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Magnetostriction (MS) caused by the global magnetization of limbs and yokes and magnetic forces

are the undisputed causes of the vibration and noise in power transformer cores. This paper presents a

novel way to reduce the vibration and noise, in which nanocrystalline soft magnetic composite

(NSMC) material with high permeability is used to fill the step-lap joint gaps of the power

transformer magnetic cores. In order to numerically predict the effectiveness of the proposed method,

a 3-D magneto-mechanical strong coupled model including MS and magnetic anisotropy of steel

sheet was founded. Then, the numerical model was applied to analyze the step-lap joint region of the

corner of magnetic cores. The analysis results illustrated that the deformation and noise of core with

NSMC are lower than with the traditional epoxy damping material. Moreover, the validity of the

proposed new way was verified by the simplified step-lap joint cores, which were achieved based on

Epstein Frames. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4800077]

I. INTRODUCTION

To reduce the vibration and noise of power transformer

cores, Phway et al. avoided resonance between the natural fre-

quencies of the structure and the driving frequency1 and

Yanhui et al. proposed a method by inserting the gap in the

yoke and choosing the hard materials for the gaps.2 But it is

difficult to fix the yoke with gaps by the present manufactur-

ing method. To further reduce the electromagnetic noise of

transformer cores, nanocrystalline soft magnetic composite

(NSMC) material, which is the composition of nano-sized

magnetic material with high permeability and rubber particles,

instead of epoxy or asphalt traditional damping material3 is

first introduced to fill the multi-joint gaps of the cores. When

the joint gaps are filled by NSMC, the magnetic flux density

and magnetic flux leakage will be reduced in the thickness

direction, so the magnetic forces (MF) and magnetostriction

(MS) off the laminated plane will also be lessened. In addi-

tion, NSMC plays damping as epoxy for its rubber particles.

Therefore, the proposed method can reduce the vibration and

noise of cores effectively.

II. FINITE ELEMENT ANALYSIS

A. Magneto-elastic coupled model

A full 3-D numerical modeling of a power transformer

core is computationally demanding; so, for analysis, the overlap

region with multistep lap (MSL), which has a key impact on

core vibration and losses, is built and shown in Fig. 1.

Based on our previous researches,4,5 the total energy

functional of the transformer cores includes mechanical

energy, magnetic energy, and magnet-mechanical coupling

energy, which can be expressed as follows:

I ¼
ð

X2

1

2
rTsHr

� �
dV þ

ð
X2

ðrTdHÞdVþ
ð

X1

1

2
HTlrH

� �
dV

�
ð

X1

J � AdV �
ð

C1

f C � udV�
ð

X2

f V � udV; (1)

where A is the magnetic vector potential and B ¼ r� A, u,

the mechanical displacement, e and r, the vector of strain

and stress, and d, the MS coefficient matrix.

Coefficients d11 and d22 can be obtained from measured

MS characteristic curves kx(Bx) and ky(By).
4 If shearing strains

of the steel lamination are neglected, there is dij ¼ 0 (i¼ 4, 5,

6 and j¼ 1, 2, 3). The MS coefficient in the normal direction

is assumed as d33 ¼ (d11 þ d22)/2. Using the Hooker’s law,

we can get d21¼ d31¼�ad11, d12¼ d32¼�ad22, and

d13¼ d23¼�ad33, where a is the Poisson ratio. So, the

magneto-mechanical coupling energy is given by

FIG. 1. MSL assembling in joint region (illustrated for N¼ 3).
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ð
X2

rTdHdV ¼ E

ð
X2

ðd11txBxex þ d22tyByey

þd33tzBzezÞdxdydz; (2)

where E is the Young’s modulus.

After element discretization of functional I and element

assembly,5 matrix equation of the magneto-mechanical sys-

tem is given by

M D
C K

� �
A
u

� �
¼ J

f v þ f C

� �
; (3)

where M is the electromagnetic matrix, K, the mechanical

stiffness matrix, C, D, the coupling interactions between the

magnetic field and mechanical deformation, and C ¼ DT .

B. Acoustical analysis

Based on the vibration calculation, according to classical

theory,6 the sound power radiated by the core can be expressed

as

W ¼ qcki

þ
S

v2
ndSc ¼ q0c0ki

X
i

v2
n;jSc;j

¼ q0c0ki

X
i

@un;j

@t

� �2

Sc;j; (4)

where qc is the characteristic impedance of the noise trans-

mission medium and ki the radiation coefficient of the i core

surface.

