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PERFORMANCE EVALUATION OF AMORPHOUS HEXA-CORE FOR DISTRIBUTION TRANSFORMERS

JOSEFIN ALMEN & MANS BREITHOLTZ

Department of Materials and Manufacturing Technology
Division of High Voltage Engineering
Chalmers University of Technology

ABSTRACT

Core losses and magnetization characteristics measured for two 15 kVA transformers
with the hexa-cores made of amorphous alloy 2605HB1M from Metglas and 0.18 mm
thick grain oriented silicone steel from Krupp are studied. The results of the no-load,
short circuit and magnetization tests performed in the frequency range 50 — 400 Hz
are presented. The results of the measurements show that the amorphous core
provided significantly lower losses than the grain oriented one. However, it has a
lower saturation point. General observations made during testing are also discussed.

Key words: Hexa-core, power loss, no-load test, amorphous material, grain oriented
material



UTVARDERING AV AMORF- OCH MAGNETISK ORIENTERAD HEXA-CORE FOR
TRANSFORMATORER

JOSEFIN ALMEN & MANS BREITHOLTZ

Institutionen for Material och Tillverkningsteknik

Avdelningen for Hogspanningsteknik

Chalmers tekniska hogskola

SAMMANFATTNING

Jarnforluster och magnetiseringskarakteristik som uppmaitts for tva 15 kVA
transformatorer med hexa-core kdrnor gjorda av en amorf legering 260SHBIM fran
Metglas och ett 0,18 mm tjockt magnetiskt orienterat stal fran Krupp har studerats.
Resultaten av tomgéangs-, kortslutnings- och magnetiseringstestet utforda i
frekvensomréadet 50-400 Hz presenteras. Mitningarnas resultat visar att den amorfa
kdrnan gav upphov till betydligt ldgre forluster dn kdrnan av magnetiskt stal. Dock sa
har den amorfa kdrnan en ldgre satureringspunkt. Allmdnna observationer gjorda
under testernas ging diskuteras ocksa.

Nyckelord:  Hexa-core, effektforluster, tomgangstest, amorft material, magnetiskt
orienterat stal
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1 Introduction and Background

Transformers are an important part of the electrical grid and they often represent a
large investment for power companies. To be economically efficient, transformers
should be designed to provide as low power loss as possible. This is especially true
for the distribution level where they operate in stand-by mode during significant time
and losses in the magnetic core represent an essential part of the total loss.
Traditionally, conventional E-shaped cores are used for these transformers. Over the
past decades however, a new type of cores from the company Hexaformer AB has
entered the market. Such cores have hexagon shaped legs and provide symmetrical
magnetic flux paths and have proven to show several advantages over traditional ones,
such as lower losses, lower noise, smaller volume etc. [1]. These features make hexa-
transformers attractive as components of power electronic devices e.g. DC-DC
converters. Aiming at further improving of the hexa-core design and exploring new
applications for the hexa-core technology, prototype cores made from newly
developed amorphous magnetic material 2605SHBIM from Metglas and new thin
(0.18 mm) grain oriented steel from Krupp have been developed by Hexaformer AB
and have been transferred to the High Voltage Engineering group at Chalmers for
testing. The purpose of this study is to evaluate the performance of the transformers
built with such cores focusing on behaviour of core loss at frequencies in the range
from 50 Hz and up to 400 Hz.






2 What is a transformer?

The transformer is a crucial component in the electrical system. Its main task is to
transform voltage from one level to the other and to do this with low losses. On its
way from generation sites to consumers, the voltage is transformed up or down
several times. Particularly when power is to be transported over long distances, it is
most advantageous to use a high voltage level. When the generated power reaches its
destination, it is transformed down again for distribution to the customers. The
transformer can also be viewed as a device to connect circuits without them having
any galvanic contact [2].

2.1  Working principle

The function of a transformer is based on the principles of magnetic induction stating
that if a changing current flows through a coil, a magnetic flux is induced. Since the
flux travels poorly through air, a magnetic core can be used to lead the flux. Thus,
when a voltage ul (Figure 2.1) is applied to the primary winding with N1 turns wound
around an iron core, the current in the winding will create a magnetic flux in the core.
This flux will in turn travel through the iron and reach the secondary winding.
According to the law of induction, this winding will try to oppose the change in the
flux by inducing a voltage u2. The voltage u2 will have the same shape as ul, but it
will be either higher or lower depending of the ration of the numbers of turns in the
windings. If we consider the transformer to be ideal (e.g. lossless), the power input at
the primary winding is equal to the output power at the secondary [2].

2.2 Losses in a transformer

For a real transformer, the power losses have to be considered. It cannot be viewed as
ideal, which means that one should take into account the reluctance in the iron core
and the resistances of the windings. These parameters give rise to losses which
consists of loss due to the leakage flux, iron losses and losses in the windings. The
aim of any transformer design is to keep these losses as low as possible.

In Figure 2.2 below, the losses are represented in an equivalent circuit of a
transformer. In the diagram, the R; and R; represent the resistances of the windings
which cause voltage drops. In ideal calculations these resistances are neglected. In an
ideal core, it is assumed that the current needed to create the flux is zero. However
when the reluctance is considered, there must be a small current in order to induce the

I_. Flux
il i2

ul N1 N2

Figure 2.1 A schematic picture of a transformer.
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Figure 2.2 A full equivalent circuit of a transformer.

flux. The magnetization circuit is depicted as the magnetizing inductance X, and the
resistance Ry representing losses in the iron core due to circular (eddy) currents. The
terms jXI1 and jXI2 indicate the part of the flux that leaks out of the core and,
therefore, will not reach the secondary winding. The winding resistance and the
leakage inductance of both sides are often combined and placed together on either
transformer side as Ry and jXk.

In a transformer, the no-load loss (aslo called core loss) represents a large part of the
total losses over the transformers life time. It is, therefore, important to perfect the
core both regarding the shape and material in order to minimize them [2].

2.3  The Hexa-core

The fact that the conventional E-core is not optimal from the point of view of power
loss has been known since the end of the nineteenth century. A symmetrical flux path
where all the phase winding would lie within equal distance from each other (Figure)
was found to be a superior way to build a core. But even though this was known and a
symmetrical core was even developed [1], it was far too costly and complicated to
manufacture. Since then, the E-shape has been considered as a good enough solution.

The hexa-core goes back to the original idea about a symmetrical structure.
Nowadays, new technology allows the manufacturer to wind long metal ribbons in a
specific way to create a triangle like placing of the transformer legs (see Figure 2.3).
The legs themselves obtain a hexagon cross section and, inherently, such a core is
called hexa-core. This type of cores have proven to have several advantages such as
lower losses, less vibrations, less noise, being smaller in size and weight and having a
more robust construction [1]. Also, manufacturing process can be atomized in a large
extent.

Figure 2.3 A hexa-core.



3 Materials for transformer cores
3.1 Grain oriented steel

Grain oriented (silicone) steel is also known as electrical steel. This material is
commonly used for manufacturing transformer cores and also for rotors and stators of
electrical motors. Grain oriented steel is made to meet specific magnetic requirements,
such as high permeability and low core losses. The steel usually contains up to 3% of
silicone, which provides higher electric resistivity for the material. This in turn
hinders the eddy currents in the core [4]. The magnetic components are usually
assembled from sheets of the steel with the thickness of 0.23 mm.

