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Chapter 2 Power electronics from the view point of passive components

Section1 Magnetism

1.1 Fundamentals of Magnetic Materials for Power Electronics

Keyword: Soft magnetic materials, Static magnetic properties, Dynamic magnetic properties, Magnetic property evaluation methods, Magnetic

elements, Modeling, Steinmetz formula

In this section, the basic properties (static and dynamic magnetic properties) of soft magnetic materials that constitute magnetic elements
such as transformers and inductors are outlined. Representative soft magnetic materials, magnetic property evaluation methods, magnetic
elements using these materials, and modeling of elements based on the Steinmetz equation are also briefly reviewed.

1.1.1 Magnetostatic Properties of Magnetic Materials

Magnetic materials are "magnetized" when placed in a magnetic
field. As the magnetic field H is gradually increased, the magnetization
Msaturates at a certain threshold value. The magnetization M at this
point is called saturation magnetization Ms and the magnetic flux
density B is called saturation flux density ss. Next, as the magnetic field
H is weakened with respect to the saturated magnetization M, the
magnetization M does not become zero where the magnetic field H is
zero, but becomes zero at acertain magnetic field H in the opposite
direction. The magnetization M at this zero magnetic field is called the
residual magnetization My, the magnetic flux density B is called the
residual flux density Br, and the magnetic field H in which the
magnetization Mbecomes zero is called the coercive force He. As shown
in Figure 2.1.1.1, the magnetization M of a magnetic material follows
different paths when the magnetic field H is made stronger and weaker,
resulting in a characteristic loop. The magnetization curve obtained by
alternately applying a magnetic field H in consideration of its direction
is called a magnetic history curve (hysteresis curve). The relationship
between the magnetization M and the magnetic flux density B of a
magnetic material is expressed

B=poH+M (2.1.1.1)
B=po (H+M) (2.1.1.2)

As where po is the magnetic permeability of the vacuum. The
difference between E-H and E-B is whether po is attached to
magnetization M or not, and the unit of magnetization M is different. B
is A/m in the Sl unit system, the same as the magnetic field H. In this
document, the units of magnetization M are generally the same as in
equation (3) . In this document, the E-H correspondence is generally
described using Equation (2.1.1.1), and the E-B correspondence using
Equation (2.1.1.2) is also used depending on the contents. The magnetic
permeability W is the gradient of the magnetic history curve. The curve
drawn by connecting the vertices of the magnetic history curve is called
the normal magnetization curve, which is a static description of the
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curve known as the AC magnetization characteristic in the power electronics field. The curve drawn by connecting the midpoints of the width
of the magnetic history curve is called the mean magnetization curve. The curve that gives the saturation flux density Bs, the residual flux
density Br, and the coercive force Hc in the magnetic history curve is called the saturation magnetization curve. The energy equivalent to the
area confined by the magnetic history curve is supplied to the magnetic material from the external magnetic field and is converted into heat
energy, resulting in loss (-4,

In magnetic materials, when the magnet ization M is parallel to the direction of the external magnetic field, the magnetization process
proceeds either by the movement of magnetic walls within the material or by magnetization rotation within the magnetic domain.

(@) (b) ()

Figure 2.1.1.3 Initial magnetization curves and various permeabilities, minor loop

In soft magnetic materials, both wall movement and rotation are likely to occur. In the case of magnetization by wall movement, the magnetic
walls within the material jump from one state to the next as the external magnetic field changes. The magnetization process that repeats this
jump to the next state is irreversible, and a hysteresis curve is drawn. On the other hand, in the case of the magnetization process by
magnetization rotation, the magnetization rotates so that it faces parallel to the direction of the applied magnetic field as it changes. In this
case, a hysteresis curve is also drawn. However, the area enclosed by the curve is clearly smaller than that of the case of the magnetization
process by wall shift. These magnetization processes are easy to separate when the magnetic domain structure is a simple thin film. On the
other hand, in the case of thin films or powders, the magnetic domain structure in the material becomes complex, and these magnetization
processes are mixed. In other words, as shown in Figure 2.1.1.2, in the weak magnetic field region, the magnetic wall migration is easy and
the behavior is reversible (Process 1). As the magnetic field becomes stronger, the magnetic wall jumps to the next state and becomes
irreversible (process I1). In stronger magnetic field regions, the magnetic domains disappear and magnetization rotation occurs (process I11),
resulting in a saturated state. This magnetization curve has hysteresis, in which the magnetization always changes with a delay with respect
to changes in the external magnetic field @ @.ad ) Since the specific permeability pir is normalized by the permeability po of the vacuum,
its unit is dimensionless. The relationship between the specific magnetic permeability prand the magnetic susceptibility y is pr=1+y/po=1+y
r. As shown in Figure 2.1.1.3 (a), when the magnetic field H is increased gradually from zero, the magnetic flux density Bof the magnetic
material rises from zero, and when the magnetic field H is further increased, it increases from (1) to (4) and almost saturates. This curve
from zero to (4) is the initial magnetization curve. In the initial magnetization curve, the rate of increase of magnetization near zero magnetic
field is called the initial permeability Wi, and the specific permeability ur reaches its maximum near (3), where pir is called the maximum
permeability pm V@@,

When the magnetic field H is varied slightly AH at the initial magnetization curve or at any point (5) of the hysteresis curve, the magnetic
flux density Bchanges 4B. The ratio between 4B and 4H is the incremental magnetic permeability pa. [ is the magnetic permeability when
a small magnetic field is applied to the magnetic material with a bias DC magnetic field. The hysteresis curve with a bias DC magnetic field
applied is the minor loop, which is the loop applied to the inductor (Figure 2.1.1.3 (b)). In contrast, the minor loop corresponding to the
maximum flux density Bm symmetrical to the origin (zero field) as shown in Figure 2.1.1.3 (c) is the loop applied to a transformer with
symmetrical AC excitation. In addition to this, when the tangent line is drawn at any point on the hysteresis curve, it becomes (dB/dH)/Lo,
and the magnetic permeability at this point is called the differential permeability pait. The maximum value of this permeability corresponds
to the maximum differential permeability, but it is different from the maximum permeability pm, which is the slope of the tangent line drawn
on the initial magnetization curve M--4),
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Table 2.1.1.1 summarizes the English notation, symbols, and definitions of the representative physical quantities and magnetic permeability
used to evaluate the magnetostatic properties of the soft magnetic materials for power electronics mentioned above.

Finally, a note on units and the relationship between the specific magnetic permeability ur and the magnetic susceptibility y is given. ® In
the SI unit system, x has the same units of H/m as the magnetic permeability xo of a vacuum. On the other hand, in actual permeability
measurements, the dimensionless number specific permeability xr = 1 / po is often used. This is because the permeability 1% in the cgs unit
system is also a dimensionless number and has the same value as ur, and since the specific permeability of a vacuum is 1, using ur (= x°%) has
the advantage of facilitating comparison with a vacuum. However, adding a subscript "r" for relative to xi, wdit, and us as defined above
complicates the notation, and since the SI and cgs unit systems are sometimes used interchangeably, it often happens that the magnetic
permeability and specific permeability are not distinguished. When using specific permeability in the SI unit system, it is necessary to pay
attention to the units, for example, wi / po in these notations.

The magnetic flux density B in the SI unit system is expressed by equation (2.1.1.2), and if the magnetization M is proportional to the
magnetic field H, then M = yH if the proportionality constant is the magnetic susceptibility y. From these equations, the relationship between
urand yisur =1+ x. Since M >> H usually holds, we can ignore the magnetic field H and assume that the magnetic flux density B and the
magnetic polarization J = xoM are the same (B = J) and that the specific magnetic permeability ur and the magnetic susceptibility y are the
same (ur = y).

Table 2.1.1.1 Typical physical quantities and permeabilities used to evaluate magnetostatic properties in soft magnetic materials for power

electronics
Terminology English symbol | Definition. M st
easurements™.
(language)
Saturation flux | saturation . . . . .
- BS Maximum flux saturation density that can be reached by magnetic materials 1**2,3,4
density flux density
Residual  flux | Residual Br In the saturation magnetization curve 1%* 2 3 4
density flux density Value of magnetic flux density Bwhen magnetic field H is 0 e
Coercivit Coercivity He In the saturation magnetization curve 1%% 2 3 4
Y ' Value of the magnetic field H for which the magnetic flux density Bis zero P
Initial Initial Extreme value of the magnetic susceptibility when both the magnetic field strength | 144 5 3 4 5 6 7
. ermeability mu and the magnetic flux density are as close to zero as possible 8 Thrmn
permeability P (Slope at the origin of the initial magnetization curve
Incremental | al Under DC polarization conditions, if B is not zero, then
magnetic précrﬁreg%r;lﬁy ua Ratio of finite magnetic field strength change 4 H to corresponding magnetic flux | 1** 2,3, 4,6, 8
permeability density change 4B
Differential
. Differential - B-H Slope at a point on the curve %
magnetic permeability pdiff (Note that it is not limited to saturation magnetization curves. 1*%,2,3,4,5,6,8
permeability

* : The measurement method corresponding to each number is described in section 1.4.2 of this chapter.

** : Only magnetostatic characteristics can be measured

On the other hand, when the magnetization M is small and the magnetic field H is not negligible, it is necessary to use exact expressions for
the magnetic flux density B and the specific permeability ur, and to distinguish between the magnetic flux density B and the magnetic
polarization J, and between the specific permeability ur and the magnetic susceptibility y.

In addition, the relationship between the magnetic flux density B, the magnetic field H®%® and the magnetization M® in the cgs unit
system differs from equations (2.1.1.1) and (2.1.1.2) in that

BCgS = HCgS + 47TMCgS (2113)

The magnetic flux density B®%, the magnetic field H®%, and the magnetization M°® are expressed as where the units of magnetic flux density
B9, magnetic field H®, and magnetization M are gauss, Oe, and emu/cc, respectively. the magnetic susceptibility x*% in the cgs unit
system, is a proportionality constant such that M = »£9s HeS and substituting this, the relationship between magnetic permeability and
magnetic susceptibility is % = 1 + 4z »°%. Comparing this with the relation between urand y in the SI system of units, we obtain y = 47 %
Therefore, a material with magnetic susceptibility ¥ = 1 in the SI unit system has 1 / 4z = 0.08 in the cgs unit system. In summary, the
permeability and magnetic susceptibility in the SI unit system and the permeability and magnetic susceptibility in the cgs unit system are all
dimensionless numbers, and the permeability xr in the SI unit system and the permeability x°% in the cgs unit system have the same value, but
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the magnetic susceptibility has different values in the SI and cgs unit systems.

1.1.2 Dynamic magnetic properties of magnetic
materials R @ ShamuR

The magnetic parameters shown in section 1.1.1 are the \
= ®
t
- m

.t
magnetostatic properties of magnetic materials. For soft 7': ®

. . . . L +m
magnetic materials, low coercivity (low Hc), high ! |

y:

x: HEEEH

§NSs )
&
c®
|
<

saturation magnetization (high 4 = Ms) and high initial BESE
permeability (high ) are mainly required as

(a) HEEETSEY

magnetostatic properties. The loss of magnetic materials
caused by the excitation of an AC magnetic field is closely R R
related to the magnetization process of soft magnetic

materials and their frequency characteristics. The BER—
L . . BEE j - =
following is an overview of the magnetization process ‘ N 2Ty BHEEREE
(dynamic magnetic properties) in AC magnetic fields. N BLESH
The magnetization process by magnetic wall movement (b) ALIEIRR

can cause a large-amplitude magnetization reversal when Figure 2.1.1.4 Magnetization process in an AC magnetic field (dynamic magnetic
the frequency of the driving magnetic field is low and the

magnetic field is weak. On the other hand, when the frequency of the driving magnetic field is high, the magnetic wall moves at high speed
and a high-speed magnetization reversal occurs at the boundary of that area, resulting in a local concentration of heat loss due to eddy currents
(eddy current loss) (Figure 2.1.1.4 (a)). The eddy current loss Weqdy due to the magnetic wall shift is proportional to the frequency of the

driving magnetic field f

8.4tWB 0y

o £2 (2.1.1.4)

Weddy =

©-®), which is expressed as where t, w, p, N, and Bmax are the thickness, width, and electrical resistivity of the material, the total number of
magnetic walls in the material, and the amount of magnetic flux reversal per unit area (maximum flux density). This equation models the
movement of magnetic walls in the material, meaning that a higher frequency f of the driving magnetic field and an increase in the flux
reversal amount Bmax are directly related to a rapid increase in eddy current loss Weddy. Based on the equation (2.1.1.4) for eddy current loss
due to magnetic wall movement and experiments, eddy current loss Weddy can be sufficiently suppressed if the thickness t of the metallic
magnetic material is less than several 10 pn m and the frequency fof the driving magnetic field is several 10 kHz. However, in order to use the
material in a frequency range higher than this, it is important to reduce the material thickness t to a few um or less (thinning), increase the
electrical resistivity p of the material, or increase the total number of magnetic walls Nin the material. In particular, in the case of thin films,
there is an upper limit to the speed of magnetic wall movement due to inertia and heat loss, and the limit to the magnetization reversal speed
(or frequency) due to magnetic wall movement is only a few MHz. Thus, although magnetic wall motion finds no application in the high-
frequency region where the driving magnetic field is several MHz or higher, it is widely used in the low-frequency region where the driving
magnetic field is low. In fact, in the case of metallic magnetic materials with a certain thickness, such as those used in power transformers,
the eddy current loss Weddy is kept low by increasing the total number of magnetic walls Nand having each magnetic wall share the amount of
magnetization reversal when causing a large magnetization reversal by magnetic wall movement .

