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This is the first study to experimentally perform the magnetic characterization of 4 ym-thick electrical steel sheet
based on the sinusoidal excitation technique at high frequencies of up to 1 MHz. The steel is made of pure iron, fabri-
cated using a high-precision continuous rolling process, which is a suitable and effective method for mass production.
One ring core in which the steel part is appropriately fixed on a plastic cylindrical chassis is fabricated for measure-
ments, whereas another ring core without the steel part is fabricated to serve as a reference. In addition, a method for
effectively estimating the magnetic flux density and relative permeability of the steel part in the first ring core from the
measured data of the two ring cores is presented as a key contribution of this study. This method can also be applied in
the magnetic characterization of other thin steels at high frequencies. The magnetic flux density—field intensity (B—H)
curve, relative permeability, and iron loss per weight of the examined 4 ym-thick steel are measured and evaluated
through experiments. The measured results and Steinmetz approximation indicate that the eddy current loss in the
investigated steel is relatively considerable at high frequencies of 500 kHz and above.
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Nomenclature N, Number of turns of primary copper coil
Bring1,m Maximum magnetic flux density of first ring core N> N1.1mber _Of turns of sec;nc}ary copper coil
Bringo,m Maximum magnetic flux density of second ring Iy Primary input curr.ent olrng core

core Vs Secondary open-circuit voltage of ring core
Bring1,c Magnetic retentivity of first ring core Pem Measured iron loss per weight
Bringo,c Magnetic retentivity of second ring core 1. Introduction

HRingt.m Magnetic field intensity of first ring core ) ] ]
Hiingzm Magnetic field intensity of second ring core The development, ‘magnetic properties and evaluation qf
Hringlc Magnetic coercivity of first ring core several recent non—.orlented .stee.ls eﬁectlyely used for. electri-
Hring2e Magnetic coercivity of second ring core cal motors and various applications at high frequengles were
Sringt  Cross sectional area of first ring core presented . Furthermore, an appropriately fine-tuning tech-
Skingz  Cross sectional area of second ring core nique fo.r.the hot rol.hng temperatures, ranges of the chemical
Dgingt  Magnetic flux of first ring core including steel composition and strip tension Valges in the makmg process to
part s1gp1ﬁcapt1y enhance the magnetic properties of a revs:rmble
Dringz  Magnetic flux of second ring core without steel grain-oriented steel was proposed and evaluated ®. Besides, a
part novel technical scheme for efficiently fabricating the electri-
Breim Maximum magnetic flux density through steel cal sheets of Fe-6.5wt%Si alloy with a compact and suitable
part in first ring core process was developed an(.l assessed (”.. .
Urelr  Relative permeability of steel part in first ring On the other hand, a unique scheduling issue based on the
core single-machine type, that comprehensively considered the
Irel Magnetic length of steel part in first ring core setting-up time based on the order, release time, and restraints
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of the due time for optimally scheduling a wire rod and bar
rolling process in the steel factories, was implemented ®. In
addition, a calculation model and identification process suit-
ably based on the finite element analysis and the consistent
thermodynamic theory for effectively estimating the charac-
teristics of iron losses in non-grain-oriented steels at the high
frequencies and wide range of the magnetic field strength are
researched and developed ®. According to an experimental
analysis and investigation®, the supply of high frequency
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harmonics into a toroidal magnetic circuit using the non-
oriented electrical steel laminations may help to decrease the
low-frequency iron losses of the considered magnetic circuit.
Moreover, um-thick electrical steels made by the continu-
ous rolling process have been promising materials possibly
utilized for the magnetic inductor and transformer cores in
power-electronic applications at high frequencies as well as
for mass production .