3.2  Amorphous materials

Amorphous magnetic materials are non-crystalline and do not have magnetic
domains. They are made by rapidly cooling the melted metal, thus making it solidify
in an irregular pattern (Figure 3.1). This fast cooling is achieved by pouring the metal
on a spinning wheel which creates cascades of thin (tens of micrometres) ribbons of
metal. The metal solidifies so quickly that it does not have time to form a crystalline
structure. These ribbons are then wound into a transformer core. Advantages of this
material as a core material include low coercivity, which means lower hysteresis
losses, and high electrical resistance, which reduces eddy currents in the core.
However, this material is also somewhat brittle and expensive to manufacture [3].

Figure 3.1  Production process of amorphous metals [5].






4 Test setups and procedure
4.1  The test transformers

The transformers are shown in Figure 4.3 and their characteristics are presented in
Table 4.1. Note that the transformer with the grain oriented core has a copper band for
grounding while the amorphous transformer does not. Both transformers were
designed to operate at a magnetic flux density of 1T.

The testing of the transformers involved a three phase short circuit test, a three phase
no load test and a magnetization test, which is a no load test on a single phase only.
The tests are all meant to be performed at different voltage/current and frequency
levels up to their nominal values. Because of this, a grid connected power source
could not be used. Instead, a setup of generators were used which could provide
different frequency ranges, see Figure 4.1. The basic procedure for all the three tests is
illustrated in Figure 4.2.

Figure 4.3  The amorphous (left) and grain oriented (right) hexa-core transformers
Table 4.1 Properties the test transformers.
Amorphous Grain oriented

Weight 55 kg 49 kg

Coupling Dy Dyn

Operating frequency 400 Hz 400 Hz

Rated Power 15 kVA 15 kVA

Voltage level 400V 400V

Current level 21,7 A 21,7 A

Number of turns Y 33 33

Number of turns D 57 57

Core material Metglas 2605HB1M | Silicone steel, 0.18mm

Core leg cross section 3991 mm?2 3991 mm?2

Core length (one loop) 1,4m 1,2m

Winding material Copper Copper




Figure4.1 A photo of the generators used

Power source Transformer setup Power analyzer Data analysis

Figure 4.2  Schematics of the test setup.

\ 4

4.2 Instruments and software

In the experiments, a Norma 3-phase power analyser D6100 has been used to measure
the voltage, the current and the phase angle, see Figure 4.5. A LabView program was
designed to automatically obtain the results of the measurements, to sort them and to
store in a text file. A simple flow chart of the LabView program is shown in Figure
4.6. Further, a Matlab program was written to calculate other parameters from the

Figure 4.5  The power analyser (right) and generator control (left).



/—,
| Start

p

>

Take

messurment?
No No

Yes
\ 4

Get data from ( Exit
instrument

y

Calculate
parameters

\ 4

Sort new data
into old data
from file

Display data

Sava data to
file?

Replace data in
file

Figure 4.6  Flowchart of the LabView program.

measured data and to represent the data in a graphic form. The LabView and Matlab
programs can be found in the appendix.

4.3  No-load test
4.3.1 The Purpose

The purpose of the no-load test is to evaluate the core parameters and to determine the
losses caused by the core properties. In a transformer, the no load losses is a large part
of the total losses. The sought parameters in this test are those of the magnetizing
branch (X, Rg) in the diagram in Figure 2.2.



4.3.2 Power source

This test was needed to be conducted at several different voltage and frequency levels
to cover the transformers operational range. To achieve this, different external power
generators were used in different setups that provided the required range of the
parameters.

4.3.3 Transformer setup

The no-load test is often performed on the low voltage side for safety reasons. It is
always safer to avoid conducting measurements on high voltages if possible. Since the
transformation ration for the tested hexa-transformers is 1:1, the test was conducted
on the Y-side for the sake of easier calculations. Figure 4.7 shows the setup for these
measurements (note that the delta coupled side is left open) and Figure 4.8 shows the
actual setup in the laboratory.

Open circuit test setup

ONONE
> Y winding a A winding A J—-

Y winding b A winding B ]—-
Y winding c A winding C ]—o

Figure 4.7  Measurement setup for no load test.

Generator\
3-phase Z

=) [ &)

Figure 4.8  No-load test conducted on the grain oriented core.
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The voltage was adjusted in steps until the nominal voltage was reached. With the
measured values of the voltage, current and power, the parameters jX, and Ry could
be calculated. In this case, the values of jXx and Ry (see Figure 2.2) were ignored in
order to simplify the calculations. This only caused a minor error, since they were
much smaller than jX, anf R¢ due to the low currents in this test. The measurements
started at 20 V and the voltage increased in steps up to 400 V for the grain oriented
transformer and 360 V for the amorphous one. The lower voltage level for the
amorphous transformer was a precaution, since it became considerably loud and noisy
at higher voltages.

4.4  Short circuit test
4.4.1 The Purpose

From the short circuit test, the losses caused by the winding resistance can be
determined. The sought parameters are the winding resistance Ry and the leakage
inductance jXy as depicted in Figure 2.2.

4.4.2 Power source

In this test, the voltage applied to a primary winding should be adjusted until a
nominal current is measured in the secondary. This presented some difficulties for this
setup. Since the very low resistance in the winding is the only the resistance the
current will meet, the voltage needed to reach nominal current is very small. The
generators used in the previous tests however, could not supply such low voltages.
Instead, the transformers were connected to a lab bench (see Figure 4.9) which
provided lower voltage levels. The drawback of this was that the test could only be
performed at one frequency level; 50 Hz and only up to 10 A which is a half of the
nominal current.

Figure 4.9  The lab bench to which the test transformers were connected.



4.4.3 Transformer setup

For the short circuit test, the Y-coupled side was used again for the measurements as
shown in Figure 4.10. Note that the delta coupled side of the transformer is short
circuited. Figure 4.11 shows the laboratory setup.

4.5 Magnetization test
45.1 The Purpose

To determine the saturation point of the core, a magnetization curve is needed to be
obtained.

45.2 Power source

Like for the no-load test, the generator setup was used for the magnetization
measurements.

4.5.3 Transformer setup

The setup for this test is the same as for the no-load test. The only difference is that
the measurements were conducted on one phase only. The reason for this is that the

Short circuit test setup

Autotransformer u2 u3

- R XL
—(:)—/YYVL@ } Y winding a A winding A

R XL
< >—(:)—/'WV\—@ } Y winding b A winding B

R XL
—(:)m@ } Y winding ¢ Awinding C

Mains 400 V 50 Hz

Figure 4.10 Test setup for the short circuit test.

Figure 4.11  Short circuit test conducted on the amorphous core.
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Hysteresis test setup
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Figure 4.12  Test setup for the magnetization test.

other two phases would have interfered with the flux. Figure 4.12 shows the
transformer measurement setup.
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5 Results

This chapter presents the results of the measurements. For the sake of comparison, the
corresponding graphs for the grain oriented and the amorphous core will be shown
together. Since a circumstantial short circuit test could not be conducted, the
parameters of the core and the windings will not be displayed. Instead, the losses will
be presented directly.

5.1 No-load losses

In Figures 5.1, the no-load losses are presented as a function of the magnetic field
density at five different frequencies. As it is seen, the losses become higher at higher
frequencies at similar B-field. When compared, one can conclude that the losses in the
amorphous core are roughly half of that of the grain oriented at the same flux density
(note the different scales on the y-axis).