The magnetization process due to magnetization rotation contributes predominantly in the high-frequency region above about 10 MHz,
where the magnetic wall movement cannot be followed and the small amplitude operation near the initial permeability s occurs.
Magnetization reversal occurs uniformly throughout the material. As shown in Figure 2.1.1.4 (b), the permeability z, which is reduced by
eddy current losses Wedady When an AC magnetic field is applied in the direction of the magnetization difficulty axis, can be obtained from
electromagnetism (Maxwell's equation) using the skin thickness ¢ and the initial permeability s derived from the static magnetization process,
assuming the material width is infinite

B t t ¢! +j)t) A+t
U = ; tanh (2—58) 2—68 =Y tanh( 25 / 25 (2.1.1.5)

©. where § e is called the effective epidermal thickness (complex number) . where de is called the effective skin thickness (complex number),
and its relationship to the general skin thickness 4 is
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is expressed as As can be seen from these equations, the decrease in permeability x depends on the ratio of material thickness t to skin

6

thickness 6.  If the material thickness t is less than a few pum and the skin thickness ¢ is sufficiently thick, the decrease in permeability u
is sufficiently suppressed up to several 10 MHz if the material thickness t is less than several um. Therefore, if the material shape is thin
enough, even metallic soft magnetic materials can suppress the loss up to higher frequencies. The upper limit of the frequency is closely
related to the magnetic resonance phenomenon. This magnetic resonance phenomenon is a

process in which the magnetization changes its direction while performing precessional M
motion, and is described by the Landau-Lifshitz-Gilbert (LLG) equation

—
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———)/[ X ]+M

ot
Py Hy H
Xo (21.1.8)
(10D, which can be explained phenomenologically by where y is the gyromagnetic constant,
whose value is 8.7698 X 10-3g [ 9¢1s1] (g: g factor). a is the braking constant (damping Figure 2.1.1.5 Magnetization curves of
constant). The first term in equation (2.1.1.7) is the precession term of magnetization and the hard-to-magnetize axes in
second term is the braking term. The frequency at which this phenomenon occurs is determined soft magnetic materials with

by the intensity of the effective magnetic field (anisotropic magnetic field) Hk due to
magnetization rotation (Figure 2.1.1.5) in a soft magnetic material when no static external magnetic field is given. In the case of a bulk-
shaped soft magnetic material with uniaxial magnetic anisotropy, its resonance frequency is

Y

= —H, 2.1.19
fr 2 i ( )

(12)(13)

As described above, the magnetization process of soft magnetic materials is either wall movement or magnetization rotation. Which process
is dominant depends on the material geometry, magnetization, size, and frequency range used. In power converters such as transformers, the
magnetization process is dominant in the low frequency range near commercial frequencies, where magnetic wall movement is easy at low
excitation currents. As shown in Figure 2.1.1.6, electromagnetic steel sheets that are close to the bulk shape are mainly used in the low
frequency range from near commercial frequencies, while thin strips and a pressed core consisting of fine particles with large grain size are
used in the frequency range from low frequency to around 100 kHz, and a pressed core consisting of smaller particles in the frequency range
from 100 kHz to around several MHz. Mn-Zn ferrite is used over a wider frequency range. In the case of thin-film elements, the operating
frequency is above several 10 MHz, and the magnetic wall movement is no longer followed, and the magnetization process is mainly based
on magnetization rotation with a small amplitude close to the initial permeability.
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1.1.3 Types of soft magnetic materials I I I I I I I I I

Typical soft magnetic materials include Fe-based Km0 i ——
alloy materials, amorphous alloy materials, N %mm{i(re-sia;:é - |
nanocrystalline alloy materials, magnetic powder core @ B i(?EJWﬁ:z,’"ﬂéﬁ) !
materials, and ferrite materials. Figures 2.1.1.7 (a) and g: ! 7153,“(,“"_2.;%) b ﬁ%ﬁﬁ\ msénng\ m%;su%;a
(b) show the relationship between the power capacity jﬁj b (Ni_zm,) imﬁ.;tll%!iﬁ
and excitation frequency of transformers using these P | WMSEMET (SO0Y~YTIIONBAR) |
materials and the relationship between the specific f_.: Ewmib (Fe*ﬁ,; F&%T”Ejlﬂ? i | i i : m'ﬁ-,;;su%;a
permeability of the materials and the excitation gv Zﬁﬁ%ﬁ%) : : : : :
frequency, as well as an overview of these materials 10'0Hz 1IkHz mIkHz 1o:>kHz 1:sz mIMHz 101; MHz 1:st 1oIGHz
(14)15), BRI [Hz

Fe-Si alloy materials are called electromagnetic steel Figure 2.1.1.6 Typical frequency range of soft magnetic materials used
sheets (silicon steel sheets) and contain several percent (Also consider the magnetization process by magnetic wall movement and

Si. The Fe-Ni alloy material is an alloy made to increase

the initial permeabilityz, and is called permalloy from "permeability" and "alloy". Its magnetic properties vary depending on the Ni
composition, especially the permeability is high around 78.5 wt.% Ni (78 Permalloy, Permalloy PC), and the saturation magnetization4 = Ms
is high around 45 wt.% Ni (45 Permalloy, Permalloy PB). These Permalloys are used for transformers, winding cores, magnetic heads,
magnetic shields, etc. Fe-Si-Al alloy materials are alloy systems with compositions in which crystal magnetic anisotropy and magnetostriction
are simultaneously zero, and the magnetic permeability . reaches a maximum around 9.6 wt.%Si and 5.5 wt.%Al. Sendust is an alloy that
exhibits these excellent soft magnetic properties. This alloy is used for high-frequency magnetic cores.

Amorphous alloy materials are mainly Fe-based amorphous materials and Co-based amorphous materials in the form of thin strips of
several 10 pm thickness. the magnetic properties of Fe-based amorphous materials are mainly used in power distribution transformers because
of their high saturation magnetization 4 = Ms and low coercive force He. Co-based amorphous materials have high permeabilityz and low
coercive force He, so they are used in saturable cores for magnetic amplifiers and magnetic sensors. Nanocrystalline materials are alloys
consisting of crystal grains on a scale of a few to several 10 nm. Their magnetic properties are relatively high saturation magnetization 4zMs,
high permeability, and low loss, and they are used in common mode chokes. Representative nanocrystalline materials include Fe-Si-B-Cu-
Nb alloys and Fe-Zr-B alloys. Among them, Fe-Si-B-Cu-Nb alloys have a microstructure in which body center cubic (bcc) type Fe-Si crystal
grains of about 10 nm are densely and uniformly dispersed in the ferromagnetic Fe-B-Nb amorphous phase, and have excellent soft magnetic
properties.

Powdered magnetic core materials are soft magnetic powders with particle sizes ranging from a few to several tens of micrometers, the
surfaces of which are insulated and molded into a specified shape. Its magnetic properties are as follows: although the initial permeability s
is not very high, it is resistant to magnetic saturation up to high magnetic fields, eddy current loss is low, and the specific permeability s
does not decrease up to high frequency regions as the particle size decreases. The main types of materials include carbonyl iron, pure iron,
soft magnetic alloys such as Fe-Si, Fe-Ni, Fe-Si-Al (sendust), amorphous alloys and nanocrystalline alloys. These materials are mainly used
as magnetic cores for noise filters and smoothing choke coils used in switching power supplies and small magnetic cores for power chokes
in notebook PC applications.

Ferrite materials are magnetic materials consisting mainly of iron oxide. Mn-Zn or Ni-Zn ferrite materials with spinel-type crystal structure
have low saturation magnetization 4xMs, but high electrical resistance and low loss up to high frequency range, and are used as magnetic
cores in transformers, inductors, common mode noise filters, etc.

Further information on these materials is provided in Sections 2.1.2 and 2.1.3.
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Figure 2.1.1.7 Power capacity vs. frequency (a) and permeability vs. frequency (b) for typical

1.1.4 Magnetic Property Measurement Methods

To understand the magnetic properties of soft
magnetic materials that constitute passive
components, it is important to understand their
magnetic property measurement methods. Figure
2.1.1.8 summarizes the relationship between
magnetic property measurement methods and
measurement frequency ranges for soft magnetic
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materials. The main methods for measuring static ERE-HL—T M=)
magnetic properties are the Vibrating Sample
Magnetometer (VSM), the Super-conducting
Quantum (SQUID)
magnetometer, and the Alternating Gradient
Magnetometer (AGM). Alternating Gradient
Magnetometer (AGM), and DC B-H loop tracers.
All of these measurement methods can measure
the magnetization curves of soft magnetic materials. On the other hand, the main methods for measuring magnetic properties in AC are the
Epstein test, two-dimensional vector magnetometer, one-coil method, two-coil method (including AC B-H loop tracer), inductive cancellation
method, and capacitive cancellation method. These measurement methods can measure the dynamic magnetic properties of soft magnetic
materials, but the parameters that can be evaluated are different for each. The Epstein test is the most basic magnetic measurement method
for electromagnetic steel sheets, and can measure B-H curves and evaluate magnetic properties such as iron loss and magnetic permeability.
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Figure 2.1.1.8 Typical magnetic property measurement methods vs. frequency

The two-dimensional vector magnetic measurement system can evaluate the magnetic flux density B and magnetic field H of the iron core
material as vector quantities. The two-coil method can measure B-H curves in magnetic core materials and thin strips, and can evaluate the
frequency characteristics of their high-frequency losses. In addition to these measurement methods, the AC magnetic susceptibility method,
which enables M-H measurement of soft magnetic materials in the high-frequency region of several MHz, and time-resolved magnetic
imaging (magneto-optical Kerr effect microscopy), which can observe the dynamic behavior of the magnetic domain structure in soft
magnetic materials, have recently been developed. Details on these magnetic property measurement methods are described in section 2.1.4.

1.1.5 Magnetic elements (transformers, inductors)

For magnetic elements such as transformers and inductors, Figure 2.1.1.9 shows the classification of transformers and inductors using
soft magnetic materials by operating frequency and power band. Specifically, for transformers, typical topologies such as forward converters,
full bridge converters, and Dual Active Bridge (DAB) converters are listed as converters for operating frequency ranges below 10 kHz and
power above 1 kW, for these converters, inner and outer iron type transformers are used as shown in Figure 2.1.1.10 9, The soft magnetic
materials used are mainly Fe-Si alloy materials, nanocrystalline materials (Finemet), and spinel ferrite materials (Mn-Zn ferrite). In the
operating frequency range of 100 kHz-1 MHz and power of 100 W-1 kW, flyback converters and resonant converters are used as converters.
In this case, spinel ferrite (Mn-Zn ferrite) is mainly used as the soft magnetic material. In addition, for operating frequency ranges above 1
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MHz and power bands below 100 W, resonant converters are mainly used as converters. In this case, spinel ferrite material (Ni-Zn ferrite)

and iron composite (fine particles (fine spherical powder and flat powder composite magnetic cores)) are used as soft magnetic materials.
As for inductors, there are many examples of inductors used as DC smoothing inductors in energy storage devices in all operating frequency

ranges and power bands, but the soft magnetic materials used differ in the operating frequency range and power band. For operating frequency
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Figure 2.1.1.9 Power output capacity in transformers and inductors and transformer

Relationship between operating frequency

ranges of less than 10 kHz and power of 1 kW or more, soft magnetic materials such as Fe-6.5 wt.% Si alloy materials, nanocrystalline
materials (Finemet), magnetic powder core materials (polycrystalline) and spinel ferrite materials (Mn-Zn ferrite) are used, and all materials
are mainly used with a gap All materials are mainly used with gaps. In the operating frequency range of 100 kHz-1 MHz and power range of
100 W-1 kW, soft magnetic materials such as magnetic powder core materials (polycrystalline, amorphous/nanocrystalline) and gapped spinel
ferrite materials (Mn-Zn ferrite) are used. In addition, the operating frequency range of 1 MHz or higher is also used. In addition, in the
operating frequency range of 1 MHz or higher and power of 100 W or lower, magnetic core materials (Fe-based convojit (fine particles)) and
spinel ferrite materials (Ni-Zn ferrite) are used as soft magnetic materials.

In addition to these factors, as the operating frequency increases, the number of windings can be reduced and miniaturized, but the AC
resistance due to skin effect and proximity effect increases. Therefore, it is essential to reduce AC resistance in order to suppress heat
generation in the windings and improve power conversion efficiency. The main methods for reducing copper loss include copper loss
reduction by wire, interleaved winding structure, and magnetic circuit structure.

For details on magnetic elements, specific application examples of transformers/inductors and converters using the soft magnetic materials
mentioned above and their issues, as well as technologies to reduce AC resistance, will be organized and explained in Section 2.1.5.