The authors ® proposed a unique design method for mag-
netic components used in a high-efficiency bidirectional DC-
DC three-port converter prototype, which can reduce around
10% in the size of the magnetic components and 30% in the
overall size of the considered converter than that with the
conventional design technique. Furthermore, a play model
was designed to analyze the iron loss of reactor core utilized
in DC-DC converter with detailed considerations of the hys-
teresis B-H curve ®. A novel design for the cores of induc-
tion heating coils with the significant decrease of iron loss,
which was applied for a small-foreign-metal particle detec-
tor using a high-frequency SiC-MOSFET inverter with the
carrier frequency of 400 kHz, was also introduced and evalu-
ated "?. Besides, the characteristics and parasitic capacitance
of small-size toroidal reactors at high frequencies were an-
alyzed and assessed to be noticeably affected by the wire
guides and resin materials “".

The flaky-shaped thin powders were developed and eval-
uated ‘- with fairly good magnetic properties, and can be
used for power electronics applications at high frequencies.
However, the manufacturing of flaky-shaped thin powders for
mass commercial production is relatively difficult. Moreover,
a unique method to measure the conductivity and relative
permeability of 0.1-0.25 mm-thick steels was proposed .
Another study "® investigated the 0.18 mm-thick steel, and
0.08 mm-thick steel *” was also examined.

The 50 um thin steels of Nd-(FeCoNiTi)-B sintered mag-
nets " and 30 um-thick grain-oriented silicon steel *” were
introduced and investigated. Besides, the production of
5-8 um grain-oriented silicon steel sheets was discussed *”
without the consideration of effects of the high excitation fre-
quency on those steels’ magnetic characteristics. Toyo Ko-
han Co., Ltd. in Japan has recently produced the commercial
cold-rolled steel sheet with a thickness of 25 um ®". In fact,
there have been no studies on the magnetic properties and
details of related measurement method of um-class electrical
steel at high excitation frequencies of up to f = 1 MHz.

Hence, the key originality of our research is on the com-
bination of the production of the 4 um-thick steel fabricated
from pure iron using the rolling process and the measure-
ments of its magnetic properties at high frequencies up to
1MHz. Moreover, procedures and details of the proposed
measurement method are described, which can be applied in
the magnetic characterization of other thin steels at high fre-
quencies. In fact, our measurement method has not yet been
presented in detail in other existing studies and catalogues.
In addition, our 4 um-thick steel considered in this study is
made of pure iron, which is different with the um-class grain-
oriented silicon steels " produced from the silicon iron al-
loys.

Furthermore, this paper focuses on the use of the continu-
ous rolling process to make the 4 um-thick steel sheet because
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the rolling process is particularly convenient for the mass pro-
duction of related commercial products and applications. Be-
sides, our ultimate research goal will be to design and fabri-
cate magnetic inductor cores using the thin steel for power
electronics converters in electric vehicles (EVs), which can
efficiently operate at a large power up to tens of kW and high
frequencies of MHz with a reasonable cost. In this case, the
rolling process is also suitable among the fabrication meth-
ods of um-thick steels. Moreover, the maximum magnetic
flux density through the considered steel part in this study is
Breim = 0.262T at a peak frequency of 1 MHz, while some
existing studies V¥ investigated with only a small Bp, ,, at
high frequencies; in detail, Bpe, = 3mT ™ at f = 1 MHz,
and Bpey, = 50mT ™ at f = 100kHz. Due to the nonlinear-
ity of magnetic properties especially at high frequencies up to
1 MHz, the detailed measurement and evaluation of magnetic
properties with a fairly high flux density is helpful. These are
the main motivation and usefulness of our study.

Dimensions of the considered steel sheet and two ring
cores under test are expressed in Section 2. Furthermore, the
proposed measurement method and procedure utilized in ex-
periments are described in Section 3 as another significant
contribution of this study. In addition, the measured results
of B-H curves, relative permeability and iron loss per weight
as well as the Steinmetz-based formula to relatively estimate
the characteristics of the iron loss are shown in Section 4;
discussions are also presented in the section. Last, the con-
clusions and future work are included in Section 5.

