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ABSTRACT

This paper presents an analytical model for computing and designing a three-phase Amorphous Core
Transformer (ACT) with a power rating of 3 kVA, 380/127 V. Based on the main parameters obtained
from the analytical model, a Finite Element Method (FEM) was developed to simulate the electromagnetic
parameters, such as electric currents, operating voltages, and losses. Finally, an ACT installation was
carried out with the steel material of code 2605SA1. The simulation results were compared with the
experimental measurements under no-load and full-load operating conditions. Furthermore, the no-load
loss of ACT was also compared to that of traditional transformers using silicon steel material. The
obtained results prove that the use of ACT can save energy in the fields of education, health services, and

industries.
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I.  INTRODUCTION

The Amorphous Core Transformer (ACT) was first
produced in the 1980s and was initially used as the steel core
for electrical devices operating at high frequencies in the KHz
range. However, later, it found applications as the steel core for
industrial-frequency  transformers. ACTs have special
microstructural and compositional characteristics that reduce
core losses: very low magnetic impedance (HC = 5-10 A/m
compared to ~50-100 A/m for silicon steel), thin thickness of
steel laminations (#d = 0.03mm compared to ~0.3-0.5 mm for
silicon steel), and very high resistivity ( p = 130-170 pQcm
compared to ~50-60 pQcm for silicon steel). These properties
significantly reduce core losses in amorphous steel compared to
best-quality silicon steel [1-2]. Currently, researchers and
transformer manufacturers have constantly explored new
materials, modified designs, and improved manufacturing
technologies to enhance structure, shape, technical
specifications economics, and reduce the no-load losses of
transformers, such as eddy currents and hysteresis effects in the
steel core [3]. The hysteresis loss depends on the material
quality, while the eddy current loss depends on the thickness of
the lamination stack. The no-load loss is a continuous loss
throughout the operation of the transformer. As a result, the no-
load loss constitutes a significant portion of the total losses in
the transformer. Manufacturers are always looking for ways to

minimize transformer losses while also improving operational
reliability [4]. Due to the unique core structure and rectangular
winding of an ACT, the distribution of the electric field and the
force acting on the winding will vary along the same coil. This
distinction becomes more prominent during short-circuit
events, which pose a significant danger to the winding [5]. The
electromagnetic force exerted on the transformer winding
arises from the interaction between the current and magnetic
field in the windings. When the transformer operates under
normal conditions, the influence of electromagnetic forces on
the smaller winding is relatively minor due to the small
magnetic field. However, during a short-circuit event, when the
current in the winding and the magnetic flux increase
significantly, a substantial electromagnetic force acts upon the
winding. Among all transformer faults, winding-related issues
account for 33% of the total, and these faults stem from short
circuits: between turns of the High Voltage (HV) winding or
Low Voltage (LV) winding, between different layers of
winding, between HV and LV windings, and between phases in
the same winding. These circumstances generate mechanical
forces that can bend or damage the transformer winding [6-8].

In [5], the 2D Finite Element Method (FEM) was used to
analyze and calculate the magnetic field of a 160 KVA ACT,
considering the model in a short-circuit mode with maximum
current. This study did not design an ACT model and did not
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consider the 3D model under various operating conditions,
such as no-load and rated load. In [9], the electromagnetic
transients of a 25 KVA 3-phase oil-filled distribution
transformer were analyzed using Ansys Maxwell simulation
software. The simulation results provided values for losses,
voltages, currents, and magnetic flux in the designed
transformer, while the input voltage results aligned with the
provided excitation values. Critical points on the core are
discernible from the distribution of magnetic flux. The
accuracy of the magnetic flux findings in this study was
affirmed by comparison with similar studies. In [10], FEM was
used to construct an analytical model for a 3-phase 50 MVA —
110/22 KV power transformer and to assess the impact of
short-circuit impedance on the cumulative electromagnetic
force effect. This study also involved subjecting the model to
short-circuit ~ current conditions to investigate the
electromagnetic forces exerted on the transformer windings. In
[11], a new model was developed to treat a 2D stress
distribution problem, determining the stress distribution in the
winding by solving the relevant equations. This study focused
on the LV winding of a 110 KV transformer, which consisted
of two continuously transposed conductors connected in
parallel within a single disk, resulting in a model comprising
two copper layers and one paper layer. Both the hoop stress and
the radial stress distributions were calculated, and the obtained
results were validated by FEM. Studies in [12-21] used FEM to
analyze and compute the distribution of magnetic fields,
impedance, and electromagnetic forces acting on the HV and
LV windings of transformers during short-circuit operation.
These studies provided formulas to calculate short-circuit
currents and transient electromagnetic forces. In general, these
studies provided results related to electrical losses, calculations,
designs, and simulations focusing primarily on 22/0.4 KV
distribution transformers. However, so far, there have been no
specific studies on the design, experimentation, and simulation
of lower-capacity ACTs with lower voltage levels.

