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ABSTRACT: Aiming at the operational stability of DC-biased transformer, a multi-parameter correlation method based on electromag-
netic coupling is presented in this paper. The mode-state analysis scheme is designed, and the feature parameters of electromagnetic,
mechanical, and acoustic fields in internal components are simulated and analyzed. The electromagnetic properties under DC bias are
simulated by the electromagnetic model, thus the winding current and magnetic flux density are extracted as the feature parameters. Then
the vibration and stress distribution can be solved by the mechanical model, which are treated as the feature parameters of the mechanical
field. By utilizing the computed mechanical information as excitation, the spatial-temporal distribution of sound pressure can be obtained
in the acoustic model. Taking three-phase three-limb transformer and three-phase group transformer as examples, the electromagnetic,
mechanical, and acoustic parameters of components are analyzed under different conditions. The variations of feature parameters are
summarized and contrasted. Furthermore, actual vibration and noise parameters are measured through dynamic experimental platforms.
The effectiveness of the multi-parameter correlation method is verified by the consistency between simulation and experiments, and the
unobservable abnormal physical features can be represented by observable electrical information.

1. INTRODUCTION

1.1. Background

C disturbance problem is focused on in modern artificial
Dnetworks, such as electronized power system [1], railway
traction [2], monopolar-ground mode of high voltage direct cur-
rent (HVDC) [3], and geomagnetic storm [4]. This problem
will lead to the magnetic bias phenomenon of transformer in
AC power system. In recent years, there has been frequent oc-
currence of large-scale blackouts in power systems worldwide
due to DC disturbance on transformers. With DC disturbance,
transformer takes unstable performance of excitation satura-
tion, current distortion, harmonic increase, etc. [5,6]. These
situations are accompanied by abnormalities such as vibration
and noise, which will affect the equipment and environment,
and even endanger the system security and reliability [7, 8].

1.2. Literature Review and Motivation

In [9], DC bias experiments are carried out to analyze the audi-
ble noise of DC-biased transformer. In [10], the vibration and
noise of transformer are analyzed by finite element method, and
the results show that the frequency band of noise pressure level
is mainly distributed in 100 Hz and 200 Hz. In [11], the vibra-
tion and noise of transformer under DC bias are analyzed con-
sidering the magnetostriction of transformer silicon steel sheets.
In [12], two 500kV transformers are used for DC bias exper-
iments, providing a reference for further research into noise
characteristics of large power transformers. In summary, the
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existing literature is mostly devoted to the preliminary study
of the mechanical stability and noise of transformer compo-
nents. However, the intrinsic correlation of electromagnetic,
vibration, and acoustic propagation under DC bias condition
is not thoroughly researched. Moreover, it is a critical issue in
equipment monitoring that the unobservable abnormal physical
features can be difficultly represented by observable electrical
information.

1.3. Main Methods and Contributions of This Work

In this study, the vibro-acoustic characteristics of DC-
biased transformer are analyzed based on electromagnetic-
mechanical-acoustic sequential coupling.  Electromagnetic
characteristics are researched with finite element, and the
stress of winding and core can be solved. The electromagnetic-
mechanical coupling model is carried out to solve the vibration
acceleration of components.  Then the spatial-temporal
distribution of sound pressure can be simulated by mechanical-
acoustic coupling model with the vibration acceleration as
excitation source. Meanwhile, the vibration acceleration and
noise are measured by experimental platforms to verify the
simulation results. Finally, the operating states of DC-biased
transformer are evaluated, and the instability criterion is further
discussed.

The primary contributions are as follows: 1) A multi-
parameter correlation method is proposed to compre-
hensively analyze the impact of DC disturbance on the
transformer components. Based on electromagnetic theory,
the electromagnetic-mechanical-acoustic coupling model is
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built. Through the aforementioned method and model, the
intrinsic correlation and potential laws among the multi-field
characteristics of DC-biased transformer are studied and
revealed, which will be helpful for condition monitoring
and assessment of devices in practice. 2) Through virtual
simulation and dynamic experiments, the instability criteria for
the transformer under DC disturbance are summarized. The
unobservable abnormal vibration and noise can be represented
by observable DC disturbance and load factor, which provides
a basis for anomaly identification and situational awareness of
equipment.

2. MODE-STATE ANALYSIS BASED ON ELECTRO-
MAGNETIC-MECHANICAL-ACOUSTIC  COUPLING
FOR DC-BIASED TRANSFORMER

The mathematical model of mode-state analysis in time
domain for DC-biased transformer is established based on
electromagnetic-mechanical-acoustic coupling.

