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Summary 

Transformer noise is of increasing environmental concern so continued efforts are 

being made by electrical steel and transformer producers to satisfy users by reducing 

the noise. Magnetostriction and magnetic forces are the main causes of transformer 

core noise and vibration. Understanding of the relationship from the core material to 

core structure and core vibration to core noise can help the design of low noise 

transformer cores.  

The most appropriate parameter for investigating the relationship between noise and 

vibration is sound pressure (in the unit of Pascals) in the frequency domain because it 

is not A-weighted. In this study, the side surfaces of transformer cores were found to 

emit higher noise than front and top surfaces at low magnetic induction. When the 

magnetic induction was increased, the effect of magnetic force increased and caused 

the front surfaces to emit higher noise.  

For three phase three limb transformer cores, the front surface of the middle limb 

generated higher noise than the outer limbs due to the effect of T-joint. However this 

does not translate higher noise level because of the phase difference of the vibration 

between the limbs. Due to this A-weighted sound power level of three phase, three 

limb transformer cores were shown to be lower than single phase transformer cores, 

although at the same cross sectional area and core window size the three phase cores 

has larger size.  

A model, developed to separate the effects of magnetostriction and magnetic forces 

on transformer core vibration, showed that at low induction, magnetostriction is more 

significant than magnetic forces. The magnetic forces become more significant than 

magnetostriction when the induction is increased. Magnetostriction primarily depends 

on material and stress but magnetic forces principally depend on core building. 

Louder noise can be generated from a core built with low magnetostriction material 

than higher magnetostriction if the building tolerances are worse. The effect of 

magnetic forces on transformer core vibration can be reduced by using a bonding 

technique.  
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Chapter 1 

Background and Aim of Investigation 

1.1 Introduction  

There is continuous worldwide increase in electricity consumption due to growth of 

requirements of industry and facilities in households [1]. Transformers are essential 

components in electrical power systems which transfer electrical energy from the 

power plants to the loads. Step up transformers are used for increasing the voltage 

levels in order to reduce the losses in the transmission system and step down 

transformers are used for decreasing the voltage from transmission line to the required 

level of the loads. Although transformer efficiency during operation at full load is 

very high, core noise and core loss, are always present even on no load. To classify 

the class of a transformer, European standard categories on transformer no load losses 

and sound power level [2] are in place. Transformer noise is mainly caused by core 

vibration, winding vibration due to load currents and ancillary equipment such as the 

cooling pumps [3], [4]. Although transformer core vibration and noise have been 

widely studied [5], [6], a greater understanding is needed so that steps can be 

proposed to reduce them further. This work focuses on the acoustic noise emitted 

from the transformer core. 

1.2 Objectives  

It is widely accepted that magnetostriction of grain oriented silicon steel laminations 

and inter lamination magnetic forces are the main causes of transformer core noise. 

However, no conclusive agreement has been reached on how each contributes to the 

noise and vibration. Various ways of quantifying sound have been used. A-weighted 

sound power level has been introduced for comparison of output noise from 

transformer cores. It is independent of frequency of the sound, the distance of the 

measurement and the dimensions of the sound source. However, it is not easy to 

directly relate it to core vibration.  
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Core configuration and build have a large impact on transformer core noise because 

magnetic forces depend on the gaps at the core joints. Also the T-joints in the three 

phase transformer core are highly strained due to the presence of rotational 

magnetisation which is the flux remains constant in magnitude, but rotates with 

uniform angular velocity in the plane of the lamination. There is no explanation of 

how it is related to the core noise and vibration. To produce low noise cores, clamping 

and bonding the core laminations are investigated. 

The following are the aims of this research: 

1. To quantify the causes of transformer core vibration and noise. 

2. To develop a model for separating the effect of magnetostriction and 

magnetic forces on transformer core vibration. 

3. To identify the appropriate parameters for studying the relationship between 

transformer core vibration and noise. 

4. To investigate the effect of transformer core building and bonding on 

transformer core noise and vibration. 

In order to achieve the aims three phase, three limb and single phase core type 

transformer cores were designed and assembled from three types of grain-oriented 

electrical steel in multistep lap and single step lap configurations. The three phase and 

single phase cores had the same window size and cross sectional area per phase.        

A sound measurement system was developed to measure sound pressure generated 

from the cores under clamping torques from 2 Nm to 6 Nm and magnetic flux 

densities up to 1.8 T at a magnetisation frequency of 50 Hz. A scanning laser 

vibrometer was used for measuring core surface vibrations. Noise and vibration 

experimental results from the cores were compared. The following influential 

transformer core parameters were investigated in order to study the relationship 

between core noise and vibration: electrical steel grade, step lap configuration and, 

clamping torque. In addition, the effect of core bonding was investigated. 
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Chapter 2 

Literature review 

The aim of this chapter is to introduce previous related work on transformer core 

noise and vibration. The effect of step lap configurations, material grades, overlap 

length, number of step laps, length of overlap shift, clamping torques and number of 

laminations per stacking layer are described. 

 

2.1 Transformer cores 

Transformer cores are usually built up from a stack of grain oriented electrical steel 

laminations. To minimise the core losses due to magnetic flux flow across the 

lamination grain orientation direction (rolling direction) at the joints, the ends of the 

lamination are cut at 45° to the rolling direction. The jointing is known as a mitred 

joint [7]. To stack the laminations, an overlap is needed. If the stack has only one step 

overlap (two different shapes of laminations), it is called a single step lap (SSL). If the 

stack has more than one step overlap (three or more different shapes of laminations), 

it is termed a multistep lap (MSL). There are two constructions of step overlap: cross-

step and longitudinal-step as shown in Fig.2-1. 

Mitred joints can have single step lap or multistep lap. Each step can be assembled 

with one or more laminations depending on the size and cost of the cores [4]. Fig 2-2 

shows both single step lap and multistep lap assemblies, (Fig. 2-2 a,c) also shows the 

dimension of the overlap length, a, length of overlap shift, s and number of step, N. 
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a)       b) 

Fig.2-1: The mitred joint constructions [8] 

 a) Cross-step construction 

 b) Longitudinal step construction 

 

         

 a)           b)   c)       d)  

Fig.2-2: Mitred joint corner 

 a) Single step lap 

 b) Side view of single step lap with two laminations per step 

 c) Multistep lap (four steps) 

 d) Side view of multi-step lap with two laminations per step 

 

2.2 Study of transformer core noise 

It is generally accepted that magnetostriction is a cause of transformer core vibration 

and noise. Magnetostriction (  ) is a deformation of magnetic materials due to 

magnetisation [9]. It is defined in Eq. 2.1 as follows  
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l

l



              (2-1) 

where l  is the change in length, l  is the length of the material. 

Magnetostriction is caused by rearrangements of domain structure especially the 

movements of non 180° domain walls. This phenomenon affects transformer core 

vibration; the other cause is magnetic force between the laminations. A review of the 

related works about transformer core noise and vibration follows. 

In 1980, Reiplinger [10] mentioned that “transformers with cores made from low 

magnetostriction sheets often produced higher noise levels than transformer with 

cores made from high magnetostriction sheets” and proposed A-weighted vibration 

velocity in term of logarithmic ratio of velocity and reference velocity in the same 

way as sound pressure level for assessment of grain oriented laminations with respect 

to transformer noise. The suitable value of reference velocity for core weight 

10000 kg was 10
-6

 m/s per m.  

One year later, Foster and Reiplinger [11] presented the effects of different electrical 

steel lamination properties due to the production process and magnetostriction 

frequency components on the transformer noise. A different peak to peak 

magnetostriction, p-p of grain oriented silicon steel laminations (M5 grade) was 

found when annealed with different temperatures. The p-p at 780°C was positive and 

became negative when annealed at 850°C.  

To compare the effect of p-p on noise level, three different p-p characteristics from 

M5 grade laminations produced by different manufacturers were used. Fig 2-3 shows 

the p-p characteristics in a DC and AC magnetic field. At 1.8 T, lamination I shows 

positive magnetostriction and lamination III shows negative magnetostriction. 

Magnetostriction components at 100 to 600 Hz were used for calculating the sound 

pressure level. The calculated results show lamination II had lowest sound pressure 

level both quantified in dB and dBA while lamination I had highest sound pressure 
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level in dB but lamination III presented the highest sound pressure level in dBA. 

These are due to their different harmonic characteristics of the magnetostriction 

because they have different coatings. 

 

 

Fig.2-3: Comparison of magnetostriction characteristics after annealing of the same 

grade of material but used by different manufacturers [11] 

 

In 1984, Mapp and White [12] studied characteristic of magnetostriction harmonics of 

both longitudinal and transverse to the rolling direction of single grains of grain-

oriented (GO) 3.25% silicon-iron under compressive stresses in the [001] direction. 

This material was usually used in the transformer cores. The results showed the 
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components of the first three harmonics had an approximate 2:1 relationship between 

longitudinal and transverse direction. 

In 1994, Valkovic [13] investigated the effect of electrical steel grades with regards to 

transformer core noise. Single phase cores, each with a mass of 105 kg and 

dimensions as shown in Fig.2-4, were used in the experiments. Cores were built from 

three 0.27 mm thick lamination grades, conventional grain oriented (commercial code 

M4), high permeability grain oriented (commercial code MOH) and domain refined 

(commercial code ZDKH). Single step lap core configuration with a length of overlap 

shift of 10 mm and two laminations per stagger layer were compared with 

five multistep laps core configuration with a length of overlap shift 2 mm and single 

laminations per stacking layer. The transformers were tested in an anechoic chamber. 

The results at magnetic flux densities (B), 1.4 T, 1.6 T and 1.8 T showed 

approximately the same noise level for MOH and ZDKH both on MSL and SSL 

configurations. The highest noise level was found from the M4 core. The cores had 

the same dimensions but different step lap configurations and materials, therefore, the 

author concluded that the variation of the noise between each of them had to be the 

operating magnetic flux density and step lap configuration. 

 

 Unit: mm 

 

Fig.2-4: Structure and dimensions of single phase transformer core models [13] 
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In 1996, Valkovic [14] studied the effect of overlap length on transformer core noise. 

M4 laminations, 0.27 mm thick, was used. The SSL joint structure as shown in   

Fig.2-4 were built with overlap shifts of 2 mm to 14 mm. The experimental results at 

magnetic flux density 1.4 T to 1.75 T showed lowest noise at 2 mm overlap length 

and the highest at 14 mm. The reason for this is the longer overlap shift had more 

lamination protruding out from the core than the short one and this protrusion is 

allowed to freely vibrate. 

Ilo et al. [15] studied relevance of length of overlap shifts and number of step laps.  

To eliminate the effect of rotational magnetisation, the linearisation core models as 

shown in Fig.2.5 (a) were used by assembling the laminations with overlap shift on 

the limb. The core was built with domain refined of high permeability grain oriented 

material (ZDKH-LS) with Epstein size. Fig 2.5 (b) shows detail of the overlap area. 

  

   a) 

 

  b) 

Fig.2-5: Configuration of the core and linearisation overlap area [15]  

 a) Linearisation overlap model with microphone fixed at 30 cm above the core 

window 

 b) Detail of the overlap area 
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The limb with the overlap region was assembled from 0.23 mm thick laminations and 

the other limbs were assembled with 0.27 mm thick laminations. In the experiments, 

the cores were located in a bottomless 9 cm thick acoustic shielding test box with       

a Brüel&Kjær condenser microphone fixed at 30 cm above the core window. In this 

position, the microphone detected an average noise generated from all joints. The 

noise variation results were only from the changing of configuration of the overstep 

lap because the configuration of the butt joints were fixed. To compare the effect of 

number of step laps on noise level, overlap length and air gap length were fixed at 

10 mm and 1 mm, respectively. The number of step laps influences the magnetic flux 

density of the laminations near the gaps. Magnetic flux densities in the laminations 

above and below the gap are higher than the operating magnetic flux due to magnetic 

flux flowing from the end of the lamination next to the gap to neighbouring 

laminations because the gap has higher reluctance. The operating magnetic flux 

density which causes the laminations above and below the gap to reach saturation is 

termed the critical induction, Bc, and can be approximated by Eq. 2-2 [16]. 

 

1
c sat

N
B B

N
 


            (2-2) 

when satB  is the saturation induction of the material.  

There was no significant difference in experimental results with B lower than the Bc in 

the SSL core length of the overlap shift was varied. The critical induction was the 

saturation induction of the ends of laminations near the gap.  

However, the noise increased rapidly when B was higher than Bc and the same for two 

MSL configurations with Bc  1.3 T. The noise generated from MSL cores was lower 

than SSL cores at any operating B because of the effect of interlaminar forces at the 

end of the laminations at the joint.  

http://www.bksv.com/products/transducers/acoustic/calibrators/4231.aspx
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To compare the effect of overlap length on noise level, an SSL configuration was 

used and the air gap lengths were fixed at 10 mm. The results showed comparison of 

noise between two overlap lengths. The first one was a half-length of the second one 

(the author did not mention the length in mm of the overlap). There was no significant 

difference on noise between them when they were operated at B lower than the critical 

induction, Bc  1.0 T. However, the noise of the shorter overlap lengths was higher 

when B > Bc. This result is in conflict with a previous paper [14] due to the 

linearisation the core did not have the lamination protruding out from the core. 

In 1998, Valkovic [17] presented the effect of transformer core design on noise level. 

The effect of number of step laps and number of laminations per stacking layer in 

single phase cores identical in dimensions to [13] and [14] built with 0.27 mm thick 

M4 grade laminations were investigated. The cores were tested at 1.4 T to 1.7 T. The 

result was similar to that in [15] which was that SSL showed higher noise than MSL 

and there was no significant difference between step lap 2 to 5. Changing the number 

of lamination per stacking layer from 1 to 3 laminations had little effect in the SSL 

core. However, two laminations per stacking layer showed approximately 2 dB lower 

noise than the others. However, there was no mention of a repeatability of the 

measurements so 2 dB may be in this range. 

Ishida et al. [18] investigated the effect of core models, lamination materials and 

clamping pressures on three phase transformer cores. Four different B8 electrical 

steels were used for building the cores. B8 is used for specifying magnetic flux density 

at a magnetic field, H=800 A/m, 50 Hz. This number was used for comparing the 

material grades. The higher B8 was better because the magnetic material had more 

magnetic flux when applied with the same amount of magnetic field and had less 

domain misorientation which affected magnetostriction. Eight, three phase three limbs 

cores were built with laminations whose characteristics are shown in Table 2-1. Two 

step lap configurations, a single step lap with overlap length 14 mm and 4 multistep 

laps with 2 mm overlap length, were compared. Fig. 2-6 shows single step three phase 
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core structures and five longitudinal multistep lap three phase core structures. 

Comparing the noise level between step lap designs, multistep lap showed lower noise 

both with 0.23 mm and 0.3 mm thick laminations. The noise decreased by roughly 

2 dB for each increase of 0.01 T in B8. The 0.23 mm thick laminations had lower 

noise than the 0.3 mm material because they had a higher B8.  

 

Table 2-1: Properties of electrical steel laminations and commercial code [18] 

No. Material name Thickness [mm] B8 [T] 

1 23RGH090N 
0.23 

1.931 

2 23RGH090 1.898 

3 30GRH105N 
0.30 

1.930 

4 30GRH105 1.896 

 

 

a)                     b)  Unit: mm 

Fig.2-6: Three phase three limb core structure and dimensions [18] 

 a) Three phase core with single step lap configuration 

 b) Three phase core with longitudinal multistep lap configuration 

 

The effect of clamping pressure was investigated with the cores built with 0.3 mm 

thick lamination both MSL and SSL configuration. Pressure up to 0.25 MPa was 
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applied at peak magnetic flux densities from 1.5 T to 1.8 T. The noise from the MSL 

cores was least between 0.075 MPa and 0.1 MPa at B = 1.5 T. The clamping pressure 

decreased to 0.025 MPa for the lowest noise at 1.8 T. In the case of single step lap 

cores, the lowest noise at the whole range of the magnetic flux density was found at 

0.05 MPa. Multistep lap and single step lap cores displayed similar trends, the noise 

decreased when clamping pressure increased from zero to the optimum value and then 

increased as the clamping pressure was increased further. It can be seen that a certain 

pressure was needed to prevent the laminations from flapping. Increasing the pressure 

beyond this was likely to produce regions of non-uniform stress leading to an increase 

in magnetostriction [19] and hence transformer core noise. Moreover, the authors 

described the relationship between noise and magnetostriction vibration characteristic 

and the harmonic components, np , of magnetostrictive vibration acceleration as 

shown in Eq. 2-3. 

 

 
2

2n n n wnp f A         m/s
2
    (2-3) 

when nf  is the n
th

 harmonic frequency, n  is the magnetostriction harmonic 

component and wnA  is the coefficient for the A-weighting scale. Then the                  

A-weighted magnetostrictive vibration acceleration level P can be calculated from the 

harmonic components as shown in Eq. 2-4. 

 

2

20log

n

n

o

p

P
p

 
 
 
 
 
 


      dB    (2-4) 

when  
2 52 10op     , the magnetostriction vibration acceleration reference level. 
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In 2000, Weiser et al. [6] presented the effect of transformer core design on 

transformer core noise. ZDKH material with 0.27 mm thick was used. Table 2-2 

shows core configurations used in the experiments. The effect of step lap design and 

gap length between the lamination joints (g) on core noise was investigated. The 

experimental results are shown in Fig.2-7 and 2-8. 

 

Table 2-2: Dimensions of single phase cores used in [6] 

Core No. Lamination width 

[mm] 

Window area 

[mm
2
] 

Stacking height, k, 

[laminations] 

1 50 300×110 110, 160 

2 80 300×110 180 

 

 

Fig.2-7: Noise experimental results of single phase transformer core built with 50 mm 

lamination width at various number of laminations 110 to 160  and gaps close to zero 

to 1 mm and magnetic flux density 0.8 T to 1.8 T. [6] 

From the results in Fig.2-7, the lowest noise was found on cores built with 

110 laminations with the gap close to zero. The noise was found to be inversely 

proportional to the number of step laps. Similar trends were found with a gap of 

1 mm. The noise on the core built with 160 laminations was higher than built with 

110 laminations. Comparing the number of step laps, it can be seen that noise 
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increased dramatically at an operating flux density, B > cB  for the SSL while there 

was slightly increases for the MSL configuration. 

 

 

Fig.2-8: Noise experimental results of single phase transformer core built with 80 mm 

lamination width and number of lamination 180 laminations  at various gaps close to 

zero to 1.5 mm and magnetic flux density 0.8 T to 1.8 T. [6] 

 

From the results in Fig. 2-8, the lowest noise was found for gaps close to zero as with 

the results of the core built with 50 mm lamination width in Fig. 2-7. At gap close to 

zero, three step laps shows the highest noise. In the case where the gap was not equal 

to 0, SSL at gap equal to 1 mm had the lowest noise. There was no significant 

difference when the number of step laps in the MSL cores was changed.  

Ishida et al. [20] extended their work [18] to investigate the noise using 0.23 mm 

thick laminations  with different B8 values. Four, three phase three limb cores with the 

same dimensions as in their previous work were used. Table 2-3 shows the material 

properties and noise level under test with 0.2 MPa clamping pressure at 1.7 T, 50 Hz. 

These results confirm their conclusion in their previous work that the noise decreased 

by roughly 2 dB for each increase of 0.01 T in B8. In addition, the authors investigated 

the effect of primary voltage waveform with a superimposed 5
th

 harmonic shifted, , 
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between 0° and 180° with respect to the fundamental voltage on the noise.  was zero 

when both component’s zero crossings from negative to positive were simultaneous. 

It was measured on the harmonic angular scale. Fig. 2-9 shows the noise level change 

versus percentage of 5
th

 harmonic relative to the fundamental voltage on the cores 

with clamping pressure 0.2 MPa operated at 1.7 T, 50 Hz. 