This study used the analytic approach and FEM to calculate
and design an ACT with small power capacity, commonly used
as voltage stabilizers, power sources, or voltage converters in
residential settings, educational institutions, small industries,
industrial parks, and factories. The results obtained from the
simulation were compared with measured results to validate the
development of the proposed method. Based on the results
obtained, it is possible to provide technical recommendations
for the design, testing, and operation of ACTs.

II.  ANALYTIC THEORY

A. Calculation of the Magnetic Circuit

The practical test was a 3-phase 3 KVA ACT, with primary
and secondary voltages of 380/127 V, and a vector group of
Y/Y,. Figure 1 shows the structure of the ACT. The capacity
power (S,) for each core is defined as S; = S,..s/3. This power
depends on the material properties made of the iron core. Thus,
the approximate formulation to define the cross-sectional area
(T) of the iron core is [22-24]:

T =2x%xc %X d = 4200 mm? 60

where the magnetic flux density in the magnetic circuit is B; =
1, and ¢ and d are the thickness and depth of the steel core.

Fig. 1. Structure of ACT: d= 70 mm, ¢= 30 mm, A= 100 mm, w= 50 mm.

B. Computation of Windings

The turn numbers of the HV winding N; and LV winding
N, are defined through the turn number winding per volt n, as:
106 10°

= =11 2)

n, = = =
V' 4.44XBXTXf  4.44X1x4200X50

Equation (2) gives N; = 250 turns and N, = 83 turns. By
selecting the current density J = 5 A/mm’, the general winding
diameter is calculated as:

_ [T
d—Z\/:J 3)

From (3), the diameter d; and the cross-section s; of the HV
winding can be obtained as:

dy = 0.4/, = 0.4Y4.56 = 0.9 mm

2 2
S, = (%) T = (?) . = 0.5 mm’

Similarly, the diameter d, and the cross-section s, of the LV
winding can be obtained as: d, = 1.2 mm and s, = 1.1 mm”. The
layer number of electrical insulation m; of the HV winding is
defined as:

m=2=22_75 @)

ny 100
The width 4; of the HV winding is defined as:
Al = ml(dl + yl) = 3(0.8 + 2) = 8.4 mm (5)

where y; is the thickness of the electrical insulation of the
winding (y; = 2 mm), m; = 3 layers, and 4; = 10 mm instead of
4; = 8.4 mm given in (5). In the same way, the thickness of the
LV winding 4, is:

Az = mz(dz + ]/2) = 2(1.2 + 2) = 6.4 mm (6)
where y, is also the thickness of electrical insulation of the
winding (y,= 2 mm), m, = 3 layers, and 4, = 8§ mm instead of

4, = 6.4 mm given in (6). The width of the magnetic circuit
window can be computed as:

w = 260 + 2512 +53 +2A1 + ZAZ
=224+21+45+210+ 2.8=47 mm 7

In general, the width of the magnetic circuit window is
chosen bigger than 20-30% due to the winding layers being not
flat [24]. Thus, w = 50 mm. Finally, the cross-section area S, is
defined as:

S.=hxw =100 x 50 mm’ ®)
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Figure 2 shows all the design parameters. The basic
electrical parameters and the design dimensions of the 3-phase
3 KVA-380/127 V ACT are also listed in Table 1. Figure 3
illustrates the process of calculation, comparison, and
development of the comprehensive simulation model from the
initial design to the final results of this study.
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Fig. 2. Cross-section structure of the ACT.
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Fig. 3. Process of calculation of the ACT.
TABLE L. BASIC PARAMETERS OF THE ACT
No Parameter Value
1 Phase number 3
2 Frequency [Hz] 50
3 Rated power [kVA] 3
4 Wiring connection Y/Y
5 Voltage of HV/LV [V] 380/127
6 No. of turns of HV/LV windings 250/83
7 Phase current of HV/LV windings [A] 4.56/13.64
8 Winding diameter d,/d, [V] 0.8/1.2
9 Electric current density J [A/mm’] 5
10 Core thickness ¢ [mm] 30
11 ‘Width of core window w [mm] 50
12 Height of magnetic circuit window h [mm] 100

III.  FINITE ELEMENT APPROACH

The ANSYS Maxwell tool (V19.R1) was used to calculate
and simulate the electromagnetic parameters of the ACT [26].
Figure 4 shows the geometry of the 3 kVA-380/127V 3D-ACT.
The problem was solved with different scenarios, including no-
load, rated load, and short-circuit conditions.

; Somm
Fig. 4. Amorphous Transformer in Ansys Maxwell 3D

A. No-Load Operation

Figure 5 illustrates the distribution of magnetic flux density
in the magnetic circuit. It can be observed that most of the
magnetic flux was concentrated in the magnetic circuit without
in the air. The maximum value was 1.57 T. As a result, the
leakage magnetic flux on the HV and LV windings was very
small and nearly zero. Figures 6 and 7 show the waveforms of
the HV and LV windings, respectively.
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Fig. 5. Magnetic flux density distribution due to the 3-phase currents.
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Fig. 6. Waveform of the HV winding.

In Figure 6, the simulation results indicate an effective
phase voltage value of 218 V for the HV winding, compared to
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the calculated phase voltage value of 220 V. Similarly, in
Figure 7, the effective phase voltage value for LV was 72.4 V,
compared to the calculated phase voltage of 73 V. For the no-
load operation, the electric current in the LV winding was
equal to zero. However, the no-load current in the HV winding
was different from zero and is shown in Figure 8. It can be seen
that the no-load phase current of the HV winding was 0.036 A.
Figure 9 presents the joule losses for the no-load and full-load
operations. The steady-state no-load loss value reached 10.5 W.

LV winding Maxwell3DDesign1 &

150
Curve Info
—— InducedVoltage(Winding_LV_PA)
100 —&— InducedVoltage(Winding_LV_PB)
—©~ InducedVoltage(Winding_LV_PC)
50
=
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g o] .
o
>
.50
100 S
-150 T T T
0 20 40 _ 60 80 100
Time [ms]
Fig. 7. Waveform of the LV winding.
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Fig. 8. No-load current in the HV winding.
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Fig. 9. Joule losses for no-load and full-load operations.

B. Full-Load Operation

Figures 10 and 11 show the distribution of the currents in
the HV and LV windings, respectively.

Full Load of HV winding Maxwell3DDesign1 A

9 . e X Y Curve Info
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Fig. 10.  Rated currents in the HV winding.
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Fig. 11.  Rated currents in the LV winding.

Figure 10 shows that the simulated current in the HV
winding was 4.53 A compared to the analytic current of 4.56
A. In the same way, Figure 11 shows that the value of the rated
current in the LV winding was 13.51 A compared to the
analytic current of 13.64 A. The rated loss reached 58.2 W.

IV.  ACT MANUFACTURING AND ASSEMBLING

A. Manufacturing the Magnetic Circuit of ACT

A 3-phase 3 KVA 380/127 V ACT was assembled, as
shown in Figures 12 and 13. The turn numbers of the HV and
LV windings were W; = 250 and W, = 83 turns, respectively.

Fig. 12.

Magnetic circuit assembling.

B. Diagram of No-Load and Rated-Load Experiments

Figure 14 shows the diagram of the no-load and rated load
experiments [23-25]. First, the no-load operation was carried
out to measure the values of no-load current, voltage, and joule
loss.
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Fig. 13.  Completing the manufacture of ACT.

U/U, = 380V/ 121V

Fig. 14.  Diagram of no-load and rated load experiments.

Then, the rated load experiment was carried out to measure
the rated current and loss. Three 3kVA 380/127 V transformers
were used to experimentally measure their no-load current and
no-load loss: (1) SCT;: Silicon core Transformer 1, (2) SCT,:
Silicon Core Transformer 2, and (3) the designed ACT. A
comparison was carried out to determine the loss reduction
capacity of the ACT design, as shown in Table II. From the
results of Table II, it can be seen that the designed ACT had
losses reduced by 75% compared to the SCT.

TABLE II. COMPARISON OF NO-LOAD LOSS OF
TRANSFORMERS
SCT, SCT, Design
Parameter [25] [25] ACT
No load loss Py(W) 48 42 11
No load current /) (A) 0.26 0.20 0.045
Rated current of HV winding 46 46 456
Lrate_nv(A)
Rate no load iy% 5.4% 4.1% 1%

C. Experimental Results

After carrying out the no-load and rated-load experiments,
the results of currents, voltages, and joule losses were
measured as given in Table III. It can be seen that the simulated
values were smaller than the experimental values because the
simulation did not take into account the characteristics of eddy
currents, insulation materials, and the support structure of the
transformers. Specifically, these errors fluctuated within the
range of 2.2-5.9%. In particular, the error for the no-load
current value was 25%. This substantial error arises because the
no-load current value is very small and this error is influenced
by the measurement equipment.

TABLE III. COMPARISON OF THE SIMULATED AND
MEASURED RESULTS
N Simulated Measured Errors
o Parameter

results results (%)

1 No load current I, (A) 0.036 0.045 25
2 | Luenv(A) of HV winding 4.53 4.80 5.9
3 Lge-rv (A) of LV winding 13.51 14.2 5.1
4 Uy (V) of HV winding 218 225 3.2
5 Uy (V) of LV winding 724 74 2.2
6 No load loss Py (W) 10.5 11.0 4.7
7 Full load loss P, (W) 58.2 61.5 5.6

V. CONCLUSION

This study involved the calculation, design, and production
of a 3-phase 3 KVA 380/127V ACT. In addition to the
analytical method, FEM and an experimental method were
carried out under both no-load and rated-load conditions. The
simulated results for the rated voltage, current, and no-load and
rated-load losses were compared and evaluated against the
experimental data. The error assessment displayed an
oscillation range of 2.2-5.9%, indicating that the accuracy
between the two methods is nearly equivalent. This study also
successfully designed and manufactured a 3-phase 3 KVA,
380/127V ACT to experimentally prove the ability to reduce
the no-load losses of this design. This study opens up new
possibilities to design and manufacture energy-efficient
transformers, not only for high power but also for smaller
capacities and lower voltage levels. These results can serve as
experimental models and educational tools for universities and
research institutions.
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