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Abstract: - In this paper, the design and implementation considerations of a large-capacity three-phase power
transformer operating at 7.5MVA are investigated. Both of the silicon steel core and amorphous core are
considered. Based on the measured magnetic properties, it is obtained that the lowest core loss occurs under the
circumstance annealed at 360 °C . Some practical considerations about the transformer design and core
manufacturing are explained in detail. Experimental results illustrate that the amorphous-cored transformer has
lower core loss than the counterpart of conventional silicon steel core transformer.

Key-Words: - Power transformer, amorphous core, core loss, core stacking.

1 Introduction

Power and distribution transformers are widely used
in the world. Due to the reason of energy shortage,
the total energy loss has been a typical research
subject for the electrical power equipments such as
motors and transformers [1]. In general, the energy
loss of motors and transformers is almost equal to
amount that a large-capacity power station provides.
Basically, the major part of the energy loss is caused
by the excitation of magnetic core. Hence, to improve
the efficiency, materials with lower core loss are
intended to be used. It was known that amorphous
cores offer the potential of significantly reducing
core losses of motors and transformers by more than
70% [2]. Also, during the process of electricity
conversion, the core loss and CO, gas discharge of
amorphous-cored transformers are relatively less.

In earlier age, when amorphous alloys were first
fabricated by liquid quenching from the metal,
practical applications were not considered seriously
[3]. The first indication for possible use of this typical
of materials was given by a successful quenching of
an inexpensive Fe-P-C alloy, which was strongly
ferromagnetic at room temperature. This alloy was
somewhat brittle and therefore was not suited for
practical use. This drawback was mitigated by adding
composition material such as Si, Ge, Al, etc. to the
Fe-P-C alloy, which in turn made the quenched
alloys more stable.

The earlier equipment could make the material in a
ribbon of up to only 2-3mm in width, again limiting
its use. In last decade, wider ribbon 213mm with
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improved quality became available, which opened up
possibilities of various applications in efficient
energy-conversion  devices including  utility
transformers. The utility transformers were operated
at 1.7~1.9 (T) flux levels, which had to be reduced to
make them more efficient. Fe-based amorphous
metals have saturation inductions near 1.6 (T), which
came closer to the decreasing operating flux
induction of conventional silicon steel core
transformers.

Although the energy crisis concepts have been
appeared, energy demand and cost are increasing and
will increase in future. In this viewpoint of energy
saving, decreasing energy losses in the power
transformer is a very important issue. In light of these
emerging  problems, amorphous metal-based
transformers are playing a vital role in mitigating
them. There are several amorphous alloys in market
and among them the Fe-B-Si alloys have exhibited
better performance in transformers core [4-6]. In fact,
this amorphous alloy shows a remarkable advantage
over conventional silicon steel in core loss and
exciting power. Therefore, this paper intends to
address the main aspects related to the design and
implementation of a 7.5MVA, 228 kV/11.4 kV, 60
Hz amorphous-cored power transformer, built with a
three-phase three-leg type configuration.
Experimental tests are presented to compare the
magnetic loss property with conventional steel cores.

The rest of this paper is organized as follows. In
Section 2, some characteristics of ferromagnetic
materials and the key aspects of transformer design
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are discussed. The ideas of core stacking are
introduced in Section 3. The manufacturing of
amorphous core and silicon steel core are addressed
in Section 4. In Section 5, measurement results are

provided for performance validation and comparision.

The conclusion is given in Section 6.

2 Considerations of design

2.1 Magnetic properties of Fe-based amorphous
materials

In this paper, the Fe-B-Si amorphous alloy SAL is
considered for the design of power transformer core.
The magnetic properties of the ferromagnetic core
materials, compared to the grain-oriented silicon
steel, will be exploited by the B-H curves shown in
Fig. 1. From Fig. 1, it can be seen that the saturation
flux density of the grain-oriented silicon steel is
about 2.0 (T). However, annealed at 360°C witha DC
magnetic field density 800A/m, the saturation flux
density for the amorphous alloys is only 1.56 (T).
Since the amorphous core has lower operational
induction, the reduction of core loss is of concern. In
practice, the operational magnetic induction is set
about 1.35 (T). Thus the magnetic improvement of
lower core loss and lower exciting power can be
obtained.
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Fig. 1. The measured B-H curves.