 

Table 2-3: Specifications and noise output of the three phase three limb transformer 

cores [20] 

Core No. Material Step lap design B8 [T] Noise level [dB] 

1 A MSL 1.89 52 

2 B MSL 1.88 54 

3 A SSL 1.89 55 

4 B SSL 1.88 56 

 

 

a) 

 

b) 

Fig.2-9: Effect of harmonic component of magnetic flux density on transformer core 

noise  

a) Variation of noise output of single step lap configuration three phase three 

limb transformer core built with different materials as shown in Table 2-3 at various 

percentage of 5
th

 harmonic component and phase shift  at 1.7 T, 50 Hz. [20]  

b) Variation of total amplitude of magnetic flux density due to phase shift of 5
th

 

harmonic component 
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With zero phase shift =0, the noise level increased when the amplitude of the 

magnetic flux was increased due to the harmonic component. While for the phase 

shift =180°, the noise level decreased slightly at 10% and then increased at a lower 

rate than when the phase shift was zero. This was due to the change of the amplitude 

of the magnetic flux density signals with different harmonics present. Table 2-4 

shows the percentage changes of the voltage amplitude supplied to the winding due to 

the harmonic component.  

 

Table 2-4: Percentage variations of voltage amplitude supplied to the primary winding 

of the transformer core with single step lap configuration due to 5
th

 harmonic 

component and phase shift at 1.7 T, 50 Hz. 

5
th
 harmonic 10% 20% 30% 40% 50% 

Phase shift 0° +10 +20 +30 +40 +50 

Phase shift 180° -4 +4 +13 +23 +32 

 

In 2008, Snell [21], [22] studied the effect of six core design parameters i.e. clamping 

torque (0, 13.6 and 27.2 Nm), core re-build, number of laminations per stacking layer 

(one and two laminations), number of step lap (two, four and six steps), length of 

overlap shift (two, four and six  mm) using three materials (conventional grain 

oriented (27M3), high permeability (27M0H) and ball unit domain refined high 

permeability grain oriented electrical steel (BUDR)) on transformer core noise. 

Refinement of magnetic domains in the laminations is the technique for reducing the 

width of magnetic domain in order to reduce the core loss. In this experiment, BUDR 

is 27M0H with domain refined using ball unit system, 6 mm line spacing 

perpendicular with the rolling direction. Three phase, three limb transformer models 

with outside core dimensions of 600 mm × 500 mm were used for the investigation.  

A core with N=5, s=6 mm, built with 27M3 material tested at 1.7 T, had noise of 

56  dBA, 56.2  dBA and 59 dBA when changing clamping torque 0, 13.6 and 

27.2 Nm, respectively. It was found that at low clamping torque there was no 
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significant difference in noise, however, the noise increased when clamping torque 

was increased. Each core was rebuilt three times and tested at magnetic flux density 

1.5, 1.7 and 1.75 T. The results showed the variation of measurements between each 

build was up to ±6 dB.  

To investigate the effect of number of laminations per stacking layer, cores assembled 

from, 27M0H and 27M3 were built twice with one and two laminations per stacking 

layer. Less noise was found from one lamination per layer for the over range of 

magnetic flux density 1.5 T to 1.8 T.  

To compare the effect of number of step lap and length of overlap shift, cores of 

27M0H and 27M3 were built with three, five and seven step lap and two, four and 

six mm length of overlap shift. Each model was built twice. The average noise from 

three trials on each core is shown in Table 2-5. The results show noise was 

significantly dependent on operating B, number of step lap and length of overlap shift. 

Finally, the author presented a comparison of the application of ball unit domain 

refinement (6 mm line spacing) with standard 27M0H on core noise as shown in 

Table 2-6. The cores were built with N=5, s=6 mm, one lamination per stacking layer. 

Results were not significantly material dependent. 

 

Table 2-5: Comparison of noise output on three phase transformer core built with 

different number of step laps, overlap length and materials at flux density 1.5 to 1.8 T, 

50 Hz. [22] 

  
27M0H 27M3 

Step lap Overlap [mm] 1.5 T 1.7 T 1.8 T   1.5 T 1.7 T 1.8 T 

3 2 49.8 55.4 59.7   55.2 61.3 64.0 

 
4 52.0 61.7 66.7 

 

50.2 56.6 59.1 

 
6 50.3 60.3 64.6 

    5 2 51.9 56.4 62.5   51.8 57.2 60.1 

 
4 46.5 53.9 59.8 

 

48.3 55.4 59.1 

 
6 45.2 52.8 59.4 

 

48.2 56.7 60.1 

7 2 51.9 56.7 60.4   52.6 57.3 59.4 

 
4 46.7 52.1 59.4 

 

49.3 56.6 59.9 
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Table 2-6: Comparison of noise output on three phase transformer core built with 

different materials at flux density 1.5 to 1.8 T, 50 Hz. [22] 

Magnetic flux density [T] 1.5 1.7 1.8 

Non-domain refined [dBA] 45.5 52.8 59.3 

Ball unit domain refined [dBA] 45.1 53.1 59.0 

 

In 2011, Girgis et al. [23] presented the method for minimising the transformer core 

noise. By extensive investigation, the authors found that transformer core and load 

noise were affected by the mounting methods. Therefore, the tank was designed for 

reducing the noise generated from the transformer. In tank designing process, (a) 

accurate calculation of resonance frequency of the core, (b) accurate calculation of 

frequency spectrum of core noise, (c) accurate calculation of load noise, (d) 

decoupling active parts vibration from the tank, (e) proper design of tank plate field 

and tank bracing and (f) proper transformer mounting techniques were carefully 

considered. The results showed that the core noise was reduced 3.7 dB for transformer 

93 MVA and 6.5 dB for transformer 65 MVA. In 2012, Lahn et al. improved 

transformer core noise by using optimised laser domain refinement [24]. 

 

2.3 Study of transformer core vibration 

In 1996, Weiser et al. [25] studied the mechanism of vibration on no load single phase 

transformer cores. Two, single phase cores with four multi step laps and single step 

lap configuration were assembled from 0.27 mm thick M0H grade laminations, 

170 mm width with window 400 mm × 400 mm were studied. Fig. 2-10 shows the 

position of the measurements, clamping regions and displacement experimental 

results obtained by means of a miniature triaxial accelerometer (Brüel & Kjær 4326) 

at magnetic flux density 1.0 T to 1.4 T. 

 

http://www.bksv.com/products/transducers/acoustic/calibrators/4231.aspx
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The results did not show symmetry with the middle point (point 16) because of the 

lack of a reference point. Low and high vibration was found at the centre and corners 

respectively of each core. Displacements along the rolling direction ( x ) and 

transverse direction (
y ) had different values with the magnetostriction 

characteristics. The authors proposed a Maxwell stress vector based on displacements 

in the normal direction ( z ), to explain the vibration. The stress strongly depended on 

the magnetic flux distribution.  

 

 

        a) 

 

 

   b) 

Fig.2-10: Single phase core model with clamping position [25] 

 a) Displacement measurement points 

 b) Displacement experimental results 
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To investigate the stress, the core was separated into three regions with regard to the 

characteristic of magnetic flux distribution. The first region was the overlap region 

where in-plane magnetic flux flows through the gaps from one lamination to another 

in-plane lamination. An attractive stress between the lamination in in-plane direction, 

gp , can be calculated from Eq. 2-5.  

 

2

02

g
g

B
p


        N/m

2
     (2-5) 

where gB  is in-plane magnetic flux flow through the gap and 0  is the permeability 

of the free space. 

The second was the overlap region where normal magnetic flux exists. An attractive 

interlaminar stress between the lamination in the normal direction, zp , can be 

calculated from Eq. 2-6. 
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p


         N/m

2
     (2-6) 

 

where zB  is magnetic flux flow through the gap in normal direction. 

The third region was the homogeneous area of the limb and yoke which exhibited 

repelling interlaminar stress. However, it can be assumed that only in-plane magnetic 

flux occurs therefore stress in this region can be neglected.  

The averaged displacement z of the MSL configuration was higher than that of the 

SSL core but this was not compatible with the A-weighted sound pressure level. The 

core with MSL joint had lower noise. The authors explained that the MSL core had 

higher z  amplitude but less distortion. However, the frequency distribution of z  

was not shown in the paper. In addition, the z  was found not to be independent of 

core stacking height. The experiments were carried out by increasing core stacking 

height from 45 to 180 laminations.  
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In 1997, Mizokami et al. [5] presented three phase, three limb transformer core 

vibration measurements obtained using a laser Doppler system. The core was built 

with high permeability grain oriented, 0.23 mm thick, single step lap configuration 

with two laminations per stacking layer. The core cross sectional area was square. 

Fig. 2-11 shows the core dimensions and magnetostriction properties whilst Fig. 2-12 

shows measuring surfaces and positions. 

         

  a)        b) 

Fig.2-11: Three phase three limb transformer core model and magnetostriction 

properties [5] 

a) Core dimensions (mm) 

b) Magnetostriction properties of material prior to being built into the core 

 

 

Fig.2-12: Measuring positions on the core surfaces [5] 
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It can be seen from Fig. 2-13 that the vibration of surface E was higher than surface 

B, C and D. The vibration of the limbs was higher than the yokes while the middle 

limb was higher than the outer limbs. On the top surface (surface B), the area above 

the limb had vibration higher than at the middle. Fig. 2-14 shows that the middle limb 

vibration phase was shifted approximately 180 compared to the outer limbs. In 

addition, the effect of excitation frequency was compared; there was no significant 

vibration on the surfaces B, C and D.  

 

 

Fig.2-13: Vibration displacement signals of the core at 1.7 T, 50 Hz. [5] 

 

 

Fig.2-14: Comparison of vibration displacement signals on surface A at magnetic flux 

densities of 1.3 T and 1.7 T, frequency 50 Hz. [5] 

In 1998, Ishida, et al.[18] reported the vibration distribution normal to the surface of 

three phase three limb transformer cores. The experiments compared four cores. The 

cores were constructed with material grades 30RGH110 (RGH) and 30RGH105N 
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(NewRGH), 0.3 mm thick in five multi step lap and single step lap designs as shown 

in Fig. 2-6. Fig. 2-15 shows vibration acceleration level of the core surface in m/s
2
 at 

1.7 T. It can be seen that vibration is high at the joints between yokes and limbs. 

There is a variation of approximately 10 dB between the middle of the lamination and 

the joints. The multistep lap core had lower vibration for both materials. It can be seen 

that New RGH material vibrates less than RGH material for both step lap designs.  

 

 

   a)       b) 

Fig.2-15: Comparison of vibration distribution of single step lap and multistep lap 

cores [18] 

 a) Vibration distribution of single step lap core 

 b) Vibration distribution of multistep step lap core 

 

Weiser and Pfützner [26] investigated the relationship between magnetic forces and 

vibration in a single phase transformer core. Different cores to those used in the 

previous work [25] were investigated. The core built with ZDKH material, 0.27 mm 

thick, 50 mm width with window 300 mm×110 mm and also a different clamping area 

is shown in Fig. 2-16. Vibration was measured with miniature triaxial accelerometers 

(Brüel&Kjær 4326) as in the previous work [25]. The results showed vibration 

displacement, vibration velocity and A-weighted velocity without the relevance of 

phase differences. Fig. 2-17 shows experimental vibration results of the multistep lap 

core at 1.6 T, 50 Hz. 

 

http://www.bksv.com/products/transducers/acoustic/calibrators/4231.aspx
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Fig.2-16: Position of vibration measurements and clamping area of the core model 

[26] 

 

     

 

Fig.2-17: Vibration experimental results from triaxial accelerometer at the position as 

shown in Fig. 2-16  [26] 

 a) Vibration displacement, nm 

 b) Vibration velocity, µm/s 

 

The results show a difference with their previous work [25]. The highest vibration did 

not appear at the joints because they were completely clamped. The results at points 2 

and 6 were the average vibration of the clamps. Fig. 2-18 shows averaged A-weighted 

velocities of the core at 1.4 T and 1.8 T with number of step laps from one to four and 
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core stacking height 110 laminations and 160 laminations. The results showed 

vibration velocity in the normal direction ( z ) was higher than the in-plane vibration. 

For the SSL configuration, it can be seen that the core stacking height strongly 

affected with z but the effect was less with MSL. The z  appeared to have a random 

variation when the number of step laps were increased.  

 

 
a) 

 
b) 

 

Fig.2-18: Averaged A-weighted vibration velocities [26] 

 a) The averaged A-weighted vibration velocities at 1.4 T, 50 Hz. 

 b) The averaged A-weighted vibration velocities at 1.8 T, 50 Hz. 
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In 2002, Vandevelde et al. [27] presented a modelling for magnetoelastic material. 

This work was based on the virtual work principle by considering the component of 

magnetostriction and Maxwell forces simultaneously. One year later, they applied the 

modelling to rotating machine and transformer core. Calculation of core deformation 

and vibration was carried on the measured magnetostriction on the electrical steel 

lamination and finite element method (FEM) [28], [29]. The modelling work have 

been developed continuously by improving an algorithm and input parameters [30], 

[31], [32], [33]. 

 

2.4 Summary 

Based on the reviews in Section 2.2 to 2.3, it can be summarised that: 

1. Causes of core vibration, which is the main cause of transformer noise, are 

deformation of core laminations due to magnetostriction and magnetic forces 

at overlap regions. 

2. Variation of transformer core noise depends on lamination grades, overlap 

length, number of step lap, length of overlap shift, clamping stress and number 

of laminations per stacking layer. The optimum values for each parameter 

depends on core structure.  

3. Magnetic forces depend on in-plane and interlaminar magnetic flux through 

air gap at core overlap region, core structures and clamping force. 

4. Transformer core noise varies with lamination grades but no definite 

correlation between them has been found. There is no agreement on which 

parameter of material properties is the most significant. Some researchers refer 

to level of magnetic flux density at a magnetic field equal to 800 A/m but 

some researches refer to magnetostriction. 

5. Although magnetostriction is generally accepted that it is the one of main 

causes of transformer core vibration and noise, there is no agreement on which 
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magnetostriction parameter is the most relevant to transformer core vibration 

and noise. 

6. There is significant increase in transformer core noise when the core is 

operated over the core critical induction. 

7. Multi step lap configuration has lower noise values than a single step lap 

configuration. 

8. There is no conclusion of the optimum value of clamping pressure applied to 

the core and the configuration of the clamp. 

 

According to the summary above, the following questions arise: 

1. How does the magnetostriction relate to core vibration? 

2. How does the core vibration relate to core noise? 

3. Is there any quantitative correlation between vibration magnitude and core 

noise? 

4. What are the most significant factors affecting transformer core noise? 

- Materials (magnetostriction, B8, thickness, coating effect) 

- Core configurations (Bc ,MSL, SSL) 

- Clamping torques (lamination residual stresses) 

- Magnetic forces 

 

Table 2-7 to 2-9 summarises previous work on transformer core noise and vibration 

measurements. There are blanks in some boxes in the table since the data were not 

provided. A gap in time is due to the research focus on transformer core losses and 

modelling.  
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Table 2-7: Summary of previous work on transformer core noise and vibration (1981-

1996) 

Year 1981 1994 1996 

Authors Foster et al. Valkovic Ilo et al. Valkovic 

phase 
 

Single phase core 

type 

Single phase core type 

with linearisation overlap 

Single phase core 

type 

Power rating [VA] 200M 
 

  

Weight [kg] 
 

105 
 

105 

material M5 
Parameter (M4, M0H, 

ZDKH) 
ZDKH-LS M4 

B8   
   

thickness [mm]  0.27 
0.23 for overlap, 

0.27 for yokes  

Core outside 

dimension [mm×mm] 
 399×586 300×300 399×586 

window [mm×mm]  159×346 240×240 159×346 

lamination width 

[mm] 
 120 30 120 

No. lamination  296 20 296 

Core stacking height 

[mm] 
 80 

 
80 

No step  5 Parameter (1, 2) 1 

Overlap length [mm]  14 10 and parameter (1, 2) 
Parameter (2, 6, 

10, 14) 

overlap shift [mm]  2 Parameter (0, 3, 5, 7) 
 

No lamination / 

stacking layer  
1 

  

Gap [mm] 
  

1 
 

Core position 
  

H 
 

Microphone position 
    

Core build 
    

Measurement 

parameter 
noise 

A-weighted, Noise 

spectra 
Noise, Loss Noise 

Instrument 
  

B&K condenser mic 
 

Measurement 

Environment  
Anechoic chamber 

A bottomless acoustic 

shielding test box 9 cm 

thick 

Anechoic chamber 

Standard  
 

IEC 179 
 

IEC 60551/1987 
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Table 2-8: Summary of previous work on transformer core noise and vibration (1998) 

Year 1998 

Authors Valkovic Ishida, et al. 

phase Single phase core type Three phase three limb 

Power rating [VA] 
  

Weight [kg] 105 100 

material M4 23RGH090N 23RGH090 30RGH105N 30RGH110 

B8  
1.931 1.898 1.930 1.896 

thickness [mm] 0.27 0.23 0.3 

Core outside 

dimension 

[mm×mm] 

399×399 750×750 

window 

[mm×mm] 
159×159 150×450 

lamination width 

[mm] 
120 150 

No. lamination 300 144 108 

Core stacking 

height [mm] 
80 

    

No step Parameter (1, 2, 3, 4) Parameter (1, 5) 

Overlap length 

[mm]      

overlap shift [mm] 
 

Parameter (2 , 10) 

No lamination / 

stacking layer 
Parameter (1, 2, 3) 

    

Gap [mm] 
     

Clamping 
   

Parameter (0, 0.05, 0.10, 0.15, 

0.20 MPa) 

Microphone 

position      

Core build 
     

Measurement 

parameter 
Noise , Noise , Noise, Vibration 

Instrument 

[B&K Analyser 2121 & 

Mic 4190], [HP Analyzer 

& B&k Mic 4145] 
    

Measurement 

Environment 
Anechoic chamber 

    

Standard IEC 60551/1988 Noise, JIS C 1505/1988 
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Table 2-9: Summary of previous work on transformer core noise and vibration (2000-

2008) 

 

Year 2000 2008 

Authors Weiser et al. Ishida et al. Snell Snell 

phase Single phase core type 
Three phase three 

limb 

Three phase 

three limb 

Three phase three 

limb 

Power rating [VA] 
        

Weight [kg] 
  

100 
  

material ZDKH LDR-A 
LDR-

B 

Parameter 

(27M3, 

27M0H) 

Parameter 

(27M3, 

27M0H+BUDR) 

B8   
1.890 1.880 

  

thickness [mm] 0.27 0.23 
  

Core outside 

dimension 

[mm×mm] 

400×210 460×270 750×750 600×550 600×550 

window [mm×mm] 300×110 300×111 150×450 
  

lamination width 

[mm] 
50 80 150 

  

No. lamination 
Parameter 

(110, 160) 
180 144 

  

No step Parameter (1, 2, 3, 4) 1 4 1 4 4 
Parameter (2, 4, 

6) 

Overlap length [mm] 
 

10 
 

10 
  

Parameter (2, 4, 

6) 

overlap shift [mm] 
  

10 2 10 2 6 
 

No lamination / 

stacking layer       

Parameter (1, 

2)  

Gap [mm] 
Parameter 

(0, 1 mm) 

Parameter (0, 

0.5, 1, 1.5 mm)       

Clamping 
  

0.2 MPa 

Parameter (0, 

13.6, 27.2 

Nm) 
 

Core position H 
    

H H 

Microphone position 
      

parameter (11 

points)  

Core build 
      

parameter (3 

trials)  

Measurement 

parameter 

Vibration 

(N=2), 

Noise 

Noise 
    

Noise Noise 

Instrument 
      

Cirrus 

CR:831A 

Type 1 

Cirrus CR:831A 

Type 1 

Measurement 

Environment 

A bottomless acoustic 

shielding test box 9 cm thick     

Fabricated 

sound booth  

Standard 
      

IEC 60651 
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Chapter 3 

Development of the Measurement System 

This chapter provides basic theories of sound and vibration and describe the 

measurement system used for investigating sound and vibration in transformer cores. 

The sound measurement system was used for determining sound pressure level and 

calculating sound power level. The vibration measurement system using a scanning 

laser vibrometer and a localised magnetic flux density measurement system is also 

presented. Finally, uncertainties of all the measurements are quantified. 

 

3.1 Instrumentation for Sound Measurement 

Sound, by definition is a variation of pressure generated by the vibration of                 

a medium where power from the medium is radiated away by progressive sound wave 

[34]. A sound wave,  , can be mathematically expressed by Eq. 3-1. 