Total no-load losses per kg for amorphous core

50 Hz

|| —— 100 Hz
—— 200 Hz
—=— 300 Hz
|| —e— 400 Hz

(a)

w
a

w

S/m (VA/Kg)
= N
- o N o

o
a

0 0.2 0.4 0.6 0.8 1 1.2 1.4
B (M

Total no-load losses per kg for grain oriented core
12 . . T

50 Hz

—— 100 Hz
10| —+— 200 Hz
—=— 300 Hz
—e— 400 Hz

S/m (VA/kg)
(o))

Figure 5.1 No-load losses for the amorphous (a) and grain-oriented (b) cores at
different frequencies.
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Figure 5.3 shows the power factor (cos @) for both transformers as a function of the
magnetic field density at different frequencies. From the graphs, it can be found that
the maximum power factor grows up to unity at higher frequencies. It can also be seen
that the reactive part of the losses increases rapidly at higher flux density for the
amorphous transformer. The grain oriented transformer however, does not display
such dramatic changes at its operating point (1 T).

No-load power factor for amorphous core
0.95

50 Hz
——— 100 Hz | |
0.85} —+— 200 Hz
—=— 300 Hz
0.8+ —e— 400 Hz | 4

0.75+ 1

0.7+ 1

0.65 - B

Power factor ¢ (P/ VA)

0.6+ 1

0.55+ 1

0.5+ B

0.45 I I I I I I
B (M
(a)

No-load power factor for grain oriented core
1 T T T T T
50 Hz
0.95}| —*— 100 Hz
—+— 200 Hz
—=— 300 Hz
—— 400 Hz

0.9+

0.85+

0.8

0.75+

Power factor ¢ (P/ VA)

0.7

0.65-

0 0.2 0.4 0.6 0.8 1 1.2 1.4
B(M

(b)
Figure 5.3 Power factor for the amorphous (a) and the grain oriented (b) cores.
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5.2 Core magnetization

In order to analyse

the magnetization of the transformers in terms of the magnetic flux density and
magnetic field (so-called B-H curve), these quantities should be deduced from the
measured parameters. The procedure was established by considering the following.

The induced voltage in a transformer is a function of the number of turns in the
transformer winding N and the varying flux ®:

_ N do
Urms = 72 * (5.1)

The flux itself is harmonic and it can be represented as:
D(t) = @,y * SiNwt = A * By gy * SinWt (5.2)

where A is the cross section area of the core and By, is the amplitude of the magnetic
flux density. Accounting for the angular frequency w = 27f (f is the frequency in Hz),
the derivative of the flux in (5.1) is

d(ZEt) = 27Tf * A * By * COS(ZTCft) = an * A * By (5.3)

Finally, by combining equations (5.1) and (5.3), one obtains the induced voltage

Uy =22 *AzgmaX*N =444 % fxAx By, *N (5.4)

From equation (5.4), the magnetic flux density Bn,x can be calculated for the given
frequency f by utilizing the measured magnitudes of U,,s and known parameters A
and N of the transformer.

To calculate the H-field, equation (5.5) is used:

N[
l

H =

(5.5)

where I is the RMS value of the current and | is the equivalent length of the core.

The magnetization curves of the cores are presented in Figures 5.5 and 5.6. It is worth
noting that the saturation point is lower for the amorphous core than for the grain
oriented one (note that the scales on the B-axis are slightly different in the two
graphs). The cores are both meant to be operating around 1 T, which is applicable for
the grain oriented. For the amorphous however, it is far too close to the saturation
point. On the other hand, the linear part of the amorphous curve occurs at a much
lower H-field than for the grain oriented, which means a lower magnetizing current.
Note that the values of H are the RMS-values.

17



Hysteresis curve for amorpous core
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Figure 5.5  Magnetization curves for the amorphous core at different frequencies.

Hysteresis curve for grain oreiented core
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Figure 5.6 Magnetization curves for the grain oriented core at different
frequencies.

18



5.3 Phase core losses

For hexa-transformers, the symmetry of the losses in the core is an inherent property
and, therefore, can be used as an indication of e.g. core integrity. Thus, the
measurements of the core loss in the grain oriented transformer showed the same level
of losses in each phase as seen in Figure 5.7. For the amorphous core, however,
considerable differences in the losses in different phases were noted, Figure 5.8. The
reasons for that may be some internal damages of the material (e.g. broken strips),
which might appear during core production or its thermal treatment due to extremely

high brittleness of the amorphous ribbon used.

Figure 5.7

S (VA)

S (VA)

Figure 5.8

No-load losses per phase at 50 Hz for grain oriented core
18 T T T T T T
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Phase no-load losses for the grain oriented core at 50 Hz.

No-load losses per phase at 50 Hz for amorphous core
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Phase no-load losses for the amorphous core at 50 Hz.
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5.4  Short circuit test

The short circuit test presented a lot of difficulties. As previously mentioned in
section 4.4.2, the generators from the no-load test could not be used since they could
not provide a voltage low enough. Instead, a lab setup with an auto transformer
connected to the grid was used. This introduced significant limitations in the test since
it could only be performed at 50 Hz and only within a limited current range - the
highest current level being not even half of the nominal current. It is, therefore,
difficult to draw any conclusions from the data that was collected. It is impossible to
know exactly how the parameters would change at higher currents. However, from the
data points investigated, they seem to be unaffected by changes in the current level.
Had the frequency level been variable though, it is safe to say that the variables would
have increased. But since the parameters from the short circuit test is related to the
windings of the transformer, and this study mainly aims to investigate the core, there
was therefore no real need to investigate further. The values obtained for Ry and X
(see Figure 2.2) at the different current levels are shown in Table 5.1. and Table 5.2.

Table 5.1 The results of the short circuit test for amorphous core at 50 Hz.
| =4,511 (A) | =6,107 (A) | =7,087 (A)
Rk (mQ) | Xk (mQ) | Rk (mQ) | Xk (mQ) | Rk (mQ) | Xk (mQ)
Amorphous 39,8 21,6 39,7 21,2 40,1 20,0
Table 5.2 The results of the short circuit test for grain oriented core at 50 Hz.
| = 4,424 (A) 1=6,112 (A) | =7,901 (A)
Rk (mQ) | Xk (mQ) | Rk (mQ) | Xk (mQ) | Rk (mQ) | Xk (mQ)
Grain oriented 40,7 25,4 40,7 25,1 41,0 25,4

20



6 Discussion and comments

From the presented results, one can conclude that the amorphous material has much
lower losses. However, the following observations were made regarding this core.

The amorphous transformer is meant to operate at 1 T. It was discovered though, that
this was too close to the saturation point. When testing at the higher voltage and
frequency range, the noise and vibrations became so strong that the testing had to be
aborted when higher magnetic flux density levels were reached. For the last voltage
levels at the higher frequency, ear protection was a necessity. This meant that the core
could not be tested for the nominal voltage and frequency. For the grain oriented core
however, values above 1 T could be reached without any similar problems. Since one
of the purposes of these experiments was to compare two transformer cores at the
same nominal values and the amorphous core has a lower saturation level than
anticipated, the following calculations were made to avaluate the losses if the cross
section area of the amorphous core would be increased in order to handle flux levels
corresponding to 400 V test voltage.

If one assumes that the appropriate flux level for the amorphous material is 0.6 T and
equation (5.4) is considered, it becomes clear that the cross-section area needs to be
increased:

A, = ;16*,41 = 1,67 * 4, 6.1)

This will cause the total weight and thereby the total no-load losses to increase with
the same factor:

SZ = 1,67 * 51 (62)

Two things were neglected in this reasoning: the contributing extra copper losses from
the longer copper winding needed to have the same number of turns around a thicker
core and the fact that the length of the loop will increase when the area increases.
Another possible solution instead of increasing the core area would be to increase the
number of turns in the winding. The no-load losses would remain roughly unchanged,
but the copper losses would increase. Table 6.1 shows the calculated no-load losses
for the amorphous core and the measured values of the grain oriented core at nominal
voltage and frequency.