2. Descriptions of 4 pum-thick Steel Sheet and
Two Ring Cores for Measurement

Firstly, an electrical steel made of pure iron was conven-
tionally cold-rolled to a sheet with a thickness of 200 ym and
annealed in vacuum. After that, the 4 um-thick steel sheet
was formed by the continuous rolling process using the mill
with twelve rolls structured in a vertically split type as il-
lustrated in Fig. 1 panel (a). Furthermore, in the production
and rolling process, a specialized measurement equipment as
depicted in Fig. 1 panel (b) was used to carefully check and
confirm the thickness of the steel sheet. Regarding all sam-
ples fabricated in this research, the material in use (i.e. pure
iron) and the manufacturing procedures are entirely same as
well as the thickness of each sample is strictly checked as
4 pym.

Details of the 4 um-thick steel sheet and first ring core used
in measurements are described in Fig.2. The total length of
the steel part attached in the first ring core as presented in
Fig.2 panel (a) is Igs; = 0.712 m. As shown in the central
part of Fig.2 panel (b), firstly, the steel sheet is appropri-
ately affixed to an insulation using a very small amount of
glue or adhesive tape; the commercial insulation of Kapton®
20EN ©* with a thickness of 5 um is used in this study. Then,
the steel part together with the insulation ® is attached on a
plastic cylindrical chassis as shown in the right part of Fig. 2
panel (b). In total, there are ten rounds of the 4 um-thick steel
together with the insulation as described in the right part of
Fig. 2 panel (c).

As depicted in Fig. 2 panel (c), the cross section of a ring
core is covered and indicated by the frame ABCD; we note
that the area of the frame ABCD is equal to the sum of areas
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Fig. 1. Equipment for making 4 um-thick steel sheet in
this study

of the two frames AEFD and EBCEF, i.e. Sapcp = Sagrp +
Segce. In the first ring core, the material of the chassis sec-
tion covered by the frame AEFD is plastic, and the remaining
section limited by the frame EBCF is the investigated steel
part together with the insulation ®>. As shown in the central
and right parts of Fig. 2 panel (b), the insulation is yellow.

In addition, another plastic ring core without a steel part,
which has the same dimension and number of turns of cop-
per coils with that of the first ring core (with the steel part)
as presented in Fig. 3, is used to measure the maximum mag-
netic flux of the non-steel ring core Pringz ,m under the similar
maximum magnetic field intensity with the first ring core, i.e.
HRingl,m = HRing2,m- In detail, in the second ring core as given
by the right part of Fig. 3, the material of the chassis section
covered by the frame AEFD as shown in Fig. 2 panel (c) is
still plastic, but the remaining section limited by the frame
EBCF comprises only the insulation ® without a steel part.
Besides, the numbers of turns of the primary and secondary
copper coils of the two ring cores are same as N| = N, = 44.
The ultimate aim is to efficiently estimate the magnetic flux
density through the considered steel part Bpe;m in the first
ring core and its relative permeability pp. ; in measurements
and calculation.

3. Proposed Measurement Method in Experi-
ments

As described in Fig.4, a 16-bit full-automatic B-H an-
alyzer SY-8219 together with a measurement pod SY-955
from Iwatsu® is utilized for accurate measurements under
the sinusoidal excitation technique with different excitation
frequencies from f = 10, 100, 200, 300 kHz and up to 1 MHz.
The maximum magnetic flux density of the first ring core is

(a) 4 um-thick steel sheet
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Insulation )
las=c core 4 nm-thick steel

(b) Steel part and insulation fixed on a plastic cylindrical chassis

Plastic
h=11 mm
ds=6.25mm

(c) Dimension of first ring core with steel part

Fig.2. Details of 4 um-thick steel sheet and first ring
core
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Fig.3. Tworing cores with same dimension and number
of turns of copper coils; left: first ring core with consid-
ered steel part; right: second ring core without steel part

always fixed at Bringi,m = 2mT in measurements. Firstly, the
secondary open-circuit voltage V, and the input primary cur-
rent /; of the ring core are measured to calculate B and H as
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expressed in (1) and (2), respectively; after that, the iron loss
per weight P, is computed according to (3).

