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Abstract 
The purpose of this study is to construct a numerical analysis technique for reducing electromagnetic 
vibration of the main transformer for railway use with front loading. Reduction of vibration and noise is 
required since vibration and noise of railroad equipment affects ride quality. The transformer targeted in 
this study is a shell-type, and the coil group which is the vibration source is tightened in the coil axis 
direction by the tank. Then, vibration test of only coil group was carried out, a relation between tightening 
force in the axial direction of the coil group and natural frequency was grasped and a numerical analysis 
model was constructed. In addition, a coil group model of arbitrary tightening distribution was constructed 
based on the compression test result of the spacer between coils. It was confirmed that the actual 
measurement of electromagnetic vibration and the analysis result show good agreement. 
 

1 Introduction 

Transformers for electric railway vehicles are devices that transform the voltage of electricity obtained 
from overhead lines in order to supply power to the main circuits for driving the vehicles and auxiliary 
circuits such as those for air conditioning and lighting. Since the main transformer is installed in the 
limited space of the upper part of the vehicle and under the floor, coordination between vehicle-body 
structural factors (structure, dimensions, mass, etc.) is important. Moreover, as types of transformers, 
“core-type” and “shell-type” are available; however, to achieve coordination with the body structure, the 
transformer used for the railways vehicles is the shell type. In recent years, demands for ride comfort in 
regard to railway vehicles have been increasing year by year, so measures to reduce vibration and noise 
are required. Under those circumstances, it is becoming more important to consider vibration and noise in 
the design process.  
Vibration and noise of a transformer are roughly divided into two categories. One is “excitation” vibration 
and noise due to the magnetostrictive phenomenon generated by excitation of the transformer’s core. The 
other is “energization” vibration and noise caused by the electromagnetic force generated by energization 
of the coil. The former, namely, excitation vibration and noise, is conspicuous when the railway vehicle is 
stopped; that is, as a fundamental frequency, its dominant frequency is twice the operating frequency of 
the transformer, and it contains harmonic components. The latter, namely, energization vibration and noise, 
is conspicuous when the vehicle is running under power and regenerating (so the load on the transformer 
is high) and operating at low speed (so the noise during running is small), and its dominant frequency is 
twice the operating frequency of the transformer.  
Excitation vibration and noise was lowered by the development of iron-core material composed of 6.5% 
silicon steel (with small magnetostriction) and a combination of directional silicon-steel plate and step 
wrapping [1-7]. Regarding energizing vibration and noise, while observation results (such as noise 
variation due to tightening pressure of the coil) and studies on electromagnetic force have been published, 
a method for lowering noise has not been developed yet [8-9]. 
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In this research, which aimed to devise a method for reducing energizing vibration and noise, a numerical-
analysis model of a transformer for railway vehicles was constructed. Concerning conventional core-type 
transformers, examples of studying a modeling method of a coil and its coil tightening force, investigating 
the vibration propagation path from the coil to the tank of the transformer, and calculating the noise 
radiated from the tank have been reported [10-11]. As for shell-type transformers, unlike core-type 
transformers, it is difficult to model a non-uniform tightening force. Therefore, in this research, first, to 
grasp the vibration characteristics when the coil is tightened with uniform tightening force at the 
beginning and, next, to define different tightening forces at the site, stress-strain characteristics were 
acquired. After that, a numerical analysis model with a uniform tightening force of the coil was 
constructed. Then, a modeling method of non-uniform tightening force was studied, and models of iron 
core, tank, and oil were added to the coil model. Finally, actual measurements and analysis results 
concerning vibration during actual operation were compared, and the validity of the investigated modeling 
method was demonstrated. 
 

2 Structure of shell-type transformer for railway rolling stock 

In this study, a shell-type transformer for railway vehicles—installed under the vehicle floor—was 
focused on. The tank of a shell-type transformer is structured to fit to its contents   (i.e., a “form fit” 
structure  ), and the coil and iron core of the transformer are housed inside the transformer tank, which is 
filled with oil for insulation and cooling. The iron core is a laminated electromagnetic steel plate, which is 
fastened and fixed in the tank in the direction of lamination of the steel plate. As for the coil, numerous 
coils are laminated, and in the same manner as the iron core, the coil is fixed in the tank by tightening it in 
the direction of coil lamination. Part of the coil is a surrounded by the iron core (“iron-core part” 
hereafter), and a part of it is not surrounded by the iron core. The part that is tightened by the tank is the 
part not enclosed by the iron core (“tightened part” hereafter). Consequently, the fastening forces in the 
coil-lamination direction in regard to the tightened part and the iron-core part are different. Spacers are 
inserted between the coils to ensure insulation and oil-flow paths. Each coil is formed by winding an 
insulated-coated wire in the radial direction, and the coil-tightening direction, axial direction of the coil, 
and coil-lamination direction are all the same. 
 