Table 6.1 Comparison between the cores at the same nominal values.

Core type No-load losses (VA) | Mass (kg)
Grain oriented 476 49
Amorphous 1.67*A 175 92
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The second observation regards the phase losses of the amorphous core, which turned
out to differ from each other, as seen in Figure 5.8. This indicates that the core might
be damaged or otherwise faulty. If this is the case, it might mean that the results
discussed in the previous point have been affected negatively and that the amorphous
core is indeed able to be operated at its nominal values. The asymmetry of the phases
would also account for the high noise level.
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7

Conclusions

The core losses are lower for the amorphous transformer, but one must note
that for it to operate at the intended 400 V @ 400 Hz, the core would have to
be larger than the grain oriented core.

The saturation point of the amorphous material turned out to be lower than
predicted; saturation starts at about 0.7-0.8 T. A suitable voltage level for the
amorphous transformer for its current size is 280 V.

Based on the consideration of the symmetry of the phase core losses, there is a
possibility that the amorphous core have somehow been damaged, either
during the manufacturing process or from mechanical stresses during
transportation.

The amorphous transformer was found to be quite noisy that may be related to
possible internal damages.
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Appendix A

9
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Labview subVi Get measurements.
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9.3 Labview subVi Calculate parameters.
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Labview subVi Sort data.
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9.5 Labview subVi Plot data.

Search for frequency in data. report all rows
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Build graph from data
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Build XY Graph
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Output plot 1
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Labview subVi Save to file.

9.6

Save to file

Combine input and titles
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Appendix B
10.1 No-load test amorphous core 50 and 100 Hz.
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10.2 No-load test amorphous core 200 and 300 Hz.
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Ql
0,4593
0,7146
1,2086
1,4797
1,7608
2,0447
2,6589
2,9835
3,3426
3,7204
4,1696
5,2052
5,9024
6,7495
7,7650
9,1212
13,0086
15,8660
19,4530

Q2
0,2334
0,5131
0,7758
1,0155
1,2937
1,5829
1,8803
2,2290
2,6342
3,1079
3,7346
4,5691
5,6895
7,3953
9,7602
13,0814
18,0446

Q2
0,5065
0,7759
1,2932
1,5810
1,8673
2,1709
2,8245
3,1736
3,5528
3,9750
4,4364
5,5779
6,2932
7,1516
8,1958
9,5338
13,3546
16,1370
19,6554

Q3
0,2346
0,5338
0,8553
1,1208
1,4053
1,7320
2,0686
2,4707
2,9414
3,5117
4,2716
5,3136
6,7001
8,8142
11,7097
15,6772
21,4132

Q3
0,4989
0,7800
1,3112
1,6116
1,9153
2,2267
2,9146
3,2826
3,6967
4,1514
4,6493
5,8887
6,7151
7,7270
9,0022
10,5732
15,2248
18,5552
22,7853
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10.3 No-load test amorphous core 400 Hz.

122005
TL09°CY
08Z¥'9¢
v.60'T€
LTTL9T
¥200°€T
GETO'0T
L8TY LT
G80€'ST
6SLG'ET
¥S60°CT
969801
¥008'6
18688
EVTT'S
€96€°L
TL6L'9
SvTT'9
€52L'S
856T'S
o8y
Tvov'y
1866'C
S9T9'E
90GC'E
€006'C
¥195'C
89€C'T
226’1
06191
L80E'T
LL00'T
0%9.0
810
€0

8TYT'EY
6718°9¢
9965'T€
9L0°LT
880%'€C
L8EE0T
96¥8'LT
S6TL'ST
T886'CT
6€TS'TT
€€97'TT
920201
0087’6
99/%'8
€99/°L
E€TTT'L
96%5'9
68709
Ivs's
670T'S
009t
¥06¢C't
ST06'E
SYES'E
LO6T'E
80G8'C
S/T5'C
SYTC'T
S0T6'T
97191
080€‘T
CET0T
€%/L°0
1S6%°0
[40]

€LTT'EY
€595°9¢
I¥60'T€
14457414
98997t
0EVS'6T
TLTO'LT
€I88'V1
E8VT'ET
TCTLTT
716¥°0T
TI8%'6
€€T9'8
TSY8'L
LEBTL
11659
7/80°9
SC6S‘S
9TLT'S
LOLL'Y
8SLE'Y
¥820'v
%999
T6CE'E
GE00'E
9589'C
66LE'T
1T080'C
L18L'T
950S°T
¥91C'T
TSE6°0
160L0
v6t¥°0
TO

96L€'CS
L90T6%
T00T‘9%
L9VT'EY
9919°0%
¥201'8¢e
T99LS€E
0981'€€
¥89€'T€
€0TE'6C
€T6ELT
LT95°ST
TL8LET
€8/0°TC
6/8t°0C
8698'8T
60TV LT
6576'ST
GSLS'VT
0TSCZ'ET
LLS6'TT
0€9/'0T
6756
¥597'8
SOTV'L
986€'9
69G1'S
8095V
6CEL'E
[474%4
69YC'C
79851
€T0T'T
78090
€d

L98€°9S
6968°CS
15C9'6Y
6991'9Y
SLIS'EY
L8890V
£960°8€
0£SS°SE
189T'€E
86¥60€
95788t
16¢89¢
¥506'vC
0680°€T
LOSETT
L¥S9°6T
7S0T'8T
8€55°9T
¥621'ST
v0SLET
988€°CT
SOPT'TT
01166
T0LL'8
0S.9°L
76799
0299°s
8TvL'y
8888°€
SS0T'E
0SS€EC
¥9.9°T
STLT'T
S559°0
cd

L665'8Y
06097
STSL'EY
8T9V'TY
¥SLT'6€
6/LTTLE
8560'S€E
L090'€E
LTTT'TE
9917'6¢
Tov'Le
09€9°'S¢
SOT6'ET
eeTee
S¥19°0C
€VE0'6T
T9/5LT
¥1L0°9T
8ETLVT
7S8EET
70L0'TT
19801
TLL9°6
18558
9v6Y'L
8SL¥'9
7SES’'S
L9€9'V
9208‘€
TLEO'E
€C0EC
0L€9'T
YorT'T
92+9°0
1d

87880
€€980
16€8°0
€V180
868L°0
6%9.°0
L0vL0
8STL0
01690
59990
6TY90
Y4190
8¢65°0
18950
8EVS0
¥8150
61’0
16970
0svv'o
S0Cv'0
¥S6€°0
TLED
9t€0
LTCE0
°L6T'0
Lo
9/%T'0
172’0
6/6T0
6CLT°0
99%T0
L6TT0
89600
£8900
doi g9

€680
92/30
8¥8°0
0€¢80
786.°0
TE€ELL'O
L8¥L°0
v€CL0
8690
LEL90
88190
290
76650
wiLs'o
96%50
otes‘o
L6610
TvLY'0
8610
0S¢’
L66€0
TSLED
667€0
7STEo
€00€0
sL7'o
€0SZ°0
15220
00020
8¥LT0
[4:3a%0}
0TZT’0
8/60°0
6900
doi zg

¥268°0
97/80
[4:32:%0)
T€28°0
€86.°0
CELLD
L8710
GETL0
58690
LE€L90
88190
29’0
76650
147440
L6%5°0
0tes‘o
L6610
[47A740]
86710
0szv'o
L66€0
7SLED
667€0
4430
¥00€°0
7SLT°0
€0S2°0
15220
00020
8V/1°0
143290}
0TCT'o
8600
¥690°0
doi g