1.1.6 Modeling of magnetic elements

Although modeling is intended to mathematically express measured iron loss, excitation waveforms, B-H curves, etc., its meaning differs
greatly depending on whether it is based on the physical mechanism or not. From the standpoint of circuit system design, the top priority is
to be able to mathematically express the behavior of magnetic elements under circuit (excitation) conditions in a concise manner and to be
able to measure them easily, and it is not easy to go into the physical mechanism of magnetic materials. On the other hand, little attention has
been paid to this dilemma in the field of magnetism. A typical mathematical expression in iron loss modeling is the Steinmetz Equation (SE:
Steinmetz Equation), where the iron loss P [ W/m? ] in sinusoidal excitation is

P =kf*B,F (2.1.1.10)

is given by the Beki function of the excitation frequency f and the amplitude of the maximum flux density Bm as where k, o, and $ are material
parameters. This prototype was proposed by Steinmetz in 1892 (7) as an expression for iron loss, and has been used for more than 130 years.
On the other hand, Steinmetz himself did not use equation (2.1.1.10) as a mathematical expression of iron loss, but discussed the physical
relationship between the a power of the excitation frequency fand the g power of the maximum flux density amplitude Bm and the iron loss
separation (hysteresis loss Ph: o = 1, B = 1.6, eddy current loss Pei: a = 2, p = 2) are discussed 7). Later, an excess loss Pexc (or anomalous
eddy current loss™ of « = 1.5 was also added by Overshott, and the iron loss P (W/m?3)

P = Py+ P+ Pexe = Cuf + Cclf2 + Cexcfl'5 (21.1.11)

It is expressed in a form that separates each component of loss as a "loss component™ and is widely used in general (9),
Also, when discussing the physical origin of the loss, equation (2.1.1.11) is normalized by the excitation frequency f as an expression for
the loss per cycle W (= P/f) [J/m? ], where
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W =Wy + Wo + Wexe = Cp + Caf + Cexcf*® (2.1.1.12)

It is more prospective to discuss using where Cn, Cc and Cexc are the coefficients of the excitation frequency dependence of each loss

component.
Furthermore, the generalized Steinmetz equation (GSE) is used to describe the iron loss when a square wave voltage is used as an example.
1 dB|*
P==¢k;|—| |AB|F-%dt 2.1.1.13
h k|5 108 (21113)

is now used 19, It can be easily verified that substituting a sine wave for B(t) in equation (2.1.1.13) is equivalent to equation (2.1.1.10).

However, the relation between the coefficients k and ki is
k

ki =
' (2m)e*-1 foznlcos 6|22B-adp

(21.1.14)

This is the case with the iGSE (improved GSE)(20). In addition, iGSE (improved GSE)X?), which is an improved version that also supports
minor loop expressions, and i2GSE (improved-improved GSE)®), which introduces a relaxation term, have also been proposed and devised
to handle arbitrary waveforms.

In addition to the modeling described above, a coupled Landau-Lifshitz-Gilbert (LLG) analysis, which enables us to understand the
dynamic behavior of magnetization (high-frequency magnetic field response of magnetization) on a nanoscale, and a Maxwell analysis, which
enables us to design magnetic elements such as transformers and inductors on a real scale and to analyze their electromagnetic properties
clearly. Coupled analysis combining Landau-Lifshitz-Gilbert (LLG) analysis, which enables us to understand the dynamic behavior of
magnetization (high-frequency magnetic field response of magnetization), and Maxwell analysis, which enables us to design magnetic
elements such as transformers and inductors on a real scale and clarify electromagnetic property analysis.

Details on modeling are explained in section 2.1.7.

As explained in Section 2.1.7.2, it has recently become clear that the high-frequency loss component due to magnetostriction also behaves
as 1, and the 1 loss component is the excess loss due to the combined contribution of eddy currents and magnetostriction.

[Yasushi Endo]
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1.2 Thin strip, sintered
1.2.1 Applications of soft magnetic materials and B-H curves

Soft magnetic materials have different requirements depending on the application, and the required properties differ depending on the
frequency. The energy that can be generated per unit volume of magnetic core is derived from the property that the electromotive force is
proportional to the time derivative dt of the magnetic flux @, as stated in Faraday's law. The time variation can be taken as the reciprocal of
the frequency f, which is approximately the period of the magnetic flux variation. In order to increase the energy that can be handled per unit
volume, especially in the low frequency range, (1) the operating flux density Bm must be high and (2) the cross-sectional area A of the
magnetic core must be large to increase the magnetic flux &, the product of A and Bm. To increase Bm, the B-H curve is used until near full
loop. In such a usage of the B-H curve, it is more advantageous to have a high average permeability throughout the magnetization process
than to have a high initial permeability ;1. The magnetization process due to magnetic wall movement tends to occur, and the magnetization
process due to magnetization rotation tends to lead to a decrease in permeability, especially in a material with high magnetostriction. This
process is especially desirable in materials with large magnetostriction, as it tends to cause vibration and noise. Therefore, magnetic domains
perpendicular to the magnetic path direction are a factor in the magnetization process due to magnetization rotation, and in many cases,
magnetic domains are treated so that the magnetic walls are parallel to 180° by imparting stress-induced magnetic anisotropy by rolling or
induced magnetic anisotropy by heat treatment in a magnetic field to the magnetic path direction.

Figure 2.1.2.1 Changes in characteristics with changes in material form
Transformers and inductors used in power electronics equipment are not limited to 50 Hz or 60 Hz, but are used under various frequency
conditions. higher Bm f produces more electromagnetic energy, but the heat due to losses generated in the magnetic core also depends on Bm
and f. This loss generated in the magnetic core material is called iron loss, and the iron loss P is constructed as follows

P=Py+Py+Foxe (W) (2.1.2.1)

where Ph, Pql, and Pexc are hysteresis loss, eddy current loss, and excess loss, respectively; P is proportional to frequency f, and Pr is lower
when the coercive force Hc is low and the residual flux density Br is low; Pci and Pexc are losses appearing under AC magnetic fields. If a plate
of thickness t is uniformly magnetized, the eddy current loss Pe is given by

_ (tfBy)?

6 (W) (2.1.2.2)

cl
As where p is the electrical resistivity. @ Pg is proportional to the square of fand is therefore an important factor, especially at high frequencies.
The excess 10ss Pexc is a dynamic loss other than Pn and Pci, and is considered to be a loss associated with the movement of magnetic walls,
which is particularly noticeable when magnetic walls parallel to the magnetic path move in a direction perpendicular to the magnetic path.
These three factors are the main causes of iron loss. Especially in the mid-frequency range (sub-kHz to several tens of kHz) to high-frequency
range (several tens of kHz or higher), the suppression of eddy currents has a great significance in the suppression of heat generation and is
an important requirement for material selection. From this point of view, ferrite cores are widely used. Paradoxically, however, if eddy current
losses can be reduced to some extent, metal alloy materials with low electrical resistivity can also be effectively used in the mid to high
frequency range. As a means of increasing electrical resistance, it is effective to reduce the thickness t of the conductor orthogonal to the
magnetic path, as shown in Equation (2.1.2.2). As seen in Figure 2.1.2.1, thin strips (also called ribbons) made by liquid quenching are about
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1/10th the thickness compared to steel plates. Liquid-quenched thin strips such as amorphous alloys and nanocrystalline alloys are
advantageous. The thickness of general electromagnetic steel sheets, even thin ones, is about 200 um, which is several tens to hundreds of
times thicker than the Pci of liquid-quenched thin strips. Therefore, liquid-quenched thin strips are an effective choice for Fe-based metal alloy
core materials in the high frequency range. eddy current losses in thin strips of Fe-based amorphous alloys are comparable to hysteresis losses
when B f is about 20,000, according to Equation (2.1.2.2). For example, when Bm is 0.2 T, the eddy current loss exceeds the hysteresis loss
at about 100 kHz, and the effect of eddy currents becomes apparent even at lower frequencies. Therefore, at frequencies above about 30 kHz,
powder such as that shown in Fig. 2.1.2.1, which is made from crushed thin strips, is used. The reduction in the cross-sectional area of the
conductor perpendicular to the magnetic flux increases the electrical resistance of the conductor, thereby suppressing eddy currents.

In the mid-frequency range, it is most important to suppress eddy current losses as mentioned above, but in liquid-quenched thin bands,
where the ratio of eddy current losses is low, it is important to reduce excess losses. As shown in Figure 2.1.2.2, in the magnetization process
by magnetic wall movement, there is a threshold before the magnetic wall begins to move, and the movement is irreversible to the magnetic
field, like a damper. In crystalline systems, if there are grain boundaries, defects such as dislocations, or precipitates such as impurities on the
direction of the magnetic wall, the magnetic wall is trapped and extra magnetizing force is required for further movement, and the magnetic
field required to overcome this is expressed as a threshold value. On the other hand, the amorphous phase is generally isotropically random,
so there should be fewer obstacles to magnetic wall migration. However, the rate of excess loss in thin bands of amorphous alloys is extremely
large; for example, at 50 Hz and 1.4 T, the ratio of Pn:Pci:Pexc is 6:0:4. Considering that P increases with f to the first power, while Pexc
increases with f to the first.5 power, the effect of Pexc in the mid-frequency range is even larger (3). To reduce Pexc, it is effective to limit the
travel distance of the magnetic wall, and domain segmentation is an effective measure. It has also been reported that there is a proportional
relationship between Pexc and the saturation magnetostriction constant of magnetic materials As in thin strips of quenched Fe-based alloys ).
The magnetoelastic effect via magnetostriction is thought to provide resistance to magnetic wall movement like a viscous flow (damper),
contributing to the increase in Pexc. As of thin strips of Fe-based amorphous alloys is about 30 x 106, which is one of the highest among soft
magnetic materials. If the As is low, further loss reduction will be possible, enabling the use of higher Bmf, lower heat generation, and
miniaturization of magnetic elements. From this viewpoint, nanocrystalline alloys in which nanocrystalline grains of Fe are precipitated in
the Fe-based amorphous phase have been developed. From an alloy with zero magnetostriction and a saturation flux density Bs of about 1.2
T, As is about 15 x 106, half that of an amorphous alloy, and Bs is more than 1.75 T, etc., low magnetostriction by nanocrystallization has been
confirmed ©). As shown in the right side of Figure 2.1.2.2, Pexc is suppressed by making the easy direction of magnetization in the residual
domain state orthogonal to the magnetic path by heat treatment, etc., so that the magnetization process by magnetic wall movement is
suppressed and the magnetization process by magnetization rotation is dominant. In such a magnetization process, the average permeability
is lower than that of the magnetic wall movement type, and a higher magnetic field is required to achieve magnetic saturation. In the mid-
frequency range and above, the magnetization rotation type is easier to handle than the magnetic wall transfer type.
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Figure 2.1.2.2 Magnetic Domain Structure and B-H Curve Shapes and Magnetization Processes

1.2.2 Medium to high frequency transformers

In medium- to high-frequency transformers, the voltage produced by switching includes a small DC voltage component in addition to the
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AC component, which can cause the transformer to become magnetically polarized and deviate from the origin of the B-H plane. In such a
case, if a material with high average permeability is used, the demagnetization causes magnetic saturation, and the excitation current supplied
from the inverter that excites the transformer becomes excessive due to the decrease in excitation inductance, causing the inverter to break
down or malfunction. Therefore, materials with low magnetic permeability, which are less likely to cause magnetic saturation even if some
degree of demagnetization occurs, may be easier to use. The first requirement for medium- to high-frequency transformers is low iron loss to
be able to drive at high Bm f. To suppress Pe and pexc, thin walls and a magnetic domain structure perpendicular to the magnetic path must be
controlled, and low en must be achieved due to the properties of the material itself. For this purpose, the initial magnetic permeability must
be low. For this, a high initial permeability i is an important requirement.

BS

o —5 (2.1.2.3)
K+ also

253

For materials with high pi, K and As must be as close to zero as possible @. In the 1980s, Fe-Cu-Nb-Si-B nanocrystalline alloys consisting of
an amorphous phase and a nanocrystalline grain structure with an average grain size of a dozen nanometers were discovered. In the 1980s,
Fe-Cu-Nb-Si-B nanocrystalline alloys consisting of an amorphous phase and a nanocrystalline grain structure with an average grain size of
several tens of nanometers were discovered, and it was confirmed that the composite structure of the amorphous phase with positive
magnetostriction and the nanocrystalline grain layer with negative magnetostriction provides high i because the magnetostriction is canceled.
The high pi and high Bs of the Fe-based nanocrystalline alloys are promising candidates for medium- to high-frequency transformers.