 
Fig. 2-1: Lamination direction of coil group and iron core as well as tightening force 
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Fig. 2-1: Lamination direction of coil group and iron core as well as tightening force 

3 Experimental 

3.1 Experimental mode analysis of coil 

To construct a numerical-analysis model of the laminated structure of the coil and spacers, experimental 
mode analysis (i.e., an experiment) targeting the coil only was used. The object of the analysis was only 
the coil, and for the purpose of tightening, a threaded rod penetrating two iron holding plates on both sides 
of the coil was made up. A spring (with a known spring constant) was set at one end of the threaded rod, 
and the tightening force was adjusted by controlling the displacement of the spring (by tightening the 
threaded rod). Although, in the case of an actual unit, the tightening forces in the tightened part and in the 
iron-core part differ, to build a numerical analysis model by a method reported in a previous study [1], it 
was assumed that the tightening force of the coil was uniform throughout the model. Moreover, to 
determine the influence of the tightening force on vibration characteristics, the experiment was carried out 
with the tightening force set as four conditions. Responses of the outer surface of the coil and the holding 
plates on both sides of the coil when an impact hammer was vibrated perpendicularly to the coil-tightening 
direction and the core-tightening direction  were measured with a triaxial acceleration sensor, and a 
transfer function was obtained.  
As for the results of the experimental mode analysis, the tightening force was confirmed to transition 
between four modes: torsion, shear, bending, and expansion. Natural frequencies of the mode in which the 
transition was confirmed [Hz] are listed in Table 3.1-1. A positive correlation between the tightening force 
and the natural frequency of the mode in which the transition occurs was confirmed. If there is no mass 
change due to the tightening force, and if the dimensional change is sufficiently small, the change in 
natural frequency is taken as being due to the change in the stiffness of the coil. Since the coil is a 
laminate of a conductor and a spacer, and the spacer is made of wood, it is considered that the spacer 
greatly contributes to the change in the coil stiffness by tightening. 

 
Mode 
 

Tightening force [MPa] 
0.5 1.0 2.0 3.0 

Torsion 44.4 45.9 50.7 55.8 
Shear 70.4 64.4 72.2 77.9 
Bending 165.8 174.5 191.8 201.6 
Expansion 258.9 271.7 279.5 284.2 

Table 3.1-1: Natural frequency of modes at which transition was confirmed [Hz] 
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3.2 Compression test on spacer 

Regarding the part tightened by the tank (tightened part) and the part surrounded by the iron core (iron-
core part), to define the spring constant of the spacer at an arbitrary tightening force, the load-
displacement characteristic of the spacer was obtained by compression test. A general material is used for 
the conductor of the coil, and it has high rigidity compared with that of the spacer, and in consideration 
that the spacer has a significant influence on the vibration of the entire coil, the spacer itself was subjected 
to a compression test. To attain the same state as a real unit, an oil-impregnated spacer was tested. The 
stress-strain characteristics of the spacer obtained from the compression test are shown in Fig. 3.2-1. 
According to this figure, although the stress-strain characteristics are nonlinear overall, when the stress 
exceeds 0.5 MPa, they are almost linear. 
 

 
Fig. 3.2-1: Stress-strain relationship (obtained by compression test) for the spacer 

 
 