0/6€'9€T
0S66'STT
018066
ovz9'vs
006.'CL
GE88'T9
616815
9TZ0'8Y
TTvv'Ty
€908°L€
444233
7915°0€
LT69°LT
¥STC'ST
6TL0'ET
¥£460'1C
ETEV'6T
TTY8LT
8TY¥'9T
6EET'ST
0TG8'ET
€TL'TT
€995'TT
L6LY°0T
vy’
TLEY'S
LTLY'L
€0€5°9
LT29'S
T18€L'Y
TVE8'E
09G6'C
0LYT'T
16TV
1000

OTLE'LST
080T'8¥T
06L¥'6€T
0CLITET
OTTY'E€CT
0806'STT
0796801
080120T
0¢v9's6
0,6%'68
05098
00T0'8L
0T09'CL
088€29
790529
¥¥S8SLS
v80°€S
15998V
LSTY'VY
8C6E'0Y
8811 9€
€€9/°CE
SEIT'6C
€26.L'ST
9585°C¢
8¥0S6T
€6v9°9T
LLEG'ET
99TY'1T
8YIT'6
09069
L6683V
S6TY'E
6906'T
101d

€TL'0
€550
9%8.'0
61180
GS€8°0
19580
LTL8°0
7/88°0
18680
¥,06°0
8Y16°0
€026°0
9%76'0
SLT6°0
L6T6°0
0TE6°0
STE6°0
¥1€6'0
80€6°0
96260
6L76°0
GSZ6°0
8760
9616°0
85160
8016°0
67060
8/68°0
06880
€8/8°0
%980
Tvv80
97280
€78L°0

€Y

6.0
80780
8EY8'0
0%98°0
L0880
S¥68°0
55060
9%16°0
¥T126°0
1L26°0
¥1€6°0
LYE6°0
TL€60
L8€6°0
66€6°0
€0v6°0
¥0t6'0
86€6°0
06€6°0
SLE6°0
LSE6°0
2EE60
S0€6°0
SLT6°0
v€T6°0
L8T6°0
TET6°0
19060
51680
24880
.80
85580
SPE80
0860

[4'

°LYL'0
¥€8L°0
15180
0€¥8°0
19980
87880
L6680
6T16°0
11260
78160
6€€6°0
6L€6°0
80176°0
0€Y6°0
€Y16°0
0St6°0
6716°0
Svv6'0
YEV6'0
0C¥6°0
T06°0
9/€6°0
TSE€6°0
02€6°0
78160
LETE0
L8160
¥2T6°0
0S06°0
09680
77880
€898°0
50580
S618°0

Y

67€0
[4430)
66C°0

870
€920
6%2°0
LET'O
[ 44l]
9120
L0T'0
66T°0
7610
9810
6LT0
€LT°0
L9T'0
7910
9sT0

ST0
SPT0
6€T0
¥€1°0
8710
[44%]
9TT'0

110
¥01°0
860°0
1600
#80°0
9,00
£90°0
6500
8700
swa €|

8€€0
9T€0
9620
670
5970
r4yalo}

20

€20

[44ls)
4 %4}
02’0
L6T0

6T'0
€810
LLT0
TLT0
5910
6ST0
€ST0
8¥1'0
wT'o
9€T0

€70
¥21'0
8110
441}
9010
6600
€600
9800
8/0°0
6900
1900
1500
swJa 7|

T€0
8870
1,70
GST0
372400
€70
€220
¥12°0
£0T0

0
€6T0
L8T0
T8T0
9/10

LT0
¥910
6ST°0
€ST0
8¥1°0
EVT0
LETO
Z€T0
9CT0
110
STT0
6010
€0T0
L60°0

600
€800
SL00
£90°0
6500
8¥0°0

Swa T|

A WAV 14
L6T0T
T€961
15067
LL'78T
96'8/L1
6C'ELT
9%'/91
L9°T9T
¥6'SST
LT'0ST
SY'vvT
69'8€T
T6C€ET
€T'LTT
6C'TCT
99°STT
S2'60T
[4% 70}
8€86
156
G898
0018
LTSL
75'69
69'c9
€6'LS
0T‘cs
6297
9t'or
0€'vE
10'8¢
¥9°Ct
909T
Sl gn

€6'60C
¥T'v0T
T¥'86T
GSZ6T
G/'98T
18081
ST'SLT
ST'69T
0¥'€9T
79'LST
8LTST
009%T
8T'OvT
€EVET
65871
65CCT
069TT
6011
¥2'S0T
v¥'66
0S‘€6
8/'18
L8°T8
L0°9L
9z'oL
LEV9
G5'8S
99CS
6L9%
680%
L9'VE
T€8C
68CC
1Z4°)
swJi zn

S6'60C
ST'v0T
€¥'86T
£G°T6T
L1981
68081
9T'SLT
92691
TP'€9T
79'LST
6LTST
T09%T
8T'OvT
YEPVET
098ZT
09Tt
169TT
€6'0TT
¥27's0T
vv'66
15°€6
8118
L8'18
80°9L
LT0L
8€'v9
G5'8S
99CS
6197
680V
L9'VE
T€8C
68'CC
1Z4)
SwJi TN

oov
(o]0} 74
(0]0) 7%
[0]0)7
(o]0}
0ov
(o]0} 4
oov
(o]0} 74
(o]0} %
0ov
(o]0} %4
[0]0)7
(o]0} 74
oov
(o]0} 74
(o]0} %
0o
(o]0} %
oov
(o]0} 74
oov
(o]0} 74
(o]0} %
0ov
(o]0} 7%
oov
(o]0} 74
oov
0o
(o]0} 7%
[0]0)7
(o]0}
(o]0} 74

35



ted core 50 and 100 Hz.

In orien

10.4 No-load test gra

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Ulrms U2rms U3 rms

8,60
11,19
14,57
16,12
17,80
19,34
20,94
23,01
25,73
26,76
28,79
30,75
31,64
33,48
35,17
38,38
39,31
40,58

Ul rms
8,42
13,10
16,35
19,26
23,25
25,69
28,47
31,97
34,86
40,93
46,79
49,84
55,61
60,97
65,65
67,93
70,29
74,94
78,40
81,23

8,60
11,22
14,60
16,12
17,83
19,36
20,96
23,04
25,74
26,80
28,72
30,69
31,60
33,40
35,09
38,33
39,26
40,50

U2 rms
8,45
13,14
16,41
19,31
23,31
25,76
28,54
32,05
34,95
41,04
46,92
49,96
55,75
60,83
65,50
67,77
70,13
74,77
78,23
81,05

8,58
11,19
14,55
16,07
17,78
19,33
20,90
22,98
25,68
26,74
28,68
30,63
31,55
33,36
35,04
38,26
39,20
40,46

U3 rms
8,42
13,09
16,33
19,24
23,21
25,65
28,42
31,93
34,81
40,87
46,73
49,77
55,53
60,66
65,31
67,58
69,94
74,57
78,02
80,83

11rms 12 rms 13 rms Al

0,127
0,150
0,176
0,187
0,199
0,209
0,220
0,233
0,251
0,258
0,270
0,286
0,293
0,310
0,327
0,372
0,391
0,421

11 rms
0,091
0,128
0,150
0,168
0,190
0,203
0,217
0,234
0,247
0,274
0,300
0,313
0,338
0,359
0,383
0,395
0,410
0,443
0,474
0,506

0,125
0,148
0,173
0,184
0,196
0,206
0,217
0,231
0,249
0,256
0,270
0,286
0,294
0,311
0,330
0,378
0,397
0,429