1.2.3 Inductor

One of the advantages of Fe-based metal alloy core materials over ferrite materials is their high saturation magnetic flux density Bs: Mn-
Zn ferrite has a Bs of about 0.5 T, while the Bs of 6.5%Si-electromagnetic steel sheet, which is often used in mid-frequency applications, is
about 1.85 T, Fe-based amorphous thin strips are about 1.6 T, and Fe-based nano crystal material is about 1.2 T ®. Thus, inductors, rather
than the transformers mentioned above, are a more suitable field of application where the high Bs of metal alloy cores can be utilized. In
chopper circuits that step up or step down DC voltage, the circuit is relatively simple, consisting of an inductor made of magnetic core material
and coil, a capacitor, and a switch, and the magnetic material and its shape are selected to satisfy the inductance and current capacity required
by the circuit operating conditions. In the case of an inductor, since the load current is equal to the excitation current, the magnetic flux in the
magnetic material increases in proportion to the increase in load current. The soft magnetic material used in the magnetic core has a higher
permeability than the surrounding air, which means that magnetic flux passes through it more easily and is collected like a sponge. When the
saturation flux density is reached, the permeability drops rapidly, causing an overcurrent in the circuit. As a method to prevent magnetic
saturation, a gap or the like is provided in the magnetic core to lower the magnetic permeability, (incremental permeability pA), when a
magnetic field is applied, so that the magnetic flux density does not increase even in a large magnetic field H. The wider the gap, the higher
the Bs. The wider the gap, the lower the permeability of the magnetic core, but the wider the gap, the more leakage flux increases, which
causes eddy current loss and fringing loss due to the leakage magnetic field orthogonal to the coil near the gap. Since fringing loss increases
when gaps are concentrated, some attempts are made to reduce the leakage flux in each gap by distributing the gaps. In the metal-alloy
composite magnetic cores in which metal-alloy powders are solidified with resin, the space between magnetic materials is occupied by resin
with low permeability, and narrow gaps are dispersed throughout the magnetic core to achieve both low permeability and low fringing loss.
By reducing the grain size of the powder, the hysteresis loss Pn tends to increase, while the AC 10ss Pci+ Pexc tends to decrease.

1.2.4 Applications and Material Specifications

Table 2.1.2.1 summarizes the magnetic characteristics and material specifications required for transformer and inductor core materials at
each frequency. Transformers and inductors are required to have low loss, i.e., low hysteresis loss, eddy current loss, and excess loss. From
this point of view, the magnetization rotation type of magnetization process is preferable to reduce hysteresis loss and excess loss when the
frequency increases to some extent. As mentioned above, the ratio of each loss varies with frequency, so it is important to maximize the
characteristics of the material by making it difficult for these losses to be manifested. In mid-frequency applications, the effect of eddy current
losses can be greatly reduced by making metal alloy materials thinner, and if the magnetic permeability can be lowered, the high Bs
characteristics can be utilized to take advantage of the high DC superposition property. At higher frequencies, the powder form of the material
is used to suppress eddy currents and reduce hysteresis loss as high electrical resistance, so essentially, a high ;1 material with good magnetic
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field tracking of magnetization is an effective choice.

Table 2.1.2.1 Magnetic characteristics and material specifications required for transformer and inductor core materials for each frequency

(power) transformer

inductor

frequency (esp.

~0.1 kHz or less

Less than 0.1~100

100 kHz~

Less than 1~100

100 kHz~

magnetic core

sintered magnetic

Metal alloy composite

block core

of waveforms) kHz kHz

B-H curve Close to full loop Near the origin Near the origin High-frequency High-frequency minor
hysteresis hysteresis loop minor loops loops superimposed on
(behaviour) superimposed on DC | DC or low-frequency
loop or low-frequency AC | AC

Qualities that High pmax High g4 High 24 High Bs High g4

materials should | High Br Low B High electrical

have resistance

Shape of winding core winding core sintered magnetic core | cut magnetic core sintered magnetic core

dust core

Fe-based amorphous
sendust
ferrite

core magnetic cores sintered magnetic Metal alloy composite
core magnetic cores
dust core
Material directional magnetic | ferrite ferrite 6.5%Si ferrite
Example steel plate Fe nanocrystals Fe-based nanocrystals | electromagnetic steel | sendust
Fe-based amorphous Co-based amorphous | plate Fe-based nanocrystals

Co-based amorphous

1.2.5 Specifications and Material Selection

The needs of the world are changing, and there are more and more opportunities to use materials that have not been used in the past in

order to meet the requirements, increasing the need to consider matching the required specifications and materials. The specifications include

size, saturation flux density, frequency, temperature range, cost, and mechanical properties, etc. However, there is no material that covers all

of these, and it is necessary to understand the characteristics of the material before making a selection. Table 2.1.2.2 summarizes the

relationship between the characteristics (size, saturation flux density, frequency used, temperature range, and cost) of thin strips of Fe-based

nanocrystalline alloys and soft ferrite as examples. The high Bs and thin bandwidth of Fe-based nanocrystals enable miniaturization of devices

when fabricated in the same way. In the frequency range of several hundred kHz or higher, ferrite cores with low eddy current losses are

increasingly used. Recently, research has been conducted to utilize Fe-based nanocrystals in the high-frequency region, and under Bm = 20

mT, the iron loss of Fe-based nanocrystal alloys is about one-fifth that of Ni-Zn ferrites up to 2 MHz, where Ni-Zn ferrites have shown results

®).

Table 2.1.2.2 Characteristics (size, saturation flux density, frequency used, temperature range, cost) of thin Fe-based nanocrystalline alloy strips and

soft ferrites

Size Saturation magnetic |Frequency (kHz)| Temperature range cost
flux density (Bs)
Fe-based . O (150 °C or
©®@(Small size) High (1.2 T) ten - hundreds . weak
nanocrystals higher OK)
. X (100°Cor |'good work' (equiv. of silver star
ferrite x(large) Low (0.5T) ten-thousand i
less) awarded to children at school)

1.2.6 Characteristics of Fe-based nanocrystalline alloys

As mentioned above, Fe-based nanocrystalline alloys are composite structures consisting of densely precipitated nanocrystalline grains in
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an amorphous phase; the Fe-based nanocrystalline phase is produced by freezing molten Fe- Cu-Nb-Si-B metal by liquid quenching to obtain
an amorphous phase, followed by nanocrystalline heating treatment (). The amorphous phase and the nanocrystalline phase are thermally
sensitive, magnetic field sensitive, and strain sensitive, respectively. The liquid quenching method is a casting method in which, as the name
implies, a molten metal in a liquid state is pressed against copper alloy rollers rotating at high speed to obtain the amorphous phase, which is
the initial phase, and then quenched and solidified. In this process, a cooling rate of-108 to 107 °C/s or higher is required to obtain an Fe-based
amorphous alloy, and to achieve this cooling rate with Fe-Cu-Nb-Si-B alloy, the thickness of the thin strip must be controlled to 20 um or
less. The thinner the strip, the less weight is produced per unit time, but the advantage of a thin strip is also obtained. When a magnetic
material is placed under an alternating magnetic field, the magnetic flux within the material is also changed by the external magnetic field.
Eddy currents are generated to oppose this change. When the electrical resistivity of the material is high or the cross-sectional area where
electricity flows is narrow because of its shape, the generation of eddy currents itself is suppressed and the eddy current loss associated with
eddy current generation is also suppressed. The electrical resistivity of liquid quenched alloys is about 130 pQcm @, which is 2 to 4 times
higher than that of soft magnetic plates such as electromagnetic steel plates, and the thickness of the plates is less than 1/10, thus suppressing
eddy current losses compared to those soft magnetic materials. On the other hand, when comparing thin strips of Fe-based nanocrystalline
alloys and ferrite, the electrical resistivity of ferrite is about 10* to 10%° times that of Fe-based nanocrystalline alloys @, and in addition, since
ferrite powder of several tens to several hundred pum is sintered to form the magnetic core, the eddy current loss suppression effect of the size
effect is also added. This is a situation in which ferrite has an advantage.

1.2.7 Summary of thin body

As described above, magnetic core materials used in AC are strongly affected by eddy current losses, so the required form, saturation flux
density Bs, magnetic permeability of the core, and other factors change with each frequency used. Therefore, materials are selected according
to the application. By frequency, electromagnetic steel sheets with high maximum permeability and high Bs are often used at low frequencies.
Especially in transformers, as a measure to reduce loss and increase the permeability of the magnetic core, the magnetization process by
magnetic wall movement is treated as the main process. In the mid-frequency range from several kHz to several tens of kHz, both hysteresis
loss and eddy current loss associated with magnetic wall movement affect the loss, so the magnetization process with large magnetic wall
movement is not appropriate. In particular, in inductors, the permeability of the magnetic core is sometimes lowered by inserting an air gap
in the magnetic path. When a DC voltage component is included in the voltage waveform input to a transformer, that is, when a magnetic
circuit causes demagnetization, the use of a magnetic core with high permeability causes an extreme increase in the excitation current of the
transformer. Another reason for lowering the permeability of inductors is that in circuits where DC is superimposed and voltage conversion
is performed, a property is required that does not cause magnetic saturation even when a large DC current is input. In inductors in the low-
frequency range (kHz or lower) to the mid-frequency range, Fe-based amorphous materials and Fe-based nanocrystalline materials are used
along with electromagnetic steel sheets. The situation is the same in any frequency range, but especially in transformers in the mid-frequency
range and above, Bs is not necessarily the main factor in determining the operating flux density Bm, but the heat generation associated with
losses becomes important. For example, if the allowable heat generation is set at 100 W/kg, Bm must be set low for an iron core with large
losses, resulting in a larger magnetic core. In this respect, Fe-based nanocrystalline alloys, for example, have extremely low losses at 10 kHz,
about one-sixth to one-fifth those of Fe-based amorphous alloys and one-fifteenth to one-tenth those of 6.5% electromagnetic steel sheets,
indicating that they are useful as iron cores for medium to high frequency transformers. Currently, ferrite cores are widely used in both
transformers and inductors. As mentioned above, ferrite cores are made by sintering and solidifying ferrite powder, and the gaps are dispersed
because the crystal grains act as narrow gaps between them, resulting in a magnetic permeability of about 5000 as a magnetic core. The
permeability as a magnetic core can be reduced by adjusting the grain shape of the crystal grains. When using ferrite as the magnetic core of
an inductor, it should be noted that the saturation magnetic flux density is low and that the performance changes with temperature.

[Motoki Ohta]
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1.3 Powdered magnetic cores and fine-particle
composite magnetic cores

1.3.1 summary

(1) Relation between specific magnetic permeability and applicable
frequency of magnetic cores made of pressed magnetic powder and fine-
particle composite magnetic cores

Figure 2.1.3.1 shows the frequency vs. specific permeability map for the
magnetic cores of the pressed powder and fine-particle composite cores.
Powdered magnetic cores are generally fabricated by press forming magnetic

powders together with binders. As shown schematically in Figure 2.1.3.2, the Fig. 2.1.3.1 Frequency vs. specific permeability
binder behaves as a nonmagnetic gap spatially distributed in the magnetic core and map of a magnetic core of a
the permeability of the core decreases due to the residual antimagnetic field effect magnetic powder core and a

of the powder, but the change in permeability under a DC bias magnetic field is
small (constant permeability property) and is mainly used in inductors.

For frequencies below 100 kHz, crystalline Fe-Si, crystalline Fe-Ni, and
crystalline Fe-Si-Al materials with a grain size of several tens of microns are
generally used, while pure iron materials are also used below a few kHz in
expectation of high saturation magnetization. For frequencies above 100 kHz,
magnetic powder cores using Fe-based amorphous or Fe-based nanocrystalline
powders with higher electrical resistivity than the crystalline materials mentioned

above have been developed, and the use of 10 to 20 um powders, together with their (a) Schematic diagram of the interior

high electrical resistivity, has opened the door to applications in converters at B
I i S BRI DA U I
several hundred kHz. The details will be described later, but the recently developed B, | T AT ——
Nanomet-based nanocrystalline powder core has the features of high saturation
Q

magnetization, specific permeability of around 100, and ultra-low iron loss, and is 1
very promising as a next-generation magnetic core. FB%

At frequencies higher than 1 MHz, the greatest challenge is to reduce eddy =
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current losses. There are fine particle composite cores using ultra-fine spherical

magnetic powders of generally 5 um or less in diameter, and flat powder composite

g5 H
(b) Magnetic properties

cores made by layering flattened powders of several um or less in diameter, which
are used in transformers and inductors at frequencies above 1 MHz. They are used
in transformers and inductors at frequencies above 1 MHz.
(2) Mounting form on power electronics circuit boards

Figure 2.1.3.2 Schematic diagram of the inside of a

Toroidal-shaped bulk pressed cores are mounted on circuit boards as inner-iron type inductors with the windings placed outside the core,
whereas outer-iron type inductors with the windings embedded in the pressed core are surface-mounted on circuit boards. On the other hand,
fine-particle composite cores targeting high frequencies exceeding 1 MHz are designed to be built into circuit boards, and the form of
mounting on circuit boards differs depending on the type of magnetic core.

1.3.2 Dust core

(1) manufacturing process

Figure 2.1.3.3 shows the manufacturing process of a pressed magnetic core by die compression molding. Each process from the starting
powder to the pressed magnetic core is described in turn.

a. Atomized magnetic powder
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As mentioned above, magnetic powder cores using crystalline powders such as pure iron, Fe-Si, Fe-Ni, and Fe-Si-Al are generally used at
frequencies below 100 kHz, except for electrolytic iron powder, which is obtained by grinding electrolytic refined pure iron. As shown in
Figure 2.1.3.4, atomized powder is obtained by grinding and pulverizing molten alloys with a gas jet or water jet and then cooling them.
Similarly, amorphous, metallic glass, and nanocrystalline alloy powders are also produced by atomization.

