximation value Gl, a relationship between the elastic
modulus Ez and the natural frequency is measured, and a
characteristic diagram illustrated in FIG. 6B 1is created.
The actual measurement values of the natural frequencies in
the primary mode and the third mode are given to the
characteristic diagram of FIG. 6B, and a secondary
approximation value of the elastic modulus Ez can be
determined (step S5).

[0032]

For example, an average value of the elastic moduli Ez2a
and Ez2b in the primary mode and the third mode can be set
to a secondary approximation value Ez2 (Ez2=(Ez2a+Ez2b)/2)
of the elaslic modulus Ez.

Then, operations of determining a (n+l)th order
approximation value of the shear modulus G using the nth order
approximation value of the elastic modulus Ez determined in
step S5 as the elastic modulus Ez of the structural analysis
in step S4, and determining a (n+2)th order approximation
value of the elasticmodulus Ez in step S5 using the determined
(n+l)th order approximation value of the shear modulus G are
repeated. Therefore, since the measurement value of the
natural frequency is invariable, the elastic modulus Ez and
the shear modulus G that coincide with or substantially

coincide with the actual measurement values of the natural
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frequencies in the primary mode and the third mode can be
determined (step S6).
[0033]

Next, the natural vibration analysis of the iron core
of the 3-phase and 3-leg transformer having the shape
illustrated in FIG. 2 is performed by using the structural
analysis software installed in the vibration analysis device
10 (step S7). BAmong the mechanical elastic moduli of the iron
core of the 3-phase and 3-leg transformer, the elastic modulus
Ez, and the shear moduli Gyz and Gzx are values determined
by the elastic matrix determination method described above.
Other values of the mechanical elastic moduli are calculated
by incorporating the mechanical elastic modulus of the grain
orientated electrical steel sheet into the expression (5)
described above.

Thus, it can be seen that Lhree nalural vibralion modes
exist, that is, a mode A in which left and right magnetic legs
are twisted in an opposite direction with respect to a center
magnetic legillustratedin FIG. 5, a mode B in which the three
magnetic legs buckle, and a mode C in which an upper yoke bends
backward, and a lower vyoke buckles forward. The natural
frequency in each mode can be calculated.

[0034]

In the above description, since the natural frequency
of the rectangular parallelepiped iron core for testing was
measured at the center support, the natural vibration was set
in the primary mode and the third mode. However, the

vibration mode differs depending on the supporting method.
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For example, if both ends are supported, the primary mode and
the secondary mode are set. Therefore, the secondary or
higher order mode of the natural vibration may be
appropriately selected depending on the supporting method.

In the above description, the primary approximation
value of the elastic modulus Ez is assumed, and the primary
approximation value of the shear modulus G is obtained from
the relationship between the shear modulus G and the natural
frequency, and the secondary approximation value of the
elastic modulus Ez is obtained. However, it goes without
saying that this order may be reversed, the primary
approximation value of the shear modulus G is fixed, and the
primary approximation value of the elastic modulus Ez is
obtained, and the secondary approximation value of the shear
modulus G may be obtained based thereon.

[Example]
[0035]

First, a rectangular parallelepiped iron core for
testing was manufactured by forming a same grain orientated
electrical steel sheet as the grain orientated electrical
steel sheet having a thickness of 0.3 mm using in iron core
of the 3-phase and 3-leg transformer to be analyzed, in a
rectangular shape having a width of 30 mm and a length of 280
mm, laminating 20 sheets of the grain orientated electrical
steel sheets, and winding a glass tape to be fixed.

An impedance head was attached between the created
rectangular parallelepiped iron core for testing and a

vibrator, and the natural fregquency was measured in the
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rectangular parallelepiped iron core for testing supported
at the center. A vibration direction was the laminating
direction of the steel sheets, and actually measured natural
frequencies F1l and F3 in the primary and third modes of the
bending vibration of the center support (both ends free) were
obtained.

[0036]

On the other hand, the characteristic curves illustrated
in FIGS. 6A and 6B were created by setting the elastic modulus
Ez of the rectangular parallelepiped iron core for testing
to the elastic modulus (Ez1=220 GPa) of one steel sheet using
in the rectangular parallelepiped iron core for testing,
assuming the shear modulus Gyz=Gzx=As G, and performing the
structural analysis plurality times while changing a value
by taking, as a parameter, the shear modulus G.

Using Lhe crealed characteristic curves, the primary
approximation value Gl of the shear modulus G was determined
from the actual measurement value F1 of the natural frequency
in the primary mode and the actual measurement value F3 of
the natural frequency of the third mode. In this case,
Gla=0.25 and G1b=0.45. As a result, G1=0.35 [GPa] was able
to be determined as a primary approximation value of the shear
modulus G of the rectangular parallelepiped for testing in
consideration of the slip between the grain orientated
electrical steel sheets.

[0037]
Next, characteristic curves (FIG. 6B) indicating the

primary mode and the third mode were created by setting the
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primary approximation value of the shear modulus G of the
rectangular parallelepiped iron core for testing to G1=0.35
[GPa], andperforming the structural analysisplurality times
while changing a value by taking, as a parameter, the elastic
modulus Ez of the rectangular parallelepiped for testing.
Ez2a=8 and Ez2b=14. Then, Ez2=11 [GPa] could be obtained as
a secondary approximation value of the elastic modulus Ez of
the rectangular parallelepiped for testing in consideration
of slip between grain orientated electrical steel sheets.

Next, operations are repeated of setting the secondary
approximation value of the elastic modulus Ez of the
rectangular parallelepiped iron core for testing to Ez2=11
[GPal, determining the approximation value of the shear
modulus G, and obtaining the approximation value of the
elastic modulus Ez by using an approximation value of a new
shear modulus G oblLained here. As a result, Ez=10 [GPa] and
G=0.29 [GPa] were obtained as the elastic modulus and the
shear modulus in which the calculated value of the natural
frequency of the rectangular parallelepiped for testing
coincides with the actual measurement value of the natural
frequency.

[0038]

By the way, when the natural vibration analysis of the
iron core of the transformer is performed, the vibration modes
as illustrated in FIG. 5 appear.

Here, as in the example of the related art, the natural
vibration analysis of the iron core of the 3-phase and 3-leg

transformer having the shape illustrated in FIG. 2 was
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performed assuming that the mechanical elastic modulus of the
iron core of the transformer is equal to the mechanical
elastic modulus of the grain orientated electrical steel
sheet. As a result, the natural frequency was 1006 Hz in the
mode A and was 2004 Hz in the mode B, and no vibration mode
of the mode C did not appear.

[0039]

Next, after the laminated iron core 21 of the 3-phase
and 3-leg transformer having the shape illustrated in FIG.
2 was actually manufactured by using a grain orientated
electrical steel sheet having a sheet thickness of 0.3 mm,
a measurement of the natural frequency of the iron core
obtained by performing the vibration by an impact hammer was
performed. As a result, the three vibration modes A, B, and
C illustrated in FIG. 5 were observed, and the measured
nalural frequenclies were 141 Hz in the mode A, 255 Hz in the
mode B, and 293 Hz in the mode C.

As described above, the natural frequency obtained by
the natural vibration analysis of the related art has a result
that is significantly different from the actually measured
natural frequency. This is considered to be due to the fact
that the natural vibration analysis of the related art does
not consider the slip between the laminated steel sheets based
on the shear modulus of the two surfaces including the
laminating direction of the laminated iron core.

[0040]
Therefore, the shear modulus of the 3-phase and 3-leg

transformer was set to G=0.29 [GPa], which is a wvalue
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determined by the elastic matrix determination method
described above, the elastic modulus was set to Ez=10 [GPa],
and then the vibration analysis was performed by using the
vibration analysis device 10. As a result, the natural
freqguencies in the mode A illustrated in FIG. 5 was 166 Hz,
the mode B was 207 Hz, and the mode C was 355 Hz. These values
much better coincide with the measured value of the natural
frequency when compared to the results by the analysis method
of the related art.

From the above results, the shear modulus Gyz=Gzx=G in
the elastic matrix [C] was determined by the elastic matrix
determinationmethod according to the present embodiment, the
determined shear modulus Gyz=Gzx=G was incorporated in the
configuration expression (3) described above, and the natural
vibration analysis was performed. Therefore, it could be
found Lhal Lhe vibralion characteristics can be calculated
with higher accuracy compared to those by the method of the
related art.

[0041]

As described above, according to the present embodiment,
the natural vibration analysis is performed plurality times
by using the iron core for testing by taking as a parameter,
the shear modulus Gyz=Gzx=G. Therefore, it is possible to
set the value of the shear modulus Gyz=Gzx=G in consideration
of the slip between the laminated grain orientated electrical
steel sheets. Therefore, the vibration characteristics of

the laminated iron core can be calculated with high accuracy
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by incorporating the determined shear modulus into the
elastic matrix and performing the vibration analysis.

Therefore, when the iron core of the 3-phase and 3-leg
transformer is designed by using various electrical steel
sheets, the iron core for testing is manufactured by using
the same electrical steel sheet, and this iron core for
testing is used to determine the elastic modulus Ez and the
shear modulus Gyz=Gzx=G. Therefore, it is possible to
determine an appropriate elastic matrix, that is, a response
function in consideration of the slip between the laminated
steel sheets.

[0042]

Also, by incorporating the determined shear modulus
Gyz=Gzx=G into the elastic matrix and performing natural
vibration analysis, the natural frequency in each vibration
mode of the iron core of the 3-phase and 3-leg Lransflormer
can be calculated with high accuracy.

In the embodiment described above, a case is described
where the operations of alternately and sequentially
determining the approximation values of the elastic modulus
Ez and the shear modulus Gyz=Gzx=G for the iron core for
testing, and thereby the final values of Ez and G are
determined. However, the present invention is not limited
to this, and a method may be provided, in which a
three-dimensional map of the elastic modulus Ez and the shear
modulus G with respect to the natural frequency is created
by performing the natural vibration analysisplurality times.

Therefore, the natural frequency calculation value of the
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iron core for testing coincides with the actual measurement
value of the natural frequency by taking, as parameters, the
elastic modulus Ez and the shear modulus Gyz=Gzx=G, and the
elastic modulus Ez and the shear modulus G corresponding to
the actual measurement value of the natural frequency are
determined from the three-dimensional map.

[0043]

As a result, by using the iron core for testing, the
elastic modulus Ez and the shear modulus G that can obtain
the calculated value of the natural frequency close to the
actual measurement value of the natural frequency can be
determined.

Therefore, by incorporating the determined elastic
modulus Ez and shear modulus G into a stress—-strain
configuration expression and performing natural vibration
analysis ol Lhe laminaled iron core such as an iron core of
the 3-phase and 3-leg transformer, more accurate natural
vibration analysis can be performed.

Further, in the embodiment described above, the case
where the rectangular parallelepiped iron core is used as the
iron core for testing has been described. However, the
present invention is not limited to this, and the iron core
of the 3-phase and 3-leg transformer for testing is
manufactured, and the shear modulus Gyz=Gzx=G or the elastic
modulus Ez, and the shear modulus Gyz=Gzx=G, in which the
natural frequency coincides with the measurement value, may
be determined for the iron core of the 3-phase and 3-leg

transformer for testing.
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[0044]

Further, in the embodiment described above, the case
where the vibration analysis is performed by using the
relational expression of the stress and the strain using the
elastic matrix [C] that is the stiffness matrix as the
response function has been described. However, the present
invention is not limited to this, and the vibration analysis
may be performed by using a relational expression {¢}=[S] {0}
of strain and stress using the compliance matrix [S] as the
response function. In this case, S44=1/Gyz, Ss5=1/Gzx, and
See=1/Gzy.

Further, in the embodiment described above, the
vibration analysis of the 3-phase and 3-leg transformer has
been described. However, the present invention is not
limited to this, and the present invention is also applicable
Lo a vibralion analysis ol a laminated iron core in a

three-phase and five-leg transformer and other transformers.

Reference Signs List
[0045]
10 vibration analysis device
11 CPU
12 computation processing device
13 internal bus
14 internal storage device
15 external storage device
16 input device

17 output device
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18 recording medium

21 laminated iron core

22 electrical steel sheet
22a upper yoke

22b lower yoke

al

22c leg
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CLAIMS

1. An elastic matrix determination method for:

a vibration analysis of a laminated iron core,
wherein the laminated iron core is obtained by laminating steel
sheets, the vibration analysis is performed by using a
configuration expression expressing a relationship between
stress and strain via the elastic matrix, and the elastic
matrix determination method determines a shear modulus in a
plane including a laminating direction of the laminated iron
core, the shear modulus being included in the elastic matrix,
wherein

the elastic matrix determination method determines
the shear modulus in consideration of slip between laminated
steel sheets and further comprises:

creating a rectangular parallelepiped iron core for
testing obtained by laminating steel sheets;

supporting a center with respect to the created
rectangular parallelepiped iron core for testing, and measuring
an actual measurement value of a natural frequency by vibrating
in a laminating direction;

estimating, in consideration of slip between the
laminated steel sheets, a relationship between the shear
modulus and the natural frequency by performing a structural
analysis a plurality of times by taking the shear modulus as a
parameter, the structural analysis being carried out using
structural analysis software for the rectangular parallelepiped
iron core for testing, the structural analysis software being
installed in a vibration analysis device including a

computation processing device having a CPU; and
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determining the shear modulus from a relationship
between the shear modulus and the natural fregquency estimated

by using the actual measurement value of the natural frequency.

2. The elastic matrix determination method according to
claim 1, wherein the laminated iron core is configured by

laminating a plurality of electrical steel sheets.

3. The elastic matrix determination method according to
claim 2, wherein the laminated iron core is a laminated iron

core for a transformer.

4, A vibration analysis method for a laminated iron core
comprising:

performing a vibration analysis of a laminated iron
core obtained by laminating steel sheets by incorporating the
shear modulus determined by the elastic matrix determination
method according to claim 1 into an elastic matrix of a
configuration expression in which a relationship between stress
and strain is expressed by a tensor representation using a

response function.

5. The vibration analysis method for a laminated iron
core according to claim 4, wherein the laminated iron core is
an iron core for a transformer, obtained by laminating a

plurality of electrical steel sheets.
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FIG. 4

START

IRON CORE FOR TESTING IS MANUFACTURED BY
LAMINATING ELECTRICAL STEEL SHEETS

NATURAL FREQUENCIES IN PRIMARY AND HIGHER ORDER MODES OF
MANUFACTURED IRON CORE FOR TESTING ARE ACTUALLY MEASURED

- S2

PRIMARY APPROXIMATION VALUE OF ELASTIC MODULUS OF
MANUFACTURED IRON CORE FOR TESTING IS DETERMINED

STRUCTURAL ANALYSIS IS PERFORMED PLURALITY TIMES BY TAKING,
AS PARAMETER, SHEAR MODULUS OF MANUFACTURED IRON CORE
FOR TESTING, CHARACTERISTIC DIAGRAM INDICATING RELATIONSHIP
BETWEEN SHEAR MODULUS AND NATURAL FREQUENCY IS CREATED,
AND PRIMARY APPROXIMATION VALUE OF SHEAR MODULUS IS
DETERMINED

STRUCTURAL ANALYSIS IS PERFORMED PLURALITY TIMES BY TAKING,
AS PARAMETER, ELASTIC MODULUS OF MANUFACTURED IRON CORE
FOR TESTING, CHARACTERISTIC DIAGRAM INDICATING RELATIONSHIP
BETWEEN ELASTIC MODULUS AND NATURAL FREQUENCY IS CREATED,
AND SECONDARY APPROXIMATION VALUE OF ELASTIC MODULUS IS
DETERMINED

S4 AND 55 ARE REPEATED, AND SHEAR MODULUS AND ELASTIC
MODULUS ARE DETERMINED IN WHICH NATURAL FREQUENCY
OBTAINED BY ANALYSIS COINCIDES WITH NATURAL FREQUENCY
OBTAINED BY BEING ACTUAL MEASUREMENT

—_-S6

NATURAL FREQUENCY ANALYSIS OF IRON CORE OF 3-PHASE AND
3-LEG TRANSFORMER IS PERFORMED BY USING DETERMINED
SHEAR MODULUS AND ELASTIC MODULUS, AND NATURAL
FREQUENCY OF EACH MODE IS CALCULATED
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4/6

Date Regue/Date Received 2020-07-20




MODE_C

MODE_B

MODE_A

FIG. 5

Date Regue/Date Received 2020-07-20

CA 03089090 2020-07-20




FIG.6A

NATURAL FREQUENCY (Hz)

NATURAL FREQUENCY {Hz)

CA 03089090 2020-07-20

| PRIMARY APPROXIMATION VALUE OF Ez=E21 |

THIRD MODE
(ACTUAL MEASUREMENT)

THIRD MODE
(ANALYSIS)

PRIMARY MODE -~ :

(ANALYSIS) oo
1 : PRIMARY MODE

(ACTUAL MEASUREMENT}

Gla Gl SHEAR MODULUS G (MPa)

| PRIMARY APPROXIMATION VALUE OF G=G1

THIRD MODE
(ACTUAL MEASUREMENT)

THIRD MODE _
(ANALYSIS) .~

o |
. gu e m e e e e ee e
|

PRIMARY MODE -
P PRIMARY MODE -
{ANALYSIS) - (ACTUAL MEASUREMENT)
Ez2a Ez2b  ELASTIC MODULUS Ez(MPa)

6/6

Date Regue/Date Received 2020-07-20



START

IRON CORE FOR TESTING 1S MANUFACTURED BY
LAMINATING ELECTRICAL STEEL SHEETS

NATURAL FREQUENCIES IN PRIMARY AND HIGHER ORDER MODES OF
MANUFAGTURED IRON CORE FOR TESTING ARE ACTUALLY MEASURED

PRIMARY APPROXIMATION VALUE OF ELASTIC MODULUS OF
IMANUFACTURED IRON CORE FOR TESTING 1S DETERMINED

STRUCTURAL ANALYSIS IS PERFORMED PLURALITY TIMES BY TAKING,
AS PARAMETER, SHEAR MODULUS OF MANUFACTURED IRON GORE
FOR TESTING, CHARACTERISTIC DIAGRAM INDICATING RELATIONSHIP
BETWEEN SHEAR MODULUS AND NATURAL FREQUENCY 1S CREATED,
AND PRIMARY APPROXIMATION VALUE OF SHEAR MOBULUS IS
DETERMINED

STRUCTURAL ANALYSI3 1S PERFORMED PLURALITY TIMES BY TAKING,
AS PARAMETER, ELASTIC MODULUS OF MANUFACTURED IRON CORE
FOR TESTING, CHARAGTERISTIC DIAGRAM INDIGATING RELATIONSHIP
BETWEEN ELASTIC MODULUS AND NATURAL FREQUENCY IS CREATED,
AND SECONDARY APPROXIMATION VALUE OF ELASTIC MODULUS 13
DETERMINED

|85

I

84 AND 85 ARE REPEATED, AND SHEAR MODULUS AND ELASTIC
MODULUS ARE DETERMINED IN WHICH NATURAL FREQUENCY
OBTAINED BY ANALYSIS COINCIDES WITH NATURAL FREQUENCY
OBTAINED BY BEING ACTUAL MEASUREMENT

NATURAL FREQUENGY ANALYSIS OF IRON CORE OF 3.PHASE AND
3-LEG TRANSFORMER S PERFORMED BY USING DETERMINED
SHEAR MORULUS AND ELASTIC MODULUS, AND NATURAL
FREQUENCY OF EACH MODE 18 CALCULATED

87

END



	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - DESCRIPTION
	Page 30 - DESCRIPTION
	Page 31 - DESCRIPTION
	Page 32 - DESCRIPTION
	Page 33 - CLAIMS
	Page 34 - CLAIMS
	Page 35 - DRAWINGS
	Page 36 - DRAWINGS
	Page 37 - DRAWINGS
	Page 38 - DRAWINGS
	Page 39 - DRAWINGS
	Page 40 - DRAWINGS
	Page 41 - REPRESENTATIVE_DRAWING

