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Abstract: - A comprehensive study on the amorphous alloy core transformer is presented in this paper, where a
single-phase 25kVA transformer with Fe-based amorphous alloy core is considered. The procedures about the
design and implementation of the amorphous core transformer are discussed in detail. According to the
measured results, the lowest core loss occurs with an annealing temperature 360°C under a dc magnetic field
density 800A/m. Besides, no load test, sudden short circuit test, and lightning impulse test are performed to
ensure the transformer performance. Finally, at the same specifications and rated power, experimental results are
presented for the amorphous alloy SA1 core transformer and traditional silicon steel core transformer. It can be
seen that the amorphous core transformer can provide better performance in the aspect of core loss and exciting

power.
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1 Introduction

In the last decade, due to the remarkable capability of
low loss, amorphous alloys have been utilized as core
materials in the aspects of energy saving and CO2
discharge reduction. As the amorphous cored
distribution transformers, the advantages are that low
magnetic hysteresis loss and low eddy current loss
associated with a small magnetic anisotropy and a
large resistivity. However, the disadvantages to be
known are lower saturation magnetic induction,
thermal instability, mechanical brittleness and low
stacking factor [1, 2]. Due to the progress of physical
and magnetic techniques, the soft ferromagnetic
materials have many excellent properties of high
saturation magnetic flux density, high permeability
and low losses [3, 4]. The Fe-based amorphous alloys,
nanocrystalline Fe-Si-B-Nb-Cu alloy and
NANOPERM (R) Fe-M-B (M=Zr, Hf, Nb) alloys
with higher saturated magnetic flux density are
suitable for low frequency application such as power
transformer and choke coils for active filters for
power supplies [5, 6]. However, the materials of the
Mn-Zn ferrite with low permeability are not suitable
for high frequency applications, such as thin film
inductors and transformers for micro switching
converter for electric equipment [7, 8]. Furthermore,
Co-based amorphous alloys and Fe-Ni alloy do have
the advantages of high permeability and low losses,
nevertheless, low saturated magnetic flux density is
the main drawback, and it is hard and expensive to be
acquired [9, 10].
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In [11, 12], it is concluded that Fe-based amorphous
alloys may have unique core magnetic permeability,
magnetic flux density and hysteresis loop along with
different compositions. Also, subject to different
composition elements, the magnetic properties of
alloys will be different as well, and the annealing
temperature control will result in their related
material losses. The amorphous alloy is a magnetic
material and the ribbon is usually with the thickness
0f 0.02~0.03 mm. In practice, amorphous metals are
metallic materials with a nanocrystalline liquid-like
molecular structure. These metals are formed in long
and thin strips by rapidly cooling molten metal to
prevent crystallization of the material during
solidification. Compared with silicon steel, the soft
ferromagnetic metals have lower losses and lower
CO2 discharge. However, because of its hardness and
thickness, the manufacturing surface of amorphous
alloy core exists uneven surface, thus the associated
stacking factor is only 0.85+ while the stacking factor
of silicon steel is 0.95+. Because of the stress resulted
from manufacturing process, annealing process is
required for the amorphous alloy core to improve the
magnetic characteristic. In [13], a 1kVA transformer
of amorphous alloy is manufactured. To process the
annealing temperature control, the annealing
temperature is set to be 380°C with an applied direct
current magnetic flux density 800A/m, so that the
best core crystallization point can be obtained.

The rest of this paper is organized as follows. In
section 2, the transformers design, manufacturing,
annealing and testing are discussed in detail. In
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section3, the measured results of best core annealing
temperature process, transformer loss, sudden short
circuit test and lightning impulse test are performed
to ensure the amorphous-core transformer
performance, compared with traditional silicon steel
(23ZDMH90) core transformers. The conclusion is
given in section 4.

2 Application of a

transformer

2.1 Winding design

During the process of transformer design and
manufacturing, winding and core design are two
indispensable factors to be investigated in advance.
Practically, for the design of winding, the winding
loss is determined by the rated currents, current
density, winding material, cross-section area and turn
ratio. This paper presents the design and
implementation of a single-phase Fe-based
amorphous alloy core transformer with capacity of
25kVA, primary/secondary voltage of
6.9kV/0.24-0.12kV, and 60 Hz. This paper presents
the design and implementation of a single-phase
Fe-based amorphous alloy core transformer with
capacity of 25kVA, primary/secondary voltage of
6.9kV/0.24-0.12kV, and 60 Hz. The cross-section
areas of the primary and secondary windings, wound
with copper wire and copper sheet windings
conductor, are Ap and As including insulation,
respectively, and the relative current density are Jp
and Js and winding conductor are Tp and Ts turns,
respectively. The specifications of winding are
summarized in Table 1.

In the design of transformer cores, some factors have
to be considered such as the cross-section area and
magnetic flux density of cores, the stacking factor,
and core windows, where the specifications of
amorphous alloy ribbon and core are shown in Fig. 1.
The thickness of amorphous alloy ribbon metal is
smaller than that of conventional silicon steel. In
general, the thickness of a piece of silicon steel is
about 0.3 mm or higher, however, it is only
approximately 0.025 mm (I1mils) for the amorphous
alloy ribbons. For the sake of lower thickness and
higher hardness, the surface of amorphous alloy core
will be more likely uneven compared with silicon
steel core. The effect of stacking factor, about 0.85+
for amorphous alloy core and 0.95+ for silicon steel
core, should be considered in the later. In Fig 1(b),
the core dimension of length and width are A and B,
in which C is the stacking width, D is the ribbon
width, and the radius of circular factor is R,
respectively.

single-phase
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Fig. 1. The sketch of the transformer design (a)
Ribbon, (b) Core, (c) Winding distribution.

The core cross-section area of core is calculated as
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where f is the power frequency, Bm is magnetic flux

density in tesla, 9 is core stacking factor, the V/N is
volts per turn ratio, respectively.

The Fig. 1(a) is show winding distribution diagram.
The voltage per turn of the winding is calculated as
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Where S is the number of phase, al is rolling
thickness of primary winding, o2 is rolling thickness
of secondary voltage, a3 is insulation space between
primary and secondary winding, Lml is average
length of inside winding, Lm2 is average length of
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outside winding, f is operation frequency, W1 is
winding high, respectively.

2.2 Core Loss

The core loss Pc is calculated as

P

Wi

P. = Praie XGe x D.F. (3)

where Pwatt/kg is the watt per unit ribbon, depending
on the core operation frequency, and Gei is the core
weight. It is noted that the core loss will be slightly
higher than its rated value of ribbon because of the
process of cutting and crimping. In this paper,
particularly, D.F is defined as the core destroy factor,
1.1~1.3. The weight of core is calculated as
G, =CxDxl, xpx&x107° 4)

where is li is the circumference along uneven surface,
0 is the gravity of core material, 7.2 g/cm3 of
amorphous alloy and 7.65 g/cm3 of silicon steel.

Fig. 2.  Overview of 25
transformer.

kVA single phase

3 Fabrication and Testing

3.1 Core Loss and Magnetic Characteristics
The annealing temperature control is crucial for
the manufacturing of amorphous materials. If the
annealing temperature is too high, it will cause
localized partial crystallization, and the resulting
magnetic crystalline anisotropy will tend to
increase the core loss. Otherwise, if the anneal
temperature is too low; the residual stress is not
adequately relieved. From experimentation
results, for the amorphous alloy SA1 ribbon, the
annealing temperature is set at 360°C for one
hour in nitrogen atmosphere. During the
annealing process, a DC current driven magnetic
field is applied to further improve the magnetic
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properties. In this paper, the magnetic field
density 800 A/m is utilized to reduce the core
loss.

In Fig. 4, according to experimentation results, it
can be found that to obtain the lowest core loss
the annealing temperature is of 360+10°C for the
amorphous alloy SA1 core. The measured core
loss and exciting power related to magnetic
induction are shown in Fig. 5 and Fig. 6, it can be
seen that the core loss of SA1 core transformer is
less than the value of silicon steel transformer
with each designated magnetic flux density Bm.
In Fig. 6, the saturated flux density of SAl
transformer is about 1.56 (T), while the saturated

flux density of silicon steel transformer is about
2.0 (7).

Table 1 Design parameters of transformer
Description P: primary, S:

secondary
Specification Unit
Amorphous Silicon Steel
Alloy(SAl) (23ZDMH90)
Capacity 25 25 kVA
Voltage, V,/V 6900/240 6900/240 \Y%
Current, I,/I 3.623/104.2 3.623/104.2 A
Winding
Conductor cross 2.0X2.0/0.4 1.7X1.7/0.4 mm
section area, A,/Aq X230 X175 :
Current density, A/
1.26/1.13 1.59/1.49 )
I/ mm
Total turn number, Tur
1800/60 1260/42
T,/ T n
Impedance voltage
2.14 2.29 %
percentage, %lZ
Winding 9.247/8.68 X1  8.232/724X 1 Q
resistance, Ry/R 0? 0’
Winging loss, Py, 240 224 w
Core
Core height, A 260 205 mm
Core width, B 120 69 mm
Staking width, C 80 41 mm
Ribbon width, D 170 180 mm
Radius circular
6.4 4.8
Factor, R
Magnetic flux
1.3164 1.5378 T
density, B,
Core loss, P, 26 64 W
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It is notice that the exciting power of SAl
transformer is less than that of silicon steel
transformer with magnetic flux density By, less
than 1.33 (T). To achieve better efficiency by
using the fabricated SA1 amorphous alloy core
transformer, it is suggested to follow the
observation that the magnetic flux density is less
than 1.33 (T).

3.2 Sudden short circuit test

The sudden short-circuit tests, shown in Fig. 7, are
proceeded with the secondary side shorted, in which
the primary exciting current is 40 times of its rated
value for at least 780 ms. It can be seen that, the
desired IEEE standard is satisfied, and there is no
demolishment occurrence in mechanical
phenomenon after retesting.

3.3 Lightning impulse test

Before performing the lightning impulse test, it is
required with the secondary side shorted and core
grounded. According to the IEEE specifications, the
input test waves include full-wave voltage -95kV,
reduced full-wave voltage, and chopped-wave
voltage -110kV, where the impulse waveform is 1.2x
50 1 s. Especially, the test time of the chopped-wave
case should be more than 1.8 ¢ s. The complete
lightning impulse test consists of three steps, reduced
full-wave impulse test one time, chopped-wave
impulse test twice, and full-wave impulse test one
time. Experimental results are shown in Fig. 8, where
(a)—~(d) are for amorphous alloy core and (e)—(h) are
for silicon steel core, respectively. Obviously, form
Fig. 8, there is no breakdown occurrence caused by
impulse waves test, and the IEEE standard is satisfied
as well.

4 Conclusion

This paper presents the design and implementation of
a single-phase Fe-based SA1 amorphous alloy core
transformer  with  capacity of 25 kVA,
primary/secondary voltage of 6.9kV/0.24-0.12kV,
and 60 Hz. The annealing temperature is set to be 360
°C applied with a DC current 800 A/m magnetic field
so that the lowest core loss of best crystallization can
be obtained. Following the IEEE standards, no load
test, sudden short circuit test, and lightning impulse
test are performed to ensure the transformer
performance. Experimental results illustrate that all
the required specifications are satisfied. Also,
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compared with silicon steel transformer, the
constructed amorphous alloy core transformer has
lower core loss and better stability performance.

o

—&~ Before Annealing

—4— SAI annealed at 330°C
0B H —& SA1 annealed at 360°C
—5— SAT annealed at 380°C

0s5r

0.4r

03r

Core Logs (W)

02r

01r

02 D‘A DIE DIB 1I 1‘2 1‘4 1‘8 18
Induction (T)

Fig.4. The measured core losses of SAIl core

transformer with respect to different annealing

temperatures
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Fig.5. The measured core losses of SAIl core

transformer and silicon steel transformer.
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Fig.6. The measured exciting power responses of
SA1 core transformer and silicon steel transformer.
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