 

   , sinx t A mx t           Pa    (3-1) 

 

where A  is the maximum amplitude of the wave, x  is space coordinate, t  is time 

coordinate, m  is wave number,   is angular frequency and   is a phase constant. 

 

Sound sometimes is satisfying but sometimes is annoying; unwanted sound is called 

noise. In this work, sound and noise are synonymous. The sound levels in factories 

are used for analysis and comparing annoying sound emitted from machines or 

production line processes. Sound can be expressed as sound pressure, sound pressure 

level, sound power level and sound intensity. 
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3.1.1 Basic Terms in Sound 

Sound power, wS , is the overall acoustic power emitted by a sound source. It is 

independent of the environment. Sound power of a human whisper is very low, 

approximately 10
-9

 W, while sound power of a jet airliner is approximately 50 kW 

[34] at source. Fig. 3-1 shows sound power output of some typical sources. It is usual 

to quantify sound power in term of sound power level, wL  as Eq.3.2. 

 

w
w

w,ref

10log
S

L
S

 
   

 
       dB    (3-2) 

where 
w,refS  is a reference sound power, 1×10

-12
 W. 

 

 

Fig.3-1: Sound power output of some common noise sources [34] 

The human ear can detect sound pressure, p , from approximately 20×10
-6

 Pa to 

100 Pa and in frequency range 20 Hz to 20 kHz, the audible sound range. It is simpler 

to compare the sound pressure level when expressed in decibels. Sound pressure is 
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proportional to the square root of sound power [34], therefore sound pressure level 

can be expressed as Eq.3-3. 

 
2
rms rms

p 2
refref

10log 20log
p p

L
pp

   
    

  
    dB    (3-3) 

 

where rmsp  is the measured root mean square sound pressure in Pa and refp  is a 

reference pressure. The reference pressure was selected to be approximately equal to 

the threshold of human hearing at 1000 Hz, i.e., 20×10
-6

 Pa. The difference between 

sound power and sound pressure can be described simply as sound power is the cause 

whereas sound pressure is the effect. 

The human ear does not equally respond to sound pressure at all frequencies, 

therefore the A-weighting scale was introduced. It used 1 kHz as a reference 

frequency because the sound pressure at this level is equivalent to the loudness in 

Phon [34]. The A-weighting curve is shown in Fig. 3-2 and the coefficient for the          

A-weighting scale, wA , at any frequency can be calculated from [35] using Eq. 3-4. 
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Fig.3-2: A-weighting curve 
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3.1.2 Measuring Microphones 

Microphones are transducers used for converting sound signals to electrical signals. 

Measuring microphones are carefully calibrated microphones in order to have uniform 

frequency response. They are different from microphones used in studios which do 

not have uniform frequency response. There are two types of measuring microphones: 

the condenser microphone and dynamic microphone.  

The condenser microphone uses a capacitor as a sensor with a diaphragm which 

deflects with variation of pressure difference across it. Fig. 3-3 shows the principle 

structure of a condenser microphone. The dynamic microphone uses a moving coil, 

which is mounted in a magnetic field, connected with a diaphragm. When the sound 

wave travels through the diaphragm, the moving coil is moved and this generates       

a voltage output signal. Condenser microphones are more stable, have a wider range 

of frequency, and are very insensitive to vibration. However, they are more expensive 

and sensitive to humidity and moisture. 

 

    

Fig.3-3: Schematic of condenser microphone [36] 

Condenser microphones are separated into three types dependent on response 

characteristics: free-field response microphone, pressure response microphone and 

random-response microphone. The free-field response microphone is used for 

measuring sound pressure coming directly in front of the microphone’s diaphragm. 
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The frequency response characteristic of this microphone is designed to compensate 

for disturbance due to interference and diffraction in front of the diaphragm. The 

pressure response is used for measuring noise on the surface such as noise on the 

floor. Random response microphones can measure sound that arrives from any 

direction in a diffuse sound field. Fig. 3-4 shows different microphones in the sound 

field. 

 

 

Fig.3-4: Different type of condenser microphones in the sound field [37]  

 

All commercially measuring microphones are supplied with individual calibration 

charts as show in Fig. 3-5. Information provided includes: size, frequency response, 

open circuit sensitivity, dynamic range and correction factor.  

 

 

Fig.3-5: Calibration chart supplied with a Brüel & Kjær Prepolarised Condenser 

Microphone Type 4188 [38] 
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The size of a microphone influences its frequency sensitivity. The smaller it is the 

higher the frequency response. The relationship between sound frequency, f , and 

sound wave length in air,  , can be expressed by Eq.3-5. 

 

c

f
          m    (3-5) 

 

where c  is the sound velocity in air (approximately 344 m/s). 

It can be seen that high frequency has a low wave length. Then, a small microphone, 

for example 6.35 mm (¼ inch) diameter, will not disturb the sound frequency lower 

than 54 kHz while a microphone size 25.4 mm (1 inch) diameter has a limitation at 

13.5 kHz. Open circuit sensitivity represents the expected output voltage from a 

microphone. Dynamic range presents the lowest and highest sound pressure level 

which can be measured by the microphone. To amplify the output signal from the 

microphone and provide suitable matching impedance for the instrument,                    

a microphone is always connected to a preamplifier. The preamplifier’s input 

impedance is high but not infinite. Therefore, a correction factor is needed in order to 

correct the open circuit sensitivity characteristic of the microphone. 

 

3.2 Instrumentation for Vibration Measurement 

3.2.1 Vibration 

Vibration by definition is the motion of particles. When vibration occurs, sound 

waves are formed [39]. Vibration signals can be measured in term of displacement,  

  (m), velocity,   (m/s) and acceleration,   (m/s
2
). Fig. 3-6 shows phase correlation 

between the three parameters. 
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Fig.3-6: Phase difference between displacement, velocity and acceleration 

In practice high displacements only arise at low frequencies, while large accelerations 

only occur at high frequencies [40]. Thus, it is necessary to select the instrument that 

has a dynamic range to cover the frequencies of interest.  

 

3.2.2 Piezoelectric Accelerometers 

An accelerometer is an instrument used for measuring the vibration of an object that it 

is mounted upon. Piezoelectric accelerometers are generally used for vibration 

measurement. They can be single or tri-axial. The most importance component of 

piezoelectric accelerometer is the slice of piezoelectric material. Generally, an 

artificial polarized ferroelectric ceramic, which exhibits the unique piezoelectric 

effect, is used. Fig. 3-7 shows the basic structure of a compression type 

accelerometer. When subjected to vibration, the accelerometer experiences a force. 

The sensor, which is a piezoelectric crystal, generates an electrical signal proportional 

to applied force. The acceleration can be calculated from, Force = Mass × 

Acceleration.  
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Fig.3-7: Basic structure of an accelerometer [41] 

Techniques for attaching an accelerometer to the target include connecting thread 

stud, cementing stud, wax, magnet and hand held probes. The last two techniques 

affect the frequency response of the sensor. When using the magnet technique the 

frequency response is limited to around 6 kHz. The hand held probe is very flexible to 

use but the frequency response is limited to approximately 1 kHz [41]. 

To select an accelerometer, the range of acceleration, frequency and sensitivity of the 

output voltage signal needs to be specified. Commercially, the range of acceleration is 

defined in terms of the acceleration due to gravity (1 gravity = 9.80665 m/s
2
). There is 

a trade-off between frequency range and sensitivity whereby a wider frequency range 

results in lower sensitivity [41]. 

3.2.3 Laser Doppler Vibrometer 

The Laser Doppler Vibrometer (LDV) is used for non-contact measurement of a 

vibrating surface. The LDV uses the Doppler Effect to calculate the vibration 

frequencies [42]. A simple diagram of an LDV is shown in Fig.3-8.  

A coherent light source, of which a helium-neon laser is the most common type [43], 

with frequency f1 shines on to a semi-transparent prizm (Z) and splits into a test beam 

and reference beam. The test beam illuminates the desired measurement object and is 

reflected with modulated frequencies f1±fD, which results from the Doppler Effect. 

The reference beam illuminates the reflector (Z1) and interferes with f1±fD signal at 
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the detector. The frequency difference is detected and the vibration is calculated from 

Eq. 3-6. 

 

Fig.3-8: Principle diagram of Laser Doppler Vibrometer 

 

vibration Df
2

         m/s    (3-6) 

where  is the wave length of light 

 

Although the LDV technique is very expensive, it has many advantages over using 

accelerometers. The LDV can measure on surfaces that are difficult to access such as 

close to the lamination joints where it is not only difficult to attach the accelerometer 

but also there is an error due to mass loading. Therefore the LDV was chosen for this 

work.  
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3.3 Technique for Localised Magnetic Flux Density Measurements 

The two most common techniques for the measurement of localised magnetic flux 

density are the search coil (also termed as a B coil) technique and the needle 

technique. Fig. 3-9 shows a schematic diagram of search coil and needle probe 

techniques. In the figure, if W>>d, the distance between the needle probes is equal to 

the search coil width.  

 

 

Fig.3-9: Schematic illustration of flux density measurement techniques 

 

3.3.1 Search Coil Technique 

The search coil technique is a classical method based on Faraday’s law. Magnetic flux 

density can be calculated from the induced voltage in the search coil. A wire is 

threaded through holes drilled through a lamination to form the search coil. Under 

magnetisation, the induced voltage in the search coil is proportional to the rate of 

change of the magnetic flux density across a 1-turn search coil loop in the z direction 

and can be written as shown in Eq. 3-7. 

 

s

dB
e Wd

dt
          V    (3-7) 
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where se  is the induced voltage in the search coil wound around the investigated 

cross sectional area W d , W  is search coil width and d  is the lamination thickness.  

 

 3.3.2 Needle Probe Technique 

The needle probe technique is a non-destructive technique. This technique requires 

two sharp contact needles to press through the lamination insulation coating into the 

lamination itself. If the magnetic flux is distributed uniformly in the laminations and 

the distance between the needle probes is large enough, the magnetic flux density can 

be approximated by the induced voltage due to the eddy currents between the needle 

probes as [44] shown in Eq. 3-8. 

 

1

2
n

dB
e Wd

dt
         V    (3-8) 

 

The accuracy of the measurement is dependent on the uniformity and symmetry of the 

flux due to the ratio of the needle distance and the lamination thickness, the magnetic 

domain structure and the homogeneity in microscopic structures of the measurement 

area. The relative merits of the search coil technique and needle probe technique are 

shown in Table 3-1. Because the needle probe technique cannot measure localised 

magnetic flux density in the stack of laminations, the search coil technique was 

chosen for this work.  

An array of single turn search coils was arranged to detect components of flux density 

along the rolling and transverse directions on the core laminations by threading 

0.19 mm diameter (SWG-36) enamelled copper wire through holes 0.5 mm diameter. 
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Table 3-1: Comparison of advantage and disadvantage between search coil and needle 

probe techniques [44], [45] 

  Search Coil Technique Needle Probe Technique 

Advantages  Simpler 

 More accuracy  

 Able to measure in 

stack of laminations 

 Complex 

 Non-destructive (do not need to 

drill the lamination)  

 Fast  

Disadvantages  Drilling induces 

stress in the material 

 Error due to vertical electric field 

component 

  Destructive  Sensitive to noise interference  

  Time consuming for 

preparing the search 

coil 

 Coated samples need care 

 

3.4 Development of the Measurement System 

To develop the measurement system for studying the relationship between 

transformer core vibration and noise, a measurement system was developed [46]. 

Fig. 3-10 shows a schematic diagram of the measurement system. A three phase 

variable transformer was used as a power supply which was able to adjust the primary 

voltage. An exciting current was controlled by a primary voltage and then a magnetic 

flux was produced in the cores. Primary and secondary voltage, exciting current, 

power loss and exciting power were measured by a power analyser. A condenser 

microphone with matching amplifier was used for acquiring the acoustic signals.       

A laser scanning vibrometer was selected for the vibration measurements. The last 

system is for data acquisition and signal processing, LabVIEW, Matlab, PolyTec 

PSV 8.8 and ScanViewer 2.0 were used. 
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Fig.3-10: Schematic diagram of the transformer magnetising method, noise, vibration 

and localised magnetic flux density measurement system 

 

3.4.1 Sound Measurement System 

To investigate the noise emitted from the transformer core, a sound measurement 

system was developed. The standard used in the literature review for determination of 

sound level, IEC 60551:1993, has recently been withdrawn and replaced by IEC 

60076-10 [47]. Thus, the newer version was used as a guide for determination of 

sound level.  

The most important component in the sound measurement system is the measuring 

microphone. To select the appropriate measurement microphone for these 

experiments, the frequency response range must be considered. The causes of 

transformer core noise are magnetostriction and magnetic forces. The fundamental 

frequency of magnetostriction and magnetic forces are double the magnetising 

frequency [25] with harmonics potentially occurring at integer multiples of the 

fundamental frequency. Therefore the frequency range of the microphone should 

cover the fundamental and its harmonics. A condenser microphone B&K 4188 with    

a frequency response 8 Hz to 12.5 kHz was selected. This frequency range covers the 
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fundamental frequency of magnetostriction, magnetic forces and up to the 100
th

 

harmonic of them. 

The measurement system comprises nine B&K 4188-A-021 microphones with 

preamplifiers with a frequency range 20 Hz-12.5 kHz [48], a B&K 2694 conditioning 

amplifier with a frequency range 0.1 Hz-50 kHz, an NI 9215 analog input module, 

± 10 V, 100 kS/s/Ch [49], and a computer, in which LabVIEW version 2010 from 

National Instruments was already installed. The specifications of the microphone and 

analog input module are shown in Table 3-2 and Table 3-3. The microphones were 

connected to the conditioning amplifier. The signals from the conditioning amplifier 

were acquired with the analogue input module. LabVIEW was used for data 

processing and controlling the sound measurement system. Finally, Matlab was used 

for analysing the measurement data. 

 

Table 3-2: Specifications of the B&K 4188-A-021 (Microphone with pre amplifier) 

Sensitivity :  31.6 mV/Pa 

Frequency :  20 Hz – 12.5 kHz 

Dynamic range :  15.8 – 146 dB 

Temperature :  – 30 to +125°C  

Polarization :  Prepolarized 

 

Table 3-3: Specification of the NI 9215 (Simultaneous Analogue Input Module) 

Resolution : 16 bits 

Sample Rate : 100 kS/s/Ch 

Max Voltage : 10 V 

Maximum Voltage Range : -10 V - 10 V 

Maximum Voltage Range Accuracy : 0.003 V 

Simultaneous Sampling : Yes 

 

Fig. 3-11 shows a schematic diagram of the sound measurement system, microphone 

positions and the height of transformer core, h, for measurement of sound pressure. 

Eight microphones were located at half the height of the core at approximately 
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equally spacing of 0.3 m from the core surface while one microphone was fixed 0.3 m 

above the top surface.  

Using the distance 0.3 m with the principal noise radiating surface 1 m
2
 as                  

a reference, the sound power levels from transformer cores with different dimensions 

can be compared since the sound power level is independent of the environment and 

measuring distance. Hence sound power level can be compared between 

investigations. Comparing the amount of noise emitted by transformer cores with 

identical dimensions, sound pressure level can be accepted. The procedure of the 

determination of sound power level is described in Chapter 4. The output of the 

measurement system yields the sound pressure and sound pressure level from each 

microphone, the corrected average A-weighted sound pressure level and sound power 

level. 

 

 

Fig.3-11: Schematic diagram of sound pressure level measurement system for 

transformer core 

 

A Virtual Instrument (VI) for determining the sound pressure level was developed. 

The front panel of the VI is shown in Fig. 3-12.  
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Fig. 3-12: Front panel of noise measurement system 

 

Fig. 3-13 shows a simple box diagram of the VI. A 1D analogue input VI reads sound 

pressure signals from the voltage module (NI9215). The signal was divided by the 

microphone sensitivity and then sound pressure levels were calculated by Eq. 3-3. The 

outputs both in time domain and frequency domain were saved in spread sheet format. 

Matlab was used for calculating A-weighted sound pressure level, the averaged         

A-weighted sound pressure level, the collected average A-weighted sound pressure 

level and the A-weighted sound power level as described in Chapter 4. 

 

 

Fig.3-13: Schematic diagram of sound pressure level measurement system for a 

transformer core 
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In order to make measurements without reflecting objects, the measurements were 

made in a hemi-anechoic chamber whose ceiling and walls were covered by a highly 

absorptive material to eliminate reflections. Fig. 3-14 shows the hemi-anechoic 

chamber which has a dimension 2 m×3.5 m×2.2 m (W×L×H) and shows a photograph 

of microphones positioned on the prescribed contour. The average acoustic absorption 

coefficient of the chamber was 0.5 and the total area of the surface was 38.2 m
2
.  
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   a)       b)  

Fig.3-14: Microphone positions and the prescribed contour 

a) Microphone positions 

b) The prescribed contour 

 

3.4.2 Vibration Measurement System 

To investigate the correlation between vibration and noise of the transformer cores,     

a non-contact PSV-400 Scanning Vibrometer, was used. It is a full-field vibrometer 

measurement and visualization system. Also, a PSV Software Package provided 

detailed vibration data analysis including graphing, animation of 2-D colour maps 
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[43]. The vibration system consists of scanning head (PSV-I-400), Junction box 

(PSV-E-401), Controller (OFV-5000) and PC (PSV-W-401) as shown in Fig. 3-15. 

Outputs from the system yielded vibration velocity in average rms, and the frequency 

domain and a 2-D animation of vibration. 

 

PC: PSV-W-401

Controller: OFV-5000

Junction box: PSV-E-401

Scanning head: PSV-I-400

 

Fig.3-15: Photograph of the vibration measurement system [43] 

 

The scanning head measures the vibration component of every defined measurement 

point. The system has a velocity range 0.01 µm/s – 10 m/s and frequency bandwidth 

0 – 80 kHz. Table 3-4 shows the specification of the scanning head. A junction box is 

used for interfacing between the scanning head and controller.  

The controller is used for controlling the velocity range of the laser head and there is 

an analogue (hardware) low pass filter with frequency a limit of 5 kHz. The PSV 8.8 

scanning vibrometer software was installed in the PC. It controls all measurement 

tasks, setting measurement parameters, acquiring, displaying, processing and 

exporting measurement data. The procedure of the measurement of the cores vibration 

surfaces is described in Chapter 4. 
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Table 3-4: Specification of scanning laser vibrometer PolyTec PSV-400 [43] 

Dimensions [W×L×H] 190 mm × 376 mm × 163 mm 

Weight 7 kg 

Laser type HeNe laser (633 nm) 

Laser safety class Class 2 (< 1 mW visible output) 

Working distance LR lens: 0.35 m – 100 m 

Sample size From few mm
2
 up to several m

2
 

Camera Colour video camera, CCD ¼” , 752×582 pixels, with Auto focus 

and 72X zoom 

Bandwidth 0 – 80 kHz 

Velocity range 0.01 µm/s – 10 m/s 

Scanner High precision scan unit (scanning range ± 20° about X,Y)  

Scan speed Up to 30 points/s (typical) 

 

3.4.3 Localised Magnetic Flux Density Measurement System 

An array of single turn search coils both in the rolling and the transverse directions 

were prepared by threading 0.19 mm diameter enamelled copper wire through 0.5 mm 

diameter holes. To measure the localised magnetic flux density, the instantaneous 

induced voltage of each search coil was acquired by a data acquisition module NI-

9215 with a sampling rate of 1 kS/s while the core was magnetised. The localised 

magnetic flux density was obtained by integrating the instantaneous induced voltage 

signal. Fig. 3-16 shows a block diagram of the method for implementation of 

magnetic flux density. The array of voltage signals were integrated and divided the 

lamination cross section area. 

 

 

 

Fig.3-16: Block diagram showing Virtual Instrument for calculating magnetic flux 

density 
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3.5 Uncertainty in the Measurement 

Uncertainty in the measurements is not an error of the measurements. The error of the 

measurement is the difference between the measured value and the true value but the 

uncertainty is the range of possible true values.  

To present the uncertainty in measurement, the measured value y  which is the 

function of the input quantities of 1 2 3, , ,..., nx x x x  are applied by the uncertainty, U  as 

y U . It presents an expect true value of y  is between y U  and y U . 