Fig. 2.1.3.3 Manufacturing Process of Powder Core (Die Compression Molding Method)

b. Insulating film formation

In order to avoid increased eddy current loss due to contact between powders in a magnetic powder core, metallic magnetic powders are
treated with an insulating film on the surface of the powder. Various types of insulating films are available, including inorganic and organic,
but a highly heat-resistant film that can withstand high-temperature strain removal heat treatment after press forming, as described below, is
desirable.

Sugimura et al. @ reported the formation of silica (SiOz ) film on carbonyl iron powder (CIP) by ammonia-catalyzed hydrolysis of TEOS
(tetraethoxy-silane; Si (OC2Hs) 4). The reaction equation is as follows.

Si(OC2Hs) 4 + 2H20+ NH3 =SiO2 + NH3+4C2Hs0OH (2.1.3.1)

When treated with 0.32 ml of TEOS per 1 g of
carbonyl iron powder, a silica film of about 100 nm is
formed. Silica has excellent electrical insulation and heat
resistance, but its wettability with epoxy resin binders is
poor, requiring surface treatment with a silane coupling
agent.

As an example of spinel ferrite thin films on powder
surfaces, Mori et al. @ reported the formation of Mn-Zn-
O ferrite plating films on Fe-Si-Cr powder surfaces with o o

o . . (a) Gas atomization method (b) Water atomization method

an average grain size of 10 pm by an ultrasonic excited
ferrite plating method. Mnos4Zno2sFe2.3204 film on the
surface of Fe-Si-Cr powder core after strain-relief heat treatment at 500 °C for 15 min, the electrical resistivity of the core was 0.0911 Q-m,

Fig. 2.1.3.4 Powder preparation by atomization method

57 times higher than that without the film, and the iron loss was reduced to 1/6 of the value without the film.

Spinel ferrite thermally decomposes into magnetite ( Fe203), wustite (FeO), and other compounds when exposed to high temperatures,
limiting the temperature of heat treatment for strain removal purposes. Huang et al. ©® focused on fayalite ( Fe2SiOs) as an insulator that has
a high electrical resistivity of 105 Q-m and is stable at temperatures above 1,000 °C. They found that spinel ferrite is a stable insulator at high
temperatures. The electrical resistivity of the iron powder core with spinel ferrite coating before and after high-temperature heat treatment
was evaluated. The results showed that the electrical resistivity of the core after heat treatment at 800 °C (1073 K) dropped to 10 uQ-m, while
the core with Fayalite coating maintained a high electrical resistivity of 10* to 105 pQ-m after high-temperature heat treatment. In contrast,
the electrical resistivity of the magnetic core after heat treatment at 800 °C (1073 K) drops to 10 pQm.

c. Granulation process

The magnetic powders in a magnetic powder core are bound together by a binder to maintain the core shape. The fixing of the binder to
the powder surface is called the granulation process. Figure 2.1.3.5 shows the binder granulation process using a stirring-mixing granulator.
A predetermined amount of binder precursor solution is fed into the magnetic powder, and the binder precursor is fixed to the powder surface
by stirring and mixing. However, it is difficult to form a uniform film, and voids without binder and areas where the powders come into
contact with each other occur inside the magnetic core.
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Resin-based binders include epoxy, silicone, and polyimide. The heat resistance of the adhesive strength of resin-based binders is generally
determined by the glass transition temperature, which is generally 100 to 200 °C for two-component epoxy resins consisting of a main agent
and a curing agent. However, the thermal decomposition temperature is 250-350 °C, and the thermal treatment temperature for the purpose
of strain removal after powder molding, as described below, is limited by the thermal decomposition temperature of the epoxy resin, so strain
removal may be insufficient for some materials. Silicone resin has a glass transition point below the freezing point and is flexible and rubbery
at room temperature. As shown in Figure 2.1.3.6, at temperatures above 500 °C, silicone resin gradually denatures to inorganic silica, mainly
due to the decomposition of methyl and phenol groups. ® Even at 500 °C, the weight change from room temperature is about 10 % . The
weight change from room temperature is about 10 % even at 500°C, enabling high-temperature strain-relieving heat treatment after powder
molding using silicone resin as binder. P olyimide resin has high heat resistance with a thermal decomposition temperature of 400°C. However,
there are few examples of its use as a binder because of its high cost.

Figure 2.1.3.5 Binder granulation proc

. . . . Figure 2.1.3.6 Thermogravimetric Change of Silicone and
There is a method of granulation using a precursor solution

containing dispersed micro- or nanoparticles of alumina, zirconia,
etc., and heat treatment after press molding to produce an inorganic ceramic binder, but the heat treatment temperature is high and the powder
is prone to oxidation and sintering. On the other hand, low melting point glass with a softening point of about 300 °C is promising as an
inorganic binder, but there is not much data on its wettability and adhesive strength with magnetic powders, which is an issue for the future.
Although not discussed in detail here, lubricants are added during the granulation process to improve the powder filling rate by improving
the sliding between powders during pressing and molding, and mold release agents to facilitate release from the mold.
d. Powder molding
In many cases, the cold press method is used for powder forming of magnetic cores. High strength is required for press forming dies, and
cemented carbides such as die steel and tungsten carbide are used. There is a lot of know-how involved in fabricating dies with complex
shapes, and since dies are generally expensive and consumable, long life is also an important point.
In the mold compression molding method, the maximum applied pressure
is about 2,000 MPa even when cemented carbide is used for the mold, and
1,300 MPa is considered the limit for mass production in consideration of
mold life ©). Generally, the higher the applied pressure, the higher the
compacting density of the powder, but this not only shortens die life but also
increases the size of the press equipment and makes it more expensive.
Figure 2.1.3.7 shows an overview of the biaxial press forming
equipment. Powder filled in the female die is pressurized by the male punch.
Of the pair of upper and lower punches, the upper punch presses from above,
and the method of pressurizing and compressing by the upper and lower
punches is called biaxial press forming. When powder is molded in a die,
biaxial pressure forming is often employed, in which the powder to be processed is filled into a female die and pressurized from the top and
bottom. In the method where the powder is pressurized uniaxially from one side, friction with the inner wall of the die causes a pressure
difference in the powder, making it difficult to maintain a uniform density of the compacted product. If the density of the compact is not
uniform, cracks will occur during subsequent heat treatment.
Another method is the hot press method in which the powder is heated and compacted, but there are not many examples of its use in
magnetic powder cores due to the large scale of the equipment. In addition, there is a prototype of a nanocrystalline magnetic core made by
mixing magnetic powder and inorganic insulators and forming them by the discharge plasma sintering method (, but it is difficult to increase

Epoxy Resins, Based on Reference (5)

Fig. 2.1.3.7 Overview of dual-spindle press forming
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the size of the core.

e. Binder curing heat treatment

To obtain powder-to-powder adhesion after press forming, a heat treatment is performed to harden the binder precursor on the surface of
the magnetic powder fixed in the granulation process. The hardening heat treatment temperature depends on the binder material.

Polymerization reaction of thermosetting two-component epoxy resins starts at approximately 100 °C, and they cure for a short time at
curing temperatures of 120-150 °C. In the case of silicone resins, standard products can cure at approximately the same temperature as epoxy
resins. Standard silicone resins can be cured at approximately the same temperature as epoxy resins, but the curing temperature tends to be
higher for high heat-resistant products exceeding 200°C. Polyimide resins undergo an imidization reaction at 350-400 °C, so they can be
cured in a short time at 120-150 °C. Polyimide resins have a high curing temperature and excellent heat resistance because the imidization
reaction occurs at 350-400 °C. However, as mentioned above, they are expensive, and there are few examples of their use in magnetic powder
cores.

Inorganic ceramic binders have a very high hardening temperature, and as mentioned above, there is a risk of oxidation and sintering of
the magnetic powder, so there are few examples of application, except for pure iron-based magnetic powder cores used in the low frequency
range where eddy current loss is not a problem. There is a type of magnetic powder core that is manufactured by mixing magnetic powder
and low-melting-point glass, press forming, heating at the softening point of the low-melting-point glass to bond the powders together, and
then cooling. The heating temperature in this case is about 350 °C. Depending on the conditions, it may be possible to release the distortion
of the magnetic powder caused by press forming, but there is a risk of an increase in the internal stress of the powder due to the difference in
linear expansion coefficient between the low-melting-point glass and the magnetic powder.

f. Distortion heat treatment

In the crystalline-type pressed powder core
described below, the powder filling ratio
increases with plastic deformation of the powder
during press forming, and the use of high
saturation magnetization powder can achieve a
pressed core with high saturation magnetization.
However, in powder materials with large
magnetostriction, the coercive force increases
due to residual crystal distortion, leading to
increased hysteresis loss. Similarly, in the case of a pressed core using Fe-based amorphous (including metallic glass) powder with poor
ductility and ductility and large magnetostriction, the coercive force increases due to the internal stress induced during press forming.
Distortion heat treatment is performed to reduce the coercive force on the binder-hardened heat-treated pressed magnetic powder core after
pressing molding, regardless of whether it is crystalline or amorphous.

Even if a highly heat-resistant epoxy resin with a glass transition temperature exceeding 200 °C is used as a binder and heat-treated at a
temperature exceeding 200 °C, residual stress cannot be sufficiently released depending on the magnetic powder material. Furthermore, heat
treatment at a temperature near or above the pyrolysis temperature promotes the release of residual stress, but the loss of the binder that binds
the powders together makes it difficult to maintain the magnetic core shape itself. When silicone resin is used as a binder, the weight loss is
only about 10 % even at 500 °C, and the powder begins to denature into silica, making it possible to perform strain removal heat treatment at
higher temperatures.

When the insulating film on the powder surface is destroyed by plastic deformation of the powder during press forming and the powders
come into direct contact with each other, high-temperature strain removal heat treatment causes powder sintering, which increases eddy
current losses due to macro eddy currents flowing across the multiple powders. Figure 2.1.3.8 shows this schematically. If the temperature
of the heat treatment for strain removal is increased in anticipation of a decrease in hysteresis loss, eddy current loss increases due to powder
sintering. This is the reason why it is difficult to achieve low iron loss in a pressed magnetic core.

(2) Crystalline Powder Core

a. Magnetic powder materials

The Fe-Si, Fe-Ni, and Fe-Si-Al systems are typical of crystalline magnetic powder cores.

In Fe-Si alloys, the saturation magnetization decreases with increasing Si content, but the magnetostriction becomes small. 6.5 wt.% Si
content increases the electrical resistivity, but the plastic deformation during pressing becomes small due to the increase in hardness. Fe-Si
superimposed core with DC superposition characteristics is often used with 3 wt.% Si-Fe powder having saturation magnetization close to 2
T. Fe-Si superimposed core is characterized by high saturation magnetization and is often used at frequencies below several tens of kHz with

Figure 2.1.3.8 Sintering of powders by high-temperature distortion heat treatment
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low iron loss.

In the Fe-Ni system, the powder composition of 35 to 65 %-Ni and the rest Fe is selected. 50 % Fe-Ni is a particularly high permeability
composition. The saturation magnetization is 1.4 to 1.6 T for the powder. The high ductility of this alloy allows for easy plastic deformation
during press forming.

In the Fe-Si-Al system, there is a composition  in which both magnetostriction and crystal magnetic anisotropy are zero, and in this alloy
composition, low coercivity and high magnetic permeability can be obtained. In the Fe-Si-Al system, both the magnetostriction constant and
crystal magnetic anisotropy are temperature dependent.A9( If an alloy composition is selected in which both are zero at room temperature,
there is a risk of thermal runaway, in which iron loss increases with increasing temperature. 12 The saturation magnetization of Fe-Si-Al
system magnetic powder cores is not high, around 1 T, but the hysteresis loss is low. However, together with low hysteresis loss, it has lower
iron loss than Fe-Si or Fe-Ni magnetic powder cores in the frequency range from low frequency to several hundred kHz, and is widely used
especially in frequencies above 100 kHz.

In crystalline alloys, in addition to the coercive force generation mechanism due to magnetostriction and crystal magnetic anisotropy, the
coercive force is also generated by grain boundaries that serve as pinning sites for magnetic wall movement, and the smaller the grain size,
the greater the coercive force and the greater the hysteresis loss. In crystalline systems, heat treatment releases residual stress, which is
expected to reduce the coercive force, and grain growth by merging of adjacent crystal grains in the powder reduces the grain boundaries that
serve as pinning sites for magnetic wall movement, which in turn reduces the coercive force.