Se = Se(tx, L, i, B) + E - Input, (t, Uac, §)
Output, (t,,i,B,F) =T -8,
Sm == Sm(tk’a g) + M- Inputm(tka Ce—m)

o i (1)
utput,, (t,,9) =7 - Sm
Se = Sc(tkvp) +C- Inputc(tk> Cmfc)
Output (¢,,p) =7 - S.
5 = (IDC7 77)
2
{c Lo Cne) = (Fog) @

where S is the system state matrix which contains electromag-
netic/mechanical/acoustic state matrix Se/Sp/S.. With time ¢ as
a link index, multi-field information in S changes accordingly,
such as inductance L, winding current 7, flux density B, electro-
magnetic force F', vibration acceleration g, and sound pressure
p. Input is the system input matrix which contains electromag-
netic/mechanical/acoustic input matrix Input./Input,,/Input..
E, M, and C are input coefficient matrices. Uxc is sinusoidal
AC excitation. £ is control parameter matrix which contains
DC disturbance Ipc and load factor 1. ( is coupling corre-
lation matrix, containing electromagnetic-mechanical coupling
parameter (., (F) and mechanical-acoustic coupling parame-
ter (m—c(g). Output is the system output matrix that contains
multi-field output matrix Output,/Output,,/Output.. T", ~,
and T are extracting matrices, which extract feature parameters
from S to construct Qutput.

2.1. Electromagnetic Model

The magnetic-circuit parameters of transformer are computed
by the electromagnetic coupling.
2.1.1. Magnetic Model

Assuming that excitation currents in windings are known, in-
ductance matrix L can be computed through Energy Balance
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Finite Element Method (EBFEM), which is on the basis of mag-
netic vector potential A. Furthermore, the magnetic model can
be solved by Galerkin [13].

Vx(viA):/JdV 3)

Ga:/Vme-(viA)dV— M, - JdV
|4 Ve

—/Mm -[(vV x A) x n]dS 4

where v is the magnetic reluctivity. A is the magnetic vector
potential. J is the current density. G, is the Galerkin residu-
als. {M,,} is the sequence of weight function, and the basis
function is identical to the weight function. n is the normal
component.

A system of algebraic equations is obtained by discretiz-
ing the GG, equation, then A and some field parameters can be
solved, such as magnetic flux density B and magnetic field en-
ergy W of the winding and core.

B=VxA 5)

AW, = %/dB-dH 6)

where H is the magnetic field intensity.

Taking three-phase group transformer as an example, the
variation of primary/secondary winding currents at a certain
moment is diy,/dis (p, s = 1, 2).

1
AWy = 3 Lyediydis 7

Time-domain inductance can be computed through EBFEM.
Making W, equal to W5, then Equations (6) and (7) can be
linked. Thus, magnetic and circuit parameters are associated
with calculating L, which is taken as the state variable of the
circuit model. The above inductance calculation method is ap-
plied to three-phase three-limb transformer, which will not be
described due to space limitations.

2.1.2. Circuit Model

The calculated L is feedback to the circuit model, then the wind-
ing currents can be solved. Assuming that DC injects from the
primary side, the model of Yd-type three-phase group trans-
former with DC disturbance is illustrated in Fig. 1.

Ignoring the leakage inductance of each winding, loop equa-
tions of DC-biased three-phase group transformer can be ob-
tained as follows (The derivation process of Yd-type three-
phase three-limb transformer is similar to the three-phase group
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FIGURE 1. DC disturbance circuit of three-phase group transformer.
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where ia, i, and ic are the primary winding currents. i,,
ip1, and i.; are the secondary delta currents. i,, 4, and i
are the secondary port currents. 4., is the secondary loop cur-
rent. ua, ug, and uc are the primary voltages. u,, up, and u,
are the secondary voltages. r; and 7, are the winding resis-
tances. Ln/Lg/Lc and L,/Ly/L, are the primary/secondary
self-inductances. M, /Mp/Mc are the mutual inductances.
Ubca, Upcs, and Upcc are the DC sources.

L at time ¢, is substituted into the circuit differential equa-
tions, then the winding current ¢, at 5, can be obtained. Further-
more, the winding current at the next moment is solved through
Fourth-order Runge-Kutta Method (RK4) in the circuit model.

. . h
Iyl = ig + 5 (s1 + 282 + 283 + 54) )

where h is the time step. s; ~s4 are the slopes of piecewise
calculation.
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2.2. Mechanical Model

The electromagnetic force on the component can be calculated
through the solved parameters in electromagnetic model.

o _
ok

By

Fi = ok

(10)

where Fy is the electromagnetic force of coil or iron core in the
direction k, and the definition range of k is {z, y, z}.

The electromagnetic force applied to transformer windings
can be decomposed into radial and axial components [14]. In
this study, the vibration characteristics of winding with axial
electromagnetic force are mainly researched. Virtual model of
transformer winding is constructed based on the mass-spring-
damping system, as shown in Fig. 2 [15].