The uncertainties of the measurement system were considered according to the 

recommendations given in UKAS M3003 “The Expression of Uncertainty and 

Confidence in Measurement” [50]. Sources of uncertainty comprise random and 

systematic uncertainties. The random uncertainty or repeatability of the measurement 

was called Type A uncertainty, Au , which was evaluated by statistic methods. The 

systematic uncertainty was called Type B uncertainty, Bu , which was derived by the 

agglomeration of the individual reference calibration of the instruments taken from 

the manufacturers specifications. In addition, systematic uncertainties dealt with drift 

in the calibrated instruments, measurement process, operator skill and environmental 

effects [51]. To estimate the uncertainty in the measurement, UKAS M3003 [50] and 

A beginner's guide to uncertainty in measurement [51] were used as a guide.  

The following steps show details of how the uncertainty in measurement was 

estimated. The root sum of the squares of Au  and Bu  was called combined standard 

uncertainty, Cu . It was calculated from Eq. 3-9. 

 

     2 2
C A Bu y u y u y            (3-9) 
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The Au  can be calculated from the standard deviation (stdev) of the mean of a set of 

several repeated measurements, divided by square root of the number of 

measurements, n , as in Eq. 3-10. 

 

 
stdev

Au y
n

            (3-10) 

The Bu  can be calculated from Eq. 3-11. 

 

       2 2 2 2 2 2 2
1 1 2 2 ...B n nu y c u x c u x c u x   

      (3-11) 

where ic  is sensitivity coefficient. It is the partial derivative of the y with respect to ix  

as in Eq. 3-12. 

 

i

i

y
c

x





             (3-12) 

 

Eq.3-12 is used if the mathematical relation between the measurements can be 

defined. If the mathematical equation cannot be found, ic  can be estimated by 

calculating the rate of change of y  with ix . The sources of uncertainty are usually 

provided with the instrument specifications. In this work, the calibration certificate of 

the Digitronic calliper was not available. Thus, estimation of the uncertainty is 

necessary. The source of uncertainty can be estimated by a half of their minimum 

scale divided by 3 . To estimate the upper and lower limits at confidence 95 %, 2 is 

used as the divisor for the normal distribution components and 3  is used for 

rectangular distribution components. Normal distributions are assumed for calibrated 

references. Rectangular distributions are assumed for uncertainties where only the 

upper and lower limits are known such as scale reading. Finally, the combined 

standard uncertainty is multiplied by the coverage factor (k95 = 2) to give the final 

expanded uncertainty as in Eq. 3-13. 
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95 CU k u              (3-13) 

 

Tables 3-5 to 3-9 show uncertainty budgets for the measurements made during this 

study. 

 

Table 3-5: Uncertainty budget in the measurement of average magnetic flux density 

on the limbs of three phase transformer cores 

Source of uncertainty  ± %  Probability distribution  Divisor   Ci   Ui ± %  

Voltage (reading) 0.050
(a)

  Normal 2.0000 1 0.02500 

Voltage (range) 0.005
(b)

 Normal 2.0000 1 0.00250 

Lamination width 0.010
(c)

 Rectangular 1.7321 1 0.00577 

Stack thick 0.010
(d)

 Rectangular 1.7321 1 0.00577 

Frequency 0.100
(e)

 Normal 2.0000 1 0.05000 

Drift between calibrations 0.020
(f)

 Rectangular 1.7321 1 0.01155 

Type A uncertainty, VA -
(g)

 Normal 2.0000 1 - 

Type A uncertainty, VB -
(h)

 Normal 2.0000 1 - 

Type A uncertainty, VC -
(i)

 Normal 2.0000 1 - 

Combined uncertainty - 

Expanded uncertainty at a confidence level of 95 % - 

 

The values in Table 3-5 can be determined in the following way: 

a) Voltage (reading): The accuracy of the voltage measurement in power 

analyser Norma D6000 (reading) is ±0.05 % [52].  

b) Voltage (range): The accuracy of the voltage measurement in power analyser 

Norma D6000 (range) is ±0.005 % [52]. 

c) Lamination width measured by Digitronic Calliper: The resolution of the 

calliper is 0.01 mm. 

d) Stack thick measured by Digitronic Calliper: The resolution of the calliper is 

0.01 mm. 

e) Frequency: The accuracy of the frequency measurement in power analyser 

Norma D6000 is ±0.01 % [3-52]. 

f) Drift between calibrations: Drift error occur after the measuring instrument 

calibration, approximately 0.02 % [53] 
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g) Type A uncertainty, VA: The repeatability of magnetising voltage on the core 

limb A can be calculated by Eq. 3-10. 

h) Type A uncertainty, VB: The repeatability of magnetising voltage on the core 

limb B can be calculated by Eq. 3-10. 

i) Type A uncertainty, VC: The repeatability of magnetising voltage on the core 

limb C can be calculated by Eq. 3-10. 

 

Table 3-6: Uncertainty budget in the measurement of average magnetic flux density 

on limbs of single phase transformer cores 

Source of uncertainty  ± %   Probability distribution   Divisor   Ci   Ui ± %  

Voltage (reading) 0.100
(a)

 Normal 2.0000 1 0.05000 

Voltage (range) 0.100
(b) 

Normal 2.0000 1 0.05000 

Lamination width 0.010
(c) 

Rectangular 1.7321 1 0.00577 

Stack depth 0.010
(d) 

Rectangular 1.7321 1 0.00577 

Frequency 0.100
(e)

 Normal 2.0000 1 0.05000 

Drift between calibrations 0.020
(f)

 Rectangular 1.7321 1 0.01155 

Type A uncertainty, V -
(g) 

Normal 2.0000 1 - 

Combined uncertainty - 

Expanded uncertainty at a confidence level of 95 % - 

 

The values in Table 3-6 can be determined in the following way: 

a) Voltage (reading): The accuracy of the voltage measurement in power 

analyser Norma D4000 (reading) is ±0.1 % [54].  

b) Voltage (range): The accuracy of the voltage measurement in power analyser 

Norma D4000 (range) is ±0.1 % [54]. 

c) Lamination width measured by Digitronic Calliper: The resolution of the 

calliper is 0.01 mm. 

d) Stack thick measured by Digitronic Calliper: The resolution of the calliper is 

0.01 mm. 

e) Frequency: The accuracy of the frequency measurement in power analyser 

Norma D6000 is ±0.01 % [54]. 
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f) Drift between calibrations: Drift error occur after the measuring instrument 

calibration, approximately 0.02 % [53] 

g) Type A uncertainty, V: The repeatability of magnetising voltage on the core 

can be calculated by Eq. 3-10.  

 

Table 3-7: Uncertainty budget in the measurement of noise 

Source of uncertainty  ± %   Probability distribution   Divisor   Ci   Ui ± %  

Accuracy of B&K 4188-A-021 -
(a)

 Normal 2.0000 1 - 

Accuracy of B&K 2694 -
(b) 

Normal 2.0000 1 - 

Accuracy of NI 9215 (reading) 0.020
(c) 

Normal 2.0000 1 0.01000 

Accuracy of NI 9215 (range) 0.014
(d) 

Normal 2.0000 1 0.00700 

Drift between calibrations 0.020
(e) 

Rectangular 1.7321 1 0.01155 

Type A uncertainty, noise -
(f) 

Normal 2.0000 1 - 

Combined uncertainty - 

Expanded uncertainty at a confidence level of 95 % (k95=2)   - 

 

The values in Table 3-7 can be determined in the following way: 

a) Accuracy of B&K 4188-A-021: The accuracy of the microphone and 

preamplifier is ±0.2 dB. Thus relative accuracy is (0.2×100)measured value. 

b) Accuracy of B&K 2694: The accuracy of the conditioning amplifier is 

±0.05 dB [55]. Thus relative accuracy is (0.05×100)measured value. 

c) Accuracy of NI 9215 (reading): The accuracy of the voltage measurement 

(reading) is ±0.02 % [56]. 

d) Accuracy of NI 9215 (range): The accuracy of the voltage measurement 

(range) is ±0.014 % [56]. 

e) Drift between calibrations: Drift error occur after the measuring instrument 

calibration, approximately 0.02 % [53] 

f) Type A uncertainty, noise: The repeatability of noise can be calculated by Eq. 

3-10.  
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Table 3-8: Uncertainty budget in the measurement of vibration 

Source of uncertainty  ± %  Probability distribution  Divisor   Ci   Ui ± %  

Accuracy of Vibrometer 1.300
(a) 

Normal 2.0000 1 0.65000 

Drift between calibrations 0.020
(b) 

Rectangular 1.7321 1 0.01155 

Type A uncertainty, V 0.000
(c) 

Normal 2.0000 1 0.00000 

Combined uncertainty 0.65010 

Expanded uncertainty at a confidence level of 95 % 2 

 

The values in Table 3-8 can be determined in the following way: 

a) Accuracy of Vibrometer: The accuracy of the scanning vibrometer is ±1.3 % 

[57]. 

b) Drift between calibrations: Drift error occur after the measuring instrument 

calibration, approximately 0.02 % [53] 

c) Type A uncertainty, vibration velocity: The repeatability of vibration velocity 

can be calculated by Eq. 3-10.  

 

Table 3-9: Uncertainty budget in the measurement of localised magnetic flux density 

Source of uncertainty  ± %  Probability distribution  Divisor   Ci   Ui ± %  

Voltage (reading) 0.020
(a) 

Normal 2.0000 1 0.01000 

Voltage (range) 0.014
(b) 

Normal 2.0000 1 0.00700 

Lamination width 0.010
(c) 

Rectangular 1.7321 1 0.00577 

Lamination thick 0.010
(d) 

Rectangular 1.7321 1 0.00577 

Frequency 0.100
(e) 

Normal 2.0000 1 0.05000 

Drift between calibrations 0.020
(f) 

Rectangular 1.7321 1 0.01155 

Type A uncertainty, V -
(g) 

Normal 2.0000 1 - 

Combined uncertainty - 

Expanded uncertainty at a confidence level of 95 % - 

 

The values in Table 3-9 can be determined in the following way: 

a) Voltage (reading): The accuracy of the NI9215 voltage measurement (reading) 

is ±0.02 % [56]. 



 
56 

b) Voltage (range): The accuracy of the NI9215 voltage measurement (range) is 

±0.014 % [56]. 

c) Lamination width was measured by Digitronic Calliper: The resolution of the 

calliper is 0.01 mm. 

d) Stack thick was measured by Digitronic Calliper: The resolution of the calliper 

is 0.01 mm. 

e) Frequency: The accuracy of NI9215 frequency measurement is ±0.01 % [56]. 

f) Drift between calibrations: Drift error occur after the measuring instrument 

calibration, approximately 0.02 % [53]  

g) Type A uncertainty, localised magnetic flux density: It can be calculated by 

Eq. 3-7. 
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Chapter 4 

Transformer Core Models and Measurement 

 Procedures 

This chapter describes the structures of transformer core models used in the 

investigation and describes the procedure for the measurement of noise and vibration. 

Also the detail of localised magnetic flux density measurement is presented. There are 

several parameters of the core structure which influence transformer core noise and 

vibration. Therefore some parameters have to be controlled. This work focuses on the 

effect of the core materials, step lap designs, effect of clamping torques and core 

bonding.  

 

4.1 Transformer Core Models 

To quantify the factors affecting transformer core noise and vibration, three phase, 

three limb transformer cores were designed for investigation of noise and vibration on 

surfaces. Single phase core types were used for comparing the effect of the noise and 

vibration at the T joints with the three phase core. The three phase cores were 

designed with multistep and single step configurations. Four overlap steps with 

single lamination per stacking layer with a length of overlap shift of 3 mm were used 

for multistep configuration and three laminations per stacking layer with length of 

overlap shift 6 mm were used for single step lap configuration.  

All transformer core models were assembled from three grades of electrical steel: 

conventional grain oriented (CGO), high permeability grain oriented (HGO) and laser 

scribed domain refined (LDR), using a similar procedure to the manufacturers with 

laminations 100 mm wide, 0.3 mm thick and density of 7650 kg/m
3
. The significant 

differences between these three materials are B8 and core loss. They have the same 
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(011)[100] texture which known as Goss texture or cube-on-edge texture as shown in 

Fig.4-1. It was developed by Norman P Goss in 1933 [58]. The HGO material has a 

bigger grain size and lower core loss than the CGO. The LDR was developed by 

reduced core loss of the HGO by reducing the width of magnetic domains by means 

of laser irradiation [59]. The structures of magnetic domain before and after laser 

irradiation process are shown in Fig. 4-2. However, the laser irradiation produces 

stress in the lamination which then creates discontinuous domain structure. The 

closure domains are settled and this lead to increasing of magnetostriction. 

 

 
 

Fig. 4-1: (011)[100] texture of grain oriented electrical steel [58] 

 

 

 

   a)               b) 

Fig. 4-2: Domain structure of high permeability grain-oriented material [59] 

a) Before laser irradiation 

 b) After laser irradiation 
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Table 4-1 shows relevant magnetic properties of the CGO, HGO and LDR material 

used. Figs. 4-3 to 4-5 show magnetostriction-stress characteristics along the rolling 

direction, . .r d , of the materials at magnetic flux density 1.0 T to 1.7 T, 50 Hz [60].   

A transverse magnetostriction, . .t d , is approximately half of the magnetostriction 

along the rolling direction and opposite in sign [61]. 

The transformer cores have windows 320 mm × 120 mm and 75 mm build up. 

Primary and secondary windings were evenly wound along the limbs with 30 turns of 

insulated copper wire, 1.5 mm
2
. The numbers of turns were calculated from Faraday’s 

induced voltage equation as shown in Eq.4.1.  

 

Number of turn
4.44 c

V

fBA
        turn   (4-1) 

where V  is induce voltage (V), f  is frequency (Hz), cA  core cross sectional area 

(m
2
) 

The size of the conductor was calculated from the approximate apparent power per 

unit weight of the laminations, the core weight at a maximum magnetic flux density 

and approximate current density [62].  

Figs. 4-6 to 4-8 show dimensions of yoke, outer limb and middle limb of three phase 

three limb transformer core with multistep lap configuration. Identical dimensions of 

the middle layer of yoke and outer limb of the multistep lap configuration were used 

for single step lap configuration. Typical dimensions of middle limb of the single step 

lap configuration are shown in Fig.4-9.  

Fig. 4-10 shows yoke dimensions of single phase transformer cores with multistep lap 

configurations. The dimensions of the middle layer were also used for single step lap 

configuration. Limb dimensions of single phase transformer cores, both multistep and 

single step configurations, were identical in size to the middle layer of the multistep 

lap configuration of the three phase cores. 
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Table 4-1: Typical magnetic properties of CGO, HGO and LDR [63], [64], [65] 

 

CGO HGO LDR 

 B8 1.830 1.905 1.917 T 

W17/50 1.25 1.02 0.95 W/kg 

Bsat 2.00 2.03 1.99 T 

Stacking factor 0.965 0.965 0.973 

 Density 7650 7650 7650 kg/m
3
 

Thickness 0.3 0.3 0.3 mm 

Resistivity 0.48 0.48 0.50 µΩ-m 

Modulus of Elasticity 

    Rolling direction. 114 113 113.8 GPa 

Transverse direction 196 195 203 GPa 

 

 
Fig.4-3:  Magnetostriction-stress characteristics along the rolling direction of CGO, 

HGO and LDR materials at 1.0 T 50 Hz. [60]. 

 

Fig.4-4:  Magnetostriction-stress characteristics along the rolling direction of CGO, 

HGO and LDR materials at 1.5 T 50 Hz. [60]. 
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Fig.4-5:  Magnetostriction-stress characteristics along the rolling direction of CGO, 

HGO and LDR materials at 1.7 T 50 Hz. [60]. 

 

 

Dimensions in mm; not to scale 

Fig. 4-6: Dimensions of the yoke of three phase three limb transformer core with 

multistep lap configuration 

 

508332 326 320 314 308 514 520 526 532

ABCE D

 

Dimensions in mm; not to scale 

Fig. 4-7: Dimensions of the outer limb of three phase three limb transformer core with 

multistep lap configuration 
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408332 326 320 314 308 414 420 426 432

ABCE D

 

Dimensions in mm; not to scale 

Fig. 4-8: Dimensions of the middle limb of three phase three limb transformer core 

with multistep lap configuration 

 

420 mm

44 mm

44 mm

12 mm

 

Fig. 4-9: Dimension of the middle limb of three phase three limb transformer core 

with single step lap configuration 

 

308132 126 120 114 108 314 320 326 332

ABCE D

 

Dimensions in mm; not to scale 

Fig. 4-10: Dimensions of yoke of the single phase transformer core 

 

Three phase and single phase cores were built with the 3 materials in multistep and 

single step configurations. Therefore 12 core models were used in this study. To 

investigate the effect of core building, two cores of each configuration were built, 24 

cores in all.  
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Tables 4-2 and 4-3 define the transformer core identification and describe material 

with step lap configuration. Photographs of the three phase and the single phase cores 

are shown in Fig.4-11. Fig. 4-12 shows photographs of the multi-step lap and the 

single step lap configuration. The transformer cores were clamped by 50 mm×30 mm 

wooden clamps on the yokes and 30 mm×20 mm clamps on each limb all tightened 

with fibre reinforced plastic bolts. The torque wrench, capacity 20 Nm was used for 

setting the clamping torque applied to the bolts.  

 

Table 4-2: Number and specification of single phase transformer cores 

Core No. Material Step lap 
 

Core No. Material Step lap 

1 LDR MSL 
 

7  LDR SSL 

2 LDR MSL 
 

8  LDR SSL 

3 HGO MSL 
 

9  HGO SSL 

4 HGO MSL 
 

10  HGO SSL 

5 CGO MSL 
 

11  CGO SSL 

6 CGO MSL 
 

12  CGO SSL 

 

Table 4-3: Number and specification of three phase transformer cores 

Core No. Material Step lap 
 

Core No. Material Step lap 

13 LDR MSL 
 

19 LDR SSL 

14 LDR MSL 
 

20 LDR SSL 

15 HGO MSL 
 

21 HGO SSL 

16 HGO MSL 
 

22 HGO SSL 

17 CGO MSL 
 

23 CGO SSL 

18 CGO MSL 
 

24 CGO SSL 

 

It has been suggested that transformer core noise can be reduced by bonding 

laminations by adhesives [62]. To quantify the effect of bonding on core noise,           

a CGO single phase, multi-step lap core (Core No.5) which was assembled by the 

transformer manufacturer was tested and assessed using the procedure described in 

Section 4.3 after that it was coated with insulation vanish [66]. The noise 

experimental results are shown in Chapter 5. 
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      a)              b) 

Fig.4-11: Photographs of three phase and single phase transformer core 

a) Three phase transformer core model, 115 kg. 

b) Single phase transformer core model, 72 kg. 

 

   

   a)        b)  

Fig.4-12: Photographs of step lap configurations 

a) Multi-step lap configuration 6/3/0/-3/-6 mm. 

b) Single step lap configuration 6/-6 mm. 
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4.2 Magnetising System 

A 15 kVA three phase variable transformer fed from a constant voltage transformer 

was used for magnetising the cores. The primary windings of the transformer core 

were connected to the variable transformer via a power analyser for measuring input 

voltage, magnetising current and power input. The induced voltage of the secondary 

was measured for calculating a magnetic flux density. A Norma D4000 power 

analyser was used for the measurement of single phase transformer cores and               

a Norma D6000 was used for the three phase cores. Schematic diagrams for single 

and three phase excitation are shown in Fig.4-13.  

 

Np=Ns

ÃaŨa ÃbŨb ÃcŨc
Power analyser
Norma D6000

A
B
C
N

n

Np=Ns

Power analyser
Norma D400

L
N

ŨaÃa

 

      a)         b) 

Fig.4-13: Schematic diagram of the magnetising systems 

a) Three phase magnetising system 

b) Single phase magnetising system 

 

4.3 Noise Measuring Procedure 

The sound measuring system, described in section 3.4.1, was used for determining the 

sound emitted from the transformer cores. In order to compare all sounds from both 

three phase and single phase cores and to eliminate the effect of different dimensions 

between three phase core and single phase core, the A-weighted sound power level is 
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required. Fig. 4-14 shows the steps required to calculate A-weighted sound power 

level from sound pressure measurement [47]. 