12 rms
0,091
0,126
0,148
0,165
0,187
0,200
0,214
0,230
0,244
0,271
0,297
0,311
0,337
0,359
0,384
0,398
0,413
0,447
0,479
0,511

0,127 0,6160
0,150 0,6604
0,175 0,7083
0,186 0,7270
0,198 0,7446
0,209 0,7581
0,219 0,7728
0,233 0,7863
0,251 10,7992
0,259 0,8036
0,272 0,8137
0,288 0,8126
0,296 0,8120
0,313 0,8076
0,332 0,7995
0,379 0,7692
0,397 0,7540
0,428 0,7296
13rms Al

0,092 0,6028
0,128 0,6601
0,150 0,6889
0,167 0,7129
0,190 0,7364
0,202 0,7510
0,216 0,7651
0,233 0,7832
0,246 0,7960
0,274 0,8217
0,300 0,8419
0,313 0,8506
0,340 0,8628
0,362 0,8745
0,386 0,8769
0,400 0,8769
0,414 0,8752
0,448 0,8680
0,479 0,8562
0,510 0,8406

A2

0,6194
0,6625
0,7081
0,7261
0,7451
0,7592
0,7728
0,7874
0,8013
0,8061
0,8177
0,8171
0,8173
0,8128
0,8049
0,7740
0,7586
0,7333

A2

0,6099
0,6639
0,6915
0,7145
0,7370
0,7521
0,7656
0,7836
0,7966
0,8226
0,8430
0,8519
0,8647
0,8766
0,8792
0,8793
0,8774
0,8696
0,8570
0,8402

A3

0,6279
0,6702
0,7171
0,7361
0,7520
0,7660
0,7790
0,7917
0,8039
0,8074
0,8182
0,8155
0,8141
0,8083
0,7985
0,7638
0,7476
0,7217

A3

0,6068
0,6675
0,6970
0,7216
0,7442
0,7588
0,7723
0,7895
0,8018
0,8262
0,8447
0,8527
0,8635
0,8759
0,8769
0,8763
0,8740
0,8657
0,8533
0,8373

P tot
2,0231
3,3291
5,4354
6,5589
7,8915
9,1886
10,6345
12,6400
15,4676
16,6624
19,0393
21,5079
22,7165
25,2651
27,7958
33,2859
35,0639
37,7086

P tot
1,3987
3,3253
5,0661
6,8964
9,7463
11,7105
14,1412
17,5034
20,5281
27,6291
35,3906
39,7661
48,7755
57,5016
66,2870
70,9120
75,9270
86,7820
95,8090
103,8510

Q tot
2,5528
3,7452
5,3727
6,1454
7,0178
7,8310
8,6750
9,8607
11,5417
12,2488
13,4615
15,2865
16,1830
18,3179
20,7774
27,6667
30,6010
35,4890

Q tot
1,8335
3,7462
5,2780
6,7178
8,8797
10,2019
11,8044
13,7917
15,4943
19,0346
22,5643
24,4629
28,4644
31,7139
36,1952
38,7562
41,9000
49,6946
57,9959
67,2500

B1 top
0,2941
0,3828
0,4981
0,5512
0,6085
0,6614
0,7161
0,7867
0,8798
0,9152
0,9843
1,0514
1,0820
1,1448
1,2025
1,3124
1,3441
1,3875

B1top
0,1440
0,2240
0,2795
0,3293
0,3974
0,4392
0,4867
0,5466
0,5960
0,6998
0,8001
0,8521
0,9508
1,0424
1,1224
1,1614
1,2018
1,2813
1,3404
1,3888

B2 top
0,2939
0,3835
0,4993
0,5511
0,6096
0,6619
0,7168
0,7878
0,8802
0,9164
0,9820
1,0493
1,0806
1,1422
1,1998
1,3106
1,3423
1,3849

B2 top
0,1444
0,2247
0,2805
0,3302
0,3986
0,4404
0,4880
0,5480
0,5976
0,7017
0,8022
0,8542
0,9532
1,0400
1,1198
1,1587
1,1990
1,2784
1,3375
1,3857

B3 top
0,2934
0,3826
0,4975
0,5496
0,6081
0,6610
0,7146
0,7859
0,8781
0,9142
0,9808
1,0473
1,0787
1,1407
1,1982
1,3083
1,3405
1,3837

B3 top
0,1439
0,2238
0,2792
0,3289
0,3969
0,4386
0,4860
0,5459
0,5952
0,6988
0,7989
0,8509
0,9495
1,0371
1,1166
1,1554
1,1958
1,2750
1,3339
1,3820

P1
0,6734
1,1111
1,8168
2,1960
2,6382
3,0673
3,5558
4,2181
5,1550
5,5492
6,3333
7,1411
7,5304
8,3679
9,1929
10,9933
11,5794
12,4605

P1
0,4618
1,1055
1,6872
2,3015
3,2575
3,9126
4,7260
5,8487
6,8596
9,2222
11,7989
13,2506
16,2183
19,1405
22,0297
23,5527
25,2090
28,8099
31,8310
34,5509

P2
0,6665
1,0974
1,7911
2,1578
2,6051
3,0332
3,5136
4,1849
5,1317
5,5346
6,3283
7,1687
7,5831
8,4495
9,3201
11,2225
11,8340
12,7406

)
0,4679
1,1018
1,6767
2,2754
3,2164
3,8665
4,6699
5,7848
6,7911
9,1587
11,7551
13,2196
16,2603
19,1538
22,1359
23,6992
25,3998
29,0581
32,0922
34,7719

P3
0,6831
1,1209
1,8278
2,2042
2,6481
3,0872
3,5651
4,2362
5,1793
5,5802
6,3790
7,1984
7,6019
8,4483
9,2829
11,0732
11,6477
12,5075

P3
0,4693
1,1181
1,7025
2,3196
3,2736
3,9320
4,7459
5,8706
6,8780
9,2484
11,8324
13,2955
16,2950
19,2109
22,1239
23,6581
25,3204
28,9156
31,8876
34,5298

Ql
0,8611
1,2633
1,8107
2,0742
2,3651
2,6387
2,9198
3,3149
3,8771
4,1093
4,5251
5,1211
5,4129
6,1105
6,9077
9,1333
10,0877
11,6788

Q1
0,6114
1,2578
1,7750
2,2642
2,9927
3,4396
3,9774
4,6432
5,2155
6,3954
7,5632
8,1920
9,5028
10,6177
12,0766
12,9114
13,9365
16,4812
19,2077
22,2629

Q2
0,8448
1,2408
1,7858
2,0434
2,3316
2,6004
2,8853
3,2764
3,8313
4,0631
4,4556
5,0569
5,3465
6,0549
6,8704
9,1798
10,1644
11,8137

Q2
0,6079
1,2411
1,7517
2,2280
2,9501
3,3881
3,9236
4,5859
5,1529
6,3319
7,4997
8,1269
9,4451
10,5148
11,9937
12,8361
13,8900
16,4975
19,3002
22,4402

Q3
0,8468
1,2414
1,7764
2,0271
2,3209
2,5912
2,8698
3,2687
3,8321
4,0776
4,4818
5,1087
5,4229
6,1528
6,9993
9,3562
10,3463
11,9965

Q3
0,6147
1,2474
1,7516
2,2257
2,9380
3,3748
3,9040
4,5633
5,1263
6,3075
7,4987
8,1438
9,5154
10,5834
12,1264
13,0077
14,0745
16,7165
19,4889
22,5474
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ted core 200 and 300 Hz.

