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ABSTRACT: Aiming at the operation stability of transformer with harmonic invasion in offshore wind farm, the evolution and propagation
of electromagnetic-solid-acoustic information are studied. Combined with the measured data of invasive harmonic currents, it is found that
the proportions of the 5th and 7th harmonics are larger than those of other harmonics. A multi-physical field propagation and information
extraction method for transformer is proposed based on the principle of electromagnetic-solid-acoustic coupling. Then, the magnetic
density, force, vibration, and noise characteristics of components with harmonic invasion are analyzed. The results show that the increase
of harmonics intensifies the vibration and noise of transformer in the same load. In the same harmonic proportion, the waveform distortion
of the multi-physical characteristic parameters caused by the 7th harmonic is more significant than the 5th. Moreover, the vibration and
noise intensify with rising load factor in the same harmonic invasion mode. Meanwhile, the dynamic experimental platforms are built to
measure multi-physics field information in different modes. By comparing the experimental data and simulation result, the accuracy of
proposed method can be verified. Furthermore, the Sth harmonic is selected as the typical characterization parameter to study the mapping
relationship between harmonics and vibration characteristics. The criteria for disturbed destabilization are formulated, providing new
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ideas for the life cycle operation and maintenance of offshore wind transformer.

1. INTRODUCTION

s an important clean energy source, offshore wind energy
Aresources have attracted much attention due to their ad-
equacy. The vigorous development of offshore wind power
represents an inevitable trend of global power grid develop-
ment in the future. More and more power electronic de-
vices are connected to the grid and become the main harmonic
sources in offshore wind farms [1]. The long submarine ca-
bles connected to offshore wind turbines have a greater capac-
itance to ground than the overhead lines used in onshore wind
farms [2, 3]. Therefore, long-distance submarine cables are eas-
ily influenced by harmonic amplification effects. As key equip-
ment in offshore wind power system, the reliable operation of
the transformer is significant to the safety of substation. When
harmonics invade from the grounding point, transformer takes
unstable performance [4—6]. The situation includes abnormal-
ities such as current distortion, excitation saturation, and in-
creased losses, which even endanger the operating life of equip-
ment. Harmonic invasion produces serious magnetostrictive
effect, which will lead to uneven stress distribution and vibra-
tion intensification. Furthermore, increased noise is led by in-
creased vibration, resulting in the internal structural stability
of the transformer. In addition, harmonic invasion can lead to
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problems such as degradation of power quality and false oper-
ation of protective devices.

In [7], the principle of the background harmonic amplifica-
tion caused by submarine cable integration is analyzed, and a
mitigation scheme by installing shunt filters is proposed. In [§],
by discussing the resonance amplification due to the distribu-
tion parameters of submarine cables, a cascaded notch-filter-
based active damping method is proposed to suppress the har-
monic resonance. However, none of the above literature has
studied the harm caused by harmonics in offshore wind farm to
transformer. In [9], a significant increase in the AC loss of high-
temperature superconducting transformer is analyzed under the
influence of high harmonics. In [10], the effects of different
nonlinear loads on a three phase distribution transformer are
examined, and additional power losses are calculated. In [11],
the effect of transformer parameters on harmonic resonance fre-
quency in offshore wind farm is investigated by sensitivity anal-
ysis. In [12], the impact of the offshore transformer equivalent
resistance on resonance damping is investigated.

In summary, existing literature mainly focuses on the off-
shore wind power harmonic resonance problem and the effect
of harmonics on transformer. However, the variation laws of
internal multi-field (electromagnetic field, solid force field and
acoustic field) information in transformer with harmonic inva-
sion have not been deeply explored. The impact of harmon-
ics and methods for identifying characteristic information also

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERB24112909

rPIER B

Pan et al.

Submarine
cables for
amplification

Generation of

harmonics in power p

electronic equipment

> current invasion b

Harmonic current
interference in
converter stations

Harmonic

transformer

Wind turbine
Submarine cables

IR = =
'I“ JﬁHarmonicﬁ
current

Oftshore boos

ter station

Offshore _
converter station

Submarine cables

=

FIGURE 1. Transformer with harmonic invasion.

need to be researched. Meanwhile, the current sensing means
for transformer monitoring mainly relies on electric measure-
ments. How unobservable abnormal vibration and noise can be
represented by observable harmonic current and load factor is
significant.

In this paper, aiming at the transformer with harmonic in-
vasion in offshore wind farm, the variation characteristics of
multi-field information in transformer are investigated. Based
on the principle of electromagnetic-solid-acoustic coupling,
a multi-physical field propagation and information extraction
method for transformer is proposed. Electromagnetic-solid-
acoustic coupling is the coupling of internal field information.
Then, the abnormal phenomenon of transformer is caused by
the change in internal multi-field information with harmonic
invasion.

Firstly, the pathway of harmonic invasion in offshore wind
power transformer is investigated in this paper. Harmonic char-
acteristics are analyzed through measured data, focusing on in-
terference effects of typical harmonics. Then, an information
extraction method is proposed based on electromagnetic-solid-
acoustic coupling. Taking a Yd-wired three-phase transformer
as example, the variation laws of transformer multi-field infor-
mation under different harmonic invasion modes are studied
and revealed. Finally, dynamic experiment platforms are built
to measure feature parameters such as current, vibration, and
noise. The effectiveness of the proposed method can be ver-
ified by the consistency between simulation and experiments.
On this basis, the mathematical mapping relationship between
harmonics and transformer vibration is constructed, and the in-
stability criterion is further formed, which provides a basis for
harmonic interference identification and suppression. Appro-
priate harmonic suppression strategies are facilitated by this
study, thus improving the ability of transformer to resist har-
monic interference.

2. PRINCIPLE OF HARMONIC INVASION GROUNDING
TRANSFORMER IN OFFSHORE WIND FARM

In offshore wind farm, significant harmonic is generated by the
widespread application of power electronic equipment and the
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parallel operation of multiple units. Then, harmonics are ampli-
fied by long-distance submarine cables and invade the neutral
point of the transformer through earth.

Studies have shown that the harmonic currents generated by
offshore wind farm contain harmonic components of multiple
frequencies [13]. Harmonic currents may lead to the over-
saturation of core excitation, resulting in increased losses and
elevated temperatures. Meanwhile, harmonics will intensify
the skin effect of transformer, affecting the safe and stable op-
eration. The principle of harmonic invasion is shown in Fig. 1.

Based on the measured data of an offshore wind
farm, the harmonic currents of the 1¥ main transformer
(140 MVA/220kV) in the booster station are analyzed in this
paper. Despite a harmonic suppression unit being installed on
site, harmonic components continue to invade the transformer
through the neutral point. The statistical data of the number
of days per month that harmonic currents invaded during the
period of 2023-2024 are presented, with the typical compo-
nents illustrated in Fig. 2(a). It is obvious that the invasion
of harmonic currents is frequent but irregular, in which the
Sth and 7th harmonics occur with a relatively high frequency.
Furthermore, a typical time period in May 2024 is selected
to analyze the current monitoring data at the neutral point of
transformer, as shown in Fig. 2(b). It is found that the harmonic
current at neutral point varies drastically. Taking phase B as an
example, the current spectrum is shown in Fig. 2(c). It is clear
that the low-frequency components account for the major part,
among which the 5th and 7th harmonic contents are relatively
larger. Therefore, this study focuses on the investigation of the
5th and 7th harmonics.

3. MULTI-FIELD PROPAGATION AND INFORMATION
EXTRACTION OF TRANSFORMER WITH HARMONIC
INVASION

Based on electromagnetic-solid-acoustic coupling, a multi-
field information extraction method for harmonic invasion
transformer is proposed. A multi-field propagation mathemat-
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FIGURE 2. Measured data. (a) Daily data statistics of typical harmonic current, (b) monitoring data of harmonic current in typical period, (c) B phase

current spectrum diagram.

ical model is developed as follows:

MS = (S, Ss,Sa)
Input = (Input_, Input_, Input ) €))
Output = (Output,, Output,, Output,,)

MS, = MS.(t;,i, B) + X - Input,(t,, Uac, £)
Output, (t;,i, B, F) = a - MS,

MS, = MS,(t;,9) + Y - Input,, (ti, £u_s)
Output, (11, g) = - MS,

MS, = MS,(t,p) +Z - Input, (tx, o)
Output, (ty,p) = 7 - MS,

§=(§e—s,85-a) = (F\9)
where MS is the mode-state matrix of system which contains
electromagnetic mode-state matrix MS,, mode-state matrix of
solid mechanics MS;, and acoustic mode-state matrix MS,,.
The multi-field information is extracted through the solution of
an electromagnetic-solid-acoustic coupling model. Input is the
system input matrix which contains electromagnetic input ma-
trix Input,, solid mechanics input matrix Input,, and acoustic
input matrix Input,. X, Y, and Z are the input coefficient ma-
trices for each field. U4 is the sinusoidal AC excitation.  is

2

the control parameter matrix which contains harmonic current
I}, and load factor /3. ¢ is the coupling correlation parameter,
containing electromagnetic-solid coupling parameter &, s(F)
and solid-acoustic coupling parameter ;_,(g). Output is the
system output matrix that contains multi-field output matrix
Output,, Output,,, and Output,. «, 3, and ~ are extracting
matrices, which extract the multi-field feature parameters (cur-
rent, magnetic flux, electromagnetic force, vibration and noise)
from MS.
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FIGURE 3. Circuit model.
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3.1. Electromagnetic Information

The circuit model of three-phase transformer with harmonic in-
vasion is shown in Fig. 3, where U4, Up, and U are the pri-
mary side voltages; 4, Ip, and I are the primary side cur-
rents; U,, Uy, and U, are the secondary side voltages; and 1,1,
Iy1, and I, are the secondary side currents. Meanwhile, the
harmonic current /;, in offshore wind farm is considered in the
model.

La(t)=15 (t) + In (1)

=1 sin (wt) + z”: I sin (dwt)
= 0
Do (t)=Dy (t) + Pp ()

=& sin (wt) + Z ® sin (dwt)
d=2

where 14 is the winding current; ® 4 is the core flux; I and @
are the fundamental components; I, and ®;, are the harmonic
components; I; is the current amplitude corresponding to the
fundamental; I; is the current amplitude corresponding to the
dth harmonic; ®; is the core flux corresponding to the funda-
mental; @ is the core flux corresponding to the dth harmonic;
Q is the angular frequency of the fundamental; d is the number
of harmonics.

Taking phase A as an example, /4 and ¢ 4 after harmonic
invasion can be expressed as the superposition of I, I;, and
®f, ®;. When the harmonic current varies, the frequency of
the winding current and main flux variations deviates from the
power frequency.

A nonlinear magnetic field model for transformers is con-
structed [14]:

J.— Iy (t) _ Iy (f)-i-[h(t)
A = =
S S

n
I sin (wt) 4+ > Igsin (dwt)

_ d=2
- S ®)

where J 4 is the current density of the phase A winding, and S
is the area of the winding cross-section.

The electromagnetic field of the transformer can be solved
using the edge finite element method (EFEM). The basic solu-
tion unit of EFEM is the prismatic edge element. The annulus
A, of the edge e is taken as the degree of freedom of the edge
element, and the vector shape function n. is used. The interpo-
lation function of unit is obtained:

(6)

where ucgq is the total number of edge element, and A is the
vector magnetic potential.
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Furthermore, the model is solved by Galerkin method of
weighted residuals [15, 16]:

1
GA:/// f(VxMw)-(VxMw)Ade// M, - JadV
\ 1%

(7
where G 4 is the magnetic field Galerkin residual with harmonic
invasion, M, the vector weight function, and  the permeabil-
ity. Further derivations can be found in Appendix A.

The G 4 equation is discretized, resulting in a system of alge-
braic equations that can be solved to obtain A. The field infor-
mation is further calculated using A, including magnetic flux
density B and magnetic field energy dW.:

B=V x A

dWe:%/dB-dH ®)

3.2. Vibration and Noise Information

The electromagnetic force on the transformer windings can be
decomposed into axial and radial components [17]. The axial
electromagnetic force is mainly analyzed in this study. The ax-
ial force on the winding unit is shown in Fig. 4.

Wire segments
between pads

Transformer
FIGURE 4. Simplify the basic unit of wind.

The stiffness characteristics of insulation pads vary with the
magnitude of the winding pre-tightening force. When the pre-
tightening force is constant, stiffness characteristics can be con-
sidered linear. The result was obtained based on electromag-
netic coupling:

Fe:Z/JAdeV )
where F. is the winding force, and n is the number of winding
units.

The electromagnetic force on the component can be com-
puted through the solved parameters (magnetic flux density B
and electromagnetic energy) in electromagnetic model.

The axial force on the winding can be extracted using Equa-
tion (10) [18]:

ow, 1 OB
F, = —=— B—
0z / 0z v

where F, is the electromagnetic force on the winding in the
direction z.

The axial electromagnetic force F, is analyzed considering
the composition of the winding current under harmonic intru-
sion. Under the excitation of power frequency, the variation

(10)
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FIGURE 5. Basic principle of iron core vibration. (a) The basic principle of magnetostrictive effect, (b) core axial vibration model.

frequency of the axial electromagnetic force in the winding is
100 Hz. There are high-frequency harmonic components in the
axial force on the winding coils with harmonic invasion.

F, = F;+F), = 0.5BI{(1 + cos(2wt)) + F;,  (11)

where F is the electromagnetic force corresponding to the fun-
damental, and F}, is the electromagnetic force corresponding to
the harmonic.

Due to the magnetostrictive characteristics of silicon steel
sheet, the iron core vibrates. The equivalent model of core vi-
bration with harmonic invasion is shown in Fig. 5. Under the
action of power frequency sinusoidal current Iy, the arrange-
ment of the ferromagnetic material is increased by Aly. The
length of arrangement is extended by Al; with the harmonic
current I;,. Therefore, the magnetostriction coefficient \ at the
invasion of harmonic currents is deduced as follows:

o Alf + Alp,

A
l

(12)

Considering the magnetostrictive effect, the relationship
among relative permeability, tensile stress, and magnetic flux
density is as follows:

2 k12
Ap = — Bg“ (13)
B, = (u+Ap)H+ Ak (14)

where 1 is the magnetic permeability, Ay the relative magnetic
permeability,  the tensile stress, As the magnetostriction coef-
ficient under magnetic saturation, B the saturation magnetic
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induction, B,; the magnetic induction with tensile stress, and H
the magnetic field intensity.

f+4df; is the force on the cross section of core column. Ne-
glecting the damping effect of the transformer structure, the
core vibration equation is obtained based on the mechanical the-
ory [19]:

d%u(y,t)

d*u(y,t)
ot?

ES.
S, 2

+1(y,t) = peSe (15)
where F is the Young’s modulus; Ou/Qy 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;
S, is the cross-sectional area.

Based on the solid force model, the axial displacement x is
calculated, and subsequently the component vibration acceler-
ation g is solved during harmonic invasion:

d?x

- (16)

g

When the components of transformer vibrate, acoustic waves

propagate into the surrounding fluid. The g obtained from

Equation (16) is used as the excitation input to the acoustic
model to realize the vibration-noise coupling calculation.

—i(V (po +p1) — q)

a

= —n-

amn

—n -

where p, is the fluid density, p, the background sound pressure,
p¢ the transformer noise sound pressure, and q the dipole do-
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FIGURE 6. Electromagnetic-solid-acoustic coupling model.

main source. Solve the internal acoustic equations of the trans-
former:

1 9% (py +pe)
Pav? 0%t

+v-[—p1<v (po + 1) —q)} —Q (18)

a

where v is the speed of sound, and Q is the unipolar domain
source.
The sound pressure level L,, is utilized to analyze the sound

pressure variations:
r
L,=20-1g| —
: £ (Pf)

where P is the valid value of sound pressure, and P is the

reference value of sound pressure, which is generally taken as
20 pPa.

(19)

3.3. Information Extraction Based on Electromagnetic-Solid
Acoustic Coupling

Based on the principle of information propagation in
electromagnetic-solid-acoustic multi-field domains, a method
for information extraction is proposed, which is shown in
Fig. 6. The steps are as follows:

1) Electromagnetic coupling: Taking time as an indexing pa-
rameter, the electromagnetic information at ¢, is acquired. The
winding current i at ¢ is used as the excitation input to the
current-carrying domain and the magnetic connected domain.
Meanwhile, control parameters (harmonic current I;, and load
factor (3) are entered. The electromagnetic spatial-temporal dis-
tribution of transformer is solved to obtain the feature informa-
tion such as magnetic density B.

(2) Electromagnetic-solid coupling: Based on the magnetic
field information obtained from the electromagnetic coupling
model, the electromagnetic force Fy, of the component at ¢y, is
calculated. In the mechanical vibration domain, F;, is taken as

20

an excitation to obtain the vibration acceleration g; of winding
and core.

(3) Solid-acoustic coupling: In the multi-field information
base, vibration acceleration g of the component at ¢ is ex-
tracted. In the acoustic propagation domain, g, is input as an
excitation to obtain the sound pressure Pj.

4) Iterative process of information extraction: t; is used as
link index, and the solution is made in the order of the magnetic-
solid-acoustic physical evolution mechanism. Taking the con-
trol parameters I, and S as mode labels, the field feature in-
formation and control parameters are associated and stored in
the multi-field information base. Then, the field parameters at
the next moment are updated. When the absolute convergence
norm is less than the preset criterion value, or the number of
iterations does not reach the upper limit, multi-field solution is
carried out at ¢ 1, and vice versa the iteration ends.

Utilizing the proposed information extraction method, the
multi-field spatio-temporal distribution of transformer compo-
nents is investigated.

4. SIMULATION

In combination with the actual operation of large three-phase
transformer, a custom-made experimental transformer BSS-
1000VA with a scaled-down proportion is constructed, as
shown in Fig. 13. The primary and secondary windings are
star-delta connected, and the specific parameters of transformer
are shown in Table 1. Based on the electromagnetic-solid-
acoustic model, simulation analysis is carried out, and key
information parameters are extracted.

4.1. Pre-Procedure

Simulation analysis of transformer is conducted using the
COMSOL finite element software. Then, the geometric
modeling tool integrated in simulation software is used to build

WWwWw.jpier.org
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TABLE 1. Transformer arguments.

Parameters Rated value  Measured value
Capacity Sy /VA 1000 —
Frequency/Hz 50 —
Voltage Un/V 35/220 —
No-load current Ip/A 0.1 0.1
Core size/mm? — 300x150x 190
Young’s modulus of silicon steel sheet/MPa 1.95%x10° 1.93x10°
Poisson’s ratio of silicon steel sheet 0.25 0.26
Young’s modulus of winding coils/Mpa 0.81 0.80
Poisson’s ratio of winding coils 0.36 0.37

TABLE 2. Typical harmonic interference parameter table.

Actual measured
Parameters .
I, amplitude and
Interference mode .
proportion (A/%)

I, amplitude of the
simulation and
proportion (A/%)

harmonic-free mo0 0
0,

5th harmonic ml 12/5%

m2 21/10%

7th harmonic m3 21/10%

0
0.09/5%
0.15/10%
0.15/10%

transformer model. The transformer model is refined by using
free tetrahedral mesh for mesh dissection.

The complexity of transformer structural materials in indus-
trial production is significant. Therefore, simplifications are
made to the core, windings, and other components in the simu-
lation process to enhance the stability and efficiency of numer-
ical calculations:

(1) Material parameters of winding and core are obtained
by tensile-compression test (See Appendix A for experimental
platform) and linearized.

(2) The air gap among the platens, clamps, and core silicon
steel sheets is ignored.

The different physical fields are preprocessed as follows:

(a) In electromagnetic coupling, three-phase current is input
to the coil as excitation for the electromagnetic model. The
parallel outer boundary condition of magnetic induction is
applied to the magnetic connected domain, while the other
boundary conditions are set as the natural boundaries.

(b) In electromagnetic-solid coupling, the base of transformer
is set as fixed constraint considering the axial vibration of
the components, while the other parts are set as default
constraints.

(c) Insolid-acoustic coupling, the ambient background sound
pressure is set to 0 Pa. Extraneous environmental noise is
negligible. With the sound propagation boundary set to be
a perfectly matched layer, sound reflection and refraction
errors of sound are ignored.

Three harmonic interference modes are established based on
the actual harmonics, as shown in Table 2.

21

The effects of I;, on the electromagnetic, vibration and noise
characteristics of the transformer are investigated in different
load modes (3 is defined as load factor, 5 = 25%, 50%, 75%,
100%). The effects of various harmonic components on trans-
former parameters at 5 = 100% are shown in Appendix B. The
arrangement of test points @—-@ takes into account the structure
features of the core and winding, as shown in Fig. 7. Mean-
while, through a large amount of data calibration, the simula-
tion model is debugged so that the simulation model has high
accuracy.

FIGURE 7. Simulation model.

4.2. Simulation Results of Winding

Taking phase B as an example, the variation of electromag-
netic information in different modes is analyzed. Magnetic flux
leakage of winding B, is shown in Fig. 8, and partial winding
currents and main magnetic density results are shown in Ap-
pendix B.
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As shown in Fig. 8, the effect of harmonic on winding current
and leakage under loading operation is not significant. While
the time domain fluctuations of B,, are mainly concentrated in
the crest region. Taking the m3 mode as an example, when [ is
increased from 25% to 100%, the amplitude of leakage By max
at test point @ increases by 2.5 times, and that at test point @
rises by 2.3 times. Moreover, B, at the terminal of winding
is greater than the middle part. It is easy to find that B, nax
increases with the load factor.

Under full-load operation, the B, max of the test point in m2
mode is about 1.1 times that of the m0 mode, and the B, max
of the test point in m1 mode is about 1.05 times that of the m0
mode. The time domain waveform of B, is similar to a sine
wave for constant 5. Moreover, the waveform distortion of B,
is more severe in m3 mode than that in m2 mode for the same

22

harmonic content. At the same frequency, the waveform dis-
tortion of B, in m2 mode is more significant than that in m1
mode. For the same I}, the distortion of B,, is more prominent
as [ increases. As a result, the waveform of B, can be dis-
torted due to harmonic invasion, and the leakage of winding is
consistent with the trend of current change.

The forces and vibrations of winding are investigated, and
the simulation results are shown in Fig. 9 and Fig. 10.

In Fig. 9 and Fig. 10, it can be seen that the vibration fre-
quency of the winding in the m0 mode is twice that of the power
frequency. With I}, invasion the force and vibration frequency
of the winding is slightly larger than 100 Hz. The above simula-
tion results are consistent with the conclusions of the theoretical
analysis. Under full-load operation, the electromagnetic force
F' and amplitude of vibration acceleration gn.x in m2 mode are
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TABLE 3. Maximum noise on transformer surface.

. Scenari.o 8%
information Mode-state
Noise 25 50 75 100
m0 283 29.0 302 31.0
1 286 296 30.5 31.6
Lpmas (dB) m

m2 293 305 31.7 329
m3 308 312 326 338

approximately 1.1 times that of the m1 mode. Compared with
the m2 mode, vibration in the m3 mode is more intense. As a
result, the enhancement of both F’ and g, of the winding is
led to by the increased I;, content in loading modes. Addition-
ally, F" and gn.x distortions are exacerbated by elevated I, fre-
quencies. The vibration abnormality at the end of the winding
is more prominent than that in the middle, which is consistent
with the leakage characteristics of the winding.

4.3. Simulation Results of Iron Core

The test points @ and @ were selected on the main core col-
umn (phase B) and side column (phase A) of the transformer to
analyze the vibration, and the results are shown in Fig. 11.

In Fig. 11, when 3 is increased from 25% to 100%, the gmax
of the main column is increased by 2.4 times, and the gp.x of
the side column is intensified by 2.1 times. Under the same
harmonic frequency, the gmax of the m2 mode is about 1.2 times
higher than that of m1 mode. Under the same harmonic content,
the degree of waveform distortion in the m3 mode is greater
than that in the m2 mode. When /3 is 100% and operates in m3
mode, gmax at test point @ is about 1.3 times that of test point
@®. The main core column vibrates more obviously than the
side columns. As a result, the g, of iron core is enhanced by
an increase in the harmonic content under the same frequency
of I;,. Increasing frequency at the same harmonic content of
Iy, leads to more severe g-waveform distortion. Core vibration
is more intense with increasing load factor in the same mode.
Comparing Fig. 11 with Fig. 10, the vibration of the core is more
intense than those of the winding due to the magnetostrictive
effect.
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4.4. Simulation Results of Noise

The maximum sound pressure level L, max at the surface of the
transformer for different modes is shown in Table 3.

As shown in Table 3, the noise of transformer in each mode
increases as [ rises, and the variation law of noise is consistent
with the vibration. For the same 3, L;, max in m3 mode increases
by approximately 8% compared to the m0 mode, while L, max
in the m2 mode increases by about 5% relative to the m0 mode.

Taking 5 =100% as an example, m0 and m3 modes are se-
lected to analyze the time domain variation of the transformer
body noise. The distribution of L, max at the moment of maxi-
mum noise is shown in Fig. 12.

The results show that for the same (3, an increase in trans-
former noise is caused by I;. For the same I, the sound
pressure level of the core is higher than that of the winding,
which is consistent with the results of the vibration simulation.
L, max exhibits a positive correlation with the proportion and
frequency of Ij,.

By simulating and analyzing the effects of harmonics on the
electromagnetic-solid-acoustic multi-field of the transformer,
the following laws are summarized:

(1) With harmonic invasion, all physical fields of winding
are interfered. The magnetic flux leakage, force, and vibration
acceleration show similar laws of variation. With the same har-
monic mode, as the load factor increases, the change of multi-
field information becomes more significant, which intensifies
the influence of harmonic on the transformer. Under the same
load mode, vibration and noise are enhanced by the increase
of harmonic components. With increasing frequency, the time-
domain waveforms of the winding current, vibration, and noise
become more distorted. Magnetic flux leakage and vibration
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FIGURE 12. Maximum sound pressure level distribution. (a) m0 mode, (b) m3 mode.
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FIGURE 13. Experimental platform. (a) Experimental wiring, (b) Experimental diagram of transformer.

of winding mainly depend on the current. During full-load op-
eration, although the amplitude of winding current is signifi-
cant, the minor contribution of harmonics leads to negligible
changes in vibration and noise. When the harmonic proportion
reaches 10%, the amplitude of the winding vibration acceler-
ation is about 1.2 times that of the normal operation, and the
noise increases by 8%. The vibration and noise at the termi-
nal of winding are more obvious than the middle part under the
same condition.

(2) Transformer takes unstable performance of excitation sat-
uration with harmonic invasion. As the harmonic proportion in-
creases, the degree of excitation saturation gets serious, which
aggravates the vibration and noise. When the harmonic pro-
portion reaches 10% during full-load operation, the amplitude
of winding vibration acceleration is about 1.3 times of normal
operation. The results show that the core is more susceptible
to harmonic invasion under the same condition. Additionally,
the main heart column vibrates more intensely than the side
columns.

5. EXPERIMENTS

Take the three-phase three-column experimental transformer
(BSS-1kVA 35V/220V) as an example, the dynamic experi-
ment platform is built, as shown in Fig. 13. Port current is col-
lected in real time by setting different operating modes and ad-
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justing the current monitoring unit (ZDS2022). The vibration
information of components is obtained by using piezoelectric
acceleration sensors and vibration monitoring unit (JF2100-T).
According to the standard of transformer noise monitoring [21],
transformer noise is monitored through the noise monitoring
unit (AR824).

The transformer parameters are shown in Table 1. The pri-
mary side of the transformer is connected to the harmonic cur-
rent modulation unit to simulate harmonic invasion. While the
secondary side is connected to the vibration and noise detection
unit to collect the data of transformer in different modes.

In order to verify the simulation conclusions, the transformer
test points are consistent with the simulation. The vibration
information of test points @ and @ is shown in Fig. 14.

In Fig. 14, when 8 = 100%, the gmax at test points @ and
@ in m2 mode is about 1.2 times that of m0 mode. Under full-
load operation, the gmax of the winding in m1 mode increases by
about 15% compared to that of the m0 mode. Actually, many
factors exist in the experiment, including structural linkages,
external environmental interference, and measurement errors.
As a result, the measured vibration data is more complex than
simulation results. However, the experimental variation law of
the winding is basically consistent with the simulation results.
As the I}, frequency, harmonic proportion, and /3 increase, the
impact on the windings is more significant.
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FIGURE 14. Experimental information of winding vibration. (a) Test point @, (b) test point @.
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FIGURE 15. Experimental information of core vibration. (a) test point ®, (b) test point @.

The vibration information of iron core is shown in Fig. 15.
The iron core vibrates most intensely in m3 mode. Under full-
load operation, the gm.x of test points @ and @ in m3 mode
is about 1.4 times that of m0 mode. The experimental results
indicate that the core vibration is more pronounced than that of
the winding with I;, invasion. However, the law of variation is
similar.

Actually, external interference and measurement errors com-
plicate the experimental results compared to simulation. How-
ever, the multi-field information of different components has
similar variation law. Taking the test point @ of the iron core
as an example, simulation and experimental error analysis of
the vibration acceleration is carried out. The variation of the
error § (%) (see Eq. (20)) is shown in Table 4.

o |Mhie - Mhis|

5(%) = T 100% (20)

where M), e and M), s are the experimental and simulation
data amplitudes in m0—m3 modes, respectively.

The simulated and experimental results of the transformer
core vibration amplitude are within 5% error. The results
show the accuracy of the transformer finite element model con-
structed, which can correctly reflect the variation law of multi-
field information.

25

TABLE 4. Simulated and experimental vibration amplitude errors.

Scenario B/%
Mode-state
Vibration 25 50 75 100
m0 243 3.02 241 276
ml 331 285 392 3.01
Errord (%)
m2 3.08 4.57 4.17 3.97
m3 410 3.62 4.85 193

Noise monitoring results of transformer are shown in Table 5.
The noise of transformer in m3 mode is about 1.1 times that
of the m0 mode. The variation of measured data is consis-
tent with the variation law in simulation. The results show that
noumenon noise of transformer is significantly enhanced with
I, invasion. Meanwhile, the noise level of transformer will be
improved due to an increase of load factor.

Taking the transformer body noise as an example, the varia-
tion of error (%) with comparing the experimental results with
the simulation ones is shown in Table 6.

The error of simulation and experiment results of transformer
noise sound pressure level is less than 5%. It is shown that the
transformer simulation model constructed is correct.
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TABLE 5. Maximum experimental noise.

Scenari.o 8%
Information Mode-state
Noise 25 50 75 100
mO0 294 297 313 319
ml 29.7 305 31.6 328
Lpmax (dB)
m2 305 31.5 324 339
m3 31.8 323 338 348
. Experimental
() Experimental (b) Sl e
information :’{:3
Y o, 6
£ E
5 100 %O 100

Bl%

L s% 025

FIGURE 16. Electromagnetic-vibration information. (a) Test point @, (b) test point ®.

TABLE 6. Simulated and experimental vibration amplitude errors.

1 0,
Scenario Mode-state B1%

Vibration 50 75 100
m0 3.89 232 3.61 296

1 . 2. . 71

Errord (%) m 3.83 87 3.68 3.7

m2 395 327 217 297

m3 3.10 342 3.65 2.83

6. INSTABILITY CRITERION BASED ON FEATURE IN-
FORMATION MAPPING

6.1. Instability Criterion

Related research indicates that in offshore wind power, the pro-
portion of the 5th harmonic I}, 5% is the highest, and its dura-
tion is the longest. Therefore, it has the most serious impact on
transformer [21].

Consequently, taking the proportion of the 5th harmonic
I1, 5% as the characteristic parameter, the instability criterion
of transformer feature information mapping is analyzed.

Taking the winding as an example, the component of vibra-
tion signal in the 100 Hz frequency band accounts for a larger
proportion [22]. The vibration acceleration of the test points is
deeply analyzed by selecting g 1001, as the fingerprint quan-
tity. The electromagnetic-vibration information mapping rela-
tionship of test points @ and @ is shown in Fig. 16 (the mapping
relationship of test points @ and @ is shown in Appendix C).

It is easy to see that the multi-field feature information do-
mains of different test points have similar distribution laws.
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Thus, the mapping relationship of feature information can be
further investigated. The nonlinear mapping relationship be-
tween vibration acceleration and harmonic proportion is ex-
pressed in the form of mathematical function.

The critical parameters affecting the mapping relationship
are mainly the load factor and the proportion of harmonic.

Taking the half-load mode in Fig. 16 as an example, the map-
ping function of I, 5% to g is fitted as follows (see Appendix
C for other details). The mapping parameters are shown in Ta-
ble 7.

F(B, I 5%) =p1(In 5%)*+p2 (I 5%) “ps (I 5%)Hpa (21)

TABLE 7. Nonlinear mapping parameters.

f(B.In5%) p1 P2 3 P4
Simulation of test point ©® —0.0003 0.0047 0.0463 0.0975
Experiment of test point ® —0.0004 0.0068 0.0395 0.1326
Simulation of test point ®  0.0032 —0.0213 0.4373 0.4125
Experiment of test point @  0.0036 —0.0269 0.5697 0.5756

A similar mapping relationship of the g-I;, 5% is observed
in different load modes, which is consistent with information
domain distribution. Combined with the monitoring data and
disturbed condition of equipment, the instability criterion is es-
tablished with I}, 5% as the characteristic parameter:

I, 5% = Krelpg 5%

It is experimentally demonstrated that when I, 5% reaches
15%, the transformer exhibits exceptionally severe vibration

(22)
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and noise, accompanied by insulation burnout phenomenon.
Therefore, the safe working limit I;,9 5% is taken as 15%, and
the reliability coefficient K is 1.1.

Taking half-load mode for example, when 0 < I, 5%< 5%,
the transformer is less disturbed by harmonics. At this point,
the transformer is in stable operating condition. When 5%
< Ij, 5% <15%, the vibration and noise of component are seri-
ous. Although the effects of harmonic invasion can be endured
by transformer, the cumulative effect of vibration and environ-
mental noise pollution can no longer be ignored. At this point,
the transformer is in a state of risk alert. When I, 5% > 15%,
the normal operation of the transformer is seriously affected by
harmonics. The staff should be alerted, and relevant suppres-
sion measures should be taken promptly.

In actual operation, transformer generally takes load fac-
tor lower than 75%. Although the proportion of harmonic re-
mains within safety limits, the electromagnetic compatibility
and structure stability of transformer have been significantly
compromised. Especially, equipment is vulnerable to the harsh
effects of harmonic invasion by the persistence and random-
ness of offshore wind power harmonics. Therefore, the anti-
interference ability of the transformer needs to be improved,
and the relevant treatment measures need to be further im-
proved.

6.2. Management Strategy

Through the in-depth study of the characteristics of harmonic
current interference, a novel management strategy is proposed,
as shown in Fig. 17. The detection control module is connected
in parallel at the neutral point of the transformer, so that the
circuit is unidirectionally grounded. Then, the harmonic varia-
tions are monitored in real-time by integrating a harmonic mon-
itoring and control system. When the harmonic exceeds the set
value, it indicates that the safety and stability of the transformer
is at risk. At this point, the management of harmonic is realized
by disconnecting switch K.

ia ial ia [Ya
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To iv U
. <ol v Uy
. i AT

Us e e I9)
Ll e U,

Ve ey~ |

" Governance Governance |
module Bypass strategy
switch K;
Bypass

switch K, Determination of ™~ INQ End

estabilization criteri
-
i

Yes

K, open, K;closed

\
Power
- electronics work

FIGURE 17. Harmonic current management strategy.
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7. CONCLUSION

For the harmonic invasion in offshore wind power, the
electromagnetic-solid-acoustic response of transformer and the
variation of multi-field information parameters are researched.
The conclusions are as follows:

(1) With harmonic invasion, the multi-field information in
the transformer is significantly changed. The vibration and
noise of the transformer intensify with the harmonic compo-
nent for the same load mode. When the 5th harmonic propor-
tion reaches 10% in full load mode, the amplitude of winding
vibration acceleration is about 1.2 times that of normal opera-
tion, and the noise increases by 8%. Moreover, the vibration of
iron core is about 1.3 times that of normal operation, and the
noise increases by 3%. As the load factor of the transformer
increases, vibration and noise become more severe under the
same harmonic invasion mode. The vibration acceleration of
the components during full-load operation is about 3 times that
of 25% light-load operation. Under the same condition, the dis-
turbed situation of the iron core is more serious than the wind-
ing. Additionally, the degree of abnormality in vibration and
noise at the winding terminals is particularly significant. The
correctness of the simulation analysis and conclusions is veri-
fied by the virtual/real consistency validation.

(2) Electromagnetic, solid and acoustic information of trans-
former with harmonic invasion can be related by multi-field in-
formation extraction method. Then, the implied mapping rela-
tionship is revealed by the fusion of anomalous feature infor-
mation. Difficult-to-measure unusual vibration and noise can
be represented by measurable harmonic currents and load fac-
tors. On this basis, we formulate the instability criterion by
combining the disturbance of components, which provides an
important basis for the development of risk-resistant auxiliary
decision-making. The harmful effects of harmonic on trans-
former performance are clarified, which provides significant
theoretical support for the maintenance of offshore wind farms.
Furthermore, the information extraction method is helpful for
studying the impact of harmonic effects, so that measures can
be taken to improve the performance of the power equipment.
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(FL4000).

FIGURE B2. Main magnetic density of phase B, 5 =100%.
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FIGURE B4. Variation law of force at test point® under various har-
monic, 8 =100%.
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TABLE C1. Mapping parameter.

-vibration information mapping relation-
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ship. (a) Test point @, (b) test point @.

Parameters of the mapping relationship for g — I, 5% at

8 =25%:
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Parameters of the mapping relationship for g — Ij, 5% at

B =100%:
TABLE C3. Mapping parameter.
J(BIn_5%) p1 P2 s Pa
Simulation of o 0003 0.0043  0.0479  0.1644
test point @
Experiment of
. —0.0002 0.0075 0.0536 0.1579
test point @
Stmulation of = 51 00204 05153 05901
test point ®
Experiment of
. —0.001 0.0185 0.3748 0.7330
test point @
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