2.2 Transformer design parameters

Magnetic induction and the impedance voltage
ratio are essential to be determined for the design of
transformers. These parameters are determined from
estimates of suitable values for the magnetic flux
density B,, the full load of winding current for
transformer. That depend on the way of transformers
will be used, the next determine parameter are
winding space factor and the stacking factor,
respectively.

Besides, the primary and secondary windings
parameter must be considered the window area. The
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winding space factor is defined by the ratio between
the total conductor cross-section area and the window
area. The full-load of winding current density is
limited by conductor resistance loss and heat
dissipation. The core stacking factor is defined by the
ratio between the ferromagnetic = material
cross-section area and the total core cross-section
area.

The thickness of a sheet of grain oriented silicon is
normally higher than 0.9mm. The thickness of
amorphous alloy ribbon is much smaller that causes
possible uneven surfaces and the associated stacking
factor is less than the counterpart of silicon steel
(about 80% to 95%). In this paper, the addressed
amorphous alloy SAL is a product of the Hitachi
Corporation, Japan. The geometric dimensions of the
amorphous alloy core are shown in Fig. 2 (a), (b).
The cross-section area of core is calculated as

4
-7 (1)
444xB xfx6 N

where fis the power frequency, Bm is magnetic flux
density in tesla, & is core stacking factor, the V/N is
volts per turn ratio, respectively. Fig. 2(c) illustrates
the winding distribution. The voltage per turn of the
winding is calculated as
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where Eyva is the capacity of transformer, S is the
number of phase, a; is the rolling thickness of
primary winding, a, is the rolling thickness of
secondary voltage, a; is the insulation space between
primary and secondary windings, Lm; is the average
length of inside winding, Lm;, is the average length of
outside winding, wl/ is the height of winding. In
practice, the height of primary winding and
secondary winding are the same. Let %IR be denoted
as resistance voltage percentage

%IR = L ©)

kvA

%100
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where the P, is the winding loss. The impedance
voltage percentage is define as following

(4)

%1Z =/(%IX)? + (%IR)>?

Fig. 2. The geometric dimension of transformer
design: (a) amorphous core, (b) silicon steel, (c)
transformer winding.

3 Core stacking

3.1 Amorphous core

An amorphous ferromagnetic magnetic strip material
provides improved magnetic and electrical
characteristics resulting from inherently lower
magnetic losses. These improved characteristics are
the result in part of the slice and higher electrical
resistivity of the material. Accordingly, amorphous
material transformer cores can be improved magnetic
loss characteristics over comparable transformer
cores fabricated, for example, including improved
core stacking method. Such improved magnetic loss
results in changed transformer operating efficiency, it
must satisfied that offer corresponding improvement
in the operating efficiency of the energy conversion
system in which it is electromagnetic property were
obtained. Amorphous ferromagnetic material, it is
usefully in the aforementioned electrical equipment
application. And it was typically manufacturing in
continuous strips or ribbons of about 0.025mm
thickness. Such amorphous strips or ribbons have
relatively high tensile strengths, but also have
relatively poor ductility.
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Core Type Do Not Change

K1 0.0051
A length mm 2000 K2 393.7
B length mm 800 K3 0.0005
C length mm 250
Ribbon Width (D) mm 174 Cut per group 3
Stack Factor % 85% No. of Group 300
Core Weight kg 41 Core Net Area 369.8
Ribbon denier g/m/inch 4.3 sqg.cm
Group correction group 0
Lap correction mm 0 Group per Set 7

No. of Set 43
Corner Radius mm 6.4 Group in last set 6
Ribbon/cut ribbon 10
Ribbon/group ribbon 30
SiFe thickness mm 0.33
Overlap mm 18
Lap Type FIV F
Cut length increment mm 16
Group length increment mm 5.20
Start length mm 5608
End length mm 7166
Outer SiFe sheet mm 7349
Short inner SiFe sheet mm 880
Long inner SiFe sheet mm 4775
Group index spacing mm 18
Set index spacing mm 18.2
(b)
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Fig. 3. The manufacturing of amorphous alloy core:
(a) core joint, (c) core dimension specification, (c)
ribbon cutting table (mm).

Especially, after being subjected to a controlled
annealing process of a stress-relieving condition.
Consequently, the furnace annealing with an
amorphous ferromagnetic material is easily occurred
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fracturing condition. Therefore, great care must be
taken in the handling of the core of an electrical
transformer fabricated of an amorphous material in
order to minimize undesired fracturing of the
amorphous material laminations of the core.