Magnetic powders for magnetic powder cores are often prepared by atomization, in which molten alloy is injected and cooled with water
or gas.

b. Example of strain-removal heat treatment in Fe-Si type magnetic powder core

Daido Bunseki Research Inc. reported the relationship between the heat treatment temperature, plastic strain, and coercive force of Fe-Si
magnetic powder cores. 3 The sample was press-formed from Fe-Si powder with a grain diameter (median diameter; Dso ) of 27 um using
silicone resin as binder, and after resin hardening, it was subjected to strain removal heat treatment at three different temperatures: 500 °C,
700 °C, and 750 °C. Because silicone resin was used as binder, the sample was subjected to strain removal heat treatment at three different
temperatures. Since silicone resin is used as the binder, it is assumed that the silicone resin is modified to silica by heat treatment at the three
different temperatures. According to the inverse pole figure (IPF) map, the crystal grains in the Fe-Si powder are almost randomly oriented,
and the crystal grains become coarser as the heat treatment temperature increases. According to the KAM (Kernel Average Misorientation)
map analysis, the coercive force decreases with increasing heat treatment temperature due to the decrease in plastic strain, but it is 265 A/m
(3.3 Oe) even at 750 °C heat treatment, which is not a dramatic decrease in coercive force.

The above shows that although high-temperature heat treatment is effective in reducing hysteresis loss, there is concern about increased
eddy current loss due to powder sintering, and the conditions are set considering the tradeoff between the two.

c. Suppression of plastic deformation during press forming in pure iron-based pressed magnetic cores

While it is easy to increase the density of pure iron-based magnetic powder
cores, the sliding of the powder on the die surface during press forming causes
plastic flow, which leads to the destruction of the insulating film . Ishihara et al.
(14 developed an insulating solid lubricant for die pressing that suppresses
plastic flow of powder. Figure 2.1.3.9 shows a conceptual diagram of the
proposed method to avoid plastic flow of pure iron-based powder. Insulating
oxide particles are dispersed in the lubricant as an additive aid. The developed
lubricant suppresses the sliding forces on the mold surface and between powders
to lubricate them, thereby preventing plastic flow of the powders, and the oxide
particles as an additive agent selectively bind to the powder surface to protect
the insulating film. Pure iron-based magnetic powder cores for photovoltaic
power conditioners and automotive DC-DC converters have been developed
using this method.

d. Improvement of the temperature characteristics of iron loss in Fe-Si-Al based magnetic powder cores

Figure 2.1.3.9 Lubricants for press forming to
avoid plastic flow of pure iron-based

powders, based on reference (14)
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He stated that Fe-Si-Al alloys have temperature dependence of both
magnetostriction constant and crystal magnetic anisotropy, and there is a risk of
thermal runaway, in which iron loss increases with temperature rise.

Aikawa et al. 2 fabricated Fe-Si-Al magnetic powder cores using powders
of various alloy compositions and investigated the temperature characteristics
of iron loss in detail. They used powders prepared by gas atomization, and after
granulating classified powders with a median diameter of 106 pm with a silicone
resin precursor, they were mold-pressed at an applied pressure of 980 MPa and
subjected to strain-relieving heat treatment at 700 °C. Figure 2.1.3.10 shows an
example of the temperature dependence of the iron loss of a magnetic powder
core when two types of Fe-Si-Al composition powders, Fe-8.8Si-6.0Al wt.%

and Fe-9.9Si-5.9Al wt.%, are used. The temperature coefficient is positive in Fig. 2.1.3.10 Temperature dependence of iron loss in
the temperature range from 20 to 120 °C, indicating that there is a significant a magnetic powder core with two types
risk of thermal runaway. On the other hand, the iron loss of Fe-8.8Si-6.0Al wt.% of Fe-Si-Al composition powders,

composition powder-compacted magnetic cores decreases slowly with increasing temperature. Although the iron loss separation was not
performed in Ref.(12), assuming that the temperature dependence of iron loss is due to the temperature dependence of magnetostriction and
crystal magnetic anisotropy, the hysteresis loss is considered to be dominant in this case. In the case of the Fe-Si-Al compact core, the
temperature coefficient of iron loss is inverted by a slight deviation in composition, so precise composition control is necessary.
e. Iron loss characteristics of crystalline-type pressed core
Figure 2.1.3.11 evaluates the iron loss of commercially available Fe-Si, Fe-
Ni, and Fe-Si-Al crystalline-type piezoelectric cores. The frequency dependence
of iron loss shows that hysteresis loss proportional to frequency is dominant in
the range of approximately 50 to 100 kHz, and the iron loss of Fe-Si-Al and Fe-
Ni type cores with low coercivity is 1/4 to 1/3 of that of Fe-Si type. On the other
hand, above several hundred kHz, the iron loss increases with a dependence close
to the square of the frequency, and eddy current loss becomes dominant, and the
iron losses of the three systems approach each other.
(3) Fe-based amorphous, Fe-based glass, and Fe-based nanocrystalline
magnetic powder cores
Fe-based amorphous, Fe-based glass, and Fe-based nanocrystalline materials

are expected to have low coercivity, high electrical resistivity, and reduced eddy

Fig. 2.1.3.11 Frequency characteristics of iron loss in
commercially available Fe-Si, Fe-Ni, and
Fe-Si-Al magnetic powder cores

current loss.

a. Magnetic powder materials

Fe-based amorphous powder

In general, it is difficult to obtain a low coercivity powder comparable to roll-quenched thin strip by atomization. During atomization,
water decomposes and generates oxygen gas and oxygen ions, which oxidize the surface of the powder, causing partial crystallization of the
powder. In many cases, a small amount of Cr is added to improve corrosion resistance in order to suppress oxidation during atomization. The
gas atomization method has a lower cooling rate than the water atomization method, resulting in a lower yield of amorphous powder. In the
metal-semimetal amorphous system, the yield can be increased by increasing amorphous forming elements such as Si and B, but the saturation
magnetization decreases and it is difficult to produce amorphous powder with the same composition as roll-quenched thin strip.

The SWAP method (Spinning Water Atomization Process) using a rotating water flow has been developed and put into practical use as a
method to dramatically increase the cooling rate and improve the yield of amorphous powder without significantly increasing the amount of
amorphous forming elements -7, The SWAP method can also be used to produce amorphous powders with nanocrystalline compositions,
as described below. Even in these cases, Cr is often added to improve corrosion resistance during atomization, and C is often added to reduce
the viscosity of the molten alloy.

Amorphous powders for pressed magnetic cores are mostly Fe-Si-B based, and although they have the advantage of having a smaller
coercive force than the aforementioned crystalline powders due to the disappearance of crystalline magnetic anisotropy, they have the
disadvantage of having a large magnetostriction constant. Even if the powder coercive force is small, the residual stress induced by pressure
forming increases the coercive force of the magnetic core, and since the strain removal heat treatment temperature is limited by the
crystallization temperature, a dramatic reduction in coercive force is difficult.
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Fe-based glass powder

Inoue et al. ® discovered a new amorphous alloy that undergoes a glass transition and succeeded in fabricating a bulk amorphous alloy.
Unlike conventional amorphous materials, this material was named metallic glass because it has a glass transition point. When cooled from
the molten state, the alloy passes through the supercooled liquid temperature range (generally around 60% of the melting point), eliminating
the need for superquenching as with conventional amorphous alloys. Subsequently, Fe-B-Si-Zr materials with high saturation magnetization
of 1.53 T and low coercivity of 2.3 A/m 9 and Fe-Si-B-P materials with high glass-forming ability ?® were developed. Metallic glass powders
have also been developed and commercialized 29 and are expected to be used in high-frequency magnetic powder cores 2.

Fe-based nanocrystalline powder

Yoshizawa et al. @3 presented Fe-based nanocrystalline alloy thin strips, which were named FINEMET because of their ultrafine crystalline
structure with Fe in solid solution. The roll-quenched Finemet composition (Fe-Si-B-Nb-Cu system) thin strip is as-quenched and amorphous,
and Cu nanoparticles are first deposited during heat treatment, and Fe-Si nanocrystal grains are deposited in the Nb-B rich matrix phase with
high crystallization temperature to form the nanocrystal structure. Since the nanocrystal grains and the matrix phase have positively and
negatively inverted magnetostriction, the magnetostriction constant can be reduced to about 1 ppm by properly balancing the two. However,
optimization of heat treatment conditions is necessary to achieve an optimum nanocrystalline structure that produces low magnetostriction,
and in the case of FINEMET, nanocrystallization heat treatment is performed in the range of 500 to 560 °C. Thin strips of FINEMET have a
saturation magnetization of 1.24 T. Combined with low magnetostriction of about 1 ppm and the disappearance of crystal magnetic anisotropy
due to the nanocrystalline structure, the coercive force is as low as several A/m and the specific permeability is as high as several tens of
thousands or more.

A number of companies have introduced Fe-Si-B-Nb-Cu atomized powders for magnetic powder cores 19 SWAP method Fe-Si-B-Nb-
Cu-C-Cr spherical powders @9 are close to spherical and have extremely smooth surfaces. In addition, the Fe-Si-B composition of the
atomized powder is different from that of the roll-quenched Finemet thin strip, and the coercive force is more than 10 times higher than that
of the thin strip.

Makino et al. ?® developed Nanomet, a nanocrystalline soft magnetic alloy composed of Fe-Si-B-P-Cu with a high saturation magnetization
of 1.8-1.9 T, comparable to silicon steel plates, and a low coercivity of 5.8 A/m. The magnetostriction constant is 2.3 ppm, which is slightly
larger than that of Finemet. The magnetostriction constant is 2.3 ppm, which is slightly larger than that of Finemet, but the magnetostriction
is remarkably low for a material with a high saturation magnetization of nearly 2 T. P has a high amorphous forming ability and can be
amorphized even at high Fe concentrations, but the nanocrystallization mechanism is different from that of the Finemet system and the
optimal nanocrystal structure is Rapid heating at several hundred °C per minute is required to obtain a uniform structure consisting of a-Fe
crystal grains of about 10 nm‘25 Due in part to the high Fe concentration, the nanocrystallization heat treatment temperature is more than
100 °C lower than that of the FINEMET system. Recently, various multi-system nanomet alloys have been developed based on the nanomet
composition, such as Fe-Co-Si-B-P-Cu, Fe-Ni-Si-B-P-Cu, and Fe-Si-B-P-C-Cu ). Nanomet-based powders for pressed magnetic cores have
also been developed by several organizations. For example, an atomized Fe-Si-B-P-C-Cu powder ?® has a saturation magnetization of 1.76
T.

In 2015, Tohoku Magnet Institute, a Tohoku University venture established by Tohoku University, started mass production and
commercialization of Nanomet materials, and has succeeded in mass production of powders as well as thin strips. The company developed a
modified water atomization method named HPWA/YK method @ and succeeded in producing amorphous single-phase powder with
Nanomet composition. Magnet Institute was dissolved on May 2, 2025, but Tohoku University and Tokin are continuing the research and
development of nanomet-based thin strips and powders. For example, Kuno et al. @ developed aFess.3 Bs P Cuo7 at. % powder characterized
by low coercivity of 30-40 A/m as a magnetic core powder for inductors with a saturation magnetization of about 1.7 T. Tokin also presented
a nanomet powder magnetic powder core for next-generation power electronics jointly developed with Tohoku University-© Differential
thermal (DSC) analysis of amorphous powder with an as-atomized nanomet (Fe-B-P-Cu) composition showed that o-Fe nanocrystals
precipitate in the amorphous matrix phase at a temperature Tx The nanocrystalline powder after heat treatment at 410 °C of the as atomized
amorphous powder shows saturation magnetization of 1.74 T and coercivity of 31 A/m. The powder has excellent properties of both high
saturation magnetization and low coercivity. The nanocrystalline powder after heat treatment at 410 °C shows saturation magnetization of
1.74 T and coercivity of 31 A/m.

b. Examples of prototype Fe-based amorphous, Fe-based glass, and Fe-based nanocrystalline magnetic powder cores

Improved powder filling rate

Amorphous, metallic glass, and nanocrystalline alloys are not ductile, and as with crystalline magnetic powders, plastic deformation of the
powder during pressing almost does not occur, making it difficult to achieve a high packing ratio, especially for near spherical powders.

In the usual cold press method, a composite powder densification technique is employed, in which an appropriate amount of multiple size
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Fig. 2.1.3.12 Prototype of SWAP method Fe-Si-B-Cr-C amorphous spherical powder core, based on Ref. (32)

powders with different grain size distributions are mixed together. For example, in an example of a magnetic powder core using Fe-Si-B-Cr-
C spherical powders with average median diameters of 10 um and 3.5 um produced by the SWAP method, when both were mixed at a weight
ratio of 8:2 The highest powder fill factor of 75 % was obtained when both were mixed in a weight ratio of 8:2 2,

Since metallic glasses have a glass transition point, the hot pressing method, in which powders are heated to the glass transition point and
compacted, contributes to an improvement in the filling ratio due to deformation of the powder. In fact, in an example of hot press forming
of Fer7 P7 B13 Nb2 Cr1 at. powder @3, the filling ratio was improved to 91 %, saturation magnetization of 1.13 T, and coercivity of 50 A/m
were achieved. However, in the case of a pressed core heat-treated by strain removal at 500 °C, the specific permeability reached 1,200 at a
frequency of 1 kHz, and the iron loss was 1,400 kW/m? at a frequency of 50 kHz and a flux density amplitude of 100 mT, which is not a low
iron loss compared with a conventional crystalline-type pressed core.