B = mfvzdt ............................... (1)

H= # ...................................... (2)

P., = LfHdB ........................... 3)
PWn

Where p and W, are the density and weight of the steel
part, respectively; S is the cross sectional area; / is the mag-
netic length of the ring core, and f is the excitation frequency.

In this study, the proposed measurement method and pro-
cedure have three main steps in the order as follows.

Step 1: The first ring core with the 4 um-thick steel part
is connected to the B-H analyzer SY-8219 from Iwatsu for
measurement as depicted in Fig. 4. In this step, the peak mag-
netic flux density of this ring core is always fixed at Bring1,m
= 2mT, where the excitation frequency is altered from f =
10, 100, 200, 300 kHz and up to 1 MHz. At each frequency,
the maximum magnetic field intensity HRringi,m Of this ring

core is measured and collected as shown in the upper part of
Table 1.

Step 2: The first ring core is removed from the B-H ana-
lyzer. After that, the second ring core without the steel part is

now connected to the B-H analyzer for another measurement.
In this case, the maximum magnetic field intensity Hgingo,m
of the second ring core is set to be equal to Hringi,m of the
first ring core (already measured in Step 1) at each excitation
frequency of f = 10, 100, 200, 300 kHz and up to 1 MHz as
described in the lower part of Table 1. At each excitation fre-
quency, the maximum magnetic flux density Bringzm Of the
second ring core (without the steel part) is measured and col-
lected.

In addition, all the setting values and measured data in Step
1 and Step 2 are presented in Table 1 for easier to under-
stand the detailed procedures of the proposed measurement
method. In this table, we note that the magnetic flux density
Bring1,m is the setting value for the first ring core measured
in Step 1, while the magnetic field intensity HRingo,m is the
setting value for the second ring core performed in Step 2;
the other values such as Bringi,c, HRingl,m» HRingl.c> BRing2,m>
Bring2,c and Hgying are the measured data of the two ring
cores.

Step 3: From the six determined parameters Bringi,m,
HRing1,m> SRing1»> BRing2,m» HRing2,m and Sring2, Where Sging1 =
Sring2 and HRing1,m = HRing2,m, the maximum magnetic flux
density thorough the considered steel part Bg.| , and its rela-
tive permeability pge) , in the first ring core at each excitation
frequency can be estimated according to (4)—(7).

(pRingl,m ~ ¢Fel,m + (pRingZ,m .....................

Where ®gingi,m» Pret,m, and QPripgom are the maximum
magnetic flux of the first ring core, the investigated steel part
in the first ring core, and the second ring core without a steel
part, respectively.

Equation (4) can be rewritten as follows

BFel,m . SFel zBRingl,m : SRingl _BRingZ,m . SRingZ' o (5)

Where Sring1, Skei, and Sring> are the cross sectional areas
of the first ring core, the steel part in the first ring core, and
the second ring core without a steel part, respectively.

After that, Br.; m of the investigated steel part in the first
ring core can be computed as