In orien

10.5 No-load test gra
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ted core 400 Hz.

In orien

10.6 No-load test gra

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400

Ul rms
15,96

34,42

52,18

69,69

86,98

104,23
115,77
133,19
150,04
161,79
173,51
185,11
196,66
208,11
219,58
225,44
231,14
237,04
242,66
248,32
254,14
259,99
265,62
271,35

U2 rms
16,13

34,80

52,76

70,45

87,94

105,37
117,05
134,65
151,69
163,56
175,42
187,15
198,82
210,40
221,99
227,92
233,68
239,64
245,33
251,02
256,92
262,84
268,53
274,33

U3 rms
16,01

34,52

52,33

69,89

87,23

104,53
116,11
133,57
150,47
162,25
174,01
185,64
197,22
208,70
220,20
226,08
231,79
237,71
243,35
249,01
254,87
260,73
266,38
272,13

11rms 12 rms 13 rms

0,082
0,160
0,225
0,281
0,331
0,377
0,407
0,450
0,491
0,519
0,548
0,576
0,604
0,632
0,661
0,675
0,689
0,704
0,718
0,732
0,747
0,762
0,776
0,791

0,081
0,157
0,220
0,275
0,324
0,370
0,399
0,442
0,483
0,512
0,540
0,568
0,596
0,624
0,651
0,666
0,680
0,694
0,708
0,722
0,737
0,751
0,765
0,780

0,082
0,159
0,224
0,279
0,329
0,375
0,404
0,448
0,489
0,517
0,545
0,573
0,601
0,628
0,656
0,670
0,683
0,698
0,711
0,725
0,740
0,754
0,768
0,783

Al

0,7627
0,7944
0,8249
0,8474
0,8645
0,8785
0,8865
0,8977
0,9077
0,9140
0,9203
0,9262
0,9317
0,9368
0,9416
0,9437
0,9458
0,9478
0,9496
0,9513
0,9529
0,9543
0,9558
0,9569

A2

0,7653
0,7965
0,8266
0,8488
0,8655
0,8793
0,8871
0,8983
0,9080
0,9143
0,9203
0,9259
0,9312
0,9360
0,9405
0,9425
0,9445
0,9463
0,9480
0,9496
0,9511
0,9524
0,9538
0,9548

A3

0,7641
0,7990
0,8305
0,8528
0,8692
0,8825
0,8899
0,9007
0,9102
0,9163
0,9221
0,9277
0,9329
0,9378
0,9423
0,9443
0,9463
0,9483
0,9500
0,9516
0,9532
0,9545
0,9559
0,9569

P tot
3,0053
13,1112
28,9740
49,6294
74,4420
103,3420
124,9620
161,1180
200,3110
230,1360
262,0530
295,8050
331,5060
369,0110
408,6420
429,6120
450,4930
472,7660
494,5120
516,8960
540,5640
564,8840
588,5590
613,4730

Q tot
2,5380
9,9478
19,6721
30,8023
42,9006
55,7537
64,7630
78,5390
92,0410
101,5670
110,9380
120,0500
128,9710
137,7500
146,3060
150,8950
155,0790
159,6130
163,9030
168,3390
173,0460
178,0270
182,4160
187,7830

B1 top
0,0682
0,1471
0,2230
0,2979
0,3718
0,4455
0,4948
0,5693
0,6413
0,6915
0,7416
0,7912
0,8406
0,8895
0,9386
0,9636
0,9880
1,0132
1,0372
1,0614
1,0863
1,1113
1,1354
1,1598

B2 top
0,0690
0,1488
0,2255
0,3011
0,3759
0,4504
0,5003
0,5755
0,6484
0,6991
0,7498
0,7999
0,8498
0,8993
0,9489
0,9742
0,9988
1,0243
1,0486
1,0730
1,0982
1,1235
1,1478
1,1726

B3 top
0,0684
0,1476
0,2237
0,2987
0,3729
0,4468
0,4963
0,5709
0,6432
0,6935
0,7438
0,7935
0,8430
0,8921
0,9412
0,9663
0,9908
1,0161
1,0402
1,0644
1,0894
1,1145
1,1386
1,1632

P1
0,9993
4,3666
9,6632
16,5654
24,8521
34,5105
41,7178
53,7823
66,8434
76,3098
87,4847
98,7674
110,7100
123,2694
136,5796
143,6240
150,6237
158,0922
165,4262
172,9349
180,8917
189,0596
197,0345
205,3807

)
1,0026
4,3517
9,5985
16,4438
24,6768
34,2713
41,4732
53,4967
66,5431
76,4908
87,1275
98,3772
110,2690
122,7899
136,0042
143,0006
149,9722
157,3870
164,6435
172,0825
179,9700
188,1006
196,0114
204,3307

P3
1,0040
4,3912
9,7138
16,6223
24,9140
34,5646
41,7765
53,8468
66,9196
76,8433
87,4469
98,6619
110,5250
122,9453
136,0572
142,9935
149,9030
157,2911
164,4657
171,8726
179,7287
187,7512
195,5357
203,7720

Q1
0,8475
3,3384
6,6219
10,3785
14,4484
18,7692
21,7789
26,3920
30,8990
34,0870
37,2021
40,2179
43,1522
46,0441
48,8553
50,3520
51,7186
53,2052
54,6057
56,0621
57,6056
59,2028
60,6157
62,3551

Q2
0,8432
3,3038
6,5359
10,2442
14,2787
18,5644
21,5758
26,1721
30,6951
33,8868
37,0405
40,1241
43,1656
46,1734
49,1248
50,7122
52,1652
53,7440
55,2582
56,7907
58,4433
60,1964
61,7433
63,6162

Q3
0,8477
3,3043
6,5153
10,1808
14,1741
18,4222
21,4102
25,9785
30,4452
33,5973
36,6988
39,7092
42,6533
45,5308
48,3272
49,8338
51,1988
52,6661
54,0491
55,4858
57,0066
58,6370
60,0651
61,8154
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10.7 Magnetization test amorphous core.

f Urms I rms B top H rms f Urms I rms B top H rms
50 7,432  0,0426 0,147132 1,734429 300 27,96  0,0501 0,092254 2,039786
50 11,339  0,0507 0,224479 2,064214 300 48,897 0,0685 0,161336 2,788929
50 12,292  0,0526 0,243345 2,141571 300 70,45 0,0843 0,23245 3,432214
50 13,488  0,0547 0,267022 2,227071 300 90,7  0,0975 0,299265 3,969643
50 15,313  0,0579 0,303152 2,357357 300 121,46 0,1165 0,400758 4,743214
50 17,315 0,0613 0,342786 2,495786 300 151,27 0,1343 0,499116 5,467929
50 19,326  0,0649 0,382597 2,642357 300 181,43 0,1533 0,598629  6,2415
50 25,32 0,0749 0,501261  3,0495 300 211,43 0,175 0,697614 7,125
50 30,378 0,0848 0,601394 3,452571 300 231,67 0,1936 0,764396 7,882286
50 33,549 0,0923 0,664171 3,757929 300 241,58 0,2045 0,797095 8,326071
50 36,3 0,1004 0,718632 4,087714 300 251,51 00,2173 0,829859 8,847214
50 38,673 0,1093 0,765611 4,450071 300 271,68 0,2512 0,89641 10,22743
50 40,692  0,1182 0,805581 4,812429 300 291,75 0,3007 0,962631 12,24279
50 43,472 00,1344 0,860617 5,472 300 301,89 0,3343 0,996088 13,61079
50 46,313 0,1573 0,91686 6,404357
50 49,57  0,1961 0,981339 7,984071 f Urms I rms B top H rms
50 54,63  0,3012 1,081512 12,26314 400 48,85  0,0635 0,120886 2,585357
50 57,559 0,403 1,139497 16,40786 400 80,77  0,0855 0,199876 3,481071
50 59,64  0,4992 1,180695 20,32457 400 101,13  0,0977 0,250259 3,977786
400 120,95 0,109 0,299306 4,437857
f Urms I rms B top H rms 400 151,59 0,1254 0,375129 5,105571
100 14,084  0,0518 0,139411 2,109 400 181,59 0,1408 0,449368 5,732571
100 27,548 0,0691 0,272684 2,813357 400 201,76  0,1512 0,499281 6,156
100 39,815 0,0824 0,394109 3,354857 400 232,02 0,1671 0,574163 6,803357
100 49,096 0,092 0,485978 3,745714 400 252 0,1783 0,623607 7,259357
100 59,89  0,1044 0,592822 4,250571 400 272,03 0,1904 0,673173 7,752
100 65,32  0,1106 0,646571 4,503 400 292,19 0,204 0,723062 8,305714
100 70,58  0,1189 0,698637 4,840929 400 312,21 0,22 0,772604 8,957143
100 75,94  0,1293 0,751693 5,264357 400 332,32 0,2393 0,822369 9,742929
100 80,95 0,1418 0,801285 5,773286 400 352,22 0,2635 0,871614 10,72821
100 86,05  0,1583 0,851767 6,445071 400 382,36 0,316 0,946199 12,86571
100 91,24  0,1806 0,903141 7,353 400 402,38 0,3662 0,995741 14,90957