In Fig. 2, rigid mass m stands for the pie winding; insula-
tion pad is represented by a spring; and coil damping is rep-
resented by a damper. The insulation pads are subjected to
pre-tightening force, which is defined as F,. The mathemati-
cal model for axial vibration of winding is established [16].

n—1

nmg+» Cv+ |K;+Y K+ K.|[d=F,+G, (11)
1 1

where n is the number of winding coils. m is the mass of wind-
ing coils. C is the damping coefficient. Ky, K, and K. are
the stiffness coefficients of head, middle, and end pads, respec-
tively. d, v, and g are the displacement vector, velocity vector,
and acceleration vector of winding node, respectively. F,, and
G,, are the force and gravity of transformer winding. Consid-
ering the stiffness characteristics of insulation pads and wind-
ing coils, the material properties are considered linear when the
pre-tightening force is constant [17].

Due to the magnetostriction of the ferromagnetic materials,
the arrangement of the magnetic domains changes, leading to
the vibration of iron core in alternating magnetic field [18].
Therefore, the magnetostriction of core is the main cause of
vibration. Relevant principle and formulas of magnetostrictive
effect are shown in Appendix A [19, 20].

As shown in Fig. 3, an ideal vibration equivalent mass unit of
the iron core is established, in which x is the axial displacement
of the iron core, and F + dF is the force on the cross section of
core column. The cross-sectional area of the core column can
be considered equal everywhere. Therefore, the motion equa-
tion of iron core vibration can be obtained through force anal-
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FIGURE 2. Mass-spring-damping system of winding.
ysis and derivation.
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where F is the Young’s modulus. Ox/0y is the axial strain.
f(y,t) is the magnetostrictive force on this mass unit. y and
t are position and time, respectively. p is the iron core density,
and S, is the cross-sectional area.

2.3. Acoustic Fluctuation Model

Since the vibration acceleration g is calculated by the mechan-
ical model, it is used as the excitation of the acoustic model.

{ e (hVpa)) =g gy

Dt = DPb + Dn

where p, is the air fluid density. py, py, and p, are total sound
pressure, background sound pressure, and transformer noise
pressure, respectively. qq is the dipole domain source.

The acoustic model can be solved in time domain:

1 62]3,5

1
EW+V' (_p(th_Qd)> =Q (14)

a

where c is the speed of sound, and Q is the unipolar domain
source.
With the sound pressure level Ly, the sound pressure varia-

tions are analyzed:
P
L,=20-1
r g <P'ref >

where the unit of L, is decibel (dB). P is the valid value of
sound pressure. P is the reference value of sound pressure,
which is generally taken as 20 pPa.

(15)
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FIGURE 3. Vibration equivalent mass unit of core.

2.4. Multi-Parameter Correlation Based on Multi-Field Sequen-
tial Coupling

The flowchart of multi-parameter correlation method based on
multi-field sequential coupling is shown in Fig. 4, and the con-
structure steps are as follows:

Step 1: A dynamic information database for multi-physics
virtual simulation is built. With time set as a link index, elec-
tromagnetic information at ¢, is retrieved from the electromag-
netic sub-information database. Inductance parameters (calcu-
lated by EBFEM in magnetic field model) at ¢, are substituted
into the circuit differential equations, then the winding current
i, at tg can be obtained. iy is input as the excitation in current-
carrying domain and magnetic connected domain. Meanwhile,
the DC disturbance Ipc and load factor 7 are defined as con-
trol parameters, which is set as mode label in the dynamic link
database. Then the electromagnetic spatial-temporal distribu-
tion of transformer is solved to obtain the feature parameters
such as main flux and leakage.

Step 2: When the absolute convergence norm is less than the
criterion value or the coupled cycle reaches the maximum of
constraints, the iterative process ends. Links are established ac-
cording to the time index, and the calculation results are stored
in the global multi-field information database. Conversely, 75
updates to ig1 through RK4 in the circuit model, and ix 1 is
input into the magnetic field model. Then the feature parame-
ters of magnetic field will be solved at the next moment.

Step 3: Based on the electromagnetic coupling, the spatial-
temporal distribution of electromagnetic force F' is obtained,
which will be dynamically stored with tag ¢;. In the mechanical
stress domain, F' is taken as an excitation to obtain the vibration
and acceleration g of winding and core. The information above
is restored in the electromagnetic-mechanical sub-information
database.

Step 4: The mechanical information is retrieved from the
multi-field information database at ¢;. In the acoustic propa-
gation domain, gy, is input as an excitation to obtain the sound
pressure p of transformer. The feature parameter p is restored
in the mechanical-acoustic sub-information database.

Step 5: The dynamic link contains mode label (Ipc, 77) and
time index, enabling the construction of a global information
database. The electromagnetic, mechanical, and acoustic in-
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FIGURE 4. Multi-parameter correlation based on multi-field sequential coupling.

formation is merged to create a multi-field feature database for
multi-parameter correlation.

3. SIMULATION

3.1. Three-Phase Three-Limb Transformer

3D finite element model is built based on an actual three-
phase three-limb transformer named BSS-1000VA, as shown
in Fig. 17. Material parameters such as Young’s modulus and
Poisson’s ratio are measured by tensile-compression test. The
specific parameters of transformer are shown in Table 1.

3.1.1. Pre-Procedure

For the numerical simulation based on sequential coupling of
multi-physics field, toroidal current is input to the coil as ex-
citation for electromagnetic model. The parallel outer bound-
ary condition of magnetic induction is applied to the magnetic
connected domain, while the natural boundary conditions are
applied to other domains. In the mechanical stress domain, the
pre-tightening force is applied as constant uniform distributed
load according to the actual structure size of the experimental
transformer. Fixed constraint is applied to the winding foun-
dation, considering the axial component of winding vibration.
The magnetostrictive effect is applied to the core. With the
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sound propagation boundary set to be a perfectly matched layer,
the background sound pressure is set to 0 Pa.

Through the aforementioned settings, the preprocessing of
the simulation model has been completed. The distinctions be-
tween the ideal simulation environment and real-world condi-
tions are as follows: 1) In the real-world conditions, the wind-
ing and core of transformer are tightly fastened together, lead-
ing to mutual interference in vibration and noise propagation.
In order to investigate and compare the multi-field characteris-
tics of different components of transformers under DC distur-
bance, the winding and iron core are treated as independent en-
tities in the ideal simulation environment. 2) In the real-world
conditions, the noise monitoring data is influenced by the sur-
rounding noise. The simulation model incorporates settings re-
garding the acoustic field, such as the perfectly matched layer,
which eliminate interference from the aforementioned issues
and enhance the accuracy of the acoustic field results.

A DC source is connected to the primary side of transformer,
and different operating modes of transformer are set with DC
disturbance which is defined as Ipc. By using an evaluating
indicator h, the DC level is described as Ipc = hly, in which
Iy is the no-load current, and & can be 0, 0.5, 1.0, 1.5... Mean-
while, 7 is defined as load factor according to different load
conditions. 7 can be 0, 25%, 50%, 75%, and 100%, respec-
tively. The variations in electromagnetic-mechanical-acoustic
fields under different & and 7 modes are simulated.

WWwWw.jpier.org
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TABLE 1. Three-phase three-limb transformer parameters.
Parameters Rated value  Measured value
Frequency/Hz 50 —
Capacity Sn/(VA) 1000 —
Voltage Un/V 380/110 —
No-load current Jo/A 0.1 0.1
Core size/mm’ — 190 x 190 x 44
Core window/mm® — 38 x 110 x 44
Number of turns of primary and secondary 497/251 —
Primary and secondary winding resistance/{2 — 1.4/0.5
Young’s modulus of silicon steel sheet/(10°MPa) — 1.93
Poisson’s ratio of silicon steel sheet — 0.26
Young’s modulus of winding coils/(10°MPa) — 0.79
Poisson’s ratio of winding coils — 0.37
\
/
@ phase A phase B phase C
FIGURE 5. Measuring points arrangement for three-phase three-limb transformer.
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FIGURE 6. Primary winding current of phase A. (a) n = 0, (b) n = 100%.

The arrangement of measuring points takes into account
the structure features of three-phase three-limb transformer, as
shown in Fig. 5.

3.1.2. Analysis of Simulation Results

i. Multi-Field Information of Winding

The variations of magnetic leakage density (B ), force (F'),
and vibration acceleration (¢) of winding in different modes are
simulated. Taking phase A as an example, the information of
each measuring point is shown in Fig. 8-Fig. 10. Partial results
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1(s)

(n = 0 and 100%) of primary winding current and main flux
are shown in Fig. 6 and Fig. 7.

Under no-load operation, the waveform and value of primary
winding current are basically the same as the excitation current.
The excitation saturation intensifies, and i, becomes highly
distorted with increasing h. In addition, the excitation feature
of “half-wave distort, half-wave decay” is observed under no-
load condition, as shown in Fig. 6(a). Under full-load opera-
tion, the numerical value of i, is relatively large. Therefore,
the distortion of 74 is not significant with DC disturbance.

As shown in Fig. 8, a typical bias phenomenon about leak-
age of “half-wave distort, half-wave decay” is observed at each
measuring point under no-load condition. In loading modes, the
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FIGURE 7. Main flux of phase A. (a) n = 0, (b) n = 100%.
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FIGURE 8. Magnetic leakage at measuring points of three-phase three-limb transformer winding. (a) Measuring point 1. (b) Measuring point 2.
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FIGURE 9. Electromagnetic force at measuring points of three-phase three-limb transformer winding. (a) Measuring point 1. (b) Measuring point 2.

leakage of the winding at different measuring points has sim-
ilar variation, and the leakage increases with rising 7. More-
over, the leakage at the terminal of winding is greater than the
middle part. The reason is that leakage is mainly produced by
alternating current in the winding. Thus, the variation of leak-
age is consistent with the current. Furthermore, the impact of
DC disturbance on the winding current is relatively minor un-
der loading condition, resulting in negligible distortion of the
leakage. The variations of electromagnetic force are analyzed
based on leakage, and the axial electromagnetic force at mea-
suring points is extracted. The results are shown in Fig. 9.

In Fig. 9, the fluctuation period of electromagnetic force F'
is 0.5 times of the power frequency period. It is easy to see that
F has similar variation at different measuring points. F' at the
terminal of winding is greater than the middle part. Further-
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more, the distribution of F' is consistent with the leakage, and
F intensifies with rising 7.

The variations of axial g at measuring points in windings are
shown in Fig. 10.

As shown in Fig. 10, g at the terminal of pie winding is larger
than the middle part, and g grows with rising 7, whereas differ-
ent DC has little effect on g under the same 7. The reason is
that g caused by F' mainly depends on the leakage and current,
which have no significant change with DC injecting in the load-
ing operation. Thus, F' and g are not closely related to the DC
disturbance in loading modes.

By comparing Fig. 8-Fig. 10, it can be concluded that the
leakage, electromagnetic force, and vibration acceleration of
the winding have similar variation with the winding current.

ii. Vibration Information of Iron Core

Www.jpier.org
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FIGURE 10. Vibration acceleration at measuring points of three-phase three-limb transformer winding. (a) Measuring point 1. (b) Measuring point 2.
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FIGURE 11. Vibration acceleration at measuring points of three-phase three-limb transformer core. (a) Measuring point 3. (b) Measuring point 4.

TABLE 2. Surface noise of three-phase three-limb transformer.

Mode-state L 1 (%)
Noise 0 25 50 75 100
0 279 284 288 298 309
0.5 282 287 291 303 315
1.0 28.7 29.6 302 314 326
1.5 299 308 31.5 328 341

Surface p; (dB)

On the other hand, the vibration problem of iron core in dif- The maximum sound pressure level on the three-phase three-
ferent load modes and DC modes is learned. In order to analyze limb transformer is defined as p;, as shown in Table 2.
the vibration characteristics of iron core at different positions, The noise presents positive correlation with both h and 7,
measuring points 3 and 4 are selected in Fig. 5. The results are which is consistent with the varying g. When 7 is 50%, and h
shown in Fig. 11. is 0.5, the surface p; of internal components has nearly reached
In Fig. 11, the vibration of iron core is more complex and 30 dB. Taking no-load operation as an example, partial spatial-
violent than winding. In the same load mode, g increases with temporal distribution cloud charts of sound pressure and sound
rising Ipc. In the same DC mode, ¢ intensifies as 7 increases. pressure level on the transformer are shown in Fig. 12 and
Moreover, g of phase B is more violent than phase A with same Fig. 13.
nor Ipc. As shown in Fig. 12, it is easy to see that the vibration of
Comparing Fig. 8Fig. 11, it can be concluded that while the transformer components intensifies with increasing h, resulting
DC disturbance has little effect on the current and leakage of in higher p. Furthermore, p of the core is significantly greater
winding, it significantly affects the vibration of the iron core. than the winding. The same phenomenon above can be found
The main reason is that DC injection generates corresponding in other load modes, which will not be discussed in this paper
DC flux in the core. As a result, the main flux of iron core is due to space limitations.
saturated in half period, and the excitation current is distorted In Fig. 13, the typical temporal distribution of sound pressure
severely, with significant vibration in iron core. is researched, where ¢ = 20 ms and 25 ms are the minimum
and maximum moments of main flux in the distorted half-cycle
iii. Global Acoustic Information of Three-Phase Three-Limb respectively, and ¢ = 30ms and 35ms are the minimum and
Transformer maximum moments of main flux in the decaying half-cycle,
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FIGURE 13. Temporal distribution of sound pressure. (a) t = 20 ms, (b) t = 25ms, (¢) ¢ = 30ms, (d) t = 35 ms.

TABLE 3. Three-phase group transformer parameters.

Parameters Rated value  Measured value
Frequency/Hz 50 —
Capacity Sn/(VA) 1000 —
Voltage Un/V 220/110 —
No-load current Io/A — 0.1

Core window (single phase)/mm?> — 120 x 45 x 105
Number of turns of primary and secondary (single phase) 396/216 —

Primary and secondary winding resistance (single phase)/<2 — 3.2/0.4

Young’s modulus of silicon steel sheet/(10°MPa) — 1.93
Poisson’s ratio of silicon steel sheet — 0.26
Young’s modulus of winding coils/(10°MPa) — 0.79
Poisson’s ratio of winding coils — 0.37

respectively. p att = 20 ms and ¢ = 30 ms are nearly the same,
but p at t = 25 ms is greater than that at ¢ = 35 ms, indicating
the same variation with main flux.

3.2. Three-Phase Group Transformer

For comparative analysis, the simulation model of three-phase
group transformer is built based on the rated parameters of the
three-phase three-limb transformer. The specific parameters
are shown in Table 3.
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Taking into account the structure features of three-phase
group transformer, phase A is selected for analysis. The ar-
rangement of measuring points is shown in Fig. 14.

The winding currents of three-phase group transformer are
simulated in different modes, and the variation laws are similar
to that of three-phase three-limb transformer. Partial simulation
results (n = 0 and 100%) of primary winding current are shown
in Fig. 15.

The variations of By, F, and g at winding measuring points
are simulated in different modes. Results (partial data are
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FIGURE 14. Measuring points arrangement for three-phase group transformer.
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FIGURE 15. Primary winding current of phase A. (a) n = 0, (b) n = 100%.
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FIGURE 16. Vibration acceleration at measuring points of three-phase group transformer core. (a) Measuring point 5. (b) Measuring point 6.

TABLE 4. Surface noise of three-phase group transformer.

Mode-state L 1 (%)
Noise 0 25 50 75 100
0 275 282 287 295 307
05 283 289 296 308 323
1.0 295 302 308 324 336
1.5 30.1 31.8 319 332 349

Surface p; (dB)

shown in Appendix B) show that the variation of feature param- in iron core is basically consistent. Moreover, they are both

eters above is similar with three-phase three-limb transformer. obviously affected by magnetostriction.

However, the variation of each parameter in three-phase group The maximum sound pressure level on the three-phase group

transformer is greater than three-phase three-limb transformer transformer is defined as p,, as shown in Table 4.

at the same DC level. Meanwhile, g of iron core is simulated, The noise of three-phase group transformer presents positive

as shown in Fig. 16. correlation with both h and n), which is consistent with the three-
According to Fig. 16, it is easy to see that the vibration of phase three-limb transformer. Comparing Table 2 and Table 4,

the main iron column is more severe than the adjacent column. p; and p; are nearly the same with no DC injection. However,

Comparing two types of transformers, the variation law of g
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Py increases obviously with DC disturbance, and it is more dras-
tic than p; in the same mode.

3.3. Summary of Simulation

The variation characteristics of transformer in bias effect are
simulated, and laws are summarized.

1) With DC disturbance, the magnetic leakage, electromag-
netic force, vibration acceleration, and current of transformer
winding all have similar variation law. In no-load running, the
fluctuation of multi-field information is significant with DC,
which becomes weak under loading condition. With rising
DC level, the vibration acceleration of iron core grows signif-
icantly. As load factor rises, the feature information of multi-
physics increases.

2) In the ideal simulation environment, the vibration and
propagation of the components do not interfere with each other.
In the same DC or load mode, the vibration acceleration and
noise of core are much greater than winding. Result shows that
the vibration and noise of DC-biased transformer are mainly
from iron core.

3) Comparing the simulation results of three-phase three-
limb transformer and three-phase group transformer, it can be
concluded that three-phase three-limb transformer has stronger
resistance to DC disturbance.

4. EXPERIMENTS

As shown in Fig. 17, dynamic experimental platforms are built.
The experimental transformer parameters are shown in Table 1
and Table 3, and the procedures are as follows.

Step I: The voltage regulator 77 and DC source are con-
nected to the primary side of transformers, and the branch
switch K is disconnected. The secondary side is connected
to adjustable load. For the acquisition of electrical, vibration,
and acoustic signals, different monitoring modules are adopted.
In order to verify the simulation conclusions, the three-phase
three-limb transformer vibration measuring points are consis-
tent with simulation measuring points 1, 2, 3, and 4, and the
three-phase group transformer vibration measuring points are
consistent with simulation measuring points 5, 6, 7, and 8.

Step 2: K is closed. In voltage regulator module, 7 is con-
trolled to make the input excitation reach the rated voltage of
primary side.

Step 3: DC source is set in DC injection module, and Ry is
adjusted to control different DC disturbances.

Step 4: In electrical signal monitoring module, the voltage
and current parameters are recorded.

Step 5: In vibration monitoring module, sensor JF2100-T
(Sensitivity: 100mV/g, Frequency range: 10 Hz—10kHz, Sam-
pling frequency: 42 kHz) is used to collect core vibration sig-
nals under different DC levels. According to the noise test stan-
dard !, transformer noise is measured by a sound level meter
HS5671D+ (Frequency range: 26 Hz—20 kHz, Sampling fre-
quency: 48 kHz) of noise monitoring module.
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4.1. Three-Phase Three-Limb Transformer Dynamic Experi-
ment

The vibration signals of three-phase three-limb transformer
components are collected, and the axial information is extracted
as shown in Fig. 18 and Fig. 19.

Actually, the vibration and propagation of internal compo-
nents interfere with each other, so that the experimental wave-
forms are different from simulation. As a result, the mea-
sured signal contains more high-frequency components, which
is more complex and serious than simulation. However, the
experimental variation law of vibration acceleration g in wind-
ings is basically consistent with simulation. g at the terminal of
winding is more violent than the middle part. As 7 increases,
the vibration becomes more severe.

The vibration information of iron core is shown in Fig. 19.

In Fig. 19, the vibration of phase B is more violent than phase
A. As 7 increases, g of iron core intensifies. Moreover, due
to the nonlinear excitation and magnetostrictive characteristics,
the vibration signal of core contains more high-frequency com-
ponents, resulting in acute fluctuation in time domain. Mean-
while, it is important to note the occurrence of the “burr phe-
nomenon”, which can be attributed to experimental errors. It
refers to the intense oscillation of the waveform, and values
corresponding to smaller h are partly greater than those corre-
sponding to larger h. However, the “burr phenomenon” does
not affect the overall laws. In future research, we will utilize
more precise measurement equipment to minimize the occur-
rence of errors.

The noise monitoring result is shown in Table 5.

Comparing Table 2 and Table 5, the measured noise p’; has
the same variation trend with simulation p; in different modes.
However, p’, is more drastic than p;. It is found that p’, in-
cludes transformer noise and environmental noise. Further-
more, due to the nonlinear magnetic characteristics of iron core,
the noise obtained from the experiment is found to be more in-
tense. The results indicate that the variation law of noise is
consistent with vibration. It is worth noting that when h is 1.0,
obvious vibration and noise problems have occurred. When h
is 2.0, the component vibration is serious, and the insulation is
burned out.

4.2. Three-Phase Group Transformer Dynamic Experiment

The vibration signals of three-phase group transformer compo-
nents are collected, and the axial information is extracted as
shown in Fig. 20 and Fig. 21.

Similar to three-phase three-limb transformer, the experi-
ment signals of three-phase group transformer are more violent
than simulation. Meanwhile, the experimental variation law of
g is basically consistent with simulation. The noise monitoring
result is shown in Table 6.

Comparing Table 4 and Table 6, the measured noise p;’ is
more drastic than simulation p,, but p,’ has the same variation
trend as p; in different modes. Furthermore, DC disturbance
has more influence on three-phase group transformer, which
can be learned by comparing Table 5 and Table 6.
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FIGURE 17. Dynamic experimental platform. (a) Physical experimental platform of three-phase three-limb transformer. (b) Physical experimental
platform of three-phase group transformer. (c) Wiring of three-phase three-limb transformer experimental platform. (d) Wiring of three-phase group
transformer experimental platform.
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FIGURE 18. Vibration measurement of three-phase three-limb transformer winding. (a) Measuring point 1.
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FIGURE 19. Vibration measurement of three-phase three-limb transformer core. (a) Measuring point 3. (b) Measuring point 4.
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FIGURE 20. Vibration measurement of three-phase group transformer winding. (a) Measuring point 7. (b) Measuring point 8.

TABLE 5. Noise monitoring result of three-phase three-limb transformer.

Mode-state L 1 (%)
Noise 0 25 50 75 100
0 294 309 313 325 336
Experimental p', 05 309 315 321 333 342
(dB) 1.0 314 321 331 342 356
1.5 323 334 345 354 368
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FIGURE 21. Vibration measurement of three-phase group transformer iron core. (a) Measuring point 5. (b) Measuring point 6.
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FIGURE 22. Suppression of transformer bias.

TABLE 6. Noise monitoring result of three-phase group transformer.

Mode-state L 1 (%)
Noise 0 25 50 75 100
0 292 308 312 324 334
Experimental p,’ 05 31.1 319 336 338 347
(dB) 1.0 325 328 340 346 36.0
1.5 331 337 355 362 37.1

4.3. Discussion

On the basis of multi-field information analysis, instability cri-
terion can be concluded.

1) Taking n = 75% for example, when 0 < h < 0.5, the
DC disturbance has little effect on the loading transformer. At
this point, the DC level is within the permissible range of the
transformer, indicating normal operation of the transformer.

2) When 0.5 < h < 1.5, the DC disturbance has obvious
influence on the electromagnetic compatibility and structure
stability of transformer. At this point, the vibration and noise
of the transformer components increase. If the transformer re-
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mains in this state for an extended period of time, it may result
in problems such as bending deformation. Thus, there is an in-
creased risk of instability, and more attention should be paid to
it.

3) When h > 2.0, the transformer will be seriously affected
by DC disturbance, accompanied by insulation burnout phe-
nomenon. Its internal electromagnetic and mechanical envi-
ronment has been unstable, which should be promptly alarmed
and dealt with.

In actual operation, transformer generally takes load factor
lower than 75%, and the current with DC disturbance is not up
to the prewarning. However, serious problems of vibration and
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noise have occurred in DC-biased effect, and other potential
dangers may be encountered.

To solve the problems above, certain DC bias suppression
should be taken. The switch module S at the neutral point of
transformer is added as shown in Fig. 22. Vibration and noise
are monitored in real time. When vibration or noise exceeds
the set value, S is disconnected to avoid the influence of DC on
the transformer. Another strategy is that DC disturbance can
be isolated by connecting capacitors. However, the problem of
nonlinear parametric oscillations needs to be considered, which
will not be further discussed in this paper.

In allusion to the problem of transformer vibration noise, the
monitoring method is generally tank sensing. Due to factors
such as shielding, interference, and decay during the propa-
gation of vibration noise, significant deviation will be caused
in measurement. In this paper, the noise problem of trans-
former under DC bias is studied based on multi-field coupling.
Through virtual simulation and physical experiments, the key
characteristic information regarding electromagnetic, mechani-
cal, and acoustic field is obtained. The results verify the spatial
and temporal consistency of the multi-field physical character-
istics. The feasibility of utilizing electrical parameters to rep-
resent noise anomalies is also demonstrated.

5. CONCLUSION

The vibration and noise are researched for three-phase three-
limb transformer and three-phase group transformer in AC/DC
hybrid environment on the basis of electromagnetic coupling.
The conclusions are as follows:

With DC disturbance, the electromagnetic, mechanical, and
acoustic field parameters of two types of transformers exhibit
similar variation performance. The excitation feature of “half-
wave distort, half-wave decay” is analyzed. The vibration and
noise of transformer intensify with the rising DC disturbance or
load factor. Moreover, the vibration and sound pressure level
of iron core are stronger than winding in the same mode. The
abnormal noise of DC-biased transformer is mainly caused by
the core vibration. In addition, vibration and noise are more
serious in three-phase group transformer, indicating that three-
phase three-limb transformer has stronger resistance to DC dis-
turbance.

Multi-physics sequential coupling model is suitable for DC-
biased transformer analysis. The relationship between non-
linear excitation and multi-field morphology in bias effect is
studied. By multi-dimensional, multi-scale, and multi-field in-
formation fusion, correlation and potential law between fields
can be revealed. The unobservable abnormal vibration and
noise can be represented by observable DC disturbance and
load factor. The multi-parameter correlation method is val-
idated through consistency between simulation and experi-
ments, which provides a foundation for digital twin technology
in full lifecycle management.
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APPENDIX A.

As shown in Fig. Al, the arrangement of magnetic domains is
irregular when the magnetic field intensity H is 0. However, the
ferromagnetic material is magnetized when a magnetic field ex-
ists in the external environment. In this case, the internal mag-
netic domains will move in the same direction so that the length
of the ferromagnetic material will increase A L. The change in
the length of the iron core material is indicated by magnetostric-
tive coefficient €.

(A1)

|
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H#0

FIGURE A1. Principle of magnetostrictive effect.
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Considering the magnetostrictive effect, the relationship
among relative permeability, tensile stress, and magnetic flux
density are described as follows.

26 o 2
Ap = _T?n (A2)
B, = (u+Ap)H+eo (A3)

where p is the magnetic permeability. Ay is the relative per-
meability. o is the tensile stress. e, is the magnetostrictive
coefficient in magnetic saturation condition. By, is the satura-
tion magnetic flux density. B, is the magnetic flux density with
tensile stress.

APPENDIX B.
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FIGURE B1. Partial simulation results of three-phase group transformer
winding. (a) Leakage at measuring point 7. (b) Force at measuring
point 8. (c) Acceleration at measuring point 8.
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