There is an example of a nanocrystalline powder core in which low melting point glass ( Li2O-B203-SiO2-CaO-Al.03; LBSCA) is used as
binder and heat hardening and powder forming are done by hot press method @%. The iron loss was 178 kW/m? at a frequency of 100 kHz
and a flux density amplitude of 50 mT, which is slightly lower than the iron loss of 200 kW/m? under the same excitation conditions of a
commercial Fe-Si-Al magnetic powder core shown in Figure 2.1.3.11.

Example of Fe-based amorphous powder core

Amorphous spherical powder with poor ductility is hardly deformed by high-pressure press forming. (32), a mixture of powders with a
median diameter of 10 um and a thermally oxidized insulating film of 3.5 um in a weight ratio of 8:2, which results in the highest filling
ratio, and mold forming at approximately 1,000 MPa resulted in a filling ratio of only 75 %. In this example, as shown in Figure 2.1.3.12,
epoxy resin is used as the binder for molding, and nearly 30% of the epoxy resin for the binder decomposes thermally after strain removal
heat treatment at 400°C, about 100°C lower than the crystallization temperature of the powder, after the core is molded ( see Figure 2.1.3.6).
Therefore, after strain removal heat treatment, the silicone resin precursor is impregnated under reduced pressure and cured to make the final
magnetic core. The saturation magnetization of the core is 0.93 T, the coercive force is 177 A/m, and the specific permeability is about 36,
which is almost constant up to 3 MHz. The frequency characteristics of the iron loss are shown in Figure 2.1.3.13. The iron loss at a frequency
of 100 kHz and a flux density amplitude of 50 mT is about 150 kW/m3, and at 100 mT it is about 505 kW/m?, lower than the commercial Fe-
Si, Fe-Ni, and Fe-Si-Al magnetic powder cores shown in Figure 2.1.3.11.

Example of Fe-based glass powder core
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In 2008, Alps Electric Co., Ltd. announced the development of a magnetic core
using Fe-based glass powder under the trade name Liqualloy™. (22) Liqualloy
powder does not require ultra-quenching, and can be produced using ordinary water
atomization equipment, which is a major advantage. Liqualloy powder cores are used
in toroidal cores and chip inductors @9, but the specific fabrication method of these
cores has not yet been published. According to reference (22), the saturation
magnetization is 1.2 T, the electrical resistivity of the core is 3.07 x 10° Q-m, the
coercive force is undisclosed, the decrease in permeability with respect to DC
magnetomotive force is the same as that of Fe-Si-Al type core (however, the specific
magnitude of the permeability is unknown), the iron loss is almost the same as that
of Mn-Zn ferrite core, and the iron loss is 1/3 that of Fe-Si-Al Al-based magnetic
powder cores. However, the magnetic flux density amplitude at the time of iron loss
measurement was not specified, making quantitative comparison of iron loss with

magnetic cores other than Mn-Zn ferrite and Fe-Si-Al type pressed cores difficult. Figure 2.1.3.13 Frequency characteristics of

Later, Alps Electric changed its name to Alps Alpine, and later the inductor business iron loss of Fe-Si-B-Cr-C
featuring Liqualloy was transferred to the Delta Electronics Group of Taiwan. amorphous spherical powder
Example of Fe-based nanocrystalline magnetic powder core core, based on reference (32)

Both as-atomized amorphous powder and heat-treated nanocrystallized powder are
available, but by using as-atomized amorphous powder for press forming and post-nanocrystallization heat treatment, nanocrystallization as
well as internal strain release can be expected. By using As atomized amorphous powder for press forming and post-nanocrystallization heat
treatment, it is expected to release the internal strain at the same time as nanocrystallization. The post-nanocrystallization heat treatment
temperature is more than 100 °C higher than the strain-relieving heat treatment temperature (400 °C) of Fe-Si-B-Cr-C amorphous spherical
powder compacts, which enables more effective release of internal strain. more effectively.
Pressing amorphous powders under high pressure before nanocrystallization hardly changes
the spherical powder shape. Therefore, Kanaya et al. @ employed Fe-Si-B-Nb-Cu-Cr-C
composition amorphous powders with median diameters of 10 um and 3.5 um, and fabricated
Fe As with the Fe-Si-B-Cr-C amorphous spherical powder core, the 10 um and 3.5 um
diameter powders were mixed in a weight ratio of 8:2 to achieve the highest powder filling
ratio, cold pressed in a metal mold at about 1,000 MPa, and then formed into a nanocrystalline
core at After cold press molding at approximately 1,000 MPa, the powder was subjected to
nanocrystallization and strain removal heat treatment at 510 °C for 3 hours to produce a
prototype SWAP Fe-Si-B-Nb-Cu-Cr-C nanocrystalline spherical powder magnetic core. As
with the SWAP Fe-Si-B-Cr-C amorphous spherical powder core, epoxy resin was used as the
molding binder and silicone resin as the impregnating resin after nanocrystallization and strain
removal heat treatment. The powder filling rate is as high as that of amorphous spherical

powder core. The powder filling ratio is 74 %, almost equivalent to that of the amorphous )
Figure 2.1.3.14 Frequency

spherical powder core, and the saturation magnetization is 0.91 T. The coercive force is 123 characteristics of iron loss

A/m, which is smaller than that of the amorphous spherical powder core of 177 A/Im. The of Fe-Si-B-Nb-Cu-Cr-C
specific permeability is about 33, which is almost constant up to a frequency of 4 MHz. Figure nanocrystalline spherical
2.1.3.14 compares the frequency characteristics of iron loss with those of the Fe-Si-B-Cr-C powder core, based on

amorphous spherical powder core. B-Nb-Cu-Cr-C nanocrystalline spherical powder core has an iron loss of about 105 kW/m3 at a frequency
of 100 kHz and a flux density amplitude of 50 mT, and about 380 kW/m? at 100 mT. -Si-B-Cr-C amorphous spherical powder core at a
frequency of 100 kHz and a flux density amplitude of 50 mT is approximately 105 kW/m?3 and 380 kW/m? at 100 mT, respectively, which is
about 70 to 75% of the iron loss of Fe

As mentioned above, Tokin, in collaboration with Tohoku University, has developed an ultra-low-loss, high-saturation magnetization
nanomet powder core®® DSC analysis of amorphous powder with As atomized nanomet (Fe-B-P-Cu) composition shows that a-Fe
nanocrystals precipitate in the amorphous matrix phase at temperatures Tx1 2" Hot pressing is performed at a temperature between Ty, at
which a-Fe nanocrystals precipitate in the amorphous matrix phase , and Txz, at which the residual amorphous phase crystallizes. Although it
is difficult to improve the powder filling ratio in the cold pressing method, the powder filling ratio of the hot pressed 17 um diameter powder
core was improved to 89 % after hot pressing at a temperature of 460 °C and an applied pressure of 784 MPa. It is interpreted that the
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nanocrystallization of o-Fe and the plastic deformation caused by the thermoplasticity of the powder during the hot press forming process
simultaneously cause the densification of the core. The saturation magnetization and coercive force estimated from the saturation
magnetization and B-H curves of the magnetic powder core evaluated by a sample vibration magnetometer are 1.54 T and 16 A/m. The
saturation magnetization is close to that of crystalline Fe-Si and Fe-Ni magnetic powder cores and is about twice that of Fe-Si-Al magnetic
cores. The coercive force is the smallest among all the commercially available pressed cores. It should be noted that the specific initial
permeability, which is close to 100, is almost constant up to frequencies close to 10 MHz. As for iron loss, hysteresis loss is dominant below
10 kHz, and the iron loss is 146 kW/m? at a frequency of 100 kHz and a flux density amplitude of 100 mT, where eddy current loss is
negligible, showing the lowest value for a pressed core under the same excitation conditions.

The magnetic powder core prototyped in reference (31) is a toroidal size with an outer diameter of 13 mm and an inner diameter of 8 mm
(the height is unknown), and the scale of the hot press equipment must be expanded in order to expand it to a size conducive to actual
application in inductors.

Comparison of iron loss of various types of magnetic powder cores

Figure 2.1.3.15 summarizes the relationship between iron loss and saturation magnetization of crystalline, amorphous, and nanocrystalline
type magnetic powder cores with reference to the data in
Reference (31). With some exceptions, it is clear that the
nanocrystalline type pressed core has low iron loss. In
particular, the hot-pressed nanomet type pressed core
listed in reference (31) has both high saturation
magnetization and low iron loss, and the iron loss of the
pressed core using the aforementioned 17-pum-diameter
nanomet powder is lower than that of the amorphous type
(Fe (Fe-Si-B-Cr-C) spherical powder core @2 under the
same excitation conditions, while the iron loss of the
Finemet (Fe-Si-B-Nb-Cu-Cr-C) nanocrystalline spherical
powder core @9, and the saturation magnetization is 1.7

times higher than that of the Fe-Si-B-Nb-Cu-Cr-C) Fig. 2.1.3.15 Comparison of iron loss of various types of pressed cores, prepared

spherical powder core. by organizing the relationship between iron loss and saturation
Traditionally, the greatest challenge for pressed magnetization of crystalline, amorphous, and nanocrystalline
magnetic cores has been to achieve low coercivity, and powdery magnetic cores, with reference to the data in Ref. (31)

compatibility with high saturation magnetization has been
strongly demanded. Hot press-formed nanomet powder pressed magnetic cores are now thought to offer a promising option for inductors that
can achieve both high saturation magnetization and low iron loss.

1.3.3 Powder core Fine particle composite core for Beyond MHz

(1) Challenges of Ni-Zn ferrite cores in the Beyond MHz band benchmark

For magnetic core materials used at frequencies above 1 MHz, an important
indicator is how to reduce the effects of eddy current losses and residual losses that
are problematic in the high-frequency range. In this paper, we will discuss the
challenges of Ni-Zn ferrite cores, which have been regarded as the benchmark for
magnetic cores in the Beyond MHz band.

Bulk Ni-Zn ferrite has very low eddy current losses due to its high electrical

resistivity (several hundred ohm-m) compared to metallic magnetic materials, but the Figure 2.1.3.16 Complex specific permeability of
upper frequency limit for use is limited by natural resonance. bulk Ni-Zn ferrite, based on reference
(36)
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Figure 2.1.3.16 shows the frequency response of the complex specific permeability of bulk Ni-Zn ferrite ®%. By adjusting the ferrite
composition, the specific permeability can be changed from around 10 to several hundred or more, but there is a relationship between the
specific permeability and its cutoff frequency called the Snoek's limit, which follows
equation (2.1.3.2).

Pstatic * fr < Ms (2.1.3.2)
Here, ustatic is the static permeability, fr is the natural resonance frequency, and Ms is
the saturation magnetization.

It has been shown that Mn-Zn ferrite, which is also classified as a spinel ferrite,
generates much larger magnetic loss than that predicted from the complex
permeability when AC excitation is performed at large amplitude 7. Figure 2.1.3.17
shows the frequency dependence of the dynamic loss (eddy current loss, residual
loss), which is the iron loss Weo minus the hysteresis loss Who per cycle measured for
a Mn-Zn ferrite core for switching power supplies in the range 100 kHz to 10 MHz,
plotted with the flux density amplitude Bm as a parameter. The solid line in the figure
shows the frequency dependence of the dynamic loss (eddy current loss, residual
loss). The solid line in the figure is the calculated value of dynamic loss Wq using the
actual measured value of complex permeability under micro AC excitation conditions

measured in the range of initial permeability, which is calculated based on the Figure 2.1.3.17 Frequency dependence of
following equation. where tand (= p"/w) is the loss coefficient. dynamic loss of Mn-Zn ferrite cores
for switching power supplies, based
tand 1 on reference (37)

u "1+ tanzs ™

Under conditions where the magnetic flux density amplitude sm is small, the calculated and measured values of dynamic loss using the above
equation with small amplitude parameters (u', tand) agree well, but asem increases, the difference between the calculated and measured values
increases, especially at frequencies below 1 MHz. The dynamic loss can be regarded as a linear loss proportional to the square of the magnetic
flux density amplitude Bm, and it is assumed to be a reversible magnetization process. On the other hand, below 1 MHz, the dynamic loss
generation mechanism is different between the micro-excitation level and the large-amplitude excitation of the magnetic core, indicating a
significant nonlinearity in the loss. It is difficult to attribute such nonlinearity to eddy current losses, and it is necessary to consider the
influence of residual losses other than eddy current losses, but the mechanism of generation of residual losses is still unresolved. The Mn-Zn
ferrite described in reference (37) was developed with a view to application at several hundred kHz, and it can be said that it is greatly affected
by the nonlinearity of dynamic loss in the large amplitude excitation state of actual operation.

It is assumed that the above phenomenon also occurs in Ni-Zn ferrites, and if the nature of the residual loss generation mechanism of spinel
ferrites, including Mn-Zn ferrites, is clarified and guidelines for loss suppression are found in the future, the possibility of new low-loss
ferrites is expected to expand.