4 Numerical analysis 

4.1 Modelling 

First, the coil only was subjected to the experimental mode analysis. Since the coil has a flat-plate 
structure, it was modeled as a shell element. The coil has a structure in which the conducting wire is 
wound in the radial direction; therefore, it is considered that its in-plane behavior and bending behaviour 
differ, and its different material properties are defined by its in-plane and bending behavior. The spacers 
between the coils were modeled with spring elements. The spring constant in the tightening direction 
defined the equivalent spring constant obtained from the compression-test results and the dimensions of 
the spacer. The spring constant in the direction orthogonal to the tightening direction was set to a value 
one-tenth of that in the fastening direction as the initial value. In addition, the test jig was modeled with 
shell and bar elements, and the material property of the jig was defined as the value for the material of the 
jig.  Since the longitudinal modulus of elasticity of the shell element modeling the coil and the spring 
constant in the direction perpendicular to the tightening direction of the spring modeling the spacer are not 
well-grounded, they were fitted to the modes obtained by the experimental mode analysis. 
Natural frequencies obtained by the experimental tests and numerical analysis (after adjustment)  are 
plotted in Figure 4.1-1, the corresponding MAC(Modal Assurance Criterion) values are listed in Table 
4.1-1, and typical vibration modes obtained by the experimental test and numerical analysis (at tightening 
force of 3.0 MPa) are shown (as representative examples) in Fig. 4.1-2. The relative error of the natural 
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frequency is about ± 5% or less, and the MAC values obtained by the experimental test and numerical 
analysis agree well fairly well to very well. As a result of the fitting, the rigidity in the coil plane 
decreased to about 15%. This result is thought to be due to the fact that even though the conductor is not 
integrated in the radial direction, it is modeled as one in the created numerical-analysis model. Also, at a 
tightening force in the range of 0.5 to 3.0 MPa, the spring constant in the tightening direction of the spacer 
was constant regardless of the tightening force.  As shown in Fig. 3.2-1, it is also fairly linear at 0.5 MPa 
or greater.  The spring constant in the direction perpendicular to the tightening direction of the spacer 
becomes linear with increasing tightening force; it is thus concluded that the change of the natural 
frequency due to the change of the fastening force can be expressed as the change of the spring constant in 
the in-plane direction of the spacer. 

 

 
Fig. 4.1-1: Natural frequency determined by experimental test and numerical analysis 

 

Tightening 

force 

(MPa) 

Mode 

Torsion Shear  Bending Expansion 

0.5 0.33 0.40 0.43 0.59 

1 0.40 0.44 0.77 0.68 

2 0.47 0.44 0.92 0.77 

3 0.45 0.56 0.91 0.78 

Table 4.1-1: MAC values obtained by experimental tests and analytical model  
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Measurement Numerical analysis 

  
(a) Torsion mode 

  
(b) Shear mode 

  
(c) Bending mode 

  
(d) Expansion mode 

 
Fig. 4.1-2: Natural-vibration modes determined by test and analysis (tightening force: 3.0 MPa) 
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4.2 Definition of tightening force 

As stated in Section 4.1, the coil was modeled in the case that the tightening force was uniform; however, 
the tightening force of the coil in a real unit differs in regard to the tightened section and the iron-core 
section. In this section, different tightening forces are modeled by varying the spring constant of the spacer. 
The tightening force of the part tightened by the tank in an actual unit is within the range of that set as the 
tightening condition in the experimental mode analysis, and since the spring constant in the tightening 
direction is constant, and the spring constant in the direction perpendicular to the tightening direction is 
proportional to the tightening-surface pressure, the spring constant of the spacer at any tightening force 
can be calculated. Since the part surrounded by the iron core is not tightened, the tightening force in a real 
unit is roughly 0 MPa. Although the spring constant of the tightened part could be estimated from the test 
results for the tightening-force range of 0.5 to 3.0 MPa, it is not possible to calculate the spring constant of 
the spacer for tightening force less than 0.5 MPa. Accordingly, the stress-strain characteristic of the spacer 
obtained as described in Section 3.2 and the spring constant in the direction orthogonal to the tightening 
direction are estimated under the assumption they are equal even if the ratio of the spring constant in the 
direction perpendicular to the tightening direction and the tightening direction for tightening force of 0.5 
MPa is less than 0.5 MPa.  The spring constant in the tightening direction at an arbitrary tightening force 
is obtained from Fig. 3.2-1, and it is used as the spring constant in the tightening direction. Spring constant 
is obtained by using a similarity ratio from an arbitrary tightening force in the direction perpendicular to 
the fastening direction, the spring constant in the tightening direction when tightening force is 0.5 MPa, 
and spring constant in the direction perpendicular to the tightening direction of the numerical-analysis 
model with tightening force of 0.5 MPa.   
Since the Young's modulus at tightening force of 0 MPa cannot be calculated from the relation between 
strain and stress for the spacer (shown in Fig. 3.2-1), it is assumed that the tightening force on the iron-
core part is 0.1 MPa. The iron core, tank, oil, and test jig are added to the numerical-analysis model of the 
coil (modeling non-uniform tightening force). The tank was regarded as a plate material, the iron core, oil, 
and test jig used were modelled as shell elements, volume elements, and shell elements, respectively, by 
using Nastran’s added-mass method (MFLUID). The tank and the test jig were made of steel, for which 
standard physical-property values were used. Standard values were also used for oil density. As for the 
modulus of longitudinal elasticity of the iron core in the in-plane direction of the electromagnetic steel 
sheet, the catalog value for electromagnetic steel plate was used, and the value used for the 
electromagnetic-steel-plate lamination direction was about 1/1000th of that for the in-plane direction [12-
13]. Equivalent density was used for density. Contact elements were used for connecting the coil and the 
tank as well as the iron core and the tank. As for the transformer and the test jig, bolt-fastened parts were 
connected with rigid elements. The degree of freedom of the test jig was constrained by the parts bolt 
fastened to the floor surface. The appearance of the established numerical-analysis model is shown in Fig. 
4.2-1. 