100 101,31  0,2471 1,002819 10,0605
100 111,33  0,3674 1,102002 14,95843

f Urms I rms B top H rms
200 14,132 0,0397 0,069943 1,616357
200 27,731 0,056 0,137248 2,28
200 48,639 0,0751 0,240727 3,057643
200 70,59 0,0926 0,349368 3,770143
200 90,99 0,1079 0,450333 4,393071
200 111,06 0,1232 0,549665 5,016
200 131,16 0,1401 0,649145 5,704071
200 141,37 0,1503 0,699677 6,119357
200 151,3 0,1621 0,748823 6,599786
200 161,29  0,1765 0,798266 7,186071
200 171,48 0,1955 0,848699 7,959643
200 181,37 0,2195 0,897647 8,936786
200 191,28  0,2518 0,946694 10,25186
200 201,44  0,2955 0,996979 12,03107
200 221,61 0,4225 1,096805 17,20179
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10.8 Magnetization test grain oriented core.

f Urms I rms B top Hrms f Urms I rms B top Hrms
50 3,349 0,0404 0,0663 1,919 300 39,931 0,1117 0,131753 5,30575
50 12,364 0,1057 0,244771 5,02075 300 59,797 0,157 0,197301 7,4575
50 17,511 0,1323 0,346666 6,28425 300 80,71 0,1996 0,266303 9,481
50 19,593 0,1419 0,387883 6,74025 300 101,03 0,2367 0,333349 11,24325
50 23,573 0,1587 0,466675 7,53825 300 121,2 0,2703 0,3999 12,83925
50 25,764 0,1675 0,510051 7,95625 300 141,05 0,3012 0,465395 14,307
50 30,39 0,1847 0,601632 8,77325 300 161,05 0,3308 0,531385 15,713
50 32,464 0,1923 0,642691 9,13425 300 181,48 0,3601 0,598794 17,10475
50 37,44  0,2104 0,741201 9,994 300 201,68 0,3883 0,665444 18,44425
50 41,504 0,2262 0,821656 10,7445 300 211,37 0,4017 0,697417 19,08075
50 45466  0,2414 0,900092 11,4665 300 231,51 0,4297 0,763869 20,41075
50 47,45  0,2475 0,939369 11,75625 300 251,31 0,4571 0,829199 21,71225
50 49,087 0,2554 0,971777 12,1315 300 261,91 0,4721 0,864174 22,42475
50 53,443 0,2732 1,058013 12,977 300 271,95 0,4862 0,897301 23,0945
50 55,222 0,2792 1,093232 13,262 300 291,98 0,5149 0,96339 24,45775
50 58,393 0,2949 1,156008 14,00775 300 311,81 0,5439 1,028819 25,83525
50 60,32 0,3076 1,194157 14,611 300 341,98 0,5899 1,128365 28,02025
50 63,42 0,3263 1,255528 15,49925 300 371,83 0,6389 1,226855 30,34775
50 65,347 0,3415 1,293677 16,22125 300 401,99 0,6966 1,326368 33,0835
50 68,3  0,3692 1,352137 17,537 300 431,77 0,7696 1,424628 36,556
50 71,5 0,41 1,415488 19,475 300 452,09 0,8381 1,491674 39,80975
50 74,47  0,4639 1,474285 22,03525 300 461,96 0,8796 1,52424 41,781
50 76,53 0,5151 1,515067 24,46725
50 77,76 0,5535 1,539417 26,29125 f Urms I rms B top Hrms
400 39,661 0,0993 0,098146 4,71675
f Urms I rms B top Hrms 400 59,612 0,1413 0,147518 6,71175
100 14,241 0,083 0,140965 3,9425 400 101,02 0,2187 0,249987 10,38825
100 27,687 0,1373 0,27406 6,52175 400 141,81 0,2839 0,350927 13,48525
100 39,854 0,1756 0,394495 8,341 400 181,4 0,3401 0,448898 16,15475
100 49,04 0,2007 0,485423 9,53325 400 201,54 0,367 0,498737 17,4325
100 59,854  0,2282 0,592466 10,8395 400 241,69 0,4182 0,598093 19,8645
100 70,45  0,2534 0,697351 12,0365 400 302,04 0,4934 0,747437 23,4365
100 80,6 0,277 0,79782 13,1575 400 342,36 0,5436 0,847214 25,821
100 91,15 0,3018 0,90225 14,3355 400 382,5 0,5945 0,946546 28,23875
100 101,32 0,3272 1,002918 15,542 400 412,53 0,6335 1,020859 30,09125
100 111,31  0,3543 1,101804 16,82925 400 442,43 0,6731 1,09485 31,97225
100 121,45 0,3863 1,202175 18,34925 400 472,54 0,7145 1,169361 33,93875
100 131,45 0,426 1,30116 20,235 400 502,5 0,7581 1,243501 36,00975
100 141,45 0,4834 1,400145 22,9615 400 532,9 0,8064 1,31873 38,304
100 151,46 0,5794 1,499229 27,5215 400 562,8 0,8617 1,392721 40,93075
100 161,43 0,7644 1,597918 36,309 400 592,8 0,9302 1,46696 44,1845
f Urms I rms B top Hrms

200 39,773  0,1308 0,196847 6,213
200 60,07 0,1806 0,297302  8,5785
200 80,55  0,2235 0,398663 10,61625
200 100,99  0,2617 0,499826 12,43075
200 121,04 0,2964 0,599058 14,079
200 141,25 0,33 0,699083 15,675
200 161,22  0,3629 0,797919 17,23775
200 181,28 0,3962 0,897202 18,8195
200 201,38 0,4305 0,996682 20,44875
200 221,32 0,4666 1,09537 22,1635
200 231,45 0,4862 1,145506 23,0945
200 241,41 0,5067 1,194801 24,06825
200 261,57 0,5541 1,294578 26,31975
200 281,44 0,615 1,392919 29,2125
200 301,52 0,7082 1,4923 33,6395
200 321,42 0,8783 1,590791 41,71925
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