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The aim of this study is to examine and analyze the axial and radial forces, electromagnetic forces
(EMFs) acting on the low and high-voltage windings of an amorphous core transformer via the two
different approaches: an analytic approach and a 3-D finite element method (FEM). Firstly, the analytic
method is proposed to analyze the distribution of leakage magnetic field in the magnetic circuit and the
forces acting on the transformer windings. The FEM embedded in the Ansys Maxwell tool is then
proposed to compute and simulate the axial and radial forces under three different operating conditions:
no-load, rated full-load, and short-circuit. The obtained results from two different methods such as the
rated voltage, rated current, short-circuit current, axial and radial forces and EMFs in the low and high-
voltage windings are finally compared to illustrate an agreement of methods. The validation of the
methods is applied on a three-phase amorphous core transformer of 1600kVVA-22/0.4kV.
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1. INTRODUCTION

The utilization of amorphous material in the magnetic
circuits of distribution transformers has gained
prominence since its development in 1970s. These
transformers, known as amorphous transformers (ATS),
have become prevalent in power systems due to their
lower no-load losses compared to traditional
transformers. This reduction in losses contributes to an
overall decrease in the total losses of power systems. The
extensive research has demonstrated that the ATs can
achieve a significant reduction of 50-70% in no-load
losses compared to transformers with silicon steel cores
(1-5). Due to the special structure of the steel core and
the coil with the rectangular shape of the ATs, the
distribution of electric field and forces on the windings
will be different on the same turn of the coil. Under the
normal operating conditions, the electromagnetic forces
(EMFs) acting on the windings are small due to the
relatively small magnitude of the leakage flux. However,
under the short-circuit condition, the electromagnetic
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forces (EMFs) generated as a result of the interaction
between the leakage flux and the short-circuit current are
very large, this can lead to translation, destruction, or
even explosion of the windings (6-10).

In practices, among various types of transformer
faults, winding faults account for approximately 33% of
the total occurrences. These faults typically arise from
short-circuits between turns within the high voltage (HV)
or low voltage (LV) windings, between different layers
of windings, between HV and LV windings, or even
between phases within the same winding. In such cases,
the resulting EMFs or mechanical forces (MFs) can cause
bending or destruction of the transformer windings (11-
16). The EMF can be further categorized into two distinct
components: axial force (Fx) and radial force (Fy). The
Fx generated by the interaction between the current in the
winding and the axial magnetic field (By) is
perpendicular to the winding axis. On the other hand, the
Fy produced from the interaction between the current in
the winding and the horizontal magnetic field (Bx), is
parallel to the winding axis (17-22).
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Wang et al. (7) provided a detailed description of the
design and operation of a three-phase AT with a capacity
of 630 kVA-10.5/0.4 kV. The study focused on acquiring
the fundamental characteristics of the AT through
standard short-circuit and no-load tests. The utilization of
amorphous alloy as the iron core material in the AT offers
several advantages, including reduced losses and
excellent magnetization characteristics. Consequently,
amorphous alloys have found widespread application in
small-capacity distribution power transformers.

Zhong et al. (8) used a finite element method (FEM)
to compute the stress and strain of the end covers and the
winding clamps of the AT of 800 kVA/10 kV. Based on
that, the shell-form transformer demonstrated the
superior capability to withstand short-circuits, and
historical evidence has primarily relied on the use of
silicon steel iron core materials. Kumbhar and Kulkarni
(23) analyzed the EMFs acting on the windings of split-
winding transformers by using a nonlinear-transient
field-circuit coupled finite element model. In this study,
a three-phase split-winding transformer of 70MVA-
220/3.6/6.9kV was simulated and examined via the FEM
under both preset and postset short-circuit test conditions.
Mouhamad et al. (24) conducted the short-circuit
withstand tests of Metglas 2605SA1-based amorphous
transformers, rated 240 to 630kVA. In this paper, the
authors focused on calculating the short-circuit current
and the electrodynamic forces experienced by the
transformer windings. However, their work did not
explicitly address the distribution of the leakage
magnetic field or the axial and radial forces within the
transformers. Bal et al. (25) used the FEM embedded in
ANSYS Maxwell simulation program to analyze the
electromagnetic transients and compute the losses,
voltages, currents and magnetic fluxes of a three-phase
oil-type distribution transformer with a capacity of
25kVA. Li et al. (26) presented the distribution of EMF
in a three-phase power transformer of a 50MVA/110 kV
under short-circuit conditions via the FEM. Jin et al. (27)
explored the stress distribution characteristics of a
composite wire-paper winding structure when subjected
to radial electromagnetic forces. A copper-paper layered
ring was employed as the experimental setup. The study
involved calculating both the hoop stress distribution and
the radial stress distribution within the winding structure.
The FEM was then used to verify the obtained results.
Zhai et al. (28) established a three-dimensional model of
the transformer to investigate the electrodynamic force
and deformation of transformer windings under short-
circuit conditions. The distribution transformers have
received limited attention in previous studies, with few
investigations conducted on this specific type of
transformer. Furthermore, the existing literature lacks a
comprehensive model for calculating Fx and Fy in
distribution transformers. However, in literature review
(29-32), the FEM is employed to analyze and compute

various parameters such as leakage magnetic field,
leakage reactance, and electromagnetic forces in both the
HV and LV windings of the transformer during short-
circuit tests. In these studies, a mathematical model was
proposed to calculate the current and transient
electromagnetic force. The leakage magnetic field
density and average electromagnetic force were provided
based on FEM simulation results. These obtained results
using FEM are then compared with those of the analytic
method.

The EMFs can be calculated by using different
methods. The analytic method can provide a
comprehensive and faster solution. Unfortunately, these
methods may not be applied in models with nonlinear
materials, complex geometric structures, and/or
boundary conditions. Therefore, the FEM method based
on Ansys Maxwell 3D software in the time domain is
applied to solve the problem with complex shapes, multi-
physics environment, and the EMFs calculation in each
part or each position of the windings. Thanh et al. (33)
used 2D FEM to analyze and calculate the magnetic field
for a 160kVA indefinite shape MBA. In this paper, the
model is considered in a short-circuit mode with
maximum current, without considering the 3D model
under various operating conditions such as no-load, rated
load, and three-phase short-circuit conditions on the low-
voltage side.

In general, as mentioned above, the FEM to analyze
and calculate the distribution of magnetic fields, fringing
and leakage impedances and electromagnetic forces
acting on the HV and LV windings of the MBA in short-
circuit conditions. They also provided formulas to
calculate the overcurrent and electromagnetic force
during short-circuit conditions. The results obtained
include 2D FEM images of the magnetic field density
and average electromagnetic forces, which are then
compared with  classical analytical  methods.
Furthermore, there are very few research works on the
magnetic field and electromagnetic force of the
armorphous steel-core  MBA. No research has
comprehensively analyzed and evaluated various
operating conditions of the armorphous MBA using 3D
FEM models, progressing from analytical models to full
3D FEM models. Using a 3D FEM model approaches a
nearly real representation of the MBA, allowing for the
analysis of multi-physics phenomena, including
mechanical, electrical, and thermal effects. This
approach helps accurately to determine the winding
strength in various short-circuit condition, which can be
challenging to achieve through analytical methods and
experiments.

Based on the development from published paper by
Thanh et al. (33), in this context, the magnetic vector
potential. Formulations (A) is first presented to define the
distribution of leakage magnetic field in the magnetic
circuit and the distribution of EMFs in the transformer
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windings. Then, the FEM is developed based on Ansys
Maxwell 3D in the time domain to simulate
electromagnetic parameters of a three-phase TA of
1600kVA, 22/0.4 kV under several operating conditions,
such as no-load, rated full-load and short-circuit. The
obtained results from the FEM are verified and compared
with the analytic model in terms of accuracy. In addition,
the EMFs acting on the HV and LV windings will be also
determined in the case of a three-phase short-circuit of
the LV winding. This research is conducted based on the
following assumptions: (1) the neglect of eddy current
effects in the windings; (2) the assumption of uniform
current density in the windings; (3) the consideration of
a symmetric model for analysis.

2. SHORT-CIRCUIT ELECTROMAGNETIC FORCE
ANALYSIS

2. 1. Short-circuit Current 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 (8, 29, 34):

ISC = ihos + idos
. —&mt (1)
=1, V2sin(ot-0-¢,)+1,2sin@+9,)e *

where:
- ihos 1S the harmonic oscillation,
- idos IS the damped oscillation,

U s the root mean square (SMS) of short-circuit
Z

n

current (A),
- ¢, =arctg . is the phase angle (rad),
" R

n

I, =

- Uratea is the rated voltage

- Zy is the short-circuit impedance (Q),

- Xn and Ry are respectively short-circuit resistance and
reactance (Q),

- tis the time (s),

- ¢ is the angle depending on the short-circuit time (rad),
- o is the angular frequency (rad/s).

2. 2. Analytic Model for Computation of the
Leakage Magnetic Fields and EMFs in
Transformer Windings Based on Maxwell’s
equations, the separate equation for the stationary
electromagnetic field (6/0t = 0) in the transformer
windings associated with the current density J, the
Laplace-Poisson’s equation for A(x,y,z) can be obtained
as follows (22, 26, 28, 33):

-wJ in the windings

V2A(X,Y,2) =
(ey.2) { 0 others

@

In three-dimensional Descartes coordinates, Equation 2
can be written as:

TAXY2) AKX Y.Z)  PPAKXY.Z) _
ox® oy’ oz’

—ud ®3)

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?).

In Figure 1, the magnetic field is perpendicular to the
plane (0A/0z = 0). Hence, Equation 3 can be represented
as:

O*A(X,Y) N PAKXY)
aXZ ayZ
where the J can be computed via the electric current

density in the HV winding (J1) and LV winding (J2), that
is:

—HJ 4)

Wi Wi
J; = . iy = 22 ®)
a,b, a,b,

where aib; and azb, are the cross-sections of the HV and
LV windings, respectively. The quantities i; and i, are the
electric currents in HV and LV windings, respectively.
The magnetic vector potential A (x,y) in Equation 4 can
be analysed in the form of a harmonic series:

A(x,y)=>">"A,,cos(m;x).cos(n,y) ®)

where A is the constant of integration calculation. The
terms of m and n are the phase angles.

The components of a magnetic field in the x- and y-
axis at the boundaries of the magnetic window are
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Figure 1. Typical dimensions of windings and the magnetic
circuit
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considered as a zero (i.e., Bx = 0 and By = 0). The
boundary conditions (BCs) are defined as:

T

sin(mj.d):O—)mj:(j—l)a @)
smmm)=09nk:W—QE 8)

where j and k are the integers.

For j=k=1and m; = n; = 0, the harmonic sequence is a
constant. The constant of integration Ajk can be generally
illustrated as:

_Au, 1

o= —_—X
M dh mn, (m?+n?)

3, (sinm d} -sinm d; )(sinn, by -sinn, h) ©)
+J, (sinm,d3 -sinm d? ) x (sinn, h3 -sinn,hy?)
The magnetic flux density (B) can be given as B=vxA,

the components of B in the x- and y- axis at the
boundaries of the magnetic window are expressed as:

B, = AKY)
o (10)
5 = OAKY)
y OX

2. 3. The Axial and Radial Forces in the Windings

As presented, the EMFs acting on the transformer

windings are the interaction between the transient

currents and the leakage magnetic field within the

winding regions. For that, the EMF can be split into two

components, i.e., the Fyx and Fy as shown in Figure 2. The

observed trends of these forces are as follows:

e They exert compression forces, leading to a reduction in
the radius of the inner coil.

e They exert tension forces, resulting in an increase in the
radius of the outer coil.

o They exert compression forces, causing a decrease in the
height of both coils.

A
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b
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Rkl loiololos alpluivluint

e —e— —————
-

N
[ ——

’

Figure 2. Components of magnetic induction field Fx and
Fy in the transformer windings

#* The components of EMF in the LV winding, per unit
length of the winding:
The radial force (Fx.Lv) in the x-axis is defined as:

dzhy dzhy OA(X,Y)
Fowv = IIJlBde dy = —Jljj "7 dx dy (11)
dihi i X

di hy

In the same way, the radial force (Fy.Lv) in the y-axis is
defined as:

v = TTJlBXdX dy = JlTT 6A§)(/, y) dx dy (12)

di hy dihy

* The components of EMF in the HV winding, per unit
length of the winding:
The radial force (Fx-nv) in the x-axis is defined as:
d3h? d3h3
212 22 (?A(X,y)
Ffov = _[_[Jszdx dy =-J, J;J;iax dx dy (13)
dl hl dl hl
In the similar way, the radial force (Fy-nv) in the y-axis is
defined as:

dzhs d

hZ
o= IIJZBXdX dy = —Jz_[f
Zh? dfh?

huh

OA(X,Y)

dx dy (14)

3. ANALYTICAL TEST

The practical test problem is a three-phase amorphous
core transformer of 1600kVVA-22/0.4kV produced by the
Sanaky transformer manufacturing factory as depicted in
Figure 3. The parameters are given in Table 1. The cross-
section of the core is the rectangular with the magnetic
tape width b = 170 mm, thickness 2b = 340 mm; circuit
window height Hes = 550 mm, and distance between two
cylinder centers Mo = 435 mm.

The short-circuit currents in the HV and LV windings
are illustrated in Figures 4 and 5, respectively. The
maximum short-circuit currents in the HV and LV
windings are shown in Table 2.

Figure 3. Model of a three-phase 1600kVA-22/0.4kV
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TABLE 1. Basic parameters of a three-phase amorphous core
transformer

No. Parameter Value

1 No. of phases 3

2 Frequency [Hz] 50

3 Capacity [kKVA] 1600

4 Wiring connections A/Y-11

5 HV/LV [kV] 22/0.4

6 Turns of HV/LV windings 1001/10

7 Phase current in HV/LV windings [A] 24.24/2309.4

Short-circuit current in HV/LV 542 28/51664.43

windings [A]
oo Current [
0S
g — = Currenti, o
; 1000 - Currenti_ .\ =i
pru
S
€ 500
g
]
o
= 0
o
5 :
B -500 1
£ .
5 5
1000 . . I . .
0 0.02 0.04 0.06 0.08 0.1
Time (s)

Figure 4. Distribution of the short-circuit current in the HV
winding

TABLE 2. Maximum short-circuit currents in the HV and LV
windings

Parameter LV winding HV winding

Maximum short-circuit current (A) 111090 1102.8

Based on Equation 5, the electric current densities in the
LV and HV windings can be respectively calculated as:

=3y, = il
1~1
10x111090
= "  x]
23%520

(15)
0° = 92.88x10°(A/m?)

J _ ‘] = WHVinHVmax
’ a2b2
_1001x11028,

37x520

(16)
10° =57.38x10° (A / m?)

By using the MATLAB software, the magnetic vector
potential A is demonstrated in Figure 6.

From Equations 11 to 14, the Fyx and Fy in the LV
winding are pointed out in Figures 7 and 8, respectively.

In Figure 7, it can be seen that the LV winding along the
y-axis (height of winding) is pushed inwards by the F.
The distribution of this force gradually diminishes
towards the two ends of the winding. The maximum
value of the radial force occurs at the middle of the
winding, reaching a peak value of Fyms = 24.94.107
N/m?2.

3<105

........ Current i,
0S

= = Currentig
0

S

S i
Currenti |, =i dos

Short circuit current of LV (A)

0 0.02 0.04 0.06 0.08 0.1
Time (s)

Figure 5. Distribution of the short-circuit current in the LV

winding

Alxy)

Vector A (T.m)

X

-

o
©
~
<

N w

Radial force (N/mz)

Figure 7. Radial force (Fx) in the LV winding
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Figure 8 illustrates that the distribution of Fy is
predominantly concentrated at the two ends of the
winding, with a maximum value of Fymx = %
1.862x10"N/m?. In contrast, the Fy becomes zero at the
midpoint of the winding.

The distribution of Fx along the y-axis (height of
winding) of the HV winding is presented in Figure 9. It
shows that the LV winidng is pushed far away. The
distribution of this force gradually decreases to the two
ends of the winding. The maximum value of radial force
is at the middle of the winding with Fxmax = -
15.44x10"N/m2. In the same way, the distribution of F is
given in Figure 10. It can be seen that this force
concentrates at the two ends of the winding with the
maximum value of Fyma = + 3.31x107N/m?. It becomes
zero in the middle of the winding. The maximum EMFs
acting on the HV and LV windings are represented in
Table 3.

4. NUMERICAL TEST

An analytic test was given in the previous Section, in this
section, the FEM is applied to verify the results from the
analytic model. Keep the same prameters of the

FyLv

Axial force (N/m?)

Figure 9. Radial force (Fx) in the HV winding

Figure 10. Axial force (Fy) in the HV winding

TABLE 3. Maximum EMPFs acting on the HV and LV windings

Maximum force (107) (N/m?) LV winding  HV winding
Fmax 24.94 -15.44
Fymax +5.35 +3.31

amorphous core transformer of 1600kVA — 22/0.4kV
given already in Figure 1 and Table 1. The steel code of
2605HB1M has the magnetic induction field B = 1.63T.
The amorphous core is pointed out in Figure 11. The
geometry of the steel core generated in Ansys Maxwell
3D given in Figure 12. To minimize the calculation time,
half of the cross-section in 3D is utilized due to the model
inherent symmetry. In addition, the insulation material
and support structure are neglected in this model (31).

The algorithm for calculation of the Fx and Fy using
Ansys Maxwell 3D in different operating conditions is
proposed in Figure 13.

The simulation test includes three different operating
conditions: no-load, rated full-load, and short-circuit.
The time intervals for each condition are as follows:

e Firstly, the no-load condition is simulated from 0 to

50 ms

o Secondly, the rated full-load condition is simulated
from 50 to 100ms

Figure 11. Steel core of the three-phase amorphous core
transformer
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Figure 12. Geometry of the 7Steel core gg}ierated in Ansys
Maxwell 3D

Simulation model 3D of AT
(Basic paramrters of AT — Manafacturing — design drawings)

v

Simulation program by Ansys Maxwell
No load and rated load

Comparation of i and u
values between calculation
and simulation

True

5 — -
Short — Circuit maximum current
Iscmax V@ Brmax

v

Distribution of the maximum force
- Radial force - Fymax
- Axial force - Fymax

fals|

Comparative with safe stress
of windings
Frax < Ggh

Recommendations|
for manufacturer
Figure 13. Algorithm for computation of Fx and Fy using
Ansys Maxwell 3D

o Finally, the short-circuit condition is simulated from

150 ms to 300ms.

Figure 14 illustrates the distribution of B in the steel core
of at a specific time t = 56ms.

The investigation focuses on the value and direction
of the magnetic field in the magnetic circuit under both
no-load and rated full-load conditions. In this analysis,
the maximum magnetic flux density achieved is Bmax =
1.78T. Subsequently, the study examines the voltages
and currents in the windings of the AT, as follows.

4. 1. Under the Rated Full-load Condition The
three-phase rated voltage in HV and LV windings are

207

B[ teslal - i &% ¥

1. 34274
1, 23036+

1.3135e

Figure 14. Distribution of magnetic flux density (B) at t =
56ms

shown in Figures 15 and 16, respectively. According to
Figure 15, the simulated value of the rated voltage in the
HV winding is 311320V (with a calculated value of
31112.7V. Similarly, as illustrated in Figure 16, the
simulated value of the rated voltage in the LV winding is
310.7V (with a calculated value of 326.6V). The
maximum error between the simulated and calculated
values is 4.9%.

The three-phase rated currents in the HV and LV
windings is presented in Figures 17 and 18. In Figure 17,
the simulated value of the rated current in the HV
winding is 33.22A (compared to a calculated value of
34.28A), whereas the simulated value of the rated current
in LV winding is 3274.14A (compared to a calculated
value of 3265.99A in Figure 18. The maximum error

Rated Voltage_HV Maxwel3Design A

Curve Info

—— InducedVoltage(Winding_CA_PA)

— = InducedVoltage(Winding CA_PB)

=== InducedVoltage(Winding_CA_PC)
—y ™

38

Voltage of HV kv]

75
Time [ms]
Figure 15. Three-phase rated voltage in the HV winding

Rated Voltage_LV Maxwell3Design 4
375 Gurve o
— InducedVoltage(Winding HA_PA)
— = InducedVoltage(Winding HA_PB)
A \nducedVoItagel(Wmdmg‘HAiPC

i W

[
a1
=}

N
w

Yoltage of LV [V]
(=]

]
3]
:':-— ——

0 25 50 75 100 125 150
Time [ms]

Figure 16. Three- phase fated voltages in the LV winding
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Figure 17. Three- phase rated currents in the HV winding
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Figure 18. Three- phase rated currents in the LV winding

between the simulated and calculated values is 3.1%. The
values obtained for voltages and currents using the
simulation method align closely with the values derived
from the analytic method under both no-load and rated
full-load conditions.

4. 2. Under the Short-circuit Condition

*) Short-circuit current

The short-circuit test of the LV winding is performed in
a three-phase configuration, controlled by switch S as
shown in Figure 19. The short-circuit test is initiated at t
= 150ms. At this specific time, the voltage in phase B
becomes zero, while the short-circuit current in phase B
reaches its maximum value. The simulation is then
conducted up to 300ms, with an incremental time step of
At=0.1ms

22000*sqrt(2/3) V loﬂﬂbﬂourﬂ—L S.K3

SKe
LWinding_LV_PA 10000000hm \ - 0.088
— RI3

LWinding_HV_PA
22000°sqri(2/3) V

) skt
siksl VvV
LWinding_LV_PB 10000000hm \ - 0.088 —

. Llli Z‘i‘;'

LWinding_LV.PC 0088

LWinding_HV_PB

22000*sqri(2/3) V

Lwinding_HV_PC

Figure 19. Diagram of control circuit

*) Distributions of leakage magnetic field and
electromagnetic forces

The problem is considered in the time domain, allowing
for the analysis of the magnetic induction distribution
within the magnetic circuit and windings at various
operating times of the AT. Specifically, during the short-
circuit period, the currents, magnetic field, and
electromagnetic forces in the windings are examined at
the time when the short-circuit current reaches its
maximum value. Figure 20 illustrates the simulated
magnetic induction at t = 159ms during the short-circuit
condition.

At t = 159ms, which corresponds to the maximum
short-circuit current in phase B, the leakage magnetic
field within the winding intensifies to B = 2.6 T, while the
magnetic induction within the magnetic circuit decreases.
A significant portion of the distributed leakage magnetic
field is concentrated in the region between the HV and
LV windings. Figures 21 and 22 showcase the short-
circuit currents within the HV and LV windings,
respectively.

As depicted in Figure 21, at t = 159ms, the short-
circuit current in the HV winding of phase B reaches its
maximum value, with Ica_ max = 1109.4A. This value is 33
times greater than the rated phase current. Similarly,
Figure 22 demonstrates that at t = 159 ms, the short-
circuit current in the LV winding of phase B attains its
maximum value, with Ina max = 111076A. This value is

B[tesla]l

2. 6B266+008
. 2. 51516+088
2. 347 4e+0ma

2. 17966 +008
2.8121e+baeg
1. B4kl e+AAE
1. B767e+A06
1. 5091 &+006
1. 3414 e+A06
1.1737e+baeg
1. GRERE+0RE
§.3838e-bal
B.7070e-bal
5.A303e-0a1
3.3536e-AA1

1.6768s-001 | - ) } '
1.B546e-085 "" ' |
UI 400 800 (mm)
Figure 20. Magnetic induction at the time of t = 159ms
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Figure 22. Short-circuit currents in the LV winding

TABLE 4. Comparion of the currents and voltages between the
analytic method and FEM

. - Analytic Error
Condition Winding method FEM %
Ratedphase voltage HV 311127 31120 0.02
V) LV 326.6 310.7 49
Rated phase current HV 34.28 3322 31
(A LV 326599 3274.14 0.2
Short-circuit HV 1102.8 1109.4 0.6
impulse current (A) LV 111000 111076 0.1

34 times greater than the rated phase current. Table 4
presents a comparison of the currents and voltages in the
HV and LV windings obtained through both the analytic
method and the simulation method.

Based on the comparison results presented in Table 4,
there are differences between the values obtained using
the two methods. It should be noted that these disparities
arise because the insulation material and support
structure of the AT were disregarded in the model used
for this analysis.

4. 3. EMFs Acting on the HV and LV Windings
The FEM embeded in Ansys Maxwell tool is proposed to
analyze both the direction and magnitude of the magnetic
field vector surrounding the winding space, as well as the
maximum current density during short-circuit conditions.
This enables the determination of the distributions of
EMFs acting on the HV and LV windings.

At the cross-section of transformer in the Oxy plane,
the EMFs can be divided into two components, i.e., Fx =
By. J; and Fy= By. J..

The distributions of Fyx and Fy in the LV winding at
the time t = 159 ms are shown in Figure 23 and Figure
24.

As depicted in Figure 23, the Fxreaches its maximum
value at the midpoint of the winding, with Fymax Lv =
24.10x10"N/m? for the LV winding. Similarly, in Figure
24, the Fy attains its maximum values at the two ends of

the winding, with Fymax Lv = + 5.46x10’N/m? for the LV
winding.

Similarly, the distributions of Fx and Fy in the HV
winding at the time t = 159ms are pointed out in Figures
25 and 26.

In Figure 25, the Fx gets the maximum value at the
middle of the winding with Fymax nv = — 15.76x107N/m?,
whereas the Fy gets the maximum values at the two ends
of the winding Fymax Lv = * 3.39x10"N/m? in Figure 26.
The maximum values of Fxand Fy and in the HV and LV
windings between two methods are given in Table 5.

The maximum total Fy is concentrated at the center
between the outer boundary of the LV winding and the
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Figure 23. Distribution of Fx in the LV winding
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Figure 26. Distribution of the Fy in the LV winding

TABLE 5. Comparative results of the maximum values of Fx
and Fy between two different methods

s Frmaxx107 Analytic Error
Winding (N/m?) method FEM 3D (%)
FxLvmax 24.94 24.10 3.37
LV
I:yLVmax + 535 + 546 205
FxHVmax - 1544 - 1576 207
HV
FyHVmax + 331 + 339 241

inner boundary of the HV winding. This force exerts a
pulling effect on the winding. The maximum force, as
presented in Table 5, is Fxmax = 24.94x10°N/m?. If the
winding is considered as a solid object, the allowable
stress for copper is typically within the range of Gsafe stress
= (5+10)x10’N/m? (15). Consequently, when a short
circuit occurs with the maximum current, the maximum
stress on the winding exceeds the permissible limit.

5. CONCLUSIONS

In this study, a mathematical model based on Maxwell's
equations is introduced, enabling the derivation of
Laplace-Poisson's equation for the magnetic vector
potential formulation. Using this equation, the Fx and Fy
acting on the windings of the AT of 1600kVA - 22/0.4kV
have been successfully calculated. Additionally, the
FEM, employing Ansys Maxwell 3D software based on
Transient magnetic, is utilized to compute and simulate
magnetic flux density and forces under three operating
conditions: no-load, rated full-load. After that, it was
confirmed that the FEM 3D simulation model was
accurate, and researched the short circuit on the LV
winding to find maximum the short circuit current;
maximum radial and axial electromagnetic force. The
obtained values of currents and voltages during rated full-
load and short-circuit conditions are compared. The
comparison results show that the mathematical modeling
and 3D FEM completely coincide. This force may exceed
the allowable limit for the winding, thereby risking its

destruction, breakage, or displacement during a short
circuit. Use the 3D FEM model to research and calculate
and simulate the working modes of the transformer and
the short circuit and destructive fault modes that
experimental methods cannot do.

For future research, it is suggested to further employ
the FEM based on Ansys Maxwell 3D software to
investigate the distributions of EMFs at various positions
in the windings. The simulation of the AT to determine
the maximum force in the windings is crucial for the
design, manufacturing, testing, and operation of energy-
saving amorphous transformers.
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