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ABSTRACT: Focusing on the instability problems of power grid transformer caused by geomagnetically induced current (GIC), this paper
investigates the multi-physics coupling characteristics of a transformer under GIC. First, the propagation path of GIC is analyzed, and
the variation characteristics are further studied based on measurement data. The variational signatures can be characterized by two key
parameters: GIC distortion rate (∆k) and distortion time (tτ ). A multi-physics coupling model considering GIC distortion is proposed,
which includes mechanical domain coupling between electromagnetic and acoustic domains. Simulations are conducted on a three-
phase transformer under varying conditions of ∆k, tτ , and load factor (η). Then, the spatial-temporal variations of winding current,
magnetic leakage, core vibration acceleration, and noise can be analyzed. Results reveal that vibration and noise exhibit abnormal
intensification under GIC interference. Meanwhile, dynamic experimental platform is established. And the result is verified through
consistency of virtual model and physical entity. On this basis, a nonlinear mapping relationship between ∆k and sound pressure level
(Lp) is established. Finally, a stability criterion is developed to represent anomalies in terms of thresholds, providing a foundation for
situational awareness and full lifecycle management of grid equipment under GIC interference.

1. INTRODUCTION

During intense solar storms or geomagnetic disturbances,
significant variations in planetary magnetosphere and

ionosphere can induce substantial geomagnetically induced
current (GIC). Transformers can be disturbed by GIC through
grounding points, which poses critical challenges to power
transmission networks due to its long duration and exten-
sive spatial propagation [1, 2]. Recently, worldwide power
grid problems caused by GIC have become increasingly
prominent [3, 4].
Excitation saturation, distorted current, and harmonic distor-

tion are induced in transformer when being affected by GIC.
Meanwhile, these situations are accompanied by abnormali-
ties such as loss increase, vibration intensification and noise
anomalies. In [5], harmonic distortion components of the trans-
former under GIC interference are investigated, which reveals
that 100Hz harmonics exhibit the highest proportion. Ref. [6]
concludes that elevated levels of GIC induce significant stray
losses by utilizing a topological transformer model and three-
dimensional finite element analysis. In [7], GIC is approxi-
mately equivalent to direct current (DC) interference. By lever-
aging the Extended Kalman Filter, a new method for real-time
prediction of GIC is proposed. Ref. [8] systematically investi-
gates the intrinsic relationship between GIC and reactive power
losses through a single-phase transformer. A comparative anal-
ysis on current harmonic distortion in transformer primary and
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secondary winding is carried out in [9], under different degrees
of GIC. A low-frequency transient model is proposed in [10] to
characterize the magnetic flux and thermal distributions within
cores and tanks under GIC interference. A feature vector is de-
veloped in [11], which can be used to determine transformer
vibration level under DC bias interference. By taking a three-
phase transformer under DC bias as an example, the vibration
characteristic is analyzed in [12]. Through field experiments,
the impact of DC bias effects on the core magnetostriction char-
acteristics is studied in [13].
In summary, due to the low-frequency characteristic of GIC,

existing studies approximate it as DC to analyze the impact on
transformer. In [14], a saturable transformer unified magnetic
equivalent (UMEC) model is proposed to study the impact of
GIC on saturation. In [15], the B-Hmagnetization curve is used
to characterize the nonlinear characteristics of transformer core,
and it is demonstrated that five-limb transformers are more sus-
ceptible to GIC. However, the correlation between time-domain
fluctuation of GIC and vibration-induced noise of transformer
is rarely studied in depth.
In [16], aiming to investigate the characteristics of

transformer under three-phase load unbalance, a coupled
electromagnetic, conjugate heat transfer, and mechanical
multi-physics model is developed. In [17], a stress and
electromagnetic coupling model is built to obtain the vibration
characteristics of oil-immersed transformer winding. Com-
pared with the above literature, a multi-physics coupling model
which includes the coupling of electromagnetic, mechanical
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FIGURE 1. Path of GIC intrusion.

(a) (b)

FIGURE 2. Monitoring data of substation and geomagnetic station on typical magnetic storm day. (a) Neutral point current of the 1# main transformer.
(b) Rate of change of the horizontal component of the geomagnetic field.

and acoustic domains is proposed in this paper. Thus, the
key parameters of transformer under GIC interference can be
obtained.
Based on the multi-physics coupling principle, the time-

domain characteristic of GIC is investigated. By analyzing
substation data, GIC can be regarded as being composed of
continuous DC component and intermittent distortion compo-
nent. Then, typical distortion degrees and distortion time are
selected to quantify the characteristic of distortion component.
A three-dimensional simulation model is established to obtain
key parameters of electromagnetic, mechanical, and acoustic
domains, and the variation laws are analyzed. Dynamic ex-
periment platforms are built to measure current, vibration, and
noise under different scenarios. By comparing simulation re-
sults with experimental data, the correctness of method and
conclusions are verified. On this basis, the mapping relation-
ship betweenGIC distortion rate and noise is constructed. Thus,
the unobservable physical features can be deduced from mea-
surable electrical parameters.

2. CHARACTERISTICS OF GIC
Solar activity mainly affects the space magnetic field in the
ionosphere at altitudes of 100 to 150 km through geomagnetic
activity, which leads to changes in the ground-induced elec-
tric field. Subsequently, GIC is formed in the grounding trans-
former and earth loop [18]. This process is shown in Fig. 1.
Studies have shown that GIC leads to over excitation sat-

uration, and the magnetostrictive effect of silicon steel sheets
is aggravated in [19, 20]. Additionally, the vibration of core
and winding is intensified by the distorted current and magnetic
leakage. Internal components are caused to loosen, deform, or

fall off, thus reducing the mechanical and electrical strength of
transformer. Meanwhile, the intensified vibration can also lead
to more severe noise.
The measured data from the nuclear power plant and geo-

magnetic station [21] are shown in Fig. 2. The neutral point cur-
rent data of the 1# main transformer on typical magnetic storm
days are shown in Fig. 2(a). At the same time, the changes in the
horizontal component of the geomagnetic field are presented in
Fig. 2(b). The information shows that the neutral point current
is mainly caused by GIC resulting from solar activity.
A typical segment of the current waveform in Fig. 2(a) is

selected as shown in Fig. 3. Thus, the time-domain variation
of GIC is learned, and it is observed that the current fluctuates
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FIGURE 3. Time-domain variation of GIC.
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FIGURE 4. Typical waveform of GIC.

irregularly with intermittent impulse. During these impulse pe-
riods, current rapidly surges to a peak (defined as the inflec-
tion point) and then sharply drops. The moment when current
reaches the peak is defined as the distortion time tτ .
The further analysis of GIC characteristics is carried out.

Change rates are defined: the ascending rate (on the left side
of tτ ) kL and descending rate (on the right side of tτ ) kR. The
typical distortion of current is shown in Fig. 4. The distortion
time tτ and distortion rate ∆k are defined to characterize the
time-domain fluctuation of GIC.

tτ = θ + τ

∆k = kL − kR

}
(1)

where θ is the initial phase of the power frequency excitation
of the transformer, and τ is the phase angle difference between
tτ and initial phase of the power frequency excitation.
When ∆k = 0, the waveform is a straight line, so GIC can

be regarded as a DC component. For other values of ∆k, the
waveform appears as a sharp wave, and GIC is considered dis-
tortion component. Thus, GIC can be characterized as a com-
bination of DC component and distortion component. Analy-
sis of current data shows that the amplitude and proportion of
DC component are significantly smaller than those of distortion
component.

3. ANALYSIS OF MULTI-PHYSICS COUPLING UNDER
GIC INTERFERENCE

3.1. Electromagnetic Domain
A three-phase transformer circuit model, considering the GIC
disturbance iGIC and secondary-side circulation icn, is shown
in Fig. 5, and it comprises the primary-side parameters (uA, uB ,
uC , iA, iB , iC , z1) and the secondary-side parameters (ua, ub,
uc, ia, ib, ic, ia1, ib1, ic1, z2).
Under GIC interference, the winding current can be ex-

pressed as the superposition of distortion quantities iGIC with
alternating quantities iac. The magnetic flux can also be repre-
sented by distortion quantities ΦGIC and alternating quantities

Φac. The winding current andmain flux deviate from the power
frequency, when GIC changes.

i(t) = iGIC(t) + iac sin (ωt+ θ)

Φ(t) = ΦGIC(t) + Φac sin (ωt+ θ)

}
(2)

where ω is the angular frequency.

Jin = JGIC (tτ ,∆k) + Jac (t, θ) (3)

where Jin is the magnetizing current density, which is the su-
perposition of the power frequency current density Jac and GIC
density JGIC . By incorporating J, a magnetic fieldmodel under
GIC interference is constructed, and it is solved by the Galerkin
method of weighted residuals [22].

Gin=
∫

∇×Mm ·
(
1

µ
∇×A

)
dV−

∫
Mm ·JGIC (tτ ,∆k) dV

−
∫

Mm ·Jac (t, θ) dV−
∫

Mm ·
[
(
1

µ
∇×A)×n

]
dS

(4)

where Gin is the Galerkin residual under GIC interference. µ
is the permeability; A is the magnetic vector potential; Mm is
the weight function, which matches the basis function; n is the
normal component. Then, A and some field parameters can be
calculated by discretizing the Gin equation, such as magnetic
flux density B and magnetic field energy dWm (see Appendix
A).

3.2. Magneto-Mechanical Coupling
The axial force unit model of winding is established [23], as
shown in Fig. 6. Then, the axial electromagnetic force and vi-
bration are mainly analyzed in this paper.
Considering the stiffness characteristic of the insulating plate

and winding coil, when the pre-tightening force is fixed, the
material parameters can be regarded as linear [24]. Through
the electromagnetic interference domain, the electromagnetic
force can be calculated.

Fe =

ns∑∫
Jin × BdV (5)

where ns is the total number of units of a single winding coil.
Consequently, the electromagnetic force Fin on the winding
units under GIC interference can be derived:

Fin = Fac+FGIC = 0.5BI2m(1 + cos 2ωt) + FGIC(t,∆k) (6)

During normal operation, the change cycle of the force is 0.5
times of the power frequency cycle. Under GIC interference,
the force includes twice of the power frequency and GIC com-
ponent.
The core vibration is primarily caused by the magnetostric-

tive effect in operation [25, 26]. The equivalent model of the
core vibration under GIC interference is illustrated in Fig. 7.
The sine excitation iac causes the ferromagnetic substance to
increase by ∆Lac, and the geomagnetically induced excitation

45 www.jpier.org



Pan et al.

*

*

*

*

*

*

z1  z2  

uB

uA

uC

ub

ua

uc

iA

iGIC

icn
iB

iC

ia

ib

ic

ia1

ib1

ic1
z1

z1

z2 

z2 

FIGURE 5. Circuit diagram under GIC interference.

FIGURE 6. The basic unit of winding after simplification.

(a) (b)

FIGURE 7. Fundamental principles of core vibration. (a) The basic principle of magnetostrictive effect under GIC interference. (b) Equivalent model
of core unit under GIC interference.

iGIC causes an increase of ∆LGIC . Therefore, the magne-
tostrictive coefficient εin can be deduced:

εin =
∆Lac +∆LGIC

L
(7)

In the magnetostrictive effect, the following relationships ex-
ist among the relative permeability, stress, and magnetic flux

density:

∆µ = −2εbσµ
2

B2
n

Be = (µ+∆µ)H+ εσ

 (8)

where∆µ is the relative permeability, σ the stress, εb the mag-
netostrictive coefficient under magnetic saturation, and Bn and
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Be are the magnetic flux density in the saturated state and under
stress, respectively.
f + dfin is the force acting on the cross-section of the core

unit. The vibration equation of the core column is given [20]:

ESc
∂2s (y, t)

∂y2
+ f (y, t) = ρcSc

∂2s (y, t)
∂t2

(9)

where E is the Young’s modulus, ∂s/∂y the axial strain, f(y, t)
the magnetostrictive force which is related to the position y and
time t, ρc the core density, Sc is the core’s cross-sectional area.
s is the core’s axial displacement.
Based on the mechanical propagation domain, the vibration

acceleration gin of the components under GIC interference can
be calculated.

gin = d2s/dt2 (10)

3.3. Mechanical-Acoustic Coupling
Taking gin as the propagation excitation source of the acoustic
model, the coupled calculation can be realized in sound field.

−n ·
(
− 1

ρa
(∇pt − qd)

)
=− n · gin

pt = pb + p

 (11)

where ρa is the air fluid density, pt the total sound pressure, pb
the background sound pressure, p the noise sound pressure of
transformer, and qd the dipole domain source.
Based on the solid-fluid propagation principle and combined

with above parameters, the changes in the acoustic field close
to transformer under GIC interference can be calculated. Addi-
tionally, the sound pressure level Lp can be solved.

Lp= 20 · lg
(

P

Pref

)
(12)

where Lp is measured in decibels (dB); P is the valid value of
sound pressure; Pref is generally set as 20µPa for the reference
sound pressure.
The principle of multi-physics coupling is illustrated in

Fig. 8.

TABLE 1. Distortion parameters of GIC.

Mode
Parameters

kL kR ∆k

Normal k0 - - -

Under GIC interference

k1 0 0 0
k2 0.7 −0.7 1.4
k3 1.4 −2 3.4
k4 2 −1.4 3.4
k5 2.3 −2.3 4.6

4. SIMULATION
Taking the three-phase transformer (JSSG-15 kVA
380V/110V) as an example, the experimental transformer is
shown in Fig. 14, and the parameters are listed in Table 2.

4.1. Pre-Procedure
In order to reduce complexity, the following simplifications are
made for the model:

i The material parameters of winding and core are obtained
through tensile-compression tests and linearized. [21] (see
Table 2).

ii The influence of core tie plates and clamping pieces on
electromagnetic and mechanical domain is ignored.

iii The air gap among the platens, clamps, and winding coils
is disregarded.

The following is applied to the excitation and boundary:

i A circular current is used as the winding excitation in elec-
tromagnetic interference domain. Parallel magnetic lines
are set as the magnetic field boundary conditions. Other
boundary conditions are set as natural boundaries.

ii In mechanical vibration propagation domain, the roller
support is applied to the transformer base. Considering
the axial vibration of components, fixed constraints are ap-
plied to the other parts.

iii In acoustic propagation domain, the background sound
pressure is set to 0 Pa. With the domain boundary con-
dition set as spherical wave radiation, the environmental
noise has no impact on the sound pressure.

With GIC interference, different scenarios are set up:
Scenario I: No GIC interference, iGIC = 0 (k0 in Table 1).
Scenario II: During the interval phase of GIC interference,

iGIC is DC component (k1 in Fig. 4).
Scenario III: During the impulse phase of GIC interference,

iGIC is distortion component (k2∼5 in Fig. 4).
Taking phase B as an example, the phase angle of iB is set

to 0◦. The value of iGIC is scaled proportionally to match the
transformer, based on measured data. In order to simulate GIC
interference in the situation when iB is zero or reaches its max-
imum or minimum values, the phase difference τ of iGIC is set
to 0◦,±90◦, respectively. Meanwhile, the load factor η is set to
0, 25%, 50%, 75%, and 100% depending on different load con-
ditions. Thus, the variations in magnetic field, vibration, and
noise are analyzed.
The distribution of test points in phase B considers the struc-

tural characteristics of components, as shown in Fig. 9.

4.2. Simulation and Analysis of Winding
Under different scenarios, the magnetic leakage at test point
1⃝ is simulated, which are shown in Fig. 10. Partial results of
current and main magnetic flux in phase B are presented in the
appendix.
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FIGURE 8. The principle of multi-physics coupling under GIC interference.

TABLE 2. Transformer parameters.

Parameters Rated value Measured value
Capacity SN (kVA)/Frequency (Hz) 15/50 —
High/low winding voltage UN /V 380/

√
3/110 —

No-load current I0/A 4.2% —
Core size /mm — 550× 216× 545

Winding height/mm — 370
Young’s modulus of silicon steel sheet 1.95 1.93
Poisson’s ratio of silicon steel sheet 0.27 0.26
Young’s modulus of winding coils 0.81 0.80
Young’s modulus of winding coils 0.36 0.35

FIGURE 9. Virtual simulation model.

Analysis reveals that under normal no-load conditions, the
waveform of primary current is a peaked wave, and during

loaded operation it is a sinusoidal wave. In Scenario II with
magnetic bias caused by DC disturbance, no-load current ex-
hibits “half-wave distortion” (front-half amplification and rear-
half attenuation), while loaded current remains unaffected. Re-
sults in Scenario III show that the period of winding current ex-
hibits shortening during the kL-phase and prolongation in the
kR-phase. Significant current fluctuations emerge at tτ instant,
which exhibits a positive correlation with∆k. Serious interfer-
ence occurs when tτ (τ = 90◦ ) coincides with the instant of
peak current magnitude.
As shown in Fig. 10, magnetic leakage exhibits “half-wave

distortion” under no-load. Under load, magnetic leakage in-
creases with the growth of η. In Scenario 3, the fluctuation
period of magnetic leakage deviates from the power frequency,
particularly showing severe distortion at tτ instant. Moreover,
the distortion becomes more aggravated with the increase of
∆k. When τ = 90◦, the impact of GIC distortion on mag-
netic leakage is most significant. Analysis reveals that mag-
netic leakage is mainly induced by alternating current in wind-
ing, so its variation basically aligns with the current’s variation.
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(a) (b)

(c)

FIGURE 10. Magnetic leakage information of test point 1⃝. (a) τ = 0, (b) τ = 90◦, (c) τ = −90◦.

(a) (b)

(c)

FIGURE 11. Force information of test point 1⃝. (a) τ = 0, (b) τ = 90◦, (c) τ = −90◦.
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(a) (b)

(c)

FIGURE 12. Vibration information of test point 1⃝. (a) τ = 0, (b) τ = 90◦, (c) τ = −90◦.

The electromagnetic force and vibration acceleration at test
point 1⃝ are analyzed. The results are shown in Figs. 11 and 12.
As depicted in Figs. 11 and 12, the fluctuation periods of

electromagnetic force and vibration acceleration in Scenarios I
and II are equal to half of the power frequency excitation. And
it is consistent with derivations in Equation (6). In Scenario III,
the variation period of these parameters at test point deviates
from half of the power frequency cycle. At tτ instant, the fluc-
tuation intensity of winding mechanical force becomes more
severe with increasing ∆k. The most interference emerges
when τ = 90◦. The analysis of Figs. 10–12 indicates that the
magnetic leakage, force, and vibration exhibit similar variation
laws. The mechanism lies in the forced vibration of winding
driven by periodic electromagnetic force within magnetic leak-
age field. Notably, GIC distortion component exhibits stronger
impact on winding than DC component.

4.3. Simulation and Analysis of Core

The simulation analysis on the variation of core vibration un-
der different scenarios is carried out, and results are shown in
Fig. 13.

As illustrated in Fig. 13, core vibration exhibits higher com-
plexity and intensity than winding vibration. Under identical η,
comparative analysis between Scenarios I and II reveals core
vibration intensifies significantly when the transformer is af-
fected by DC component. Comparing Scenarios II and III,
when being subjected to the distortion component, the vibra-
tion signal distorts at tτ instant. As ∆k increases, the core vi-
bration at tτ instant becomes more severe, and the fluctuation
is the most prominent when τ = 90◦.

4.4. Simulation and Analysis of Noise

The maximum sound pressure levels (defined asLpmax) on the
surface of transformer are simulated, as shown in Tables 3–5.
Analysis of each scenario reveals a positive correlation be-

tween Lpmax and η. In Scenario III, Lpmax grows as ∆k in-
creases. Under equivalent η conditions, maximum Lp is ob-
served when τ = 90◦, and it is approximately 10% higher than
that under normal conditions.
Through simulations, the impact of GIC distortion on multi-

physical fields of transformer is analyzed. Then, the variation
laws can be summarized:
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(a) (b)

(c)

FIGURE 13. Vibration information of test point 1⃝. (a) τ = 0, (b) τ = 90◦, (c) τ = −90◦.

TABLE 3. Maximum surface noise of transformer at τ = 0.

Noise
State

Scenario Load Factor η (%)
0 25 50 75 100

Lpmax (dB)

Scenario I k0 26.8 27.5 27.6 28.7 29.7
Scenario II k1 27.6 28.5 29.4 30.2 31.3

Scenario III

k2 28.1 28.8 29.7 30.6 31.8
k3 28.3 29 29.9 31.0 32.2
k4 28.3 29.2 30.0 31.1 32.2
k5 28.9 29.8 30.6 31.8 32.9

i: Under GIC interference, the magnetic leakage, electro-
magnetic force, vibration acceleration, and current all exhibit
similar variation laws. The variations are more significant un-
der no-load conditions, with multi-field parameters manifesting
“half-wave distortion”. In contrast, under load conditions, the
fluctuations of parameters are relatively small. Further anal-

ysis indicates that the impact on vibration and noise becomes
greater with increasing∆k.
ii: The most severe impact occurs when the instant of peak

power-frequency current coincides with tτ . As η increases, the
multi-field parameters also increase. Analysis shows that core
vibration is more complex and intense than winding vibration
under identical scenario, which indicates that core is more sus-
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TABLE 4. Maximum surface noise of transformer at τ = 90◦.

Noise
State

Scenario Load Factor η (%)
0 25 50 75 100

Lpmax (dB)

Scenario I k0 26.8 27.5 27.6 28.7 29.7
Scenario II k1 27.6 28.5 29.4 30.2 31.3

Scenario III

k2 28.3 29 29.9 31.0 32.3
k3 28.6 29.5 30.3 31.4 32.6
k4 28.7 29.6 30.4 31.5 32.7
k5 29.3 30.2 31.1 31.9 33.1

TABLE 5. Maximum surface noise of transformer at τ = −90◦.

Noise
State

Scenario Load Factor η (%)
0 25 50 75 100

Lpmax (dB)

Scenario I k0 26.8 27.5 27.6 28.7 29.7
Scenario II k1 27.6 28.5 29.4 30.2 31.3

Scenario III

k2 28.1 28.8 29.5 30.6 31.8
k3 28.3 29 29.9 30.9 32.3
k4 28.4 29.1 30 31.1 31.4
k5 29 29.9 30.5 31.6 32.9

ceptible to GIC. Under the same conditions, distortion compo-
nent exerts a more significant impact than DC component.

5. EXPERIMENT
The dynamic experiment platform is built (as shown in Fig. 14),
and the parameters of transformer are presented in Table 2. The
steps are as follows:
Step 1: The voltage regulator and interference current mod-

ulation module are connected to the high-voltage side of trans-
former and link the adjustable load to the low-voltage side. The
location of test points is consistent with those in simulation.
Step 2: Upon closing switch K, adjust the sliding rheostat

Rd to generate time-varying current from the module, thereby
simulating various operational conditions through experiments.
In Scenario III, difficulty arises in matching tτ with power fre-
quency excitation, which affects the accuracy of τ . Addition-
ally, challenges exist in determining ∆k for different modu-
lation currents. Therefore, a large number of experiments are
conducted to approximately simulate the interference effects of
distortion component with τ = 0, ±90◦ and∆k = 4.6.
Step 3: Each monitoring module is utilized to gather current,

vibration, and noise data under varying scenarios.
The vibration information of test points 1⃝ and 2⃝ in each

scenario is shown in Fig. 15.
As depicted in Fig. 15, GIC distortion significantly affects

the core. With increasing η, vibration is intensified. The spa-
tiotemporal distribution and variation of experimental data ex-
hibit higher complexity than simulation results. This complex-
ity arises from the core’s nonlinear excitation andmagnetostric-
tive properties, resulting in a lot of high frequency components
in vibration signal. The interactions of vibrations are further

compounded by fastening and connecting components. Con-
sequently, experimental waveform is more intricate and severe
than simulation results.
The monitoring results of maximum noise in the transformer

experiment are shown in Table 6.
As indicated in Table 6, the differences ofLpmax under vary-

ing tτ are not significant. It is attributed to measurement limita-
tions such as environmental noise interference and instrumen-
tation constraints. However, as η exceeds 75%, the noise is
approximately 1.1 times of that in normal situation. The find-
ings demonstrate that GIC interference significantly amplifies
Lp. Under identical circumstances, distortion component ex-
erts a more pronounced influence than DC component. This
observation aligns closely with simulation results.
A substantial quantity of experiments is carried out, and the

results are compared with simulation. Thus, a mapping rela-
tionship between ∆k and Lp on the surface of transformer is
established.
Taking τ = 0 as an example, the virtual-real information

space is illustrated in Fig. 16. The correlation between∆k and
Lp can be characterized by a mathematical function. For in-
stance, when η is 50, and τ is 0, the functional relationship
between ∆k and Lp can be simply fitted, which satisfies the
virtual-real consistency verification.

Simulation : Lp = 2.11×∆k + 28.74

Experiment : Lp = 2.19×∆k + 29.68

}
(13)

Analysis demonstrates that the mapping relationship between
Lp and ∆k maintains consistent under different conditions of
τ and η (as presented in Appendix A). By leveraging ∆k as
a critical indicator, a stability criterion considering operational
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(a)

(b)

FIGURE 14. Experimental platform. (a) Physical experiment platform. (b) Wiring of experiment platform.
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(a) (b)

(c) (d)

(e) (f)

FIGURE 15. Vibration acceleration of component. (a) τ = 0 at point 1⃝. (b) τ = 0 at point 2⃝. (c) τ = 90◦ at point 1⃝. (d) τ = 90◦ at point 2⃝. (e)
τ = −90◦ at point 1⃝. (f) τ = −90◦ at point 2⃝.

condition is established.

∆k = Krel∆ks (14)

With predefined threshold (∆ks = 2.0,Krel = 1.1), this study
establishes a stability criterion for GIC interference:

Low-risk (0 < ∆k ≤ 1.25): the influence of iGIC

is relatively small, and transformer remains within the anti-
interference capacity range.
Moderate-risk (1.25 < ∆k ≤ 3): vibration and noise in-

crease notably, significantly impacting electromagnetic com-
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TABLE 6. Maximum experiment noise of transformer.

Noise
State

Scenario Load Factor η (%)
0 25 50 75 100

Lpmax (dB)

Scenario I 29.3 30.7 31.1 32.3 33.1
Scenario II 31.4 31.9 32.4 33.3 34.6

Scenario III
τ = 0 31.6 32.2 33.1 34.3 35.6
τ = 90◦ 31.6 32.9 33.3 34.5 35.5
τ = −90◦ 31.5 32.7 33.1 34.2 35.4

L
p
(d

B
)

∆k η(%)

(a)

L
p
(d

B
)

∆k η(%)

(b)

FIGURE 16. Mapping relationship of Lp-∆k. (a) Virtual simulation. (b) Physics experiment.

patibility and structural stability. Prompt attention and appro-
priate mitigation measures are necessary.
Critical-risk (∆k > 3): the influence of iGIC is more se-

vere, leading to drastic changes in primary current and vibra-
tion. Immediate alarms and intervention are necessary.
Despite that η typically stays below 75% and currents un-

der GIC interference do not surpass the safety threshold, it
can still induce internal environmental instability, adversely af-
fecting components. In particular, GIC distortion component
can abruptly escalate vibration and noise at “inflection point”.
When the instant of peak AC excitation coincides with tτ , more
mechanical risks emerge. Conventional capacitor-based DC-
blocking techniques show limited applicability due to GIC’s
long interference duration, stochastic distortion time, and low
frequency. Relevant governance strategies and measures re-
quire further improvement.

6. CONCLUSION

Based on multi-field coupling, a model considering GIC is pro-
posed. Thus, electromagnetism and abnormal physics effects
of transformer under GIC are researched. The conclusions are
as follows:
i: During GIC interference, the vibration and noise of core

and winding vary drastically. The multi-physics parameters
take periodic fluctuation as a “half-wave distortion” pattern.
Furthermore, distortion component exerts a more significant
impact on transformer than DC component.
ii: Under the same interference, vibration and noise grow

with increasing∆k. Core ismore susceptible toGIC thanwind-
ing. The severest interference occurs when tτ coincides with
the peak instant of AC excitation. Thus, electromagnetic com-

patibility and structural stability of transformerwill be damaged
due to GIC.
iii: The vibration-acoustic morphology is investigated

through multi-physics and multi-spatiotemporal scales.
Avirtual mapping relationship is established to correlate
measurable electrical parameters with unobservable physical
features. Then, a stability criterion is proposed, providing a
foundation for real-time situational awareness and full lifecycle
maintenance strategies of power equipment.

APPENDIX A. Gx

Gy

Gz

=
∫
ω
v


δMm

δx ( δAx

δx +
δAy

δy + δAz

δz )
δMm

δy ( δAx

δx +
δAy

δy + δAz

δz )
δMm

δz ( δAx

δx +
δAy

δy + δAz

δz )

dV
+
∫
ω
v


δMm

δy (
δAy

δx − δAx

δy )− δMm

δz ( δAx

δz − δAz

δx )

− δMm

δz ( δAz

δy − δAy

δz ) + δMm

δx (
δAy

δx − δAx

δy )

− δMm

δx ( δAx

δz − δAz

δx )+ δMm

δy ( δAz

δy − δAy

δz )

dV
(A1)

B = ∇× A (A2)
According to the principle of energy balance, the change in

magnetic field characteristic parameters caused by current ex-
citation at the moment tk is:

dW1 =
1

2

∫
dB · dHdV (A3)

where H is the magnetic field intensity.
The change in winding current at this moment is dip/dis

(where p represents A, B, C, and s represents a, b, c).

dW2 =
1

2
Lpsdipdis (A4)
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SetW1 = W2. By considering the magnetic field energy and
circuit energy, the value of L can be calculated. Subsequently,
substitute the inductance parameter at moment tk into the afore-
mentioned differential equation. Furthermore, the current ik+1

at the next moment within the circuit model via the fourth-order
Runge-Kutta method can be solved:

ik+1 = ik +
h

6
[s1 + 2s2 + 2s3 + s4] (A5)

where h is the step size, and s1–s4 is the slope of segmentation.
Under the condition of η(%) = 75, τ = 0, the mapping

relationship of Lp and∆k is:

Simulation : Lp = 2.115×∆k + 30.34

Experiment : Lp = 2.196×∆k + 32.18

}
(A6)

Under the condition of η(%) = 100, τ = 0, the mapping
relationship of Lp and ∆k is:

Simulation : Lp = 2.23×∆k + 32.82

Experiment : Lp = 2.36×∆k + 34.49

}
(A7)

Under the condition of η(%) = 50, τ = 90◦, the mapping
relationship of Lp and ∆k is:

Simulation : Lp = 2.13×∆k + 29.16

Experiment : Lp = 2.196×∆k + 30.12

}
(A8)

APPENDIX B.

(a)

(b)

FIGURE B1. Simulation current of phase B at τ = 0. (a) Primary side
current. (b) Secondary side current.

(a)

(b)

(c)

FIGURE B2. Measured current of phase B. (a) Current at η = 0%
in Scenario I. (b) Current at η = 0% in Scenario II. (c) Current at
η = 50% in Scenario I.

FIGURE B3. Main magnetic flux of phase B under no-load.
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FIGURE B4. Measured current data of phase B after filtering.

APPENDIX C.
A three-phase transformer (SFZ11-50000 kVA/110 kV) is taken
as an example. The core size (mm) is 2180×3240×2465, and
winding height (mm) is 1090. No-load current is 0.52% of the
rated current. The results of simulations and experiments are
listed below (τ = 0, no-load).

FIGURE C1. Virtual simulation model.

(a)

  

(b)

(c)

(d)

FIGURE C2. Simulation of phase B. (a) Vibration acceleration. (b)
Magnetic leakage. (c) Force information. (d) Primary side current.

(a)
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(b)

FIGURE C3. Measured data of phase B. (a) Field experiment. (b) No-
load current.

A no-load current experiment is also conducted on a 10 kV
transformer (10T35-3).

(a)

(b)

FIGURE C4. Experiment of the transformer. (a) Field experiment. (b)
No-load current.
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