Research

Determination of winding destroy limit area
for a power series of amorphous core transformers

Doan Thanh Bao”

Faculty of Engineering & Technology, Quy Nhon University, 170 An Duong Vuong, Quy Nhon, Binh Dinh,
Vietnam.

*Corresponding author: doanthanhbao@qnu.edu.vn

Received 24 Feb. 2025; Revised 12 Apr. 2025; Accepted 09 May 2025; Published 25 May 2025.

DOI: https://doi.org/10.54939/1859-1043.j.mst.103.2025.11-21

ABSTRACT

The amorphous steel core transformer features a unique structure with a rectangular winding,
resulting in an uneven distribution of electromagnetic force compared to the circular winding of
silicon core transformers. Consequently, evaluating the added value of electromagnetic waves and
identifying the destructive areas of winding are crucial. In this paper, the combination of Matlab
and the finite element technique is developed to calculate the magnetic field, short-circuit current,
and electromagnetic force for 3-phase amorphous transformers (22/0.4 kV) during short-circuit
faults. The findings establish a relationship between the electromagnetic force value during a short
circuit and the winding radius, as well as identify the areas where the winding damage is confined
based on the transformer power sequence. These research results assist designers, manufacturers,
and transformer operators in determining the appropriate harmful conditions of short-circuit
electromagnetic force for the windings.

Keywords: Transformer; Amorphous; Electromagnetic force; Magnetic field; Short-circuit; Finite element method.

1. INTRODUCTION

When power systems use amorphous core transformers (APCTSs), they experience lower
operating costs and reduced losses compared to traditional silicon steel core transformers. APCTs
enhance economic efficiency significantly by cutting no-load losses by 60-70% [1]. Due to the
unique structure of the amorphous steel core and its rectangular windings, the distribution of the
electric field, magnetic field and electromagnetic forces (EMFs) is asymmetrical along the winding
turns. The bending points of the windings are particularly vulnerable, as they have the lowest
mechanical strength under EMFs. During normal operation, the EMFs induce vibrations and noise
in the APCTs. Under the combined influence of EMFs and Lorentz forces, transformer windings
may experience deformation and displacement [2-4]. In the event of a short circuit, the resulting high
EMFs can be extremely dangerous, leading to wire displacement, bending, or even breakage at the
winding bend angles [5-8]. In [9], the study analyzed the magnetic field of the transformer when a
short circuit occurs. In this paper, the author combined analytical calculations with numerical
simulations to investigate the transformer under both normal and short-circuit conditions. The axial
and radial forces obtained from these two approaches were then compared and evaluated. In [10, 11],
the paper also analyzed and calculated the short-circuit EMFs of a silicon steel core transformer with
a circular cross-section using the FEM. The authors confirmed that when the transformer is short-
circuited while operating in the power system, the short-circuit currents interact with the stray
magnetic flux, causing severe mechanical stress on the transformer winding. The authors examined
the radial force on the low voltage (LV) winding at 16 different locations. In [12, 13], the results of
the force distribution values on the 16 points were relatively uniform. The distributions of the
scattered magnetic fields, dissipative reactance and EMFs affecting the high voltage and LV
windings of the transformer in case of short-circuit are simulated by the FEM. In [14], the paper
investigated EMFs and mechanical stresses in transformers, highlighting their critical role in
transformer operation and stability. Proper evaluation of these forces is essential for optimizing
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transformer design. The paper proposed a method for optimizing EMFs in transformers with multiple
sections on the HV winding. The impact of section count on EMFs in dry-type transformers was
analyzed using three-dimensional finite element models. Additionally, in [15], authors presented an
analysis of the electromagnetic and mechanical characteristics of a converter transformer under
inrush current, emphasizing its importance in transformer performance and reliability. In [16], The
simulation results revealed that radial forces have a greater impact on the winding than axial forces,
with the intermediate phase (Phase B) experiencing the most significant effect. In [17], the
Matlab/Simulink was applied for an 800 kVA dry-type transformer product to obtain the inrush
current under different closing angles and residual magnetism effects. By applying the field-circuit
coupling method, the obtained excitation inrush current from Simulink is imposed as an excitation
on the transformer winding, resulting in EMFs acting on the winding. Finally, the electromagnetic-
structural combined simulation is used to compare and study the deformation and forces on the
transformer winding. In [18-20], the authors have used the FEM to analyze and calculate the
distribution of dissipated magnetic field, dissipated reactance and EMFs acting on the HV and LV
windings of the transformer in case of the short-circuit. The obtained results from FEM were then
compared with the classical analysis method.

The above analysis reveals a lack of comprehensive evaluation of short-circuit conditions in
transformers. A precise model is needed to accurately assess the maximum current interacting with
the magnetic field. To address this, our paper presents a detailed analysis across various
transformer capacities, evaluating short-circuit currents and the resulting EMFs. From these
results, the characteristics of EMFs in relation to the winding radius and identify the transformer
winding protection zone will be established. These findings are valuable for transformer
manufacturers in optimizing winding design, for operators in determining appropriate short-circuit
interruption times, and for selecting self-falling fuses to protect transformers from the destructive
effects of short-circuit EMFs.

2. ANALYTIC MODEL FOR CALCULATING LEAKAGE MAGNETIC FIELDS

The Laplace-Poisson’s equation for A(X,y,z) can be obtained based on the Maxwell’s equations
(where (o/ot = 0) as follows [7, 10, 12, 20]:

-1J in the windings
0 others

)

In three-dimensional Descartes coordinates, the magnetic field is perpendicular to the plane
(0A/0z = 0). the equation (1) can be written as:
O°AX.Y) , B°AKXY) _
aXZ ay2
where A(x,y,z) is the magnetic vector potential, [ is the relative permeability (H/m) and J is the
electric current density in the windings (A/m?).
The A (x,y) in the equation (2) can be analysed in the form of a harmonic series

A(xy)= ZZAjykcos(m X).cos(n,y) (3)

VZA(x,y, 2)= {

—pd 2)

The magnetic flux density (B) can be given asB=V x A, the components of B (Bx and By) at
the boundary conditions of the magnetic window can be expressed as:

B, = aAg; y)
(4)
g =.0AKY)
Y OX
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The magnetic vector potential of A and the magnetic flux density of B in the LV and HV
windings are analysed by FEM.

3. APPLICATION TEST

3.1. The parameters of power transformer 50 kVA-22/0,4 kV

The test problem is the practical problem of the APCTs of 50 kVA — 22/0.4 kV. The detailed
parameters of the APCTSs are given in table 1.

Table 1. The fundamental specifications of the APCTs of 50 kVA — 22/0.4 kV.

No. Parameters Value
1 | The number of phases 3
2 Frequency (Hz) 50
3 Rated power (kVA) 50
4 | Winding diagram A/Y-11
5 Rated voltages HV/LV (kV) 22/0.4
6 Number of turns per phase in HV/LV (turns) | 4002/40
7 Rated phase currents HV/LV (A) 0.76/72.17
8 No load current ratio (io%) 0.8
9 | Short circuit voltage uk (%) 4.2

The model of APCTs of 50 kVA is shown in figure 1 shows. The complete manufacturing
process is pointed in figure 2.

R T

Figure 1. The model of APCTs of 50 kVA. Figure 2. The production process of APCTs
of 50 kVA.

3.2. Short-circuit currents and leakage fields in LV and HV windings

The short-circuit current flowing in the windings has the potential to cause damage to the
transformer windings. This transient short-circuit current comprises two different components,
namely [9, 10, 18].

ISCC = Ihar + Idam

Ry ()
=1,4/2.:sin(ot - ¢, ) +1,42.sin(p,).e *

where the current iscc consists of two components, i.e., the alternating and sinusoidal component
inar and the aperiodic component isam. @n, Rn, and X, are the phase angle of the short-circuit current,
short-circuit resistance, and short-circuit reactance, respectively.

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:
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i1y = i g =1718.334/25in (100mt —1.57°) +1718.334/25in90.6%¢ 16 (A)  (7)

The transient currents in the equations (6) and (7) are pointed out in figure 3 and figure 4. It
can be seen that the currents reach maximum values at the first peak of 4007.3 (A) for the LV
winding and 41.15 (A) for the HV winding.
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Figure 3. Distribution of the short-circuit Figure 4. Distribution of the short-circuit
current in the LV winding. current in the HV winding.

3.3. Finite element method

In this part, the FEM is developed to simulate electromagnetic parameters of the APCTs of 50
kVA-22/0,4 kV. The meshing model of the APCTs is given in figure 5, where tetrahedral elements
were used. The APCTs model was meshed with a total of 871000 elements. In order to reduce the
computer computation time and make the analysis more efficient, the insulation material and
supporting structure are ignored in this model. Also, the concentric arrangement of windings is
considered in the Maxwell 3D model. The analysis duration is set to 0.2 s, with a time step of
0.0001 s. This allows for detailed results on the magnetic inductance distribution within the
magnetic circuit and windings throughout the entire operating period of the APCTs, as shown in
figure 6.
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Figure 5. Mesh plots of the 50 kVA APCTs Figure 6. Magnetic field distribution at max
generated in Ansys Maxwell 3D. short circuit current with t = 59 ms.

As seen in figure 6, at t = 59 ms, when the short-circuit current in phase B reaches its peak, the
leakage magnetic field in the winding area increases to B=1.84T, while the magnetic field in the
core decreases. At this moment, the highest concentration of leakage magnetic flux is observed in
the middle of the LV and HV windings.
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+ Short-circuit currents of the APCTs of 50 kVA-22/0,4 kV

The APCTs is simulated for three-phase short circuit conditions and analyzed in FEM 3D analysis.
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Figure 7. Short-circuit currents
in the LV winding.

Figure 8. Short-circuit currents
in the HV winding.
The results of the short-circuit current analysis for the LV and HV windings are shown in figure
7 and figure 8. At t = 59 ms, the maximum short-circuit current amplitudes are: l.v max = 3983.8 A

for the LV winding (phase B) and v _max = 39.8 A for the HV winding. These values are up to 39
times greater than the rated current amplitude.

Table 2. Maximum values in LV and HV windings.

Rated current Maximum short-circuit Error
Windings amplitude (A) current amplitude (A) (%)
P Matlab FEM
LV winding 72_17\/5 4007.3 3983.8 0.6
HV winding 0.76\/5 41.15 39.8 3.3
+ Results of electromagnetic force acting in the HV and LV windings
Low Voltage winding Maxwell3D_S0kvA 4 High Volta%e winding Maxwell3D_S0kVA 4
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Figure 9. The maximum total
electromagnetic force Fxy of the LV winding.

Figure 10. The maximum total
electromagnetic force Fxy of the HV winding.

The investigation of the EMFs acting on the windings at the Transformer's cross-section on the
Oxy plane is presented in figure 6. At this cross-section, the magnetic component Bz (coincident
with the current) is 0. Therefore, this applied force is divided into two components:

+ Radial force: Fx_radial = By.J;
+ Axial force: Fy axiai = Bx.J;
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The total EMFs is defined as: F = JF? _ +F?

Xy_total x_radial y_axial

(N/m?)

Figure 9 and figure 10 shows the components of the electromagnetic force acting directly on
the LV and HV windings.

It can be seen that the distribution of the Fy in the LV and HV windings has the smallest value
at the two ends of the winding. This EMFs increases in the middle of the winding and gets the
maximum value at the middle of the winding. However, the distribution of the F, has the maximum
values at the two ends of each winding, and these EMFs become zero in the middle of the windings.
The results of EMFs are shown in table 3.

Table 3. Maximum values of EMFs on LV and HV wingdings.

Total electromagnetic force Fxymax (N/m?) HV winding LV winding
Fymax 0.769x10’ 3.255x10’
Allowable stress limit: cas. 5.10’
Comparing Fyymax With cast 3.255x107 < 5x10’

In table 3, the largest EMFs is Fxymax = 3.255x107 N/m? while the allowable stress of copper
wire casL = 5x107 N/m? [10]. When the short-circuit current value is 39 times larger than the rated
current, the maximum EMFs on the windings have not exceeded the allowable limit. Therefore,
the structure of the HV and LV windings can not be broken.

4. SIMULATION OF A POWER SERIES OF APCTs

4.1. Resultant EMFs on LV winding for a series of winding radius r
In this section, the paper is analyzed with the change of LV winding radius based on the values
of r =5; 10; 15; 18; 30; 50; 100 mm.

Table 4. Total maximum EMFs at r =5;
10; 15; 18; 30; 50 va 100 mm.

r HV winding - Total maximum EMFs
Winding (x107 N/m?)
// LV winding radius (mm) LV HV
5 10.255 6.324
10 9.520 6.206
a2 |ela: Core 15 8.789 5.975
18 8.269 5.844
L. 30 7.509 5.552

— D Cross section 50 6.522 4.875
Figure 11. Radius r of LV and HV windings. 100 3.532 4.119

The APCTs is simulated in the LV winding short circuit fault, the paper is analyzed in the time
domain with a stop time of 0.1 s and a step time of 0.001 s. The maximum short-circuit EMFs
values are then compared and evaluated. The distribution results of EMFs acting on the LV and
HV windings corresponding to different radii are shown in figure 12 and figure 13. The results
show that the EMFs are the largest at the radius r =5 mm (the highest value curve). On the contrary,
the EMFs value is the smallest at r = 100 mm (the lowest value curve); the EMFs value is evenly
distributed on the winding loop. At this time, the winding loop structure is almost circular. The
largest EMFs values of the 7 cases of varying radius r are shown in table 4.

In this paper, it needs to show the dependence of the EMFs value based on the winding radius
r. The result of the largest EMFs is shown in table 4 and the the EMFs value according to the
winding radius r in figure 14. When the winding radius r value increases, the EMFs decreases and
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vice versa. The winding radius r value increases from 5 to 100 mm, corresponding to the EMFs on
the LV winding decreasing from 10.255x107 N/m? down to 3.532x107 N/m?.

HV Winding =5
LV Winding =5 6,750.107 -e-r=10
- —4-r=15
10,50.107 e 625107 B
VFE‘Q‘EMD? —-r=18 E5,75.107 r'3°
£8,00.107 ¥ er=30 < —r=5
S7.50.107 & 8 =50 §5‘25'107 =100
£ 6,50.107 & ® o =100 £4,75.107
>
<5,50.107 §4‘25.10?
8 4,50.107 =
5 [ 3‘?5.107
= 3,50.107 s
2250107 | M 3.25.10?
1,50.107 AN N A S A S 2.75.10° !
01 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
Position on LV winding Position on HV Winding
Figure 12. Distribution of EMFs on LV Figure 13. Distribution of EMFs on HV
winding with a series of radius r. winding with a series of radius r.

The increased rate of EMFs when radius r increases from 5 mm to 100 mm, that is:
K = F o smm _ 10.255 _29
Foomm 3-932

EM Force according based on winding radius

EM Force Fmax x 107 (N/m?)
(=)}

5 10 15 18 30 50 100
Radius r (inm)

Figure 14. The EMFs value based on the winding radius r.

The results show that when the winding radius r is reduced from 100 mm to 5 mm, the increase
coefficient of the EMFs acting on the winding is 290%.

4.2. Resultant EMFs on LV and HV winding for a power series of APCTs

The FEM is now used to simulate multiple transformers with different capacities. Simulations
are conducted for ten different power-rated APCTs. As shown in table 5, all transformers have a
voltage rating of 22/0.4 kV and a A/Y winding configuration.

Table 5. Basic parameters of a three-phase APCTSs.

No Parameters Power (kVA)
50 | 100 | 160 | 250 | 400 | 630 | 750 | 1000 | 1250 | 1600
1| Winding turns [HV/| 4002 3001 [2802| 2603 |2001| 1715 | 1605 | 1400 | 1305 | 1001
(turns) Lv| 40 | 30 [ 28] 26 | 20 | 18 16 14 13 10
Phase currents |HV/| 0.76 [L.51 [2.42] 3.79 | 6.06 | 9.55 | 11.36 | 15.15 | 18.94 | 24.24
2 (A) LV |72.17|144.34| 231 |360.84|577.4/909.33|1082.53|1443.4|1804.22|2309.4
3 No load i% 08| 07 |06 055 053] 052 | 051 | 0.50 | 0.50 | 0.50
4 voltage u% 42 | 43 |417| 44 | 44| 57 | 565 | 56 | 562 | 56
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As a result, the EMFs were simulated in LV and HV windings of APCTs with a series of power
S =50 + 1600 kVA. The results of the 10 cases above are shown in table 6.

Table 6. Basic parameters of a three-phase AMTC.

Power (kVA)
Parameter
50 | 100 | 160 | 250 | 400 | 630 | 750 | 1000 | 1250 | 1600
Total EMFs Wi':gfng 0.769|1.248 | 2.553 | 2.701 | 3.102 | 3.427 | 4.572 | 3.544| 7.125 | 15.76
(NIT) | i ing| 3:255 |4:158 | 7.419|6.077 | 4.781 | 5.444 7.620 |5.969 | 11.88 | 24.10

The characteristic represents the short-circuit EMFs values in LV and HV windings of APCTs
with a power series of APCTs S = 50 + 1600 kVA as shown in figure 15.

Electromagnetic force F, (IN/m?)

2.500E+08 2.500E+08
==EMF on HV
2.000E+08 —<+EMFon LV 2.000E+08
50 g
.S 1.500E+08 1.500E+08 2
[w] =l
= =
> «
T 1.O00E+H08 F========—== === === —— -/~ = =1 1.000E+08
1 Winding destroy limit area 1
1 1
1 1
S.O00E+07 == ==~ ===y~ —onf----- ! 5.000E+07
0.000E+00 0.000E+00

50 100 160 250 400 630 750 1000 1250 1600
Series of Amorphous Core Transformer

Figure 15. Characteristics of short-circuit EMFs in windings based on a power series of APCTSs.

* Discussion:

+ The maximum short-circuit EMFs value on the LV winding is greater than that of the HV
winding, the allowable stress limit of the LV winding needs to be verified. Since the LV winding
is situated inside the HV winding, it is influenced by a more diffuse magnetic field, resulting in
larger EMFs acting on it.

+ Comparing the EMFs acting on the windings with the winding destruction limit, we observe
that as transformer power increases, the design minimizes the mass of steel and copper.
Consequently, the ability to withstand short-circuit EMFs diminishes. When a transformer
experiences a short-circuit failure, the maximum EMFs in the winding exceed the allowable stress
limit of the copper winding.

4.3. Technical guide for a power series of APCTs

The ability of short-circuit EMFs to destroy the winding for a power series of APCTs is divided
into 3 areas: Safe area, danger area and destroy area.

1) Technical guide 1 for LV winding: As seen in the characteristics shown in figure 15, the
destruction of the LV winding due to short-circuit EMFs is illustrated in figure 16.
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LV winding

50 + 630KVA | 750+ 1000kVA | >1000KVA Power

Safe area Danger area Destroy area >

Figure 16. The allowable EMFs limit of LV winding according to a power series of APCTs.

2) Technical Guide 2 for HV winding: Similarly, the destruction of the HV winding due to
short-circuit EMFs is illustrated in figure 17.

HV winding
50 + 1000kVA 1 1250+ 1600kVA 1 >1600KVA "Power

Safe area Danger area Destroy area >

Figure 17. The allowable EMFs limit of HV winding according to a power series of APCTSs.

*Discussion: Examining the two figures 16 and 17, we can observe the correlation between
APCTs design capacity and the winding's ability to endure destructive forces.

+ In terms of operation: When a short circuit occurs, the higher the capacity, the more
susceptible the LV winding is to damage, warping, or even breaking compared to the HV winding.

+ In terms of design: As the transformer capacity increases (especially > 1000 kVA), the LV
winding requires reinforcement, more secure positioning, or a larger winding cross-section than
the HV winding.

5. CONCLUSIONS

This paper calculates the short-circuit current and analyzes the EMFs components acting on the
LV and HV windings of APCTs. The analysis and evaluation were conducted using MATLAB
and FEM simulations in Ansys Maxwell 3D, applied to APCTs of 50 kVA — 22/0.4 kV. The results
show that the maximum magnetic field and short-circuit current in the LV and HV windings can
be up to 39 times the rated current amplitude. Result 1: The paper simulates seven cases in Ansys
Maxwell 3D with winding curvature radius of r = 5, 10, 15, 18, 30, 50, and 100 mm. The findings
establish a relationship between the short-circuit EMFs and the winding curvature radius. The
model indicates that a smaller curvature radius (i.e., a nearly rectangular winding) results in the
shortest winding length and the lowest copper weight. However, this comes at the cost of higher
short-circuit EMFs. Result 2: The study extends the simulation to a power range of 50 to 1600
KVA —22/0.4 KV APCTs. The results define the short-circuit EMFs characteristics on LV and HV
windings across different power levels. From this, two technical guidelines are proposed: (1)
assessing the permissible EMFs limits on LV and HV windings for various APCTs power ratings
and (2) utilizing characteristic curves to evaluate winding stress relative to its strength limit. These
insights assist designers, manufacturers, and operators in accurately determining winding
conditions under short-circuit EMFs exposure for each APCTs power level.

Future research will focus on two key directions. First, the study will develop electromagnetic
force characteristic curves for a wider range of machine power levels. Second, it will optimize the
selection of the curvature radius r to minimize winding weight while ensuring the required short-
circuit EMFs on the windings.
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TOM TAT
Xac dinh vang giéi han pha hity cudn day ciia diy cong suit
ciia may bién ap 16i v6 dinh hinh

May bién dp 16i thép vé dinh hinh c6 cdu tric déc biét cia 16i thép va cudn day la hinh
chit nhdt nén phdn bé lye dién tir 1én ddy qudn khéng dong déu nhuw cudn ddy hinh tron ciia
may 16 silic. Do do, viéc danh gia cac gia tri gia tang luc dién tie va xdc dinh khu vuc pha
huy cia ddy qudn la rdt can thiét. Bai bdo dd sir dung phdn mém Matlab va FEM bdng
Ansys Maxwell 3D dé tinh todn tir truong, dong dién ngan mach, lyc dién tir cua day cong
sudt may bién dp vé dinh hinh 3 pha dién ap 22/0,4 kV khi bi su 6 ngdn mach. Két qua cia
bai bdo, xdy dung méi quan hé giita gid tri lc dién tir ngdn mach voi ban kinh ddy quan;
va xdc dinh khu viee giéi han phd huy cudn day theo déy céng sudt mdy bién dp. Dwa vao
cdc két qua nghién ciru nay, givp nha thiét ké, ché tao va nha vin hanh mdy bién dp, xdc
dinh diing tinh trang cia ddy quan khi bi tac dong ciia lwc dién déng ngdn mach gay ra.

T khoa: May bién ap; VO dinh hinh; Lyc dién tir; Tir truong; Ngfm mach.
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