 

 

 

Fig.4-14: Flow chart of calculation of A-weighted sound power level from sound 

pressure 

 

The following describes details in each step to calculate the A-weighted sound power 

levels. Sound pressure from each microphone, ip , was calculated from the output 

voltage of the microphones and the open circuit sensitivities of the microphones as 

shown in Eq. 4-2. 

 

i

output voltage

open circuit sensitivity
p         Pa   (4-2) 

where i  represents the microphone position. 

Sound pressure level, piL , was calculated from the sound pressure as shown in       

Eq. 4-3. 

i
pi 10

ref

20 log
p

L
p

 
   

 
       dB   (4-3) 
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Next, A-weighted sound pressure level, pAiL , was calculated by applying the             

A-weighting scale. 

The average A-weighted sound pressure level, pA0L , was calculated from the           

A-weighted sound pressure level as shown in Eq. 4-4. 

 
pAimic

10
pA0 10

1mic

1
10log 10

LN

i

L
N 

 
  

 
 

      dBA   (4-4) 

 

where micN  is the total number of measuring positions 

The corrected average A-weighted sound pressure level, pAL , was calculated from the 

average A-weighted sound pressure level as shown in Eq. 4-5. 

 

pA0 bgA

10 10
pA 1010log 10 10

L L

L K
 
   
 
 

     dBA   (4-5) 

where bgAL  is the average A-weighted background noise pressure level and K is an 

environmental correction factor. Background noise was measured before and after 

measuring core noise. The environmental correction, K, was calculated from Eq. 4-6. 

 

10
tr

4
10log 1

/
K

A S

 
  

 
      dBA   (4-6) 

The value of trA  in square metres is given by Eq. 4-7. 

 

tr vA S           m
2
   (4-7) 

 

where   is the average acoustic absorption coefficient. For full absorption such as 

cellulose fibre,   = 1 whilst for full reflective material such as plaster   is 

approximately 0. vS  is the total area of the surface of the test room (walls, ceilings 
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and floors) in square metres. Fig. 4-15 shows the relationship between the 

environment correction and the ratio of trA  to the measurement area. 

 

 

Fig.4-15: Relationship between environment correction and ratio of tr /A S   

 

The A-weighted sound power level of the transformer core, WAL , was calculated from 

the corrected average A-weighted sound pressure level, pAL  as shown in Eq. 4-8. 

 

WA pA 10

0

10log
S

L L
S

        dBA   (4-8) 

 

where the measurement surface S  is derived from Eq. 4-9. 

 

1.25 mS hl         m
2
   (4-9) 

 

where 0S  is a 1 m
2 

reference area and h is a half the height of the core in metres, ml  is 

the length in metres of the prescribed contour. The 1.25 constant is based on 

experience for taking into account the sound energy radiated by the upper part of the 

transformer [47]. The last term of Eq. 4-8 is negative if 0S S . Table 4-4 summarises 

the parameters used for calculating the sound power level of the transformer cores.  



 
69 

In the experiments, the sound pressure signals from the microphones were 

simultaneously recorded while the cores were magnetised at 1.0 T to 1.8 T with           

a clamping torque ranging from 2 Nm to 6 Nm. The results of the corrected average     

A-weighted sound pressure level, the A-weighted sound power level and frequency 

distribution of the sound pressure signals on each core are shown in Chapter 5. 

 

Table 4-4: Summary of the parameter use for determine sound power level 

 
 3 phase core 1 phase core 

Room dimension [m
3
]  2 × 2.2 × 3.5 2 × 2.2 × 3.5 

average acoustic absorption coefficient,    0.5 0.5 

Total surface of the test room , vS  [m
2
]  38.2 38.2 

trA  [m
2
]  19.1 19.1 

A half the height of the core, h  [m]  275×10
-3 275×10

-3 

Length of the prescribed contour , ml  [m]  3.115 2.675 

Measurement surface, S  [m
2
]  1.071 0.920 

Environmental correction, K   0.879 0.765 

10log( 0/S S  )  0.298 -0.362 

 

4.4 Vibration Measuring Procedure 

The vibration measurement system, described in section 3.4.2, was used for 

investigating the vibration of the transformer core surfaces. A PSV-400 scanning 

vibrometer was hired for the experiments. To eliminate the building vibration, a single 

point vibrometer with Laser Head OFV-303 was used for cooperating with PSV-400. 

To reduce the size of the measurement area, an advantage of symmetry was used. The 

shaded area of Fig. 4-16 shows the symmetrical measurement area of the transformer 

surface for both the three phase and single phase cores. In the experiments, the mirror 

technique was utilised to scan three surfaces of the core without moving the laser head 

or the core. A photograph of the system is shown in Fig. 4-17. Single turn coils were 
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wound around the middle limbs of three phase cores and one limb of the single phase 

core for use as the reference flux density signal. 

 

   

  a)        b) 

Fig. 4-16: Area (grey) of the vibration measurements  

a) Three phase transformer  

b) Single phase transformer 

 

 

Fig.4-17: Photograph of the vibration measurement system  
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To prepare the experiments, the scanning vibrometer was setup by first defining the 

measurement area, i.e. the edges of the desired measurement areas were focused on.   

A spatial resolution of the measurement less than 1 cm × 1 cm was set. Next, the 

frequency bandwidth was specified. By preliminary testing using a wide frequency 

range (1 Hz to 20 kHz) and high frequency resolution (1 Hz), it was confirmed that 

the fundamental of the vibration was approximately 100 Hz to 200 Hz and that the 

natural frequency of the core lamination was less than 3 kHz [67]. Therefore, the 

frequency bandwidth was set at 5 kHz for covering the frequencies of interest.  

In the experiments, the average of 3 vibration velocity signals from the scanning 

vibrometer in the frequency domain at each measuring point were recorded while the 

cores were magnetised from 1.0 T to 1.7 T, 50 Hz with a clamping torque ranging 

from 2 Nm to 6 Nm. The results of surface vibrations, vibration velocity, and 

frequency distribution on each core are presented in Chapter 5. 

 

4.5 Localised magnetic flux density measuring procedure 

To investigate the localised magnetic flux density at the corners and the T-joint, the 

search coil sensing technique was used. The middle lamination of a three phase CGO 

core was prepared with arrays of 10 mm long single turn search coils wound 

orthogonal to both rolling and transverse directions. Fig. 4-18 shows the positions of 

the search coils which were wound by threading 0.19 mm diameter (SWG-36) 

enamelled copper wire through 0.5 mm diameter hole. The leads of the coils were 

tightly twisted together to avoid stray voltage pick-up.  

To measure the orthogonal components of localised magnetic flux density, the 

instantaneous induced voltage (v) of each search coil was acquired by a data 

acquisition card, NI-9215, with a sampling rate of 1 kS/s while the core was 

magnetised. The magnetic flux density components were obtained by integrating of 
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the instantaneous induced voltage signal and dividing by the lamination cross section 

area from Eq. 4-10. 

 

 

Fig.4-18: Positions of localised search coils in the middle layer of the core 

 

1
( )

c

b t vdt
A

              (4-10) 

where b is instantaneous magnetic flux density. The total localised magnetic flux         

( totalb ) was calculated from the component in the rolling direction ( . .r db ) and 

transverse direction ( . .t db  ) as shown in Eq. 4-11. 

 

2 2
. . . .total r d t db b b            (4-11) 

 

In the experiments, the VI for calculating magnetic flux density was developed as 

described in section 3.4.3. The orthogonal components of localised magnetic flux 

density were recorded while the cores were magnetised at 1.0 T to 1.7 T with a 

clamping torque of 4 Nm. They are presented and discussed in Chapter 5. 
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Chapter 5 

Analysis and Discussion of Noise and Vibration 

Experimental Results on Transformer Cores 

This chapter presents the experimental noise and vibration results of the transformer 

cores which were described in Chapter 4. In the noise experiments, transformer cores 

were tested under magnetic flux densities from 1.0 T to 1.8 T 50 Hz with clamping 

torques from 2 Nm to 6 Nm. The vibration experimental results were achieved from 

six MSL and one SSL three phase cores and three single phase cores at magnetic flux 

densities from 1.0 T to 1.7 T 50 Hz with clamping torques from 2 Nm to 6 Nm. 

A-weighted sound power level (dBA), A-weighted sound pressure level (dBA) and 

sound pressure (Pa) were used for describing the quantity of the core noise in the 

appropriate situation. A-weighted sound power level is the quantity used to express 

sound energy generated from a sound source which is independent of the frequency of 

the sound, the distance of the measurement and the dimensions of the sound source. 

Hence, it is the appropriate parameter for comparing the noise generated by 

transformer cores. This is the reason for using sound power level as the reference 

quantity in the standard to classify the class of transformers [2]. However, it is not 

suitable for investigating the relationship between noise and vibration because an     

A-weighting scale is applied. Therefore, sound pressure is more suitable than           

A-weighted sound power level for this situation. When comparing the amount of 

noise emitted by transformer cores with identical dimensions, sound pressure level 

can be accepted. Because sound waves propagate through the air as a longitudinal 

wave with a velocity, experimental vibration results were expressed in terms of 

velocity. The experimental results yield both vibration velocity and phase of vibration 

both in time domain and frequency domain where the magnetic flux density signal at 

the middle limb was used as a phase reference. 
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The experimental noise and vibration results are presented starting with the effect of 

magnetostriction. Noise from three transformer cores assembled with the same size 

and step lap configuration but different magnetostriction characteristic materials are 

compared. Next, the effect of magnetic flux density is considered, and then an 

investigation of noise and vibration on each surface of transformer core is presented. 

Then, an investigation of the effect of the T-joint on transformer core noise is shown 

by comparing the A-weighted sound power level from the three phase core with the 

single phase core which has the same window size. Then, the effect of clamping 

torque is presented. Next, the effect of bonding a core is illustrated. Finally, localised 

magnetic flux density on the T-joint and corner are presented. Before considering the 

experimental results, a model of core deformation due to magnetostriction is proposed 

for explaining deformation of the core laminations.  

 

5.1 Model of Transformer Core Deformation due to Magnetostriction 

The causes of transformer core vibration are magnetic forces between laminations and 

lamination deformation due to magnetostriction. If a transformer core has a 

homogeneous structure, there is only in-plane vibration due to magnetostriction, 

however, in practice the core is usually built up from a stack of laminations and, there 

is a vibration in an out-plane direction of the lamination due to magnetic forces [62]. 

Magnetostriction and magnetic forces varies with the square of magnetic flux density 

[68], [69] which is proportional to induced voltage. In a three phase transformer, the 

primary windings are connected to a three phase electrical system. Therefore, 

instantaneous magnetic flux densities on phase A ( ab ), phase B ( bb ) and phase C       

( cb ) can be expressed by Eq. 5-1 to Eq. 5-3. 

 

   sin 120a mb t B t        T    (5-1) 

 

   sinb mb t B t       T    (5-2) 
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   sin 120c mb t B t       T    (5-3) 

 

where mB  is maximum magnetic flux density,   is angular frequency, t  is time. The 

signal bb  was used as a phase reference. 

Fig.5.1 shows variation of magnetic flux density in one cycle of magnetisation.         

A phase shift of one-third of the period occurs between each phase. Red, green and 

blue lines represent magnetic flux density phase A, B and C respectively.  

 

Fig. 5-1: Three phase magnetic flux density waveforms  

 

Deformation of a lamination due to magnetostriction is shown in Fig.5-2. If a 

transformer core lamination is magnetised and magnetic flux flows uniformly along 

the rolling direction, the deformation due to transverse magnetostriction is neglected 

because the core lamination width is significantly shorter than the length by 

approximately 5 times and magnetostriction in the rolling direction is higher than in 

the transverse direction when flux flows uniformly along the rolling direction [61].  
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Fig. 5-2:  Deformation of a lamination due to magnetostriction 

 

Considering the dimensions of transformer core laminations, there are three different 

shapes for three phase core and two different shapes for single phase core as shown in 

Fig. 5-3. Each limb of a three phase core is magnetised with a 120° phase shift. Top 

and bottom yokes which are interlaced to the limbs have associated magnetic flux 

with the limbs.  

 

     

  a)        b) 

Fig. 5-3: Shape of transformer core laminations 

a) Three phase three limb core 

b) Single phase core type 
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A model to obtain the deformation of a core lamination due to magnetostriction was 

developed in Matlab assuming that magnetic flux is distributed uniformly in the 

rolling direction and not taking in to account the effect of rotational or transverse 

magnetisation. Rotational magnetisation affects the magnetostriction characteristic of 

the materials depending on the loci [70]. Fig. 5-4 shows simulated core deformation 

of a three phase core under magnetic flux at t=0° to 180°. The core dimensions are 

to scale but in order to clearly present the difference in deformation, the 

magnetostriction is increased in amplitude. Because of symmetry, only the upper half 

is shown. The grey arrow represents the maximum amplitude of the magnetic flux 

density in the positive direction. The black dotted lines at the joints represent the un-

deformed length of the laminations. 

    

    a) t=0° and 180°            b) t=30° 

    

   c) t=60°       d) t=90°  

    

           e) t=120°        f) t=150°   

Fig. 5-4:  Simulated core deformation due to magnetostriction in the rolling direction 
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At t=0°, the magnetic flux density at phase B is zero while phase A and phase C 

have the same amplitude but opposite direction. Opposite direction of magnetic flux 

does not affect the amplitude of magnetostriction. From Fig.5-4 at t=0°, it can be 

seen that the middle limb does not change the dimension because 0bb  . However, 

there is a deformation on the yoke because of an influence of the magnetic flux in 

phase A and phase C. The outer limbs are strained due to the influence of ab  and cb , 

hence the outer limbs strained approximately 75 %,   
2

sin 0 120  = 0.75, of the 

maximum magnetostriction. In addition, magnetic flux ab  and cb  also influence the 

yokes. 

At t=30°, the magnetic flux density on phase C decreases to the maximum in the 

negative direction. While the magnetic flux densities on phase A and B have the same 

amplitude, half that of phase C but with opposite polarity to that in phase C. The 

laminations in limb C strain to the maximum magnetostriction whilst the laminations 

in limb A and the middle limb strain to 25 % of the maximum magnetostriction.       

At this time, the yokes which are connected to limb A and limb C were magnetised to 

an amplitude of 50 % magnetic flux from phase A and 100% magnetic flux from 

phase C. The yoke which is connected to limb C is strained more than the side which 

is connected to limb A. 

At t=60°, ba is zero whilst bb and bc have the same amplitude but different 

directions. The length of limb C is reduced to the same length as at t=0°. The middle 

limb has a larger strain than at t=30° and limb A is un-deformed. 

The middle limb shows the largest strain when t=90°. This time bb rises to the 

maximum. The laminations continually deform from shortest to longest length in half 

a cycle of magnetic flux. It can be seen that the largest strain in each limb occurs 

twice in one period of magnetic flux density.  

In reality, there are repelling stresses between the laminations in the in-plane direction 

and an attractive interlaminar stress between the lamination in the normal direction on 
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the overlap area. These stresses result in vibration in both the in-plane and out of 

plane direction of the core. In the case of single phase cores, there are no phase 

differences of magnetic flux flow in the core therefore all laminations deform to their 

longest and shortest length at the same time. This model is used for explaining the 

vibration experimental results. 

 

5.2 Influence of Magnetostriction on Transformer Core Noise  

To investigate the effect of magnetostriction, the experimental results from three 

phase transformer cores built with different materials but the same dimensions, step 

lap configuration, and clamping torque were compared.  

The results of A-weighted sound power level from CGO material (core No.18), HGO 

material (core No.15) and LDR material (core No.13) with clamping torque 4 Nm at 

magnetic flux density 1.0 T to 1.8 T are shown in Fig.5-5.  

The results show the highest A-weighted sound power level emitted from the CGO 

core and the lowest emitted from the HGO core at all levels of magnetisation.           

A-weighted sound power level from CGO and HGO cores displays a similar trend. 

The difference in A-weighted sound power level between CGO core and HGO core is 

approximately 5 dB.  

The A-weighted sound power level of the LDR core slightly increases (36.5 dBA to 

39.5 dBA) when the flux density is increased from 1.0 T to 1.5 T and significantly 

increases (39.5 dBA to 53 dBA) when it is increased from 1.5 T to 1.8 T.  

To investigate the contribution of magnetostriction to transformer core noise, the 

results in Fig. 5-5 were considered with the magnetostriction characteristic of the 

materials shown in Chapter 4. Because all of the cores were built with the same size, 

step lap configuration, and clamping torque, magnetic forces on each core were 

assumed to be similar. Hence, the parameter which affects any changes in transformer 
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core noise can be assumed to be magnetostriction. As expected, the CGO core emitted 

the highest noise and the CGO material had the highest magnetostriction. The HGO 

core emitted the lowest noise and the HGO material had the lowest magnetostriction.  

 

 

Fig. 5-5:  Comparison of A-weighted sound power level of 3 phase multi step lap 

configuration transformer core assembled with different materials: CGO, HGO and 

LDR, with clamping torque 4 Nm at 1.0 T to 1.8 T, 50 Hz. 

Hence the magnetostriction is a significant factor affecting transformer core noise. 

However, the difference of noise emitted from these three cores did not show the 

same trend with magnetostriction characteristic. From Figs. 4-1 to 4-3 there is a small 

difference between magnetostriction characteristic of HGO and LDR materials and 

there is a significant difference between these two materials with CGO for all levels 

of magnetic flux density. At 1.0 T, the LDR core emitted noise similar to that of the 

CGO core whilst at 1.5 T it emitted noise close to the HGO core and close to the CGO 

core again at 1.7 T. Therefore, there are other parameters affecting the transformer 

core noise. The CGO core was chosen for further investigation of these other factors.  
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5.3 Influence of Magnetic Flux Density on Transformer Core Noise 

and Vibration 

Magnetic flux density was chosen as the first parameter to investigate because it 

directly affects both the magnetostriction and magnetic forces. From Fig. 5.5, wAL  of 

the CGO core increases from 37.3 dBA to 42.9 dBA at magnetic flux densities 

ranging from 1.0 T to 1.5 T and considerably increases to 49.1 dBA and 54.6 dBA 

when the magnetic flux density is increased to 1.7 T and 1.8 T respectively. The 

significant increase of wAL  is due to the effect of the change in the closure domains 

and the supplementary domain structure, which affects the magnetic forces and 

vibration, when the core is magnetised above a critical induction level. Due to the fact 

that the LDR has smaller domains and more supplementary domain structure, the 

magnetostriction is high for LDR material at higher magnetic flux density. 

The vibration experimental results from the core are shown in Figs.5-6 to 5-8. The 

results yield both vibration velocity and phase of vibration where the average 

magnetic flux density signal from the middle limb was used as a phase reference. The 

results show that the vibrations on the surfaces are not uniform. The variation of the 

vibration on each surface is increased when the magnetic flux density is increased due 

to the effect of saturation induction near the joints. 

When operating the core at low induction, the noise and vibration are less than 

operating at high flux density. This seems to be a simple way to reduce the core noise 

and vibration; however this leads to an increase in cost and a larger core size. Noise 

and vibration on each surface are investigated in the next section. 
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Fig.5-6:  Vibration distribution on core No.18 surfaces, 3 phase MSL CGO, with 

clamping torque 4 Nm at magnetic flux density 1.0 T, 50 Hz. 

 

 

Fig.5-7:  Vibration distribution on core No.18 surfaces, 3 phase MSL CGO, with 

clamping torque 4 Nm at magnetic flux density 1.5 T, 50 Hz. 

 

 

Fig.5-8:  Vibration distribution on core No.18 surfaces, 3 phase MSL CGO, with 

clamping torque 4 Nm at magnetic flux density 1.7 T, 50 Hz. 
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5.4 Investigation of Transformer Core Noise and Vibration on 

 Transformer Core Surfaces 

To investigate the characteristic of sound emitted by each surface of the transformer 

core, the experimental A-weighted sound pressure level results from the array of nine 

microphones were considered separately. The positions of the microphones were 

described in Chapter 3. In positions 1 and 5, microphones were located perpendicular 

to the outer limbs of the core on the side surface. This surface is located parallel to the 

in-plane direction of the laminations. Whereas, at positions 3 and 7 microphones were 

located perpendicular to the front surface of the middle limb and the position 9 

microphone was fixed perpendicularly above the top yoke. Positions 2, 4, 6 and 8 

were fixed equally spaced between positions 1, 3, 5 and 7 on the prescribed contour. 