BRing1,m * Sringt — BRing2,m * SRing2

: . . ) Brejm % ———— 80 (6)
Fig.4. Measurement system including a B-H analyzer Spel
and linear amplifier with excitation frequency up to
1 MHz P quency up where Sgring1® SRing2> and HRing1,m = HRing2,m-
Table 1. Setting values and measured data in Step 1 and Step 2 of proposed measurement method
Excitation fr o 10 100 200 300 400 500 600 700 800 900 1
S kHz | kHz | kHz | kHz | kHz | kHz | kHz | kHz | kHz | kHz | MHz
Bringtm [mT] | 2 2 2 2 2 2 2 2 2 2
. . (setting value)
First ring core : 0506 | 056 | 057 | 058 | 0589 | 06 | 061 | 062 | 0637 | 0.649 | 0.664
(with steel part), Bringl.c [mT] : i i : : : : : : i :
in Step 1 HRingl,m [A/m] 545.2 558.4 571.7 579 585.8 590.2 592.9 598 602.8 607.9 610.7
HRingl,c [A/m] 132.1 152.5 160.1 164.8 170.5 175.6 179.8 184.6 189 196.3 202.6
Bring2,m [mT] 0.6174 | 0.6034 | 0.6035 | 0.605 0.6097 | 0.613 0.6152 | 0.6159 | 0.6206 | 0.6258 | 0.629
. BRing2,c [mT] 6.72 27.3 222 18.1 16 14.7 13.8 13.1 12.5 12 11.5
Second ring core x10° | x10° | x10° | x10° | x10° | x10° | x10° | x10° | x10° | x10° | x10°
(without steel T [A/m]
part), ‘f‘f;l;'f' : M 5452 | sssa | 5717 | 579 | 5858 | 5902 | 5929 | 598 | 6028 | 607.9 | 6107
. = ingl,m
in Step 2 (setting value)
HRing2,c [A/m] 5.93 25.16 20.79 17.15 15.26 13.91 12.99 12.12 11.66 11.61 10.89
734 IEEJ Journal 1A, Vol.10, No.6, 2021
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From (6), the relative permeability of the steel is deter-
mined as
BFel,m

Fely = —— st (7)
Felr ﬂOHRingl,m

where y = 47 x 1077 H/m.
4. Experimental Results and Discussions

4.1 Experimental Results From the output direct
data of the B-H analyzer Iwatsu SY-8219, the measured B-
H curves of the first ring core (with the considered steel part)
and the second ring core (without a steel part) at the peak ex-
citation frequency of f = 1 MHz are expressed in Fig. 5 panels
(a) and (b), respectively, where the maximum magnetic field
strength values of the two ring cores are same, i.e. HRingi,m =
HRing2,m = 610.7 A/m. From this figure and Table 1, we can

: oE-0 Tidiv
H: 200 Admidiv

(a) First ring core with examined steel part, where Bringi.m = 2mT

/

: ZE-04 Ta'gjw
H: 200 Admidiv

(b) Second ring core without steel part, where HRing2,m = HRingl.m

Fig.5. Measured B-H curves of two ring cores obtained
from analyzer Iwatsu SY-8219, at f = 1 MHz

recognize the significant differences between the measured
B-H curves of the two ring cores.

In addition, the measured B-H curve of the first ring core
with the steel part varies remarkedly once the excitation fre-
quency rises as shown in Fig. 6. This indicates that the iron
loss of the steel part may considerably increase when the ex-
citation frequency increases.

From (6) and (7), the maximum magnetic flux density
Bre1m and the relative permeability pge;, of the steel part in
the first ring core are estimated within the value ranges of
Breim = 0.267 — 0.262 T and ppe;r = 386.8 — 341.4, respec-
tively, where the excitation frequency is varied from 10kHz
to 1 MHz as described in Fig.7. We can see that the esti-
mated Br] , of the steel part is almost constant as illustrated
by the purple solid line in Fig. 7 for good evaluation. More-
over, the measured results of the iron loss per weight P, of
the examined steel part in the first ring core are presented in
Fig.8.

Moreover, by using (4)—(6) with additional measurements,
the response of the magnetic flux density of the steel part
Bre1m in the first ring core under alterations in the magnetic
field intensity H is expressed in Fig. 9, where H with the first
and second ring cores in each experiment is same (HRingi,m
= HRing2,m), and the frequency is 1 MHz. Due to the cur-
rent limit of the linear amplifier HSA 4014-IW (Fig.4), H is

x10°
T T T T
2" —1 MHz = 7
=800 kHz
15 —500 kHz 1 lIIHz
n 300 kHz ,
=100 kHz
05- —10KHz .

Magnetic Flux Density, B [T]
=
T

600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600
Magnetic Field Intensity, H [A/m]

Fig.6. Measured B-H curves of first ring core with steel
part attached, in Step 1 of measurement procedure

0.28 : 400
--Magnetic Flux Density of Steel: By, [T]
| 388 —+-Relative Permeability of Steel 1 390
— 0275 & o
=l ~ 3804 =
E “~ N 380 ¢
Z N3 &
2 o027+ N =
° NS 366.9 1370 p.
i . 267 0267 0267 e 0265 0265 “ z
g 0265 + TS 0.264 0.264 T g
A 0265 36T~ ST RE 0263 g
g TS~ l 0262 g
£ 3T e~ L ase &
£ 026 - 3485 ~ <L £
£ 3443 <o =
& 34147 340 G
-
< 0.255
+ 330
0.25 : : : : 320
10 100 200 300 400 500 600 700 800 900 1000
Frequency f[kHz]

Fig.7. Experimental results of Bpe;, and ppe;, of con-
sidered steel
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Fig.8. Measured results of P, of tested steel with
BFel,m in Flg 7
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Fig.9. Response of Bp.m of considered steel under
changes in H

varied from 5 to 2200 A/m in these measurements.

Furthermore, the ratio value d¢ of the magnetic flux ® be-
tween the second and first ring cores (Fig. 3) in experiments
is computed according to (8). The main aims of calculating
the value of d¢ are to thoroughly know and monitor the ra-
tio of the magnetic flux of the second ring core (without a
steel part) compared to that of the first ring core (with the
steel part attached) at the same magnetic field intensity under
large changes in the excitation frequency. In this paper, the
value of ¢ slightly varies in a range of 30.1-31.5% once the
frequency considerably changes from f = 10 kHz to 1 MHz.
On the other hand, if the actual value of 6¢ changes very
significantly when the excitation frequency alters, we should
carefully recheck the measurement procedures and results as
well as need to measure again with another sample of the first
ring core consisting of the steel part for validation.

Qme
g2
oo =

Ringl

From Fig. 8, the iron loss per weight and frequency is var-
ied in the range of P.n/f = 12.2-20.06 W/kg/kHz, when the
frequency is changed in the range of f = 10kHz—1MHz as

736

22
21 | | | | | f | |
20 | | e et | R
19 L H H H H L H H
18 :
17

[ —

SN W RN PO D W

[W/kg/kHz]

Iron Loss per Weight and Frequency, Pcm/f

400 500 600 700 800 900 1000

Frequency f[kHz]

10 100 200 300

Fig.10. Experimental results of P, per frequency of
steel, Pen/f
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T
o Measured Data
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ye ™ P N
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Frequency f [kHz]
Fig.11. Measured data and Steinmetz-based estimation
of P

described in Fig. 10.

4.2 Steinmetz-based Estimation of Iron Loss per
Weight and Discussions on Measured Results With the
proper use of the fit command in MATLAB “¥, the conven-
tional Steinmetz-based formula for relatively estimating the
hysteresis and eddy current loss components in the measured
P, of the investigated steel as illustrated by Fig. 8 can be
expressed as

— _ 2 2 2
P, = Phys + Peddy = khysBFel,mf + keddyBFel,mf

where Breim = 0.262T, kyys = 0.206 and keqqy = 8.7 X 1078
in this study.

The detailed comparison between the measured data of Py,
and the Steinmetz-based estimation given by (9) is depicted
in Fig. 11, where Bpe;m = 0.262 T (Fig. 7). For analysis pur-
pose, the ratio 7.y between the estimated eddy current loss
Peqqy and hysteresis loss Py is computed by (10), and its
values are represented in Table 2.

P eddy
X

Nest =
hys

As shown in (9), Fig. 11, and Table 2, at the low frequency

IEEJ Journal IA, Vol.10, No.6, 2021
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Table 2. Ratio between estimated eddy current and hysteresis losses of steel using Steinmetz formula, where

BFe],m = 0262T
Excitation frequency f 10 100 200 300 400 500 600 700 800 900 1
kHz kHz kHz kHz kHz kHz kHz kHz kHz kHz MHz
Hysteresis loss Pyys [W] 141 1414 2828 4242 5656 7070 8484 9898 11313 12727 14141
Eddy current loss Peqay [W] 0.6 59.7 238.9 537.5 955.5 1493 2149.9 | 2926.3 | 3822.1 | 48373 5972
Ratio value 7¢q [%] 043 422 8.45 12.67 16.89 21.12 25.34 29.56 33.79 38.01 42.23

of 10kHz, the hysteresis loss is dominant while the eddy cur-
rent loss is very tiny. When the frequency f increases from
10kHz to 100 kHz as ten times of change, the increasing rate
of the eddy current loss is proportional to f2 as hundred times,
while the increasing rate of the hysteresis loss is proportional
to the frequency as only ten times. In addition, for the fre-
quency range of f = 100 kHz—1 MHz, the step change of fre-
quency is 100 kHz which is equivalent to only an increase of
200%—-11.1%; hence, the rise of P.y/f in this case is much
reduced than that with f = 10-100 kHz. Moreover, once the
frequency increases, effects of the eddy current in the steel
become more substantial " as depicted in Fig. 11. These
are the reasons why the variation of Py, / f for the frequency
range of f = 10-200 kHz is more nonlinear than that for f =
200 kHz—1 MHz as shown in Fig. 10. The nonlinearity in the
variation of the iron loss per frequency is also observed with
the flaky-shaped powder **.

From Table 2, we can see that the ratio 7.y between the
estimated eddy current loss Peqqy and hysteresis loss Ppys at
a low frequency of 10kHz is very small as 0.43%. Although
the measured P, /f increases fairly linearly for the frequency
range of f = 100 kHz—1 MHz as shown in Fig. 10, 7y is still
small in a range of 4.22-16.89% for the frequency range of f
= 100—400kHz as presented in the last row of Table 2. Mean-
while, when the frequency is from f = 500 kHz to 1 MHz, the
estimated value of 7.y becomes 21.12% to 42.23%, which
are relatively substantial. These quantitative data demon-
strate that the eddy current loss is comparatively significant in
the investigated steel at the high excitation frequencies from
500 kHz and above as also illustrated by the purple solid line
in Fig. 11.

Owing to the remarkable effects of the eddy current at high
frequencies ‘', the relative permeability upe;, of the thin
steel considered in this paper is slightly decreased from 386.8
to 341.4 when the excitation frequency increases from f =
10kHz to 1 MHz as presented by the dashed line in Fig. 7.

Since there are differences in the materials, fabrication
methods and test conditions in use between this paper and
other existing related studies, the relative permeability val-
ues of only the iron powders " and thin materials ** are
used to briefly compare with that of the investigated 4 um-
thick steel in this study for reference purpose. In detail, the
relative permeability values of the spherical and flake pow-
der cores * at f = 1 MHz are 15 and 67, respectively, where
the maximum magnetic flux density B, used in measure-
ment is 3 mT; the relative permeability of the flaky-shaped
iron powder MG150D “¥ at f = 1 MHz is around 64, where
this powder core sample was compacted at 686 MPa. Be-
sides, the 0.25 mm-thick Fe-based material ™ has a relative
permeability as around 90 at f = 100 kHz, while that of the
0.1 mm-thick Ni-based material * is in a range of 14-11 for
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a frequency range of f = 100kHz — 1 MHz. From the above
observations, yge; » = 341.4 at the high frequency of 1 MHz of
the considered 4 um-thick steel is relatively acceptable com-
pared to that of some existing thin materials “*>. In next
study, other thin steels ®”“® will be assessed and compared.

An insulation material is usually a non-magnetic material
and can effectively prevent the transmission of electricity.
Thus, in ideal situation, there are no significant effects of the
insulation material in use (Kapton® 20EN ®) on the mea-
sured magnetic properties of the tested steel. However, in the
authors’ opinions, the following points have to be considered
in experiments and measurements. Firstly, the temperature
in the first ring core including the steel part together with
the insulation may significantly increase during the consec-
utive experiments and measurements, which may impact the
measured magnetic properties of the steel if the temperature
is high enough. In fact, different insulation materials often
have dissimilar influences on the increase of the temperature
in the first ring core. Hence, to effectively prevent the high
rise of the temperature in the first ring core in experiments,
an appropriate insulation material with good thermal charac-
teristics ® should be utilized, as well as the time between the
two consecutive measurements of the ring core should be at
least five minutes according to our experience.

Furthermore, as described in the second paragraph of Sec-
tion 2 and Fig. 2 panels (b) and (c), when we manually make
the first ring core consisting of the steel part affixed to the in-
sulation and then wind the two copper coils on the ring core,
some small pressure or stress may occur and influence the
steel part, that may also cause the unexpected effect on the
measured magnetic characteristics of the investigated steel.
Therefore, to mitigate this issue, during the manual manufac-
turing and coiling of the first ring core, we should perform
properly, slowly and carefully. Finally, the thickness of the
insulation material should be suitably selected according to
the thickness of the considered steel sheet. In the experimen-
tal ring core, the insulation material affects the actual total
thickness of the area indicated by the frame EBCF as shown
in Fig. 2 panels (b) and (c). If the thickness of the insulation
material is very much larger than that of the examined steel,
the estimated ratio between the magnetic flux values through
the insulation part and the steel part in the first ring core will
increase remarkably, which may impact the measured mag-
netic properties of the steel. For example, when the thickness
of the steel is 4 um as considered in this study, the thickness
of the insulation material can be chosen in a range of around
4-12 ym according to our experience and thought. The par-
ticular effects of different insulation materials and their thick-
ness on the measured magnetic properties of um-thick steels
at high frequencies will be thoroughly investigated, analyzed
and assessed in future research.
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5. Conclusion

This paper has comprehensively evaluated the magnetic
characteristics of the 4 um-thick electrical steel, where it is
made of pure iron by using the continuous rolling process
and the excitation frequency is altered from f = 10, 100, 200,
300kHz and up to 1 MHz in experiments. In detail, the B-H
curve, iron loss per weight, relative permeability, and detailed
characteristics of the hysteresis and eddy current loss com-
ponents based on the Steinmetz estimation of the steel have
been examined and assessed. Furthermore, an efficient mea-
surement method with the proper utilization of another non-
steel ring core with the same dimension and copper coils to
the first ring core was introduced for appropriately determin-
ing the maximum magnetic flux density Bp.;, and relative
permeability ppe  of the considered steel part attached in the
first ring core. Besides, this measurement method can be ap-
propriately applied to evaluate the high-frequency magnetic
properties of other thin electrical steels.

At the maximum magnetic flux density of Bgejy, = 0.262 T
and the peak excitation frequency of f = 1 MHz, the esti-
mated relative permeability and iron loss per weight of the
steel part in the first ring core are upe;, = 341.4 and Py =
20063 W/kg, respectively. Moreover, the results in Figs. 10
and 11 and the estimated ratio 7s in Table 2 have demon-
strated that the eddy current loss component in the 4 um-thick
steel is relatively substantial once the excitation frequency is
from 500 kHz and above. Therefore, this steel may be utilized
for magnetic inductor and transformer cores in various power
electronic applications at high frequencies with the relatively
good performance. Some extra research and improvement in
continuing to reduce the iron loss for this steel is also recom-
mended for the implementation.

In future work, the magnetic characteristics of the 4 um-
thick steel examined in this paper will be compared with that
of another 3.8 um-thick amorphous material in finite element
analysis and experiments. Furthermore, effects of the eddy
current maybe caused by the copper coils wound on the ring
cores at high frequencies will be investigated in detail.
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