Then, we can get the sound pressure level Lp of the free

sound field around the core

Lp ¼ 10 lgðW=10�12Þ � 20 lg R� 11; (5)

W is the power calculated by Eq. (4) and R the distance from

the measured point to the core.

III. EXPERIMENTS

The vibration and noise measurement system is shown in

Fig. 2. For comparison tests, two cores with step-lap joint

were assembled based on 25 cm standard Epstein Frames. The

steels of 30Q120 30 mm in width and 285 mm in length were

cut along 45� at both ends and stacked with 3 steps. Similar to

analysis, one core’s joint gaps were filled with NSMC and the

other with epoxy.

Dynamic strain gauge and foil-type resistance strain

gauges were used to measure the deformation of the core and

the noise level was recorded by noise analyzer AWA6270þe.

Both vibration and noise measurements were completed in a

mute laboratory.

IV. RESULTS AND DISCUSSION

A. Analysis results

Based on the proposed strong coupled model, using

pseudo-source technique,7 the magnetic flux density in the

joint region is calculated and shown in Fig. 3. It is obviously

that the interlaminar flux Bz is exhibited at the overlapped

gaps, which yields a compressive off-plane strain and the

magnetic flux lines in the condition of the gap filled with ep-

oxy bend much more than with NSMC. This is because

FIG. 2. The vibration and noise measurement system.

FIG. 3. Magnetic flux density distribution in the joint region: (a) gaps with

epoxy; (b) gaps with NSMC.

FIG. 4. Stress on the deformed step-lap joint due to MS and MF: (a) gaps

with epoxy; (b) gaps with NSMC.

FIG. 5. Noise level around the 1/4 step-lap core: (a) gaps with epoxy; (b)

gaps with NSMC.
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NSMC not only has damping effect but also has magnetic

characteristic that helps the magnetic flux through the lap

gaps. Once NSMC is filled in the joint gaps, the interlaminar

flux Bz, which induces off-plane MS stress and MF, will be

lessened. As illustrated in Fig. 4, the stress at the ends of the

sheets of the core with epoxy is up to 8� 108 N/m2, while

the core with NSMC is 4.5� 108 N/m2. According to Eq.

(5), the result of noise level around the cores is shown in Fig.

5, in which the noise level of the core with epoxy is larger

than the model with NSMC. It is revealed that the level

around the core with NSMC is lower about 3 dB than with

epoxy at the same distance from the core.

B. Experimental results

According to the strain measurement results, the defor-

mation of a local position close to the joint gap of each core

is shown in Fig. 6. Obviously, the overall displacement of

the core with NSMC is lower than with epoxy and NSMC

has a more pronounced reduction effect when the magnetic

flux density is greater than 1.5 T. The large deformation,

5.75 lm, can be reduced by the core with epoxy, while the

core with NSMC is only 3.53 lm correspondingly when the

magnetic density is 1.73 T. The MF and MS in z direction at

the joint gaps are much smaller because magnetic flux would

be smoother by NSMC, which is similar to the numerical

analysis results.

The noise level of each model obtained by measurement

is listed in Table I. Noise level of 41.6 dB is generated by the

core with epoxy, while the noise level can be reduced to

35.6 dB with NSMC when magnetic density is 1.73 T and the

proposed method can reduce noise by an average of 5.9 dB

when magnetic flux density is greater than 1.5 T.

In this experiment, we can verify that the method can

reduce the vibration and noise of core and it is in accordance

with the analyzed results. However, the effect of the

proposed way applied to power transformer needs further

validation, for Epstein frame core is simplified and single-

phase.

V. CONCLUSION

Vibration and noise of transformer cores can be reduced

by using NSMC material to fill the step-lap joints gap. In

order to test the new method, a magneto-mechanical strong

coupled model for laminated cores including MS was

founded and based on which the vibration deformation and

noise level of MSL cores with NSMC and epoxy were com-

paratively analyzed. Computation results declare that the

proposed method has better noise reduction than traditional

methods. The effectiveness of the new method is also veri-

fied by experimental study of Epstein Frame cores.
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FIG. 6. The measurement results of the vibration of the cores with different

damping materials.

TABLE I. Measured noises of the two cores (the background noise level is

19.0 dB).

Noise level (dB)

Magnetic flux density (T) Gaps with epoxy Gaps with NSMC

0.3 22.3 21.9

0.6 23.5 23.1

0.9 24.8 24.5

1.4 34.8 29

1.5 38 31.5

1.6 38.7 32.2

1.65 39.6 34.3

1.7 41.1 35.2

1.73 41.9 35.6
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