Fig. 5-9 shows a comparison of the A-weighted sound pressure level emitted from 

each surface of core no.18 with a clamping torque 4 Nm at flux densities ranging from 

1.0 T to 1.8 T. The highest A-weighted sound pressure level was found on the front 

surface when the core was magnetised between 1.3 T and 1.8 T. Whilst, at 1.0 T the 

highest noise was found at the side surface (position 1) because it is assumed that 

there is no effect of saturation induction in the laminations at low magnetic flux 

density. Therefore lamination deformation due to magnetostriction is the only cause 

of vibration and noise. The influence of magnetic forces is higher when the magnetic 

flux density is increased. The experimental results depend significantly on the 

microphone positions. This demonstrates the need for averaging the A-weighted 

sound pressure level from all microphones on the prescribed contour for quantifying 

the sound power level of the core. Due to each transformer core surface has different 

characteristics each surface was separately investigated as shown in the next 

subsection. 
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Fig. 5-9:  Comparison of A-weighted sound pressure level between 9 microphones 

positions of core No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux 

density 1.0 T to 1.8 T, 50 Hz. 

 

5.4.1 Noise and Vibration on Front Surface 

Figs. 5-10 to 5-12 show the frequency distribution of sound pressure on the front 

surface position of core No.18, 3 phase MSL CGO, with a clamping torque of 4 Nm 

at magnetic flux densities from 1.0 T to 1.7 T. Fig.5-13 shows frequency distribution 

of the background noise in the hemi anechoic chamber which was measured from the 

9 microphones located as normal but with no core present. From the results in       

Fig.5-13, the highest component is at approximately 50 Hz, 1 mPa which is equivalent 

to 31 dB or 1 dBA. The background noise is assumed to be mostly generated by 

electrical system, vibration of the building and vibration of the machines installed in 

the building. The background noise was measured before and after measuring 

transformer core noise and used for calculating the average A-weighted sound 

pressure level as shown in Eq.4-5. The average A-weighted background noise was 

approximately 22 dBA. 
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Fig. 5-10:  Frequency distribution of sound pressure emitted from front surface of 

core No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux density 1.0 T, 

50 Hz. 

 

 

Fig. 5-11:  Frequency distribution of sound pressure emitted from front surface of 

core No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux density 1.5 T, 

50 Hz. 

 



 
86 

 

Fig. 5-12:  Frequency distribution of sound pressure emitted from front surface of 

core No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux density 1.7 T, 

50 Hz. 

 

 

Fig. 5-13:  Frequency distributions of background noise in the hemi anechoic chamber 

from 9 microphones. 

 

The results from Figs. 5-10 to 5-12 include significant 100 Hz components as 

expected because it is the fundamental frequency component of magnetostriction and 
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magnetic forces. Although the highest component of sound pressure at 1.7 T is at 

300 Hz, the component at 100 Hz is clearly seen. The component at 300 Hz is 

increased when the magnetic flux density is increased due to the distortion of the 

magnetic flux density signal. The vibration distributions on the front surface of the 

core at flux densities from 1.0 T to 1.7 T are shown in Fig.5-14 to 5-16. The content is 

identical to that shown in Figs. 5-6 to 5-8 but in order to clearly present the difference 

of vibration they are shown with new scales.  

 

  

Fig.5-14:  Vibration distribution on front surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm and magnetic flux density 1.0 T, 50 Hz. 

 

 

Fig.5-15:  Vibration distribution on front surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz. 

 



 
88 

 

Fig.5-16:  Vibration distribution on front surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm and magnetic flux density 1.7 T, 50 Hz. 

 

From the results in Figs. 5-14 to 5-16, it can be seen that vibrations on the front 

surface are not uniform. The limb vibration is slightly higher than that of the yoke. 

Whilst between limbs, the middle limb is higher than the outer limb. If we consider 

the magnetostriction of the lamination under rotational magnetic flux which is 

significantly higher than with alternating flux [70], higher vibration of the middle 

limb could be due to the additional rotational magnetostriction at the T-joint. The 

laminations on the middle limb interlace with the notches of the top and bottom yoke 

laminations. If the gap at the joint is assumed to be zero, therefore there is no space 

for magnetostrictive strain to occur in the in-plane direction. If there is the gap at the 

joint, a magnetic force is set up and closure domains are also set up then laminations 

are deformed into a curve in the normal direction. 

Loci of the magnetic flux density at the T-joint in positions 32, 33 and 34, at an 

average peak magnetic flux density of 1.7 T are shown in Fig. 5-17 to 5-19. The loci 

are distorted because there are harmonic components due to localised magnetic 

properties of the material. The localised flux at corresponding positions in different 

parts of the laminations differ a little because they are highly dependent on local grain 

and domain structures [71]. Discussion of the effect of harmonic components on 

magnetostriction is given in section 5.12. 
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From the results in Fig. 5-14 to 5-16, it can be observed that the vibration at the        

T-joint was unsymmetrical although the core was symmetrically designed. The reason 

for this result is because the core joints are not perfectly symmetrical when assembled 

with variable gaps between the joints. 

 

 
Fig. 5-17: Loci flux densities at the position 32 at the average maximum flux density 

1.7 T, 50 Hz. 

 

 
Fig. 5-18: Loci flux densities at the position 33 at the average maximum flux density 

1.7 T, 50 Hz. 

 

 
Fig. 5-19: Loci flux densities at the position 34 at the average maximum flux density 

1.7 T, 50 Hz. 
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In the case of gaps close to zero, there is almost no effect of saturation induction in 

the laminations. Therefore there is also little effect from attractive interlaminar stress 

in the normal direction. The cause of core vibration is then assumed to be only         

in-plane due to magnetostriction and in-plane attractive stress at any operating flux 

density. In the case of the joint with gaps the magnetic flux density at the end of the 

laminations, approximately 1 mm either side, are saturated when the laminations are 

magnetised over Bc [72]. Magnetic flux flows across the air gap in the normal 

direction to neighbouring laminations on the different layers and some flux flows 

through the air gap to the lamination in the same plane. Therefore in this case the 

causes of vibration are magnetostriction, attractive stress in both the in-plane direction 

and the out of plane direction. Hence, when operating the core at flux densities higher 

than Bc, vibration of the joint with gaps is higher than the joint without gaps. The gaps 

cause more vibration because of increased demagnetisation field causing more closure 

domains [58]. Investigation of contribution of the fundamental component of 

magnetostriction and magnetic force is described in section 5.6. 

Next, frequency distribution of vibration on the front core surface was investigated. 

Fig. 5-20 shows the positions of investigation on the front surface. The area on the 

front surface is separated by the characteristic of the magnetisation pattern into three 

regions: limb (position B, alternating magnetisation), T-joint (position D, rotational 

magnetisation) and corner (position E, alternating magnetisation out of the rolling 

direction). In addition, the effect of the non-uniform clamping area on the limb 

surface is investigated by comparing the vibration velocity at three points with 

different distances away from the clamp as shown in positions A, B and C in           

Fig. 5-20. The results in Figs.5-21 to 5-29 show the frequency distribution on the limb 

surface at positions A, B and C with a clamping torque of 4 Nm at magnetic flux 

densities from 1.0 T to 1.7 T. 
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Fig. 5-20:  Investigating positions of velocity frequency distribution on front surface 

of core No.18, 3 phase MSL CGO, with clamping torque 4 Nm. 

 

 

Fig. 5-21:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at positions A with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 

Fig. 5-22:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at positions B with clamping torque 4 Nm at 1.0 T, 50 Hz. 
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Fig. 5-23:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at positions C with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 

Fig. 5-24:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at positions A with clamping torque 4 Nm at 1.5 T, 50 Hz. 

 

 

Fig. 5-25:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at positions B with clamping torque 4 Nm at 1.5 T, 50 Hz. 
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Fig. 5-26:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at positions C with clamping torque 4 Nm at 1.5 T, 50 Hz. 

 

 

Fig. 5-27:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at positions A with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

 

Fig. 5-28:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at positions B with clamping torque 4 Nm at 1.7 T, 50 Hz. 
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Fig. 5-29:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at positions C with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

From the results in Figs.5-21 to 5-29, it can be seen that the highest component was 

found at 100 Hz as expected for all levels of magnetic flux density. Comparing the 

vibration between position A, B and C, there is no significant difference in the 

amplitude of the fundamental component at the same level of magnetic flux density. 

At 1.0 T, there is also no significant difference in harmonic components between 

positions A, B and C. However, when the magnetic flux density is increased to 1.5 T, 

it can be seen that the vibration velocity at position A has some harmonics appearing 

at 200 Hz to 500 Hz. The harmonics of vibration velocity increase when the magnetic 

flux density is increased, while there is no significant difference of harmonic 

components of vibration velocity at positions B and C. The harmonics at position A 

caused by the effect of harmonics in B due to localised magnetic properties of the 

laminations and the effect of stress at the edge of the lamination due to the slitting 

process [73]. The higher harmonics of vibration are another cause of transformer core 

noise. 

Figs. 5-30 to 5-32 show the frequency distribution of vibration velocity at the T-joint 

(position D) and corner (position E) surfaces at magnetic flux densities from 1.0 T to 

1.7 T. Comparing the vibration velocity between three positions, B, D and E at 1.0 T, 

there is no significant difference between those three positions. Whilst, at 1.5 T, it can 

be clearly seen that at position D (T-joint) the amplitude of velocity component at 
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100 Hz is the highest. It is almost twice the value of the vibration on the limb 

(position B). Moreover, there is also a high amplitude harmonic at 200 Hz. At 

position E (corner), although the amplitude at 100 Hz is lower than on the limb, there 

are higher amplitudes of other harmonic components.  

At 1.7 T, there is no significant difference of vibration velocity component at 100 Hz 

between positions B, D and E. Vibration at 100 Hz is approximately 1 mm/s. The 

harmonic component at 200 Hz on the T-joint and corner have higher amplitude than 

the fundamental component.  

 

 

Fig. 5-30:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at position D (T-joint) with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 

Fig. 5-31:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at position D (T-joint) with clamping torque 4 Nm at 1.5 T, 50 Hz. 
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Fig. 5-32:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at position D (T-joint) with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

 
Fig. 5-33:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at position E (corner)with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 
Fig. 5-34:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at position E (corner)with clamping torque 4 Nm at 1.5 T, 50 Hz. 
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Fig. 5-35:  Frequency distribution of vibration velocity on core No.18, 3 phase MSL 

CGO, at position E (corner)with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

Finally, it can be concluded that there is no significant difference in the fundamental 

components of vibration velocity on the front surface. However, there are significant 

harmonic components at the T-joint, corner and the un-clamped areas. 

 

5.4.2 Noise and Vibration on Top and Side Surfaces 

Figs. 5-36 to 5-41 show the frequency distribution of vibration velocity on the top and 

side surfaces of core No.18, 3 phase MSL CGO, with clamping torque of 4 Nm at 

magnetic flux densities from 1.0 T to 1.7 T, 50 Hz.  

At 1.0 T, the highest component was found at 100 Hz. However, at 1.5 T and 1.7, the 

fundamental component does not show the highest amplitude at 100 Hz as expected. 

The highest component is found at 200 Hz.  

Comparing the amplitude of the sound pressure between the top and side surfaces, it 

can be seen from Figs. 5-36 to 5-41 that at 1.0 T the sound pressure emitted from the 

side surface is slightly higher than the top surface and the harmonic components 

become higher due to the magnetostriction harmonics increasing when the magnetic 

flux density is increased [74].  
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Fig. 5-36:  Frequency distribution of sound pressure emitted from side surface of core 

No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux density 1.0 T, 50 Hz. 

 

  

Fig. 5-37:  Frequency distribution of sound pressure emitted from top surface of core 

No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux density 1.0 T, 50 Hz. 
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Fig. 5-38:  Frequency distribution of sound pressure emitted from side surface of core 

No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux density 1.5 T, 50 Hz. 

 

 

Fig. 5-39:  Frequency distribution of sound pressure emitted from top surface of core 

No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux density 1.5 T, 50 Hz. 
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Fig. 5-40:  Frequency distribution of sound pressure emitted from side surface of core 

No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux density 1.7 T, 50 Hz. 

 

 

Fig. 5-41:  Frequency distribution of sound pressure emitted from top surface of core 

No.18, 3 phase MSL CGO, with clamping torque 4 Nm at flux density 1.7 T, 50 Hz. 

 

Table 5-1 shows numerical results of noise emitted from core No.18 extracted from 

the experimental data, with clamping torque 4 Nm. The results show a comparison of 

noise between each surface in different units: sound pressure (Pa), sound pressure 
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level (dB) and A-weighted sound pressure level (dBA). The relationship between the 

three units are sound pressure can be converted to sound pressure level by Eq.3-3. The 

sound pressure level in the time domain is transformed to the frequency domain and 

weighted with the A-weighting scale then converts to units of dBA.  

 

Table 5-1: Numerical results of noise on core No.18 with clamping torque 4 Nm at 

1.0 T to 1.7 T, 50 Hz between each surface 

 Side surface  Front surface  Top surface 

 mPa dB dBA  mPa dB dBA  mPa dB dBA 

1.0 T 34.4 64.7 40.4  28.7 63.1 38.9  25.5 62.1 35.8 

1.3 T 32.9 64.3 43.2  27.1 62.7 43.2  23.7 61.5 38.9 

1.5 T 31.7 64.0 43.4  26.9 62.6 46.9  23.2 61.3 39.2 

1.7 T 36.2 65.2 48.9  32.7 64.3 52.2  28.4 63.0 46.1 

1.8 T 196.8 79.9 53.6  193.8 79.7 59.3  174.4 78.8 49.7 

 

It can be seen that noise in the unit of Pascals is proportional with that in decibels by 

Eq.3-3 but not proportional to the unit of dBA due to the varying harmonic 

components of the sound signal and the A-weighting scale. For example, at 1.5 T the 

side surface has a higher sound pressure than the front surface but lower in               

A-weighted sound pressure level. It means the side surface emitted the human ear 

responds to louder noise but it is not in a good frequency range.  

At 1.0 T, the highest sound pressure (dB) and A-weighted sound pressure level (dBA) 

were found at the side surface. When the magnetic flux density is increased to 1.3 T 

and 1.5 T, sound pressures emitted from front and side surfaces slightly decrease but 

the A-weighted sound pressure level, dBA, is increased. The reason for this result is 

the noise signal at 1.5 T contains frequency components in the good response region 

of the human ear, although the amplitude is slightly lower. The A-weighted sound 

pressure level increases when magnetic flux density is increased. These results agree 

with the investigator’s perception of the sound level during the experiments. 

Sound pressure and sound pressure level do not take into account the frequency of the 

noise emitted from the cores. Whilst A-weighted sound pressure level reduces the 
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amplitude of frequencies which not affect the human ear, approximately lower than 

1 kHz and higher than 6 kHz. Decreasing the 100 Hz component of sound pressure 

level resulted in decreasing of the sound pressure which occurs due to the 

fundamental component of magnetostriction and magnetic forces. Hence, when 

investigating the relationship between noise and vibration, the data should be analysed 

in the frequency domain. 

The vibration distribution on the top and side surfaces of the core at magnetic flux 

density from 1.0 T to 1.7 T, 50 Hz are shown in Figs.5-42 to 5-47. They are the 

identical data in Figs. 5-6 to 5-8 but in order to clearly present the difference in 

vibration they are shown with new scales.  

 

  
Fig.5-42:  Vibration distribution on top surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm and magnetic flux density 1.0 T, 50 Hz. 

 

    
Fig.5-43:  Vibration distribution on top surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz. 

 

 

Fig.5-44:  Vibration distribution on top surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm and magnetic flux density 1.7 T, 50 Hz. 
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Fig.5-45:  Vibration distribution on side surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm and magnetic flux density 1.0 T, 50 Hz. 

 

 

Fig.5-46:  Vibration distribution on side surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz. 

 

 

Fig.5-47:  Vibration distribution on side surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm and magnetic flux density 1.7 T, 50 Hz. 

 

The results in Figs. 5-42 to 5-44 show vibration velocity on the top surface in the 

shaded area as shown in Fig. 4-15; it is not the full area of the top surface. Vibration 

velocity on the top surface above the limbs is higher than above the core window. 
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This result agrees with the model of the transformer core deformation due to 

magnetostriction as described in section 5.1. There is deformation of the laminations 

on the limbs which affects the yokes joined to the limbs. Moreover, there is a phase 

difference between the vibration above the middle limb and above the outer limb of 

approximately 120° due to the phase difference of magnetic flux density on each limb 

which affect the yoke as shown in Figs.5-6 to 5-8.  

Comparing the amplitude of vibration between top and side surfaces, it can be seen 

that the top surface has a higher amplitude of vibration but lower sound pressure as 

shown in Table 5-1. This is the effect of phase difference on the top surface whilst 

there is no phase difference on the side surface. The discussion on phase difference is 

shown in the next section. 

Fig. 5-48 shows the investigation points on the top and side surfaces. The 

investigation points on top surface are at the middle of lamination stack above the 

middle limb (point F), above the core window (point G) and above the outer limb 

(point H) while on the side surface are at the points I and J.  

 

Fig. 5-48:  Investigation positions of velocity on top and side surfaces of core No.18,  

3 phase MSL CGO, with clamping torque 4 Nm. 

 

Figs. 5-49 to 5-57 show the frequency distribution of vibration velocity on the top 

surface at magnetic flux densities from 1.0 T to 1.7 T. The results agree with the 

model of transformer core vibration due to magnetostriction. Straining of laminations 

in the limbs affects the vibration on the yoke especially on the top surface above the 

limbs. From the results in Figs. 5-49 to 5-57, it can be seen that vibration velocity 
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components above the outer limb are slightly higher than above the middle limb due 

to laminations at the outer corner which is likely to be due to the greater freedom of 

the laminations to out of plane vibration at this point. 

 

 
Fig. 5-49:  Frequency distribution of vibration velocity on top surface of core No.18,  

3 phase MSL CGO, at position F with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 
Fig. 5-50:  Frequency distribution of vibration velocity on top surface of core No.18,  

3 phase MSL CGO, at position G with clamping torque 4 Nm at 1.0 T , 50 Hz. 

 

 
Fig. 5-51:  Frequency distribution of vibration velocity on top surface of core No.18,  

3 phase MSL CGO, at position H with clamping torque 4 Nm at 1.0 T , 50 Hz. 
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Fig. 5-52:  Frequency distribution of vibration velocity on top surface of core No.18,  

3 phase MSL CGO, at position F with clamping torque 4 Nm at 1.5 T, 50 Hz. 

 

 

Fig. 5-53:  Frequency distribution of vibration velocity on top surface of core No.18,  

3 phase MSL CGO, at position G with clamping torque 4 Nm at 1.5 T, 50 Hz. 

 

 

Fig. 5-54:  Frequency distribution of vibration velocity on top surface of core No.18,  

3 phase MSL CGO, at position H with clamping torque 4 Nm at 1.5 T, 50 Hz. 
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Fig. 5-55:  Frequency distribution of vibration velocity on top surface of core No.18,  

3 phase MSL CGO, at position F with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

 

Fig. 5-56:  Frequency distribution of vibration velocity on top surface of core No.18,  

3 phase MSL CGO, at position G with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

 

Fig. 5-57:  Frequency distribution of vibration velocity on top surface of core No.18,  

3 phase MSL CGO, at position H with clamping torque 4 Nm at 1.7 T, 50 Hz. 
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Figs. 5-58 to 5-63 show the frequency distribution of vibration velocity on the side 

surface at magnetic flux densities from 1.0 T to 1.7 T. The highest amplitude was 

found at 100 Hz as expected. Position J, which is further from the lamination end than 

position I, has a higher amplitude of vibration than position I. Comparing the noise 

and vibration velocity between top and side surfaces, the top surface has higher 

vibration but less noise due to the phase difference between them. The phase of the 

vibration on the top surface is associated with the magnetic flux on the limbs which 

have a phase difference of 120° but the phase of the vibration on the side surface only 

depends on the magnetic flux in its limb. 

 

 

Fig. 5-58:  Frequency distribution of vibration velocity on side surface of core No.18, 

3 phase MSL CGO, at position I with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 

Fig. 5-59:  Frequency distribution of vibration velocity on side surface of core No.18, 

3 phase MSL CGO, at position J with clamping torque 4 Nm at 1.0 T, 50 Hz. 
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Fig. 5-60:  Frequency distribution of vibration velocity on side surface of core No.18, 

3 phase MSL CGO, at position I with clamping torque 4 Nm at 1.5 T, 50 Hz. 

 

 

Fig. 5-61:  Frequency distribution of vibration velocity on side surface of core No.18, 

3 phase MSL CGO, at position J with clamping torque 4 Nm at 1.5 T, 50 Hz. 

 

 

Fig. 5-62:  Frequency distribution of vibration velocity on side surface of core No.18, 

3 phase MSL CGO, at position I with clamping torque 4 Nm at 1.7 T, 50 Hz. 
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Fig. 5-63:  Frequency distribution of vibration velocity on side surface of core No.18, 

3 phase MSL CGO, at position J with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

5.5 Effect of Vibration Phase Difference on Transformer Core Noise 

The results from the previous section showed that the front surface had the highest 

vibration and the highest component was 100 Hz. To investigate in detail the vibration 

on this surface at 100 Hz, the whole front surface was measured. The results of the 

front surface vibration velocity and phase of the component at 100 Hz with clamping 

torque at 4 Nm and magnetic flux density of 1.5 T, 50 Hz are shown in Figs. 5-64 to 

5-75. It is different to the results in Fig. 5-15 which show average rms of vibration for 

all frequency components while the results in Figs. 5-64 to 5-75 show only the 

component of the vibration at 100 Hz. In the experiment, the signal of magnetic flux 

density in the middle limb was used as a phase reference.  

Vibration on the middle limb referred to the 0° and 180° instances of magnetic flux 

density in the middle limb show lowest vibration. This result agrees with the model of 

transformer core deformation due to magnetostriction as shown in Section 5.1. At 0° 

and 180° magnetic flux density at the middle limb is zero therefore magnetostriction 

of the laminations on the middle limb is also zero. However, in reality, there are 

magnetic forces applied to the end of the laminations on the middle limb due to 

magnetic flux from phases A and C which flow in the yoke so there is a small 

vibration on the middle limb. The highest vibration on the middle limb was found at 
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90° and 270° when the magnetic flux density, and therefore the magnetostriction, in 

the middle limb rises to its maximum amplitude. Although there are no experimental 

results at the centre of the middle limb, it can be extrapolated from the trend of the 

data near the centre that the highest vibration of the middle limb is at the centre of the 

lamination length with an amplitude approximately twice that of the outer limbs as 

shown in Fig. 5-76. The highest vibration of the outer limbs is not at the centre of the 

limb length but is at the end of laminations. Moreover, there is a phase difference 

between the outer limbs. If the limbs vibrate with identical phase, the sound pressure 

waves generated from them are also in phase. However, the experimental results show 

there is the phase difference between each limb. 

 

 

Fig.5-64: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 0° 

of the magnetic flux density at the middle limb. 
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Fig.5-65: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 30° 

of the magnetic flux density at the middle limb. 

 

 

Fig.5-66: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 60° 

of the magnetic flux density at the middle limb. 
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Fig.5-67: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 90° 

of the magnetic flux density at the middle limb. 

 

 

Fig.5-68: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 

120° of the magnetic flux density at the middle limb. 
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Fig.5-69: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 

150° of the magnetic flux density at the middle limb. 

 

 

Fig.5-70: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 

180° of the magnetic flux density at the middle limb. 



 
115 

 

Fig.5-71: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 

210° of the magnetic flux density at the middle limb. 

 

 

Fig.5-72: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 

240° of the magnetic flux density at the middle limb. 
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Fig.5-73: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 

270° of the magnetic flux density at the middle limb. 

 

 

Fig.5-74: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 

300° of the magnetic flux density at the middle limb. 
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Fig.5-75: Measured phase vibration contour on front surface of core No.18, 3 phase 

MSL CGO, with clamping torque 4 Nm and magnetic flux density 1.5 T, 50 Hz at 

330° of the magnetic flux density at the middle limb. 

 

 

Fig.5-76: Comparison measured vibration phase difference between the core limb A 

(left hand side), B (middle limb) and C (right hand side) 

 

Equations 5-4 and 5-5 show two sound wave equations 1  and 2 .[75] 

 

   1 1 1, sinx t A mx t              (5-4) 

 

   2 2 2, sinx t A mx t              (5-5) 
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when 1A  and 2A  are the maximum amplitude of sound waves 1  and 2 , 1  and 2  

are the phase constants of sound waves 1  and 2 , and the minus (-) in front of t  

shows that the two sound waves move in the same direction. To investigate the effect 

of the difference of the phase constant, mx  and t  are defined as a constant. The 

superposition of these two waves, total  can be expressed by Eq. 5-6. 

 

 costotal R mx t                (5-6) 

 

R is the amplitude of the superposition,  cos mx t    is the wave function and 

phase. R and   can be calculated from Eq. 5-7 and Eq. 5-8. 

 

     
2 22

1 2 2 1 2 2 1cos sinR A A A              (5-7) 

 

       2 2
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         (5-8) 

 

Comparing the amplitude R with 1 2A A  

 

from  
2 2 2

1 2 1 2 1 22A A A A A A     ,  and   2 2 2
1 2 1 2 2 12 cosR A A A A        

 

so   
22

1 2R A A    

 

Therefore, if there is a phase difference between the waves the amplitude of the 

superposition is decreased due to factor of the cosine of the phase difference. 

 

5.6 Vibration Separation Model 

This section presents a simple model for separating the effect of magnetostriction and 

magnetic forces affecting transformer core vibration. The model considers the 

fundamental component of vibration at 100 Hz. From the experimental results in 
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Figs. 5-64 to 5-75, the deformation of the laminations on the middle limb due to 

magnetostriction and magnetic force can be expressed by the assumed circular 

segment as shown in Fig. 5-77. The chord represents the un-deformed length of the 

middle limb laminations (≈420 mm). The arc represents the deformed length of the 

lamination. The height of the segment (peak of displacement at 100 Hz) can be 

estimated by the peak of vibration velocity at 100 Hz as shown in Eq. 5-9. 

 

Displacement =   velocity dt     m   (5-9) 

 

The heights of the segment at magnetic flux densities from 1.0 T to 1.7 T are shown 

in Table 5-2.  

 

 

 

 

 

 

 

C : Chord 

H : Height of segment 

R : Radius  

 

Fig. 5-77: Circular segment represent the deformation of the lamination on the middle 

limb of three phase three limb transformer core. 

 

Table 5-2: Peak of vibration velocity and displacement at the centre of the middle 

limb of core No. 18, three phase transformer core with multistep lap and CGO 

material, at magnetic flux densities from 1.0 T to 1.7 T, 50 Hz. 

B [T] Peak of velocity [m/s] Peak of displacement [m] totall  [m] 

 1.0 300  0.5  1.5  

 1.5 800  1.3  10.3  

 1.7 1000  1.6  16.1  
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The arc can be calculated from the relationship of the assumed circular segment as 

shown in Eq. 5-10 to Eq. 5-12. 

 
2

8 2

C H
R

H
             (5-10) 

 

1

2 2

4
2 tan

4

CH

C H
   
  

 
         (5-11) 

 

Arc = Rd             (5-12) 

 

The difference between arc and chord is the lamination deformation due to 

magnetostriction and magnetic forces. Since magnetostriction  
2B  and magnetic 

forces  
2
gB , the deformation of the middle limb, totall  , can be expressed as shown 

in Eq. 5-13. 

 

, , gtotal B M Bl l l             (5-13) 

 

where l  is the deformation due to magnetostriction and Ml  is deformation due to 

magnetic forces. 

At B = 1.0 T there is no effect of saturation induction in the laminations therefore 

gB B   hence, gB  is assumed to be zero.  

 

Then (at B = 1.0 T)  
,1.0T ,0Ttotal Ml l l     or ,1.0Ttotall l    

 

From the definition of magnetostriction, 
l

l



  we can write 

 
6

1.0T 3

1.45 10
3.45

420 10







 


  

 

Comparing the calculated magnetostriction at 1.0T with the magnetostriction stress 

characteristics of CGO material in Chapter 4, it was found that the magnetostriction is 
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equivalent to a stress of approximately 3.5 MPa. Since the vibration experiments at 

1.0 T to 1.7 T were tested under the same clamping conditions, the effect of clamping 

torque on the stress applied on the lamination should be the same. Therefore, at 

3.5 MPa the magnetostriction is 7.85  and 10  at 1.5 T and 1.7 T respectively. 

Then, the deformation due to magnetostriction can be calculated by the 

magnetostriction and the length of the lamination. The difference between the total 

deformation and the deformation due to magnetostriction is the deformation due to 

magnetic forces. Table 5-3 shows the numerical result of the total deformation, 

deformation due to magnetostriction, deformation due to magnetic forces and 

percentage of the contribution of magnetostriction and magnetic forces on the 

vibration of the middle limb at 1.0 T to 1.7 T. 

 

Table 5-3: Summary of contribution of deformation due to magnetostriction and 

magnetic forces on the middle limb of three phase three limb transformer core at 1.0 T 

to 1.7 T, 50 Hz. 

B [T] totall  [m] l  [m]   [] 
Ml  [m] l  [%]    : Ml  [%] 

1.0 1.45  1.45 3.45  0.0  100    : 0 

1.5 10.29  3.30 7.85  7.0  32    : 68 

1.7 16.08  4.20 10.00  11.9  26    : 74 

 

It can be seen from the results in Table 5-3 that, if there is no saturation induction, 

then no magnetic flux flows through the gap, therefore the vibration is only due to 

magnetostriction. The influence of the magnetic forces on the vibration of the 

lamination on the middle limb significantly increases when the operating magnetic 

flux density is increased to 1.5 T (68 %) and 1.7 T (74 %). On the other hand, the 

influence of magnetostriction on the vibration decreases when the magnetic flux 

density is increased. 

This numerical analysis is limited since it does not take into account the harmonic 

components of vibration which might have a higher effect on transformer core noise 
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than the fundamental component. Therefore the ratio between l  and Ml  does not 

represent the contribution of magnetostriction and magnetic force to the total 

transformer core noise. However, it can be used for estimation of the relative effect of 

magnetostriction and magnetic forces on transformer core vibration. 

 

5.7 Influence of Vibration of T-joint on Transformer Core Noise  

The results from the previous section showed that the vibration amplitude of the 

middle limb had approximately twice that of the outer limb. This section presents        

a comparison of the noise experimental results between the three phase core, 

weighing 115 kg, and single phase core, weighing 72 kg, for investigating the effect 

of vibration on the middle limb on transformer core noise. The cores were assembled 

with the CGO material, step lap configuration, and cross sectional area. The three 

phase core has larger front and top surfaces. The extra area is in the T-joint region as 

shown in Fig. 5-78. Therefore a difference on noise should be the effect of the T-joint.  

 

 

Fig.5-78: Comparison of front surface area between three phase and single phase 

cores. 

 

Fig. 5-79 shows comparison of A-weighted sound power level between the three 

phase and single phase cores at magnetic flux density from 1.5 T to 1.8 T. 
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Unexpectedly, the A-weighted sound power level of the single phase core is higher 

than the three phase core. At 1.5 T, the A-weighted sound power level of the single 

phase core is 1.5 dB higher and at 1.7 T it is 2 dB higher. No significant difference of 

A-weighted sound power level between these two cores was found at 1.8 T. The 

reason for the difference in A-weighted sound power level is due to the vibration 

phase difference between each limb of the three phase core as can be seen in          

Figs.5-64 to 5-75. While no phase difference occurs between the limbs of single phase 

core since the magnetising currents are of course in phase. 

 

 

Fig.5-79: Comparison of sound power level between three phase and single phase 

cores with clamping torque 4 Nm at magnetic flux density 1.5 T to 1.8 T, 50 Hz. 

 

5.8 Influence of Clamping Torque on Transformer Core Noise  

Magnetostriction strongly depends on stress therefore clamping torque applied to the 

clamps affects the magnetostriction properties of the laminations as well as 

influencing air gaps, and therefore magnetic forces, and the mechanical behaviour of 

the cores. To investigate the effect of clamping torque, noise and vibration of 

transformer core No.18 were measured under magnetic flux density from 1.0 T to 
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1.7 T with clamping torque from 2 Nm to 6 Nm. Numerical results of A-weighted 

sound pressure level emitted from the core measured from microphone #1 (side 

surface), #3 (front surface) and #9 (top surface) are shown in Table 5-4. 

 

Table 5-4: A-weighted sound pressure level (dBA) of transformer core No.18, 3 phase 

MSL, CGO, with clamping torque 2 Nm to 6 Nm at magnetic flux density 1.0 T to 

1.7 T, 50 Hz. 

 
1.0 T  1.5 T  1.7 T 

Torque/Position #1 #3 #9  #1 #3 #9  #1 #3 #9 

2 Nm 39.9 38.5 36.0  43.3 46.8 40.1  50.3 53.6 46.9 

4 Nm 40.4 38.9 35.8  43.4 46.9 39.2  48.9 52.2 46.1 

6 Nm 40.3 38.3 36.9  44.8 48.1 42.7  50.5 53.7 47.8 

 

At 1.0 T, the A-weighted sound pressure level is not significantly affected by 

clamping torque. At 1.5 T the highest sound pressure level is found at a clamping 

torque of 6 Nm on all surfaces whereas at 1.7 T, the lowest noise occurs at 4 Nm. The 

random variation of sound pressure on the effect of clamping torque is due to the core 

surface not being clamped especially at the inner and outer corners. 

Positions and shape of clamps affect transformer core vibration [25], [26]. Also the 

wooden clamps on the yokes and the limbs are different sizes. The different sizes lead 

to different stress distribution to the laminations and different stresses could cause 

different magnetostriction characteristics. Practically, for a large transformer, the core 

cross-sectional area is not quadrilateral in order to optimise the core utilisation area 

and to reduce stress on the winding. Hence, the core is designed to have an 

approximate circular area and in bound with insulation as shown in Fig. 5-80. 
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  a)       b) 

Fig.5-80:  (a) An approximate circular core area (b) stack core binds with tape [76]  

 

To investigate the relationship between vibration and noise of the core, vibration 

distribution on the front, side and top surfaces of the core with 2 Nm to 6 Nm 

clamping torques at magnetic flux density 1.7 T were measured, the results are shown 

in Figs. 5-81 to 5-87. 

 

 

Fig.5-81:  Vibration distribution on front surface of core No.18, 3 phase MSL CGO, 

with clamping torque 2 Nm at magnetic flux density 1.7 T, 50 Hz. 
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Fig.5-82:  Vibration distribution on front surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm at magnetic flux density 1.7 T, 50 Hz. 

 

 

Fig.5-83:  Vibration distribution on front surface of core No.18, 3 phase MSL CGO, 

with clamping torque 6 Nm at magnetic flux density 1.7 T, 50 Hz. 

 

 

     a) 2 Nm           b) 4 Nm          c) 6 Nm  

Fig.5-84:  Vibration distribution on side surface of core No.18, 3 phase MSL CGO, 

with clamping torque 2 Nm to 6 Nm at magnetic flux density 1.7 T, 50 Hz. 
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Fig.5-85:  Vibration distribution on top surface of core No.18, 3 phase MSL CGO, 

with clamping torque 2 Nm at magnetic flux density 1.7 T, 50 Hz. 

 

 

Fig.5-86:  Vibration distribution on top surface of core No.18, 3 phase MSL CGO, 

with clamping torque 4 Nm at magnetic flux density 1.7 T, 50 Hz. 

 

 

Fig.5-87:  Vibration distribution on top surface of core No.18, 3 phase MSL CGO, 

with clamping torque 6 Nm at magnetic flux density 1.7 T, 50 Hz. 

 

For the front surface, it can be seen that as the clamping torque increases from 2 Nm 

to 4 Nm the lamination is restricted from flapping at the outer corner. Increasing the 

clamping torque to 6 Nm leads to an increase in magnetostriction due to increase in 

the stress. For the side and top surfaces, at 4 Nm the vibration is the most uniform.    

It can be seen that an optimal pressure is needed to minimise the core vibration. 
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5.8.1 Relationship of Clamping Torque and Stress on Lamination 

The relationship between bolt torque, T , and stress,   applied to the layer, n, of 

lamination can be estimated from Eq. 5-14 and Eq. 5-15. [77]  

 

,

n
n

c n

F

A
           N/m

2
    (5-14) 

 

n
b

T
F

Jd
         N    (5-15) 

 

where F  is the force applied on the lamination in N, J  is torque coefficient, 0.45, 

which can be estimated from the material properties of the bolts [78], [79] , bd  is bolt 

diameter in m, ,c nA  is the cross sectional area of the applied force on the lamination 

which can be estimated from the general cone geometry as shown in Fig. 5-88. The 

force distributes approximately 30° [77] from the clamp to the lamination. Therefore 

each layer of lamination has different stress. The stress on each layer on the 

lamination is shown in Fig. 5-89 and the average stress on the 240 laminations stack 

for clamping torque from 2 Nm to 6 Nm is shown in Table 5-5.  

 

 

Fig.5-88: Force distribution from clamp to stack of lamination 
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Fig. 5-89: Relationship between torque bolt and stress on the lamination stack. 

 

Table 5-5: Relationship between torque bolt and average stress on the lamination 

stack. 

Bolt torque [Nm] Clamping force [N] Average stress [MPa] 

2 Nm 350 0.16 

4 Nm 700 0.33 

6 Nm 1050 0.49 

 

5.9 Influence of Step Lap Design on Transformer Core Noise  

The advantage of the MSL over the SSL core configuration is to reduce the effect of 

saturation induction at the end of the laminations. The saturation induction affects 

power losses and interlaminar forces at the joints. The critical induction level depends 

on the number of step laps. To investigate the influence of step lap configuration, 

transformer core No.24, 3 phase SSL CGO, was tested under the same condition as 

core No.18, 3 phase MSL CGO. Comparison of the variation of noise with flux 

density at a clamping torque of 4 Nm is shown in Fig. 5-90. 
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Fig.5-90: Comparison of sound power level between multistep lap and single step lap 

transformer core with clamping torque 4 Nm at 1.0 T to 1.8 T, 50 Hz. 

 

The results show that at 1.0 T and 1.8 T the SSL core produces lower A-weighted 

sound power level than the MSL core. It can be seen that the SSL configuration has    

a lower average sound power level than the MSL configuration when they are 

operated at the same level of magnetic flux density and the SSL is operated at lower 

than its critical induction. On the other hand, the MSL configuration has higher sound 

power level than the SSL configuration when they are operated above their critical 

inductions. The critical induction of SSL and MSL (4 steps) configurations are 

approximately 1.0 T and 1.6 T respectively. 

Figs. 5-91 to 5-96 show the vibration distribution on the front, top and side surfaces of 

core No.24, the 3 phase SLL CGO. The frequency distribution of the vibration on the 

front surface at the positions which were described in Fig.5-20 is shown in Figs.5-97 

to 5-111. Comparing the vibration distribution on the front surface between the MSL 

(Figs.5-14 to 5-16) and SSL (Figs.5-91 to 5-93) configurations, it can be clearly seen 

that vibration on front surface of the SSL is less than the MSL configuration for all 

levels of magnetic flux density. However, the A-weighted sound power level of the 

SSL core is higher than the MSL core at 1.5 T and 1.7 T due to the effect of the 

harmonic components of vibration and magnetic forces due to saturation induction. 
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Considering the frequency distribution of the vibration component at 1.5 T and 1.7 T, 

on the limb surface the frequency component at 100 Hz of the SSL is approximately 

half the amplitude of the MSL configuration (approximately 0.70 mm/s on MSL core 

and 0.35 mm/s on SSL core), whilst there are higher amplitude of harmonic 

components near 1 kHz. This is the reason for higher A-weighted sound power level 

in the SSL core. The harmonics of vibration on SSL core might be due to 

unsymmetrical dimension of the lamination of the middle limb.  