During the operations of core fabrication, annealing,
forming of the core through a coil to form a core and
coil assembly, and final transformer assembly, in
general, during the post anneal operations of core
joint opening, core forming and joint closing the
amorphous ferromagnetic material is especially
susceptible to fracturing and chipping. In Figure 3 is
show the amorphous alloy core joint form and ribbon
cutting table, respectively.

3.2 Silicon steel core

This paper presentation relates to electrical core
structure approach, including conventional butt-lap
joint structure and step-lap joint structures to improve
electrical magnetic characteristics. Therefore, the
stacked method of cores for large electrical power
transformer of the core-form type conventionally use
the butt-lap of core joint have been proposed in
several years ago. In the butt-lap joint the ends of the
leg and yoke laminations are mitered and butted
together. The diagonal joints of the core are
performed between each layer of laminations. While
the butt-lap construction can form a good magnetic
property, however, it has existed disadvantages. One
is the manufacturing procedure will take many time
with which laminations must be stacked in order to
optimize magnetic performance. Another
disadvantage is the amount of magnetic loss at the
joints, which increases the excitation current and
sound level required, respectively.

This step-lap joint of core has been used widely in
last decade [9], in order to reduce core losses, it
reduces the excitation current requirements, and it
also reduces the sound level, compared with a
similarly rated transformer constructed with a
butt-lap joint. In Fig. 4 is shown the core form of the
silicon steel material, in Fig. 4(a) is three-leg core
joint form with diagonal and V-shape, in Fig. 4(b) is
show core lamination specification, in Fig. 4(c) is
cross section area form of the silicon steel core with
circular type, respectively. In a step-lap joint
manufacturing process, the joints created by the
butting laminations of each layer are successively
improving each layer joint structure. Each layers in
the same direction to create at least three steps, and
preferably at least six or seven, before the step pattern
is repeated.
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Fig. 4 The core joint of silicon steel: (a) three-leg
core form with diagonal and V-shape, (b) table of
core joint (c) cross section area of core parameter
example.

In the step-lap joint, magnetic flux is only passing a
fraction of that in the laminations leading to the joint
air-gaps. In another word, the magnetic flux will be
spread out where it crosses the lap portion of the
air-gaps adjacent area. However, the way of a
butt-lap joint in series manufacturing, it has about
twice as much induction at the joint as in the
laminations leading to the joint. It is point out the
magnetic flux more crowds due to adjacent of air
gaps is short distance of them, and much less than
each layer per step. Thus, magnetic reluctance of the
step-lap joint is much lower than that of the butt-lap
joint; the core losses and no-load excitation current
are lower than that for a conventional butt-lap core.
The result is achievement of a given performance
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level with greater efficiency and smaller unit size.
Thus, it would be desirable to provide a new and
improved step-lap core, and new and improved
methods of constructing electrical inductive
apparatus which utilize a step-lap core, to facilitate
the manufacture thereof such that the disadvantage of
the step-lap core are achieve by higher assembly
costs.

4 Transformer assembling

4.1 Amorphous core assembling

Transformers of amorphous cores, used in
distribution and power applications, are typically of
the wound-core type. Wound core transformers are
generally utilized in high volume applications, such
as power transformers, since the wound core design
is conducive to automated, mass production
manufacturing techniques. Electrical equipments
have been developed to wind a ferromagnetic core
strip around and through the windows of a preformed,
multiple turns coil to produce a core and coil
assembly.  However, the most common
manufacturing procedure involves winding or
stacking the core independently of the preformed
coils with which the core will ultimately be linked.
The latter arrangement requires that the core is
formed with one or more joints for wound core and
multiple joints for stacking core. Core laminations
are separated at those joints to open the core, thereby
permitting its insertion into the coil windows. It is
well known that amorphous alloy cores are closed to
toroidal joint form.