(2) Various fine particle powders

a. Fine spherical powder

The greatest challenge for fine powder composite cores at frequencies higher than 1 MHz is the reduction of dynamic losses including
eddy current losses, which requires the use of fine powders with high electrical resistivity and diameters of a few um or less for metallic
cores.
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Carbonyl iron powder

Carbonyl iron powder is prepared by evaporation and
precipitation of pentacarbonyl iron (Fe(CO) s). For example, in
BASF's lineup of carbonyl iron powders, as-made powders are
called "hard grade" 8 and contain small amounts of impurities
such as O, N, and C, but their saturation magnetization is close
to that of pure iron. Because the particle size distribution of As-
made powder with a median diameter of 1 to 2 um is peaky %
(see Fig. 2.1.3.18), it is difficult to increase the powder filling

ratio in composite magnetic cores.
According to Koeda et al. “9, As made carbonyl iron

powders have a nanocrystalline structure, which greatly
reduces the crystalline magnetic anisotropy, and the powder interior has a Vortex magnetic structure reflecting its spherical shape. The powder
becomes single crystal instead of Fe purity, and the sintering of the powder results in a larger powder size and higher coercive force.

Atomized powder

It is difficult to produce powders smaller than a few um in diameter in high yield by conventional atomization methods, and fine powders
are usually obtained by classification. Since fine powders are located at the left end of the particle size distribution, yields are low and costs
are high, but Fe-Si-Cr, Fe-based amorphous, and Fe-based nanocrystalline powders with diameters of several um are now on the market. In
general, the coercive force of powders tends to increase as the powder size becomes finer, but Fe-based amorphous and Fe-based
nanocrystalline powders have a lower coercive force and higher electrical resistivity than crystalline powders. Therefore, they are considered
to be suitable as fine powders for fine composite magnetic cores targeting frequencies higher than 1 MHz.

To improve the yield of fine powder, it is effective to increase the temperature of molten alloy to reduce the viscosity of molten metal.
However, conventional gas atomization and water atomization systems have not been able to easily increase the temperature of molten metal
due to the life of refractory materials and operational safety. Tohoku University and Iwate University have jointly developed an atomization
device using a high-speed combustion flame called the counter flame jet atomization (CFJA) method “9). Trial production of Fe-Si-B-Cr-C
amorphous powder has been achieved using this method, and an increase in the yield of nearly spherical fine powder less than 5 um has been
achieved.

(a) SEM photograph (b) Particle size distribution
Figure 2.1.3.18 As made carbony! iron powder, based on reference (39)

Soft ferrite fine powder

In many cases, milled powders of 10 um diameter or larger are employed for Mn-Zn and Ni-Zn bulk ferrite cores. On the other hand, Mn-
Zn and Ni-Zn ferrite powders with a few pum diameter for composites with resin are now on the market “. Compared to powders for bulk
ferrite cores, these powders have lower saturation magnetization and higher coercive force. The specific permeability of composite cores with
60 vol.% of these ferrite powders dispersed in resin is about 7 to 10, but the specific permeability drops significantly above 1 MHz. On the
other hand, low- temperature co-fired ceramic (LTCC) chip inductors, which are used in various applications at frequencies higher than 1
MHz, use fine Ni-Cu-Zn ferrite powder with a sub-um diameter 9.

Wet-synthesized magnetite fine particle powder and hydrogen-reduced fine iron powder

Magnetite (Fe203) fine particles of sub-um diameter or smaller can be synthesized by wet processes such as coprecipitation, and until now,
large coercivity exceeding 1,000 kA/m has been an issue “2, but recently, fine particle powders with low coercivity of around 400 A/m have
also been developed “3). Sub-um -diameter iron fine powder can be obtained by heat-treating wet-synthesized magnetite fine powder in a
hydrogen reduction atmosphere, but as with carbonyl iron powder, monocrystallization and sintering occur.

Chemically synthesized amorphous powder

Shimada et al. “4 and Murata et al. *® prepared Fe-B amorphous fine powder by a wet chemical synthesis method. The powder synthesis
was carried out using a drop solution consisting of an Fe-based reaction solution and a B-based reducing agent. The Fe-B amorphous fine
powder with a median diameter of 490 nm has a uniform grain size and a smooth powder surface, and its saturation magnetization is higher
(130-150 emu/g) than that of sub um diameter magnetite powder prepared by coprecipitation because of its Fe-B binary composition. The
coercive force of the powder is almost inversely proportional to the median diameter, and is as high as about 1 kA/m for 490 nm diameter
powder and about 2.2 kA/m for 300 nm diameter powder. It has been reported that wet synthesis in a magnetic field can produce a chain
structure of individual fine powder particles, and the longitudinal direction of the chain becomes the easy axis of magnetization due to shape
magnetic anisotropy, resulting in high magnetic permeability, which may lead to the realization of an oriented fine powder chain anisotropic
composite core.

b. Flat powder
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In general, it is difficult to increase the powder filling ratio of composite magnetic cores using fine spherical powder targeting frequencies
higher than 1 MHz, and it is difficult to achieve higher permeability than that of a pressed core for several hundred kHz due to residual
antiferromagnetic field effects. In addition, it is difficult to achieve both high permeability and low loss in Ni-Zn ferrite, which is the
benchmark magnetic core for high frequency range above 1 MHz, due to the limitation of Snoek based on natural resonance. Composite
magnetic cores consisting of horizontally oriented and vertically stacked flat powders with thicknesses of a few pum or less may be able to
achieve both high permeability and low loss by utilizing the high permeability in the flat plane due to the shape magnetic anisotropy of the
flat powders. Various types of flat powders developed so far are shown below.

Fe-Si-Al flat powder

The application of flat powder began with its use in quasi-microwave band (300 MHz to 3 GHz) noise suppression sheets (product name:
Bastareid) ¥ Sato et al. For the application of noise suppression by energy absorption of unwanted electromagnetic waves, magnetic loss
(complex permeability; the imaginary part 4" in g*=u'-ju ") should be dominant, so the thickness of the flat powder in the quasi-microwave
band should be reduced to a minimum. The thickness of the flat powder in the quasi-microwave band should be about the thickness of the
epidermis, and the realization of sub-pum -thick flat powder was targeted. The Fe-Si-Al flattened powder was prepared by flattening water-
atomized Fe-Si-Al spherical powder with an average grain size of 14 um and an oxide film by attritor milling.

The thickness of the powder remained almost the same at 1 um even when the flattening time was increased beyond 7.2 ks (2 h) using an
attritor mill. The powder coercive force already exceeds 5,000 A/m even after a short processing time of 1.8 ks (0.5 h), and increases to 7,500
A/m after 14.4 ks (4 h). The increase in the powder coercive force with increasing processing time is assumed to be due to processing strain.
Subsequently, reduction of impurities and oxygen content in the raw powder, heat treatment after flattening, and other measures have resulted
in low coercivity of Fe-Si-Al (sendust) flat powders, and flat powders with a low coercivity of about 300 A/m are now on the market “8),

Composite magnetic cores using Fe-Si-Al flat powders were first put to practical use as quasi-microwave band noise suppression sheets,
and later, their application as magnetic cores for inductors in high-frequency DC-DC converters was promoted by TOKIN “9),

Fe-based amorphous flat powder

Fe-based amorphous flat powders for flat powder composite magnetic cores have been developed targeting application in magnetic
components for MHz switching DC-DC converters ®9, Figure 2.1.3.19 shows the preparation procedure for Fe-based amorphous flat powder.
SWAP Fe-Si-B-Cr-C amorphous spherical powder with a median diameter of 12.8 pym and a saturation magnetization of 1.26 T was used.
After flattening by vibration milling, the powder was heat treated in air at 380 °C to remove strain and to form a thermal oxide film. The
footprint of the flattened powder after processing ranges from several tens of um to 70 um, and the thickness is approximately 1 um. The
coercive force of the amorphous spherical powder before flattening was 203 A/m, which increased rapidly to 3,980 A/m by flattening with a
vibration mill and decreased to 438 A/m by heat treatment in air at 380 °C. This is nearly 1.5 times larger than that of the heat treated Fe-Si-
Al flat powder made from high-purity powder described above, 300 A/m. The crystallization temperature of Fe-Si-B-Cr-C amorphous
spherical powder is about 450 °C. It is difficult to increase the temperature of strain removal heat treatment, and the large internal strain
caused by the flattening process was not fully released by the 380°C heat treatment.

Qian et al. ® investigated a wide range of flattening conditions by ball milling and post-processing heat treatment conditions using
atomized Fe-Si-Me amorphous spherical powders (Me; Zr, B, P, etc.) as starting materials with the aim of achieving Fe-based amorphous flat
powders with high saturation magnetization. The results of many experiments show that Fe-Si-P amorphous spherical powder flattened to a
thickness of less than a few micrometers after 18 hours of ball milling and heat treatment at 380 °C has a saturation magnetization of 1.48 T
and a coercive force of 600 A/m, which is twice that of the Fe-Si-Al The coercivity is twice that of the Fe-Si-Al flat powder.

Fe-based nanocrystalline flat powder Table 2.1.3.1 Comparison of magnetic properties of flat
Although there are not many examples of the development of Fe- powders
based nanocrystalline flat powders, Ying et al. ® fabricated a Saturation
prototype Fe-Si-B-Nb-Cu flat powder using roll-quenched thin Elat Powder magnetization Coercive Reference
strips as a starting material and achieved a low coercivity of 119 Ms force He
A/m, less than half that of Fe-Si-Al flat powders. As-quenched Fe-Si-Al system 10T 300 A/m 48
amorphous thln. strips of Finemet compos'ltlon' were 'embrlttle'ment Fe-Si-B-Cr-C 1261 438 Al 5
heat-treated, milled, and flattened by a vibrating mill, and finally amOfPhOUS
nanocrystallized by heat treatment at 560 °C for 1 hour in air to form anﬁg_nsa;{gus 148T 600 A/m 51
a thermal oxide film. Similarly to the case of Fe-based amorphous Fer;gri-o%-rystt):ﬁu 1247 119 A/m 50

flat powder, the coercivity of the powder increases rapidly to 3,311
A/m after flattening by vibration milling, but after heat treatment in air at 560 °C, the coercivity decreases to 119 A/m due to
nanocrystallization and release of processing strain.
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Comparison of magnetic properties of flat powders

Table 2.1.3.1 compares the magnetic properties of Fe-Si-Al, Fe-based amorphous, and Fe-based nanocrystalline flat powders.
(3) Fine particle composite magnetic cores

a. Composite bulk magnetic cores

Carbonyl iron powder composite bulk magnetic cores

Fig. 2.1.3.19 Preparation procedure for Fe-based amorphous flat powder, based on Ref.

As mentioned above, As made carbonyl iron powder has a large powder coercivity of 700 to 800 A/m, but it is a fine spherical powder
with a diameter of 1 to 2 um, and has been put to practical use as a low permeability composite bulk core for high-current inductors that are
difficult to magnetically saturate. For example, Micrometals' Carbonyl iron powder core has a lineup of magnetic cores with specific
permeability ranging from 4 to 35, depending on the maximum frequency used ¢, The maximum operating frequency for a core with a
permeability of 10 is 45 MHz, and the DC bias field at which the permeability drops by 20% is about 56 kA/m. According to Oliver 3 of
the company, hysteresis loss accounts for most of the iron loss of a carbonyl iron powder core with a specific permeability of 10 up to about
10 MHz, and even above 10 MHz, the increase in eddy current loss is small, and above 20 MHz, the iron loss is lower than that of the
benchmark Ni-Zn ferrite core. lower iron loss than the benchmark Ni-Zn ferrite core above 20 MHz.

Composite bulk magnetic cores by casting method

A casting method composite bulk magnetic core has been developed in which a mixed slurry of fine magnetic powder less than a few pm
dispersed in a resin precursor solution by a vacuum mixer is poured into a mold and hardened to form a composite bulk magnetic core. Figure
2.1.3.20 shows the fabrication procedure of a composite bulk magnetic core by the casting method.

Sugimura et al. ®* fabricated a composite bulk core using 2.56-um-diameter SWAP Fe-Si-B-Cr-C amorphous powder with a saturation
magnetization of 1.26 T and compared its magnetic properties with those of a Ni-Zn ferrite core. The Fe-Si-B-Cr-C amorphous powder is
composed of fine powders with a diameter of 1-3 um. The powder coercive force decreased from 132 A/m (1.65 Oe) before heat treatment
to nearly 80 A/m (1 Oe) after heat treatment at 300 °C for 3 hours due to the release of internal strain remaining in the as-atomized state and
the relaxation of the amorphous structure, and a 10 nm-thick oxide film of Fe-Si-O is formed. The saturation magnetization of the Fe-Si-B-
Cr-C amorphous powder composite bulk core prepared using epoxy resin as binder is about 0.84 T, and the powder packing ratio of the core
estimated by the saturation magnetization of the powder is about 67 %. The coercive force of the composite bulk core was 128 A/m, 1.6 times
higher than that of the amorphous powder with oxide film, which is about 80 A/m. This is presumably due to the hardening stress of the
epoxy resin used as the binder. The specific permeability of the amorphous powder composite bulk core is constant up to 100 MHz at about
10, and the loss factor tand estimated from the real part «' and imaginary part " of the complex specific permeability is on the order of 103
in the MHz band, which is comparable to that of Ni-Zn ferrite with specific permeability of 20. Figure 2.1.3.21 shows the flux density
amplitude dependence of the iron loss of the prototype Fe-Si-B-Cr-C amorphous powder composite bulk core at 2 MHz, together with the
iron loss of commercially available Ni-Zn ferrