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Abstract: Electromagnetic forces generated by the short circuit current and leakage flux
in low- and high-voltage windings of distribution transformers as well as amorphous core
transformers will cause the translation, destruction, and explosion of the windings. Thus,
the investigation of these forces plays a significant role for researchers and manufacturers.
Many authors have recently used the finite element method to analyze electromagnetic
forces. In this paper, an analytic model is first developed for magnetic vector potential
formulations to compute the electromagnetic forces (i.e., axial and radial forces) acting on
the low- and high-voltage windings of an amorphous core transformer. The finite element
technique is then presented to validate the results obtained from the analytical model. The
developed model is applied to an actual problem.
Key words: amorphous transformer, electromagnetic force, leakage flux, magnetic vector
potential formulation, short-circuit current

1. Introduction

Nowadays, amorphous transformers have been widely utilized in power systems due to no-
load losses being less than those of silicon steel core transformers by a rate of 60%–70% [1–4].
This leads to the reduction of total losses of the power system. For the mode of load and no-
load operations, the main parameters of transformers must be concerned such as efficiency, loss,
temperature rise, and core weight [5–8]. As a sudden short-circuit in the low-voltage winding of
the transformer or a short-circuit between connected turns occurs, the magnetic flux distribution
in the magnetic circuit is small, but the leakage/fringing flux in the air gap is very large. The
interaction of the leakage flux and the short-circuit current in the windings will produce excessive
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electromagnetic forces (EMF), which cause the translation, destruction, or explosion of the
windings [5, 6, 9–12].
A ribbon of steel is wound to form the core of an amorphous transformer.While the steel foil of

the amorphous transformer is arranged in the 𝑧-direction, the one of silicon steel core transformer
is established in the horizontal 𝑥. Therefore, the cross-section of a pillar of the magnetic circuit
of the amorphous transformer is rectangular. The cross-section of a pillar of the magnetic circuit
of the silicon steel core transformer is rectangular. Consequently, the distribution of the electric
field and the distribution of forces on the windings of the transformer are uneven. In addition, the
insulation strength and winding strength of the amorphous transformer will be worse than those
of the silicon steel core transformer [13, 14].
It should be noted that the winding faults account for a high percentage of all transformer

faults, with a rate of 33%. Most of these winding faults are short-circuit between the turns of
low-voltage (LV) or high-voltage (HV) windings, between layers of windings, or between phases
in the same winding, etc. These faults will make a very high EMF or mechanical force in the
windings [15]. This EMF is split into two components, i.e., axial force (𝐹𝑥) and radial force
(𝐹𝑦), where 𝐹𝑥 is generated by the interaction of the current in the winding and the axial leakage
magnetic field (𝐵𝑦) being perpendicular to the winding axis, and 𝐹𝑦 generated by the interaction
of the current in the winding and the horizontal leakage magnetic field (𝐵𝑥) being parallel to the
winding axis [3, 5, 14, 15].
Many researchers have recently used the finite element method (FEM) to analyze and compute

the leakagemagnetic field and EMFs for transformers. In Reference [14], the authors examined the
calculated magnetic field distribution in the amorphous core transformers under the short-circuit
condition including the flux by the voltage supplying. The magnetically asymmetrical transformer
was also compared with the symmetrical one obtained from the FEM. In Reference [16], the FEM
was presented to analyze the mechanical stresses in LV and HV windings of a power transformer
of 20 MVA–132/11.5 kV. In this study, a 2D model was considered with the leakage flux and
EMFs obtained from both the FEM and the analytical method. Authors also investigated the
effects of asymmetrical short-circuit currents and forces in various parts of LV and HV windings.
In Reference [17], the FEM was applied to analyze the influence of the short-circuit current on
a three-phase transformer of 70 MVA–220/3.6/6.9 kV. A 2D asymmetric field-circuit-coupled
nonlinear transient finite-element model was developed to investigate the transient axial and
radial forces in the windings. In Reference [20], the short-circuit withstanding ability of a shell-
form power transformer with amorphous alloy cores of 800 kVA-10/0.4 kV was proposed. In
this study, the stress and strain of the end covers and the winding clamps were computed.
Based on the obtained results, a new structure measurement of pulling screws to compress the
clamps and the coils was suggested for researchers and manufacturers. In Reference [22], a short-
circuit withstand test of Metglas 2605SA1 based on the amorphous distribution transformers
was pointed out. In this approach, the electro-dynamic forces between two rectangular windings
were evaluated. However, the distribution of the leakage magnetic field and the EMFs (𝐹𝑥 and
𝐹𝑦) in the windings were not considered. In References [3, 10, 12, 18–21], the distribution of
leakage magnetic field, leakage reactance, and EMFs in the LV and HV windings under short-
circuit conditions were considered via the 2D-FEM. The leakage magnetic field density and
average EMFs obtained from the FEM were compared with the obtained results of the analytical
method.
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As the above analyzed, most of the studies focus on investigating and computing the EMFs
in the LV and HV windings under short-circuit conditions. However, the comprehensive analytic
model to calculate these EMFs has been not presented in previous studies yet. In addition, the
comparison of results between the analytic method and FEM has been not also mentioned so far.
In this paper, a mathematical model for leakage magnetic fields and EMFs in amorphous

transformer windings is first developed with the magnetic vector potential formulations to cal-
culate the leakage magnetic fields and EMFs in the LV and HV windings. Then, the FEM is
also extended to prove the validation of the developed model. The development of two proposed
methods is validated on a three-phase amorphous transformer winding of 160 kVA–22/0.4 kV
under three-phase short-circuit conditions. The process for computing the EMFs in the amorphous
transformer windings is pointed out in Fig. 1.

Fig. 1. Process of computation of EMFs in the amorphous transformer windings

2. Development of a mathematical model of magnetic vector potential A

2.1. Analytical modeling of magnetic vector potential A
Maxwell’s equations considered in the frequency domain and behavior laws are written in

Euclidean space R3 [1, 2, 10]:

rotH = J, (1)



524 Bao Doan Thanh et al. Arch. Elect. Eng.

rotE = − 𝑗𝜔B, (2)
divB = 0, (3)

B = 𝜇H, (4)
J = 𝜎E, (5)

where: H is the magnetic field (A/m), B is the magnetic flux density (T), E is the electric field
(V/m), J𝑠 is the current density (A/m2), 𝜇 and 𝜎 are, respectively, the relative permeability and
electric conductivity (S/m).
From Eq. (3), the magnetic vector potential (A) can be defined as:

B = rotA or, B = ∇ × A. (6)

Hence,
div (rotA) = 0. (7)

By substituting Eq. (6) and Eq. (7) into Eq. (1), Laplace–Poisson’s equation for A can be
represented as [8, 11]:

∇2A = −𝜇J. (8)

In three-dimensional Descartes coordinates, it can be written as:

𝜕2A
𝜕𝑥2

+ 𝜕2A
𝜕𝑦2

+ 𝜕2A
𝜕𝑧2

= −𝜇J. (9)

In this paper, the term A is investigated in the window area of the transformer. For that, in the
2D Descartes coordinates (𝑥𝑦), one has 

B𝑧 = 0
𝜕A
𝜕𝑧

= 0
. (10)

Equation (9) can be rewritten as:

𝜕2A
𝜕𝑥2

+ 𝜕2A
𝜕𝑦2

= −𝜇J. (11)

From Eq. (6) and Eq. (10), it can be derived
B𝑥 =

𝜕A
𝜕𝑦

B𝑦 = −𝜕A
𝜕𝑥

B𝑧 = 0

. (12)

The dimensions of a window of an amorphous transformer are given in Fig. 2.
By neglecting the magnetization current, the total magneto-motive forces (MMFs) can be

expressed as:
𝑔∑︁
𝑠=1

𝑊𝑠𝑖𝑠 = 0, (13)
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Fig. 2. Dimensions of the window of an amorphous transformer

where: 𝑔 is the total number of windings in the transformer, 𝑊𝑠 is the number of 𝑠-th winding
and 𝑖𝑠 is the electric current in the 𝑠-th winding. If the insulation between turns in the coil is thin,
the total cross-section of the 𝑠-th winding approximately will be 𝑎𝑠𝑏𝑠 . By neglecting the effect
of eddy current, the current density can be represented as follows:

𝐽𝑠 = ±𝑊𝑠𝑖𝑠

𝑎𝑠𝑏𝑠
, (14)

where the “+” and “–” signs show the reverse directions of the currents in the HV and LV
windings.
Equation (14) can be rewritten as follows:

𝑔∑︁
𝑠=1

𝐽𝑠𝑎𝑠𝑏𝑠 = 0. (15)

It should be noted that the magnetic permeability of the core material is much greater than the
magnetic permeability of the air. Hence, at the contact layer between two surfaces, the tangential
component of the magnetic field will be eliminated. Therefore, boundary conditions (BCs) are
defined as: {

B𝑥 (𝑦=0,ℎ) = 0
B𝑦 (𝑥=0,𝑑) = 0

. (16)

As shown in Fig. 2, at the symmetrical axis (i.e., 𝑥 = 𝑑), the component of the magnetic field
can be calculated as:

B𝑦 (𝑥=𝑑) =

(
−𝜕A
𝜕𝑥

)
𝑥=𝑑

= 0. (17)

The components of the magnetic field in the 𝑥 and 𝑦 axes at the boundaries of the window
can be defined as:

B𝑥 =

(
𝜕A
𝜕𝑦

)
𝑦=0

=

(
𝜕A
𝜕𝑦

)
𝑦=ℎ

= 0, (18)
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B𝑦 =

(
𝜕A
𝜕𝑥

)
𝑥=0

=

(
𝜕A
𝜕𝑥

)
𝑥=ℎ

= 0. (19)

The magnetic field components at the boundaries of the window of a transformer can be
presented in Fig. 3.

Fig. 3. Magnetic field components at the boundaries in the 𝑥 and 𝑦 axes

In order to solve Eq. (9), it is supposed that the general solution of A in the form of a harmonic
series is

A(𝑥, 𝑦) =
∑︁
𝑗

∑︁
𝑘

𝐴 𝑗 ,𝑘 cos(𝑚 𝑗𝑥) · cos(𝑛𝑘 𝑦), (20)

where 𝐴 𝑗 ,𝑘 is the constant of integration calculation. 𝑚 and 𝑛 are the phase angle (rad).
In order to satisfy Eq. (18) with 𝑦 = 0 and Eq. (19) with 𝑥 = 0, the BCs are defined as:

sin(𝑚 𝑗𝑑) = 0 → 𝑚 𝑗 = ( 𝑗 − 1) 𝜋
𝑑
, (21)

sin(𝑛𝑘ℎ) = 0 → 𝑛𝑘 = (𝑘 − 1) 𝜋
ℎ
, (22)

where 𝑗 and 𝑘 are the integers.
By taking the second derivative of Eq. (20), the magnetic potential equation in the 𝑠-th

winding is: ∑︁
𝑗

∑︁
𝑘

(
𝑚2𝑗 + 𝑛2𝑘

)
𝐴 𝑗 ,𝑘 cos(𝑚 𝑗𝑥) · cos(𝑛𝑘 𝑦) = 𝜇0𝐽𝑠 . (23)

By taking the integration of Eq. (23), from 0 to 𝑑 following the 𝑥-axis and from 0 to ℎ

following the 𝑦-axis, as presented in Fig. 3, it can be considered with two different cases:
+ Case 1: For two windings, one gets:

(
𝑚2𝑗 + 𝑛2𝑘

)
A 𝑗 ,𝑘

𝑑∫
0

cos2
(
𝑚 𝑗𝑥

)
d𝑥

ℎ∫
0

cos2 (𝑛𝑘 𝑦) d𝑦

= 𝜇0
©«𝐽1

𝑑21∫
𝑑11

cos(𝑚 𝑗𝑥) d𝑥
ℎ21∫

ℎ11

cos(𝑛𝑘 𝑦) d𝑦 + 𝐽2

𝑑22∫
𝑑12

cos(𝑚 𝑗𝑥) d𝑥
ℎ22∫

ℎ12

cos(𝑛𝑘 𝑦) d𝑦
ª®®¬ . (24)
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+ Case 2: For many windings, such as 𝑔 windings, one can be defined as:

(
𝑚2𝑗 + 𝑛2𝑘

)
A 𝑗 ,𝑘

𝑑∫
0

cos2
(
𝑚 𝑗𝑥

)
d𝑥

ℎ∫
0

cos2 (𝑛𝑘 𝑦) d𝑦

=

𝑔∑︁
𝑠=1

𝜇0𝐽𝑠
©«

𝑑2𝑠∫
𝑑1𝑠

cos(𝑚 𝑗𝑥) d𝑥
ℎ2𝑠∫

ℎ1𝑠

cos(𝑛𝑘 𝑦) d𝑦
ª®®¬ . (25)

For 𝑗 = 1, 𝑘 ≠ 1, 𝑚 𝑗 = 0, 𝑛𝑘 = (𝑘 − 1) 𝜋
ℎ
, based on Eq. (25), the constant of integration can

be derived as:

A1,𝑘 =
2𝜇0
𝑛3
𝑘
𝑑ℎ

𝑔∑︁
𝑠=1

𝐽𝑠𝑎𝑠 [sin(𝑛𝑘ℎ2𝑠) − sin(𝑛𝑘ℎ1𝑠)] , (26)

for 𝑗 ≠ 1, 𝑘 = 1, 𝑚 𝑗 = 0, 𝑛𝑘 = 0, based on Eq. (25), the constant of integration can be derived as:

A 𝑗 ,1 =
2𝜇0
𝑚3

𝑘
𝑑ℎ

𝑔∑︁
𝑠=1

𝐽𝑠𝑏𝑠
[
sin(𝑚 𝑗𝑑2𝑠) − sin(𝑚 𝑗𝑑1𝑠)

]
. (27)

The constant of integration can be generally illustrated as:

A 𝑗 ,𝑘 =
4𝜇0
𝑑ℎ

1

𝑚 𝑗𝑛𝑘

(
𝑚2

𝑗
+𝑛2

𝑘

) 𝑔∑︁
𝑠=1

𝐽𝑠
[
sin(𝑚 𝑗𝑑2𝑠) − sin(𝑚 𝑗𝑑1𝑠)

] [
sin(𝑛𝑘ℎ2𝑠) − sin(𝑛𝑘ℎ1𝑠)

]
, (28)

for 𝑗 = 𝑘 = 1 and 𝑚1 = 𝑛1 = 0, the harmonic sequence is constant.

2.2. Computation of electromagnetic forces in the windings
Based on the magnetic vector potential, according to Lorentz’s law, 𝐹𝑥 per unit length of the

𝑠-th winding in the 𝑥-axis can be defined as [1, 2]:

𝐹𝑥,𝑠 =

𝑑2𝑠∫
𝑑1𝑠

ℎ2𝑠∫
ℎ1𝑠

𝐽𝑠𝐵𝑦 d𝑥d𝑦 = −𝐽𝑠
𝑑2𝑠∫

𝑑1𝑠

ℎ2𝑠∫
ℎ1𝑠

𝜕𝐴

𝜕𝑥
d𝑥d𝑦. (29)

From Eq. (28), Eq. (29) can be written as:

𝐹𝑥,𝑠 = 𝐽𝑠

∞∑︁
𝑗=1

∞∑︁
𝑘=1

𝐴 𝑗 ,𝑘

𝑛𝑘

[
sin(𝑛𝑘ℎ2𝑠) − sin(𝑛𝑘ℎ1𝑠)

] [
cos(𝑚 𝑗𝑑2𝑠) − cos(𝑚 𝑗𝑑1𝑠)

]
. (30)

Similarly, 𝐹𝑦 per unit length of the 𝑠-th winding in the 𝑦-axis can be defined as:

𝐹𝑦,𝑠 = 𝐽𝑠

∞∑︁
𝑗=1

∞∑︁
𝑘=1

𝐴 𝑗 ,𝑘

𝑛𝑘

[
cos(𝑛𝑘ℎ2𝑠) − cos(𝑛𝑘ℎ1𝑠)

] [
sin(𝑚 𝑗𝑑2𝑠) − sin(𝑚 𝑗𝑑1𝑠)

]
. (31)
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3. Computation of leakage fields on LV and HV windings

The parameters of a three-phase amorphous transformer are given in Table 1. This is also a
typical problem applied to calculate the forces (𝐹𝑥 and 𝐹𝑦) in the LV and HV windings under the
three-phase short-circuit condition.

Table 1. Basic parameters of the employed amorphous transformer

No. Parameter Value Unit

1 No. of phases 3

2 Frequency 50 Hz

3 Rated power 160 kVA

4 Windings connections Delta/Wye

5 HV/LV 22/0.4 kV

6 No. of turns of HV/LV windings 2 802/28

7 Phase current in HV/LV windings 2.42/231 A

8 Short-circuit current in HV/LV windings 57.9/5526.3 A

The dimensions of the magnetic circuit and windings are presented in Fig. 4.

Fig. 4. Dimensions of magnetic circuit and windings of the employed transformer

In this paper, a three-phase short-circuit is applied to the amorphous transformer. Thus, the
transient current is expressed [3, 5, 7]:

𝑖 = 𝑖′ + 𝑖′′ = 𝐼𝑛
√
2 sin (𝜔𝑡 − 𝜑𝑛) + 𝐼𝑛

√
2 sin 𝜑𝑛𝑒

− 𝑅𝑛
𝑋𝑛

𝜔𝑡
, (32)

where the current 𝑖 consists of two components, i.e., the alternating and sinusoidal component 𝑖′
and the aperiodic component 𝑖′′. 𝜙𝑛, 𝑅𝑛, and 𝑋𝑛 are the phase angle of the short-circuit current,
short-circuit resistance, and short-circuit reactance, respectively.
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Based on the basic parameters of the transformer given in Table 1, the transient currents in
the LV and HV windings are respectively calculated as follows:

𝑖𝑛HV = 𝑖′ + 𝑖′′ = 57.9
√
2 sin (100𝜋𝑡 − 1.57◦) + 57.9

√
2 sin 90.2◦𝑒−

114.5
91.6 100𝜋𝑡 , (33)

𝑖𝑛LV = 𝑖′ + 𝑖′′ = 5526.3
√
2 sin (100𝜋𝑡 − 1.57◦) + 5526.3

√
2 sin 90.6◦𝑒−

114.5
91.6 100𝜋𝑡 . (34)

The transient currents in Eq. (33) and Eq. (34) are pointed out in Fig. 5 and Fig. 6. It can be
seen that the currents reach maximum values at the first peak of 118.7 (A) for the HV winding
and 10 397 (A) for the LV winding.

Fig. 5. Transient current in the HV winding

Fig. 6. Transient current in the LV winding

Based on Eq. (14), the current densities in the LV and HV windings can be respectively
calculated as:

𝐽1 = 𝐽𝑛LV =
𝑊LV𝑖𝑛LVmax

𝑎1𝑏1
=
28 × 10397
30.5 × 220 × 106 = 43.38 × 106, (35)

𝐽2 = 𝐽𝑛HV =
𝑊HV𝑖𝑛HVmax

𝑎2𝑏2
=
2802 × 118.7
25.5 × 220 × 106 = 59.28 × 106. (36)
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In addition, based on Eqs. (26), (27), and (28), the term of A can be determined as:

A = A1,𝑘 + A 𝑗 ,1 + A 𝑗 ,𝑘 , (37)

A1,𝑘 =
∑︁
𝑘=1
cos (𝑛𝑘 𝑦)

2𝜇0
𝑛3
𝑘
𝑑ℎ

{
𝐽1 (𝑑21 − 𝑑11) [sin(𝑛𝑘ℎ21) − sin(𝑛𝑘ℎ11)]
+𝐽2 (𝑑22 − 𝑑12) [sin(𝑛𝑘ℎ22) − sin(𝑛𝑘ℎ12)]

}
, (38)

A 𝑗 ,1 =
∑︁
𝑗=1
cos

(
𝑚 𝑗 𝑦

) 2𝜇0
𝑚3

𝑗
𝑑ℎ

{
𝐽1 (ℎ21 − ℎ11)

[
sin(𝑚 𝑗𝑑21) − sin(𝑚 𝑗𝑑11)

]
+𝐽2 (ℎ22 − ℎ12)

[
sin(𝑚 𝑗𝑑22) − sin(𝑚 𝑗𝑑12)

]} , (39)

A 𝑗 ,𝑘 =
∑︁
𝑘=2

∑︁
𝑗=2


cos (𝑛𝑘 𝑦) cos

(
𝑚 𝑗𝑥

) 4𝜇0
𝑑ℎ

1

𝑚 𝑗𝑛𝑘

(
𝑚2

𝑗
+ 𝑛2

𝑘

) ×{
𝐽1

[
sin(𝑚 𝑗𝑑21) − sin(𝑚 𝑗𝑑11)

]
[sin(𝑛𝑘ℎ21) − sin(𝑛𝑘ℎ11)]

+𝐽2
[
sin(𝑚 𝑗𝑑22) − sin(𝑚 𝑗𝑑12)

]
[sin(𝑛𝑘ℎ22) − sin(𝑛𝑘ℎ12)]

}

. (40)

The components of magnetic fields in the 𝑥 and 𝑦 axes at the boundaries of the window can
be derived as:

𝐵𝑥 =
𝜕A
𝜕𝑦

=
𝜕
(
A1,𝑘 + A 𝑗 ,1 + A 𝑗 ,𝑘

)
𝜕𝑦

, (41)

𝐵𝑦 = −𝜕A
𝜕𝑥

= −
𝜕
(
A1,𝑘 + A 𝑗 ,1 + A 𝑗 ,𝑘

)
𝜕𝑥

. (42)

By substituting Eqs. (38), (39) and (40) into Eq. (41) and Eq. (42), the components of the
magnetic field are expressed as:

𝐵𝑥 = −
∑︁
𝑘=1
sin (𝑛𝑘 𝑦)

2𝜇0
𝑛3
𝑘
𝑑ℎ

{
𝐽1 (𝑑21 − 𝑑11) [sin(𝑛𝑘ℎ21) − sin(𝑛𝑘ℎ11)]
+𝐽2 (𝑑22 − 𝑑12) [sin(𝑛𝑘ℎ22) − sin(𝑛𝑘ℎ12)]

}

−
∑︁
𝑘=2

∑︁
𝑗=2


sin (𝑛𝑘 𝑦) cos

(
𝑚 𝑗𝑥

) 4𝜇0
𝑑ℎ

𝜇0

𝑚 𝑗𝑛𝑘

(
𝑚2

𝑗
+ 𝑛2

𝑘

) ×{
𝐽1

[
sin(𝑚 𝑗𝑑21) − sin(𝑚 𝑗𝑑11)

]
[sin(𝑛𝑘ℎ21) − sin(𝑛𝑘ℎ11)]

+𝐽2
[
sin(𝑚 𝑗𝑑22) − sin(𝑚 𝑗𝑑12)

]
[sin(𝑛𝑘ℎ22) − sin(𝑛𝑘ℎ12)]

}

, (43)

𝐵𝑦 =
∑︁
𝑗=1
sin

(
𝑚 𝑗 𝑦

) 2𝜇0
𝑚3

𝑗
𝑑ℎ

{
𝐽1 (ℎ21 − ℎ11)

[
sin(𝑚 𝑗𝑑21) − sin(𝑚 𝑗𝑑11)

]
+𝐽2 (ℎ22 − ℎ12)

[
sin(𝑚 𝑗𝑑22) − sin(𝑚 𝑗𝑑12)

]}

+
∑︁
𝑘=2

∑︁
𝑗=2


cos (𝑛𝑘 𝑦) sin

(
𝑚 𝑗𝑥

) 4𝜇0
𝑑ℎ

𝜇0

𝑚 𝑗𝑛𝑘

(
𝑚2

𝑗
+ 𝑛2

𝑘

) ×{
𝐽1

[
sin(𝑚 𝑗𝑑21) − sin(𝑚 𝑗𝑑11)

]
[sin(𝑛𝑘ℎ21) − sin(𝑛𝑘ℎ11)]

+𝐽2
[
sin(𝑚 𝑗𝑑22) − sin(𝑚 𝑗𝑑12)

]
[sin(𝑛𝑘ℎ22) − sin(𝑛𝑘ℎ12)]

}

. (44)

For 𝑗 , 𝑘 = 1, 30, the distribution of magnetic vector potential A can be presented in Fig. 7.
Similarly, the components of the magnetic field in the LV and HV windings are depicted in

Fig. 8 and Fig. 9, respectively.
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Fig. 7. Distribution of magnetic vector potential A by using the proposed model

Fig. 8. Radial component of magnetic field (𝐵𝑥) by using the proposed model

Fig. 9. Axial component of magnetic field (𝐵𝑦) by using the proposed model

As shown in Fig. 8, the distribution of the term of 𝐵𝑥 along the 𝑦-axis is concentrated on the
two ends of the windings, for 𝐵𝑥max = 0.43 T. In the middle of the winding, this field becomes
smaller, because the magnetic field is bent at the two ends of the winding. In the 𝑥-axis, the
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direction is reversed because the currents in the two windings are in opposite directions. In Fig. 9,
the distribution of the term of 𝐵𝑦 along the 𝑦-axis becomes small at the two ends of the winding
and large in the middle of the winding. On the other hand, in the 𝑥-axis, the 𝐵𝑥 gradually increases
and gets the maximum value at the middle of the winding, for 𝐵𝑦max = 1.76 T.
Based on Eq. (30) and Eq. (31), 𝐹𝑥 and 𝐹𝑦 in the LV and HVwindings are presented in Fig. 10

and Fig. 11, respectively.

Fig. 10. Distribution of 𝐹𝑥LV in the LV winding by using the proposed model

Fig. 11. Distribution of 𝐹𝑦LV in the LH winding by using the proposed model

In Fig. 10, along the 𝑦-axis (height of winding), the LV winding is pushed inwards by 𝐹𝑥 . The
distribution of the magnetic field gradually decreases to the two ends of the winding and gets the
maximum value at the middle of the winding, with 𝐹𝑥LVmax = 7.419 × 107 (N/m2). In Fig. 11, the
distribution of𝐹𝑦 is concentrated at the two ends of thewindingwith𝐹𝑦LVmax=1.862×107 (N/m2)
and becomes a zero in the middle of the winding.
For the HV winding, 𝐹𝑥 and 𝐹𝑦 in the windings are illustrated in Fig. 12, and Fig. 13,

respectively.
In Fig. 12, it can be seen that along the 𝑦-axis, due to 𝐹𝑥 , the HVwinding is pushed away from

the LV winding. The distribution of the magnetic field gradually decreases to the two ends of the
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Fig. 12. Radial force (𝐹𝑥HV) in the HV winding by using the proposed model

Fig. 13. Axial force (𝐹𝑦HV) in the HV winding by using the proposed model

winding and gets the maximum value at the middle of the winding, for 𝐹𝑥HVmax = 0.552 × 107
(N/m2). In Fig. 13, the distribution of 𝐹𝑦 is concentrated at the two ends of the winding, for
𝐹𝑦HVmax = 2.553 × 107 (N/m2) and also becomes a zero in the middle of the winding.

4. Numerical test by using FEM

In order to compare with the proposed model, in this section, 𝐹𝑥 and 𝐹𝑦 are simulated by
using the FEMvia ANSYSMAXWELL software [23]. Based on the parameters of the amorphous
core transformer already given in Table 1, the distribution of the magnetic field is pointed out in
Fig. 14. In this figure, the 𝑥-axis and 𝑦-axis are the width and the height of the window.
The distributions of 𝐹𝑥 and 𝐹𝑦 in the LV and HV windings are shown in figures (from Fig. 15

to Fig. 17).
In Fig. 15, the distribution of 𝐹𝑥 in the LV winding has the smallest value at the two ends

of the winding. This force increases in the middle of the winding and gets the maximum value
at the middle of the winding, for 𝐹𝑥LVmax = 7.275 × 107 (N/m2). In Fig. 17, the distribution of
𝐹𝑥 in the HV winding is similar to 𝐹𝑥 in the LV winding, but it is in the opposite direction.
The maximum value is at the middle of the winding, for 𝐹𝑥HVmax = 0.563 × 107 (N/m2).
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Fig. 14. Distribution of magnetic field by using FEM

Fig. 15. Distribution of 𝐹𝑥LV in the LV winding by using FEM

Fig. 16. Distribution of 𝐹𝑦LV in the LV winding by using FEM

In the direction of the current action, due to this force, the HV winding is pushed into the
magnetic core (positive direction), and far away of the magnetic core (negative direction) for
the HV winding. The distributions of 𝐹𝑥 in the LV and HV windings are shown in Fig. 16 and
Fig. 18. The maximum values of these forces at the two ends of each winding are defined as
𝐹𝑦LVmax = ±1.813×107 (N/m2) and 𝐹𝑦HVmax = ±2.390×107 (N/m2). These forces become zero
in the middle of the windings.
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Fig. 17. Distribution of 𝐹𝑥HV in the HV winding by using FEM

Fig. 18. Distribution of 𝐹𝑦HV in the HV winding by using FEM

Finally, the comparison of the obtained results between the twomethods is presented in figures
(from Fig. 19 to Fig. 22).

Fig. 19. Distributions of 𝐹𝑥LV in the LV winding by using the proposed
model and FEM

It can be seen that the obtained results from the analytic/proposed method are checked
to be close to those of by using the FEM. However, there are still differences in the forces
between the two methods given in Table 2. It should be noted that the winding is acted by the
𝐹𝑥max = 7.149 × 107 (N/m2), this makes the winding will be bent, compressed, and destroyed.
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Fig. 20. Distributions of 𝐹𝑦LV in the LV winding by using the proposed
model and FEM

Fig. 21. Distributions of 𝐹𝑥HV in the HV winding by using the proposed
model and FEM

Fig. 22. Distributions of 𝐹𝑦HV in the HV winding by using the proposed
model and FEM

If the winding is considered a solid object, in which the allowable stress of copper is
𝜎allow = 5.0 × 107 (N/m2) [12]. Hence, when a short circuit occurs with the maximum cur-
rent, the maximum stress of the winding will exceed over the allowable limit. On the other hand,
if the short circuit occurs in a few seconds, the windings will be bent or destroyed.
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Table 2. Comparative results of 𝐹𝑥 and 𝐹𝑦 with the two different methods

Winding 𝐹max × 107 (N/m2) The proposed model FEM Error (%)

LV
Radial force (𝐹𝑥LVmax) 7.419 7.275 1.9

Axial force (𝐹𝑦LVmax) ±1.862 ±1.813 2.6

HV
Radial force (𝐹𝑥LVmax) −0.552 −0.563 2.0

Axial force (𝐹𝑦LVmax) ±2.553 ±2.390 6.3

5. Conclusions

In this paper, an analytic method has been successfully developed to calculate the leakage
magnetic fields in the window of the amorphous core transformer. The vector magnetic poten-
tial formulations are then established in the form of the Laplace–Poisson equation. Based on
the development, 𝐹𝑥 and 𝐹𝑦 in the LV and HV windings of the amorphous transformer are
investigated and analyzed. The distributions of the magnetic vector potential, leakage magnetic
fields in the window, and 𝐹𝑥 and 𝐹𝑦 in the LV and HV windings of an amorphous transformer
of 160 kVA–22/0.4 kV under a three-phase short-circuit condition have been presented with the
proposed model. The obtained results have been thus compared with those from the FEM to
verify the validation of the proposed model.
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