 

 

Fig. 5-91: Vibration distributions on front surface of core No.24, 3 phase SSL CGO, 

with clamping torque 4 Nm at magnetic flux density 1.0 T, 50 Hz. 

 

  

Fig. 5-92: Vibration distributions on front surface of core No.24, 3 phase SSL CGO, 

with clamping torque 4 Nm at magnetic flux density 1.5 T, 50 Hz. 
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Fig. 5-93: Vibration distributions on front surface of core No.24, 3 phase SSL CGO, 

with clamping torque 4 Nm at magnetic flux density 1.7 T, 50 Hz. 

 

 

Fig. 5-94: Vibration distributions on top and side surfaces of core No.24, 3 phase SSL 

CGO, with clamping torque 4 Nm at magnetic flux density 1.0 T, 50 Hz. 

 

 

Fig. 5-95: Vibration distributions on top and side surfaces of core No.24, 3 phase SSL 

CGO, with clamping torque 4 Nm at magnetic flux density 1.5 T, 50 Hz. 
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Fig. 5-96: Vibration distributions on top and side surfaces of core No.24, 3 phase SSL 

CGO, with clamping torque 4 Nm at magnetic flux density 1.7 T, 50 Hz. 

 

 

Fig. 5-97:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position A with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 

Fig. 5-98:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position B with clamping torque 4 Nm at 1.0 T, 50 Hz. 
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Fig. 5-99:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position C with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 

Fig. 5-100:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position A with clamping torque 4 Nm at 1.5 T, 50 Hz. 

 

 

Fig. 5-101:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position B with clamping torque 4 Nm at 1.5 T, 50 Hz. 
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Fig. 5-102:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position C with clamping torque 4 Nm at 1.5 T, 50 Hz. 

 

 

Fig. 5-103:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position A with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

 

Fig. 5-104:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position B with clamping torque 4 Nm at 1.7 T, 50 Hz. 
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Fig. 5-105:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at positions C with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

 

Fig. 5-106:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position D (T-joint) with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 

Fig. 5-107:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position D (T-joint) with clamping torque 4 Nm at 1.5 T, 50 Hz. 
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Fig. 5-108:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position D (T-joint) with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

 

Fig. 5-109:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position E (Corner) with clamping torque 4 Nm at 1.0 T, 50 Hz. 

 

 

Fig. 5-110:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position E (Corner) with clamping torque 4 Nm at 1.5 T, 50 Hz. 
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Fig. 5-111:  Frequency distribution of vibration velocity on core No.24, 3 phase SSL 

CGO, at position E (Corner) with clamping torque 4 Nm at 1.7 T, 50 Hz. 

 

5.10 Influence of Core Building on Transformer Core Noise 

Skilled workers are required for transformer core assembly process. Although there 

are jigs and pins for holding the lamination located in desired positions, gaps between 

the laminations at the joints can be subject to significant variation. The gaps not only 

affect core losses but also core noise. 

To investigate the effect of core building on transformer core noise, A-weighted 

sound power level from two identical cores were compared. Figs.5-112 to 5-117 

shows comparison of A-weighted sound power level of six pairs of 3 phase identical 

cores built with different materials and step lap configurations with clamping torque 

4 Nm at magnetic flux density from 1.5 T to 1.8 T. The error bars in the Figs.5-112 to 

5-117 represent variation of sound pressure level on microphone positions which were 

located on a prescribed contour. 

The results show the variation of A-weighted sound power level between each build is 

up to 2 dB, 4 dB and 6 dB at 1.5 T, 1.7 T and 1.8 T whereas the variation of             

A-weighted sound power level between each material is up to 2 dB for all levels of 

flux density. From these results, it can be concluded that core building is another 

factor affecting transformer core noise. A core assembled from low magnetostriction 
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material can produce higher noise than one with high magnetostriction material if the 

building tolerances are poorer. 

 

 

Fig. 5-112:  Comparison of A-weighted sound power level of two 3 phase MSL LDR 

transformer cores with clamping torque 4 Nm at 1.5 T to 1.8 T, 50 Hz.  

 

 

Fig. 5-113:  Comparison of A-weighted sound power level of two 3 phase SSL LDR 

transformer cores with clamping torque 4 Nm at 1.5 T to 1.8 T, 50 Hz. 
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Fig. 5-114:  Comparison of A-weighted sound power level of two 3 phase MSL HGO 

transformer cores with clamping torque 4 Nm at 1.5 T to 1.8 T, 50 Hz. 

 

 

Fig. 5-115:  Comparison of A-weighted sound power level of two 3 phase SSL HGO 

transformer cores with clamping torque 4 Nm at 1.5 T to 1.8 T, 50 Hz. 
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Fig. 5-116:  Comparison of A-weighted sound power level of two 3 phase MSL CGO 

transformer cores with clamping torque 4 Nm at 1.5 T to 1.8 T, 50 Hz.  

 

 

Fig. 5-117:  Comparison of A-weighted sound power level of two 3 phase SSL CGO 

transformer cores with clamping torque 4 Nm at 1.5 T to 1.8 T, 50 Hz.  
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5.11 Effect of Bonding on Transformer Core Noise  

An investigation on flexible bonding of laminations in a 20 kVA single phase single 

step lap transformer core by Moses [80] has shown the noise at operating flux density 

1.5 T is reduced 3 dB after bonding. To investigate the effect of bonding on 

transformer core noise, a single phase core No.5 (single phase multistep lap 

configuration with CGO material) was measured as a reference followed by                

a varnishing stage as described in Chapter 4. Fig.5-118 shows a comparison of the     

A-weighted sound power level for the core before and after bonding. Despite the resin 

being applied only to the outer surfaces of the fully built core, Fig.5-119 shows how 

capillary action has led to approximately 80 % of the lamination surface being 

bonded. The results show an average from 3 measurements. The error bars represent 

the variation of the measurements due to microphone positions. The bonding 

significant reduces the core noise. At 1.5 T, the noise reduced from 44 dBA to 

34 dBA (approximately 23 %) while at 1.7 T the noise reduced from 51 dBA to 

47 dBA (approximately 8 %). Because operating the core below Bc has higher 

interlaminar stress in the normal direction than above Bc therefore the reduction on the 

noise at 1.5 T is higher than at 1.7 T. The critical induction of the core is 

approximately 1.6 T. Bonding the stack of laminations creates a more homogeneous 

structure. If a transformer core has a homogeneous structure, there is only in-plane 

vibration due to magnetostriction forces [62].  
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Fig. 5-118: Comparison of A-weighted sound power level of the effect of with 

original core at clamping torque 4 Nm, magnetic flux density 1.5 T to 1.7 T, 50 Hz. 

 

 

Fig. 5-119: Laminations surface with bonded area.    
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5.12 Investigation of Localised Magnetic Flux Density  

Magnetostriction and magnetic forces strongly depend on the magnetic flux density. 

In addition, the amplitude and phase of the harmonics of magnetic flux density affect 

the magnetostriction [81]. The fundamental of magnetostriction of grain oriented 

material decreases or increases depending on phase shift of the harmonic; phase shift 

between approximately 0-60° (lagging) decreases the fundamental of 

magnetostriction while between approximately 90-180° (lagging) leads to an increase 

[82]. To investigate behaviour of localised magnetic flux density on the three phase 

transformer core, the search coil technique was used. The positions of localised search 

coils are shown in Chapter 4. The localised magnetic flux densities were obtained 

from a three phase MSL CGO core by using the search coil technique described in 

Section 4.5. 

In the experiment, the magnetic flux density signal on the middle limb was used as      

a reference. Figs.5-120 to 5-122 show the frequency distribution components of 

localised magnetic flux density along the rolling direction at the corner and T-joint. It 

can be seen that the amplitude of the 3
rd

 harmonic is more than 10 % of the 

fundamental component. The local flux in some positions show an amplitude 

difference with the reference since the localised measurements are highly dependent 

on local grain and domain structures. Table 5-6 shows the phase shift of the 3
rd

 

harmonics with reference to their fundamental. It can be seen that at the corner, phase 

difference between the 3
rd

 harmonic and fundamental is lagging between 0-60° 

therefore the amplitude of the fundamental of magnetostriction in this region 

decreases. While, at position 29 which was located at near the end of the middle limb 

there is a phase shift over 90°, hence, the fundamental of magnetostriction at this 

point is increased. Although the amplitude of fundamental component of 

magnetostriction is one of the causes of fundamental component of vibration, it does 

not have much effect on the human ear.  
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Fig. 5-120:  Frequency distribution components of localised magnetic flux density 

along the rolling direction at the corner between limb C and top yoke with average 

maximum flux density 1.7 T, 50 Hz. 

 

Fig. 5-121:  Frequency distribution components of localised magnetic flux density 

along the rolling direction at the T-joint on top yoke with average maximum flux 

density 1.7 T, 50 Hz. 



 
146 

 

Fig. 5-122:  Frequency distribution components of localised magnetic flux density 

along the rolling direction at the T-joint on the middle limb with average maximum 

flux density 1.7 T, 50 Hz. 

 

Table 5-6: Phase difference of fundamental and third harmonics of localised flux 

density on three phase MSL CGO transformer core 

 

  

Corner T-joint [on yoke] T-joint [on limb] 

Position phase shift [°] Position phase shift [°] Position phase shift [°] 

51 -17 21 59 29 96 

52 -40 22 38 32 35 

53 -46 23 24 33 73 

54 -43 24 161 34 93 

55 -54 26 147 36 10 

56 -79 27 -33 37 -4 

57 -46 28 -139 38 73 

58 -36 31 -90 39 115 

59 -47 35 187 41 75 

60 -58 

    61 -32 

    62 -42 
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5.13 Discussions 

The experimental results shown in sections 5.1 to 5.12 are discussed in this section. 

The model of the transformer core (ref. section 5.1) showed that the deformation of 

the core was due to the longitudinal magnetostriction. It also showed that the middle 

limb exhibited the highest strain when the magnetic flux was increased to the 

maximum. The core laminations continually deform twice in a period of magnetic 

flux density. The transverse magnetostriction was not considered in the model 

because: (a) the magnetic flux was assumed to flow uniformly along the rolling 

direction; and (b) the lamination width was significantly shorter than the length. 

However, in reality the magnetic flux flows across grains at the joints, therefore, the 

deformation due to transverse magnetostriction is required to be taken into account to 

improve the model further.  

The experimental noise and vibration results of the transformer cores showed that the 

highest noise was observed in the CGO core for the same step lap configuration and 

the lowest noise in the HGO core. The noise from the LDR core was lower than the 

CGO core but higher than the HGO core. The noise from the LDR core remained 

nearly constant at lower flux density; however at higher magnetic flux densities it 

increased significantly. This was because at lower flux densities the closure domains 

near the laser scribing lines were not activated, whereas at high flux densities the 

closure domains were activated and made a significant contribution to the 

magnetostriction. The experimental vibration results show that there is a higher 

vibration at the core joint. The core joint was subjected to: (a) higher magnetostriction 

from closure domains; and (b) repelling stress due to the magnetic flux flowing in the 

normal direction, which is the transverse direction for the domain. 

Interestingly, the A-weighted sound power level for the single phase core type 

transformer was higher than that of the three phase three limb transformer core. 

Although the three phase core had higher mass and underwent rotational 
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magnetisation at the T-joint, which increases magnetostriction, the single phase has 

higher noise. This was because in the three phase core the noise was cancelled due to 

the phase difference of the vibrations between the limbs.  

In the vibration separation model, the deformed middle limb was assumed as a 

segment of a circle. To improve the model, it was required to validate the assumption. 

The experimental noise and vibration results of the MSL and SSL in a three phase 

three limb transformer core showed that the noise of the MSL was lower but its 

vibration was higher. This difference in the behaviour can be explained by the higher 

harmonics of vibration in the SSL due to the unsymmetrical dimensions of the 

lamination in the middle limb which the MSL did not have. 

The noise measured from the cores that were built using the same material was not 

constant. The variation of noise between each build of the core with the same material 

can be higher than the variation between the materials. Therefore, if care was not 

taken during the core building process, a core assembled using a low magnetostriction 

material could lead to higher noise than the core build with high magnetostriction 

material. To reduce the noise generated from the core, the manufacturers and designer 

should not only choose the low magnetostriction material but also consider the 

building process. Core vibration could also be minimised by bonding the laminations 

of the core because it helps to eliminate the interlaminar stress between the 

laminations.  
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Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

The A-weighted sound power level of single phase transformer cores is higher than    

3 phase cores with the same core cross sectional area per phase and core window size 

although the 3 phase core is larger in volume and greater in mass and has high out of 

plane vibration. This is due to the effect of phase difference of the vibration on each 

limb of the three phase core. 

Magnetostriction is more significant when a core is operated at low flux density. 

Magnetic forces have the more significant effect on transformer core vibration when 

the operating flux density is high due to increased air gap flux density in the joints.  

When a transformer core is operated at low magnetic flux density, higher core noise is 

generated from in-plane direction of the laminations on its side surface than from the 

front and the top surfaces. However, at high flux density, higher noise is generated 

from the out of plane direction of the laminations due to an increase of both 

magnetostriction and magnetic forces.  

Although A-weighted sound power level is gaining acceptance as a reference quantity 

for quantification and comparison of noise generated from transformer cores, it is not 

suitable for investigating the relationship between noise and vibration because the     

A-weighting scale is applied to the sound pressure signal. Sound pressure and the 

vibration signal in the frequency domain are the most appropriate parameters for 

studying the relationship between transformer core noise and vibration. 

Louder noise can be generated from a core built with low magnetostriction material 

than higher magnetostriction if the building tolerances are worse. Thus for low noise 

transformers tight control of corner air gaps is required. 

Bonding laminations together in a core are shown to lead to a reduction in core noise 

due to the resulting effect of interlaminar magnetic forces between the overlap regions 
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and flapping of the laminations. The bonding is the most effective when the core is 

operated below the critical induction of the core. 

 

6.2 Suggested Future Work 

From the findings of this study it can be deduced that the future research on the 

following two themes would be highly beneficial to transformer core design and 

electrical steel produce for quantifying the deformation of the core due to 

magnetostriction. 

Magnetostriction characteristics under rotational magnetisation should be investigated 

in order to better understand the in-plane strains at the joints. These can be carried out 

using experimental localised magnetic flux orthogonal component results as an input 

of magnetostriction measurement of the 2D magnetisation system. Also magnetic 

domain behaviour at the ends of the lamination and joints needs to be investigated. 

Results of such a study should lead to improvement in the core deformation model 

due to magnetostriction.  

More detailed analysis of strains and flux paths at the joints would enhance the 

understanding of the vibration generation mechanism allowing the models developed 

here to be validated. The university has recently purchased a 3D laser scanning 

vibrometer which will enable this study to take place.  
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Appendix A 
Uncertainty in the Measurements 

The uncertainty in the measurements of magnetic flux densities on three phase and 

single phase cores, noise, vibration and localised magnetic flux density were 

calculated at a confidence level of 95 %. The details of the uncertainty budget are 

described in Chapter 3. To apply a single uncertainty value for all measurements, the 

values of source of uncertainty were taken from the value which yields the maximum 

uncertainty. The results are shown in Tables A-1 to A-5. 

Table A-1: Uncertainty budget in the measurement of B on the three phase cores 

Source of uncertainty  ± %   Probability distribution   Divisor   Ci   Ui ± %  

Accuracy of D6000 (reading) 0.050 Normal 2.0000 1 0.02500 

Accuracy of D6000 (range) 0.005 Normal 2.0000 1 0.00250 

Lamination width 0.010 Rectangular 1.7321 1 0.00577 

Stack depth 0.010 Rectangular 1.7321 1 0.00577 

Frequency 0.100 Normal 2.0000 1 0.05000 

Drift between calibrations 0.020 Rectangular 1.7321 1 0.01155 

Type A uncertainty, VA 0.029 Normal 2.0000 1 0.01450 

Type A uncertainty, VB 0.029 Normal 2.0000 1 0.01450 

Type A uncertainty, VC 0.029 Normal 2.0000 1 0.01450 

Combined uncertainty 0.06294 

Expanded uncertainty at a confidence level of 95 % 0.2 
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Table A-2: Uncertainty budget in the measurement of B on the single phase cores 

Source of uncertainty  ± %   Probability distribution   Divisor   Ci   Ui ± %  

Accuracy of D400 (reading) 0.100 Normal 2.0000 1 0.05000 

Accuracy of D400 (range) 0.100 Normal 2.0000 1 0.05000 

Lamination width 0.010 Rectangular 1.7321 1 0.00577 

Stack depth 0.010 Rectangular 1.7321 1 0.00577 

Frequency 0.100 Normal 2.0000 1 0.05000 

Drift between calibrations 0.020 Rectangular 1.7321 1 0.01155 

Type A uncertainty, V 0.029 Normal 2.0000 1 0.01450 

Combined uncertainty 0.08894 

Expanded uncertainty at a confidence level of 95 % 0.2 

 

 

Table A-3: Uncertainty budget in the measurement of noise 

Source of uncertainty  ± %   Probability distribution   Divisor   Ci   Ui ± %  

Accuracy of B&K 4188-A-021 0.645 Normal 2.0000 1 0.32258 

Accuracy of B&K 2694 0.125 Normal 2.0000 1 0.06250 

Accuracy of NI 9215 (reading) 0.020 Normal 2.0000 1 0.01000 

Accuracy of NI 9215 (range) 0.014 Normal 2.0000 1 0.00700 

Drift between calibrations 0.020 Rectangular 1.7321 1 0.01155 

Type A uncertainty 0.070 Normal 2.0000 1 0.03500 

Combined uncertainty 0.33087 

Expanded uncertainty at a confidence level of 95 % (k95=2)   0.7 

 

 

Table A-4: Uncertainty budget in the measurement of vibration 

Source of uncertainty  ± %   Probability distribution   Divisor   Ci   Ui ± %  

Accuracy of Vibrometer 1.300 Normal 2.0000 1 0.65000 

Drift between calibrations 0.020 Rectangular 1.7321 1 0.01155 

Type A uncertainty, V 0.000 Normal 2.0000 1 0.00000 

Combined uncertainty 0.65010 

Expanded uncertainty at a confidence level of 95 % 2 

 

 



 
159 

Table A-5: Uncertainty budget in the measurement of localised magnetic flux density 

Source of uncertainty  ± %   Probability distribution   Divisor   Ci   Ui ± %  

Accuracy of NI 9215 (reading) 0.020 Normal 2.0000 1 0.01000 

Accuracy of NI 9215 (range) 0.014 Normal 2.0000 1 0.00700 

Lamination width 0.010 Rectangular 1.7321 1 0.00577 

Lamination thick 0.010 Rectangular 1.7321 1 0.00577 

Frequency 0.100 Normal 2.0000 1 0.05000 

Drift between calibrations 0.020 Rectangular 1.7321 1 0.01155 

Type A uncertainty, V 0.045 Normal 2.0000 1 0.02250 

Combined uncertainty 0.05792 

Expanded uncertainty at a confidence level of 95 % 0.2 
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Appendix B 

List of Publications 

International Conferences 

 

A.J. Moses, P.I. Anderson, T. Phophongviwat, S. Tabrizi. “Contribution of 

magnetostriction to transformer noise” Universities Power Engineering Conference 

(UPEC), 2010 45th International, Cardiff, UK, Aug. 31 2010-Sept. 3 2010.  

T. Phophongviwat, A.J. Moses, P.I. Anderson, and J.P. Hall. “Simultaneous 

measurement of magnetostriction, vibration and noise of distribution transformer 

cores” Soft Magnetic Materials Conference 2011 (SMM20), Kos Island, Greece, Sep. 

18-22, 2011. 

T. Phophongviwat, P.I. Anderson and A.J. Moses. “Relationship between Vibration 

and Acoustic Noise of 3 Phase 3 Limb transformer Cores.” Soft Magnetic Materials 

Conference 2011 (SMM21), Budapest, Hungary, Sep. 1-4, 2013. 

 

Due to the sponsorship conditions, journal publications have to date been restricted 

while partners disseminate results. Drafts with the following title have been prepared 

for publication in 2014 subject to sponsors approved. 

- Relationship between Vibration and Acoustic Noise of transformer Cores 

- Model for Separation the Effect of Magnetostriction and Magnetic Forces on 

Transformer Core Vibration 
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