This procedure is commonly referred to as forming
the core combined with coil. A typical process for the
manufacturing of a wound amorphous core includes
the following steps: ribbon inspection, slice cutting,
lamination stacking, core forming and annealing. A
finished core has a rectangular shape with the joint
window in end of yoke. The core legs are rigid and
the joint can be opened for coil insertion. However,
the thickness of an amorphous lamination is only
about 0.025mm that causes the core manufacturing to
be relatively complicated. In quality of the process
used to form the core from its annulus shape into
rectangular shape is greatly dependent on the
amorphous metal lamination stack factor, since the
joint overlaps need to match properly from one end of
the lamination stack factor, since the joint overlaps
need to match properly from one end of the
lamination to the other end in the stair-step fashion. If
the core forming process is not carried out properly,
the core can be over-stressed in the core leg and
corner sections during the strip wrapping and core
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forming processes which will negatively affect the
core loss and exciting power properties of the
finished core. Core-coil configurations
conventionally used in three phase amorphous metal
transformers are; core type, comprising three limbs,
and three coils; generally use core-coil
configurations of three cores type, in Fig. 5.

(b)

Fig. 5. The configurations of amorphous core
transformer: (a) three-leg core, (b) assembled core
and winding.

4.2 Silicon steel core assembling

The joint structure of the silicon steel is used step-lap
method. Both of core corners and V shape of the
joints between the leg and yoke will be incrementally
form each layer to arrange stepped pattern. The joints
between the leg of two sides and the upper and lower
yoke joint are mitered, preferably at an angle of 45
degree with respect to the side edges of the
laminations, with the miter joint in each layer of
laminations being offset from layer to layer to create
the desired step-lap pattern. The joints between the
middle leg and upper and lower yoke joint structures
are also step-lap joints, with the end of the
laminations of the middle leg structures being
combined with V-shaped. The yoke laminations have
V-shaped notches dimensioned to complement the
V-shaped end of the middle leg lamination of its layer,
to provide low loss diagonal joints. The step-lap
pattern steps incrementally in one direction for a
predetermined number of steps and then returns to
the starting point to repeat the same pattern. Beside, it
is called a group in which a complete basic step-lap
pattern can be obtained. A plurality of groups being
superposed until the desired build step form core
dimension is achieved.

To qualify as a step-lap pattern, the core joint form
must have at least three steps, but better results from
the typically performance of magnetic loss, exciting
power and noise obtained when using more than
three steps. Six or seven steps have been found to be
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excellent, and the magnetic core will be descried as
having six steps, for purposes of example. Core-coil
configurations conventionally used in three phase
silicon steel core transformers are; core type,
comprising three limbs, and three coils; generally use
core-coil configurations of three cores type, in Fig. 6.

Fig. 6. The configurations of silicon steel transformer:

(a) three-leg core, (b) assembled core and winding.

5 Experimental results

The designed 7.5 MVA power transformer is
implemented with amorphous alloy core and silicon
steel core, respectively. The design factors and
measured performance are summarized in Table. 1.
First, since the design specifications are quite similar,
the winding losses are almost the same. Particularly,
it is noted that the core loss of SA1 alloy core is about
30% less than the amount of M5 silicon steel core.
Thus, as for the energy saving, the amorphous
materials are more appropriate for the core usage. In
summary, the total loss, including the core loss and
winding loss, of the amorphous-cored transformer is
relatively less than the counterpart of silicon steel
transformer. From Table 1, it can be concluded that
the proposed amorphous core can provide better
performance of lower core loss, lower excitation
current and higher operation efficiency than the
conventional silicon steel core.

6 Conclusion

In this paper, some key aspects in the design and
implementation of an amorphous-cored power
transformer with capacity 7.5MVA are investigated.
Both of amorphous core and silicon steel core with
step-lap manufacturing were introduced in detail.
Based on the measured magnetic properties, it is
obtained that the lowest core loss occurs annealed at
360°C. Compared to conventional silicon steel core,
measurement results illustrate that the amorphous
core transformer has significant improvement in core
loss reduction.
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Table 1. The transformer testing results.

Amorphous  Silicon steel
Category alloy (SA1) (M5)
Capacity (MVA) 75 75
Phase 3 3
Frequency (Hz) 60 60
Winding
Primary/Secondary 22.8/11.4 22.8/11.4
(kV)
Voltage/Turn 33.35 33.35
Exciting current (%) 0.07 0.24
Impendence voltage 8.44 6.46
(%)
Winding loss (W) 50000 49533
Core
Limb type 3 3
Space factor (%) 0.85 0.95
Lamination 25stepx10slice 6stepx2slice
Thickness of 0.025 0.3
laminations (mm)
Gravity ratio (g/cm?)  7.19 7.48
Flux induction (T) 1.27 1.73
Core loss (W) 2080 6210
Total loss (W) 52080 55743
Efficiency (%) 99.31 99.08
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