 
Fig. 4.2-1: External view of numerical-analysis model 

(a) Overall view of model

Test jig
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Fig. 4.2-1: External view of numerical-analysis model 

 

4.3 Electromagnetic force 

To calculate the response of the transformer during operation, the electromagnetic force generated by the 
coil was calculated. The electromagnetic force generated by the coil is obtained from the outer product of 
current   flowing in the coil and magnetic flux density   due to the magnetic field formed in the coil, and it 
can be calculated by calculating the magnetic flux density (by using magnetic-field-analysis software or 
the like) from the current and coil shape. For the current value, the value described in the design document 
was used, the frequency of the current was taken as 60 Hz, the frequency of the electromagnetic force was 
taken as 120 Hz, and the method used for analyzing the magnetic field was nonlinear-static-magnetic-field 
analysis. The result of integrating the electromagnetic forces for each coil at the instant of maximum 
current is shown in Fig. 4.3-1. The coil numbers shown in the figure represent each coil, and the total 
number of coils went up to coil #26. According to the figure, the electromagnetic force in the coil-
tightening direction is predominant compared to those in the in-plane directions of the coil. Moreover, the 
electromagnetic force in the tightening direction was reversed in sign between coils #1 to #13 and coils 
#14 to #26. This trend implies that the coil is a plane object, with coils #13 and #14 as the boundary at 
which the direction of current flow becomes opposite. The obtained electromagnetic force is defined as 
that for the coil part of the numerical-analysis model, and frequency response of the transformer is 
analyzed. 

 

 
Fig. 4.3-1: Electromagnetic forces at the moment of maximum coil current  
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4.4 Discussions 

The vibration of the tank during actual operation was compared in terms of actual measurements and the 
results of the numerical analysis. The evaluation direction was taken as the direction normal to the outer 
wall of the tank (in Fig. 4.4-1, evaluation points 1, 2, and 3 represent the z-, y-, and x-directions, 
respectively), and the frequency of the current  was taken as 120 Hz. The results corresponding to the 
evaluation points shown in Fig. 4.4-1 are plotted in Fig. 4.4-2. According to the plot, the absolute values 
of the analysis results are 2 to 6 dB lower than those for a real unit. The reason that the absolute values of 
the analysis results are smaller than the measurements of an actual unit is given as follows: Although there 
is an error between the MAC values determined by the experimental test and by the numerical analysis, 
and a path traveling through the structure and a path traveling through the fluid represent the propagation 
paths from the coil to the tank, in this calculation, the path through which the fluid travels was not 
considered; that is, only of the path traveling through the structure was evaluated. Accordingly, the error 
in the electromagnetic force can be considered as the reason.  Although there is an error between the 
absolute values, the mutual relationships between the measurements and the analysis results for each 
evaluation point are consistent. Moreover, when the electromagnetic force is defined as all directions (case 
1), only in the in-plane x-direction (case 2), in the in-plane y-direction of the coil (case 3), and only in the 
coil-tightening direction (case 4), the relative error was less than ± 1 dB only in cases 1 and 4. This result 
is explained by the fact that the electromagnetic force is predominant in the coil-tightening direction (as 
shown in Fig. 4.3-1). For the electromagnetic force input into the numerical analysis, that in the coil-
tightening direction only is thus considered sufficient. 
 

 
Fig. 4.4-1: Evaluation points          Fig. 4.4-2: Evaluation results 

 
 

5 Summary 

To devise a method for reducing energizing vibration and noise in a transformer, a numerical-analysis 
model of a transformer—in which the tightening force of the coil is not uniform—was constructed. 
Vibration measured during actual operation was compared with results of numerical analysis, and the 
effectiveness of the constructed model was verified. The results of this study are summarized as follows. 
 
(1) Vibration during actual operation would be predicted by the model of the transformer, which defines 

electromagnetic force in the coil (modeling non-uniform tightening force), with relative error of -6 to -2 
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measurements and analysis results for each evaluation point is consistent. The reason that the 
calculation results are smaller than the measurements of an actual unit is considered as follows: 
Although there is an error between the MAC values determined by the experimental test and by the 
numerical analysis, and a path traveling through the structure and a path traveling through the fluid 
represent the propagation paths from the coil to the tank, in this calculation, the path along which the 
fluid travels was not considered; that is, only of the path traveling through the structure was evaluated. 
Accordingly, the error in the electromagnetic force can be considered as the reason. 

(2) Electromagnetic force is dominant in coil-axis direction, the calculation results for the case that the 
electromagnetic force was defined in all directions and the case it was defined in the coil-axis direction 
only had error of 1 dB or less. It is concluded from this finding that the electromagnetic force only in 
the coil-axis direction is sufficient as input into the established numerical-analysis model. 

(3) The longitudinal elastic modulus of the spacer between the coils was almost completely non-linear 
when the tightening force was 0.5 MPa or less, but it was approximately linear at 0.5 MPa or more. 

(4) The natural frequency of the coil in torsion, shearing, bending, and expansion modes when the 
tightening force was taken as uniform over the entire surface was found to have a positive correlation 
with the tightening force in the range of 0.5 to 3.0 MPa. It was also found that a spring orthogonal to the 
tightening direction acting as the spring constant of the spacer can express the change of the natural 
frequency due to the change of the tightening force of the coil as a linear change of the spring constant. 

 

References 

[1] Ninomiya H., Tanaka Y., Hiura A., Takada Y., “Magnetortriction and applications of 6.5% Si steel 
sheet” J.Appl.Phys. Vol.69, No.8 Pt2B (1991), pp.5358-5360. 

[2] Yamashita S., Suga Y., Okamoto M., “Magnetism noise characteristies of a 6.5% silicon steel sheet.” 
The Annual Meeting record I.E.E. Japan, Vol.1991, No.14 (1991), pp.14-11. 

[3] Kurosawa M., Namura N., Yamada S., “Electrical Steel. Grain Oriented Electrical Steel Sheet for 
Low-Noise Transformer Core, "27-35 New RGH".” KAWASAKI STEEL GIHO Vol.29, No.3 
(1997), pp.174-176. 

[4] Mogi H., Mizokami M., Akisue O., Kubota T., “Transformer Noise Characteristics with Vibration-
damping Grain-oriented Silicon Steel”, MAG, Vol.29, No.3 (2002), pp.86-91 

[5] Ishida M., Okabe S., Sato K., “Analysis of Noise Emitted from Three-Phase Stacked Transformer 
Model Core”, KAWASAKI STEEL GIHO Vol.29, No.3 (1997), pp.164-168. 

[6] Oda Y., Okubo T., Takata M., “Recent Development of Non-Oriented Electrical Steel in JFE Steel”, 
JFE GIHO No.36 (2015), pp.6-11. 

[7] Takamiya T., Hanazawa K., Suzuki T., “Recent Development of Grain-Oriented Electrical Steel in 
JFE Steel.”, JFE GIHO No.36 (2015), pp.1-5. 

[8] IMECHEFSKE C. K., “Correlation power transformer tank vibration characteristics to winding 
looseness”, Insight, Vol.37 (1995), pp.599-604. 

[9] Hori Y., Hiraishi K., “The Axial Direction Vibration of the Transformer Coil”, Association of 
Electric Quadrivium Meeting, (1969), pp.734-735. 

[10] Itoh S., Murakami H., Tsujiuchi N., “Transient Vibration Response of Transformer Coils under 
External Short Circuit (Nonlinear Vibration Analysis of a Fluid-Structure Interacted Problem)”, 
Transactions of the Japan Society of Mechanical Engineers, Series C,Vol.60, No.570 (1994), pp.394-
398 

3492 PROCEEDINGS OF ISMA2018 AND USD2018



[11] Yoshida K., Hoshino T., Murase S., Murakami H., Miyashita T., “Electromagnetic noise design of a 
transformer”, Transactions of the Japan Society of Mechanical Engineers, Series C,Vol.78, No.789 
(2012), pp.215-226 

[12] Mizuno S., Noda S., Min Z., Akimoto K., Abe S., Yamada S., “Natural Vibration Characteristic of 
Transformer Iron Core” Dynamics & Design Conference 2012 (2012), pp.501-1-501-6. 

[13] Fukui K., Yokomaku T., “Fundamental study on vibration characteristics of the transformer core”, 
Dynamics & Design Conference 2015 (2015), pp.543-1-543-11. 

STRUCTURAL DYNAMICS: METHODS AND CASE STUDIES 3493



3494 PROCEEDINGS OF ISMA2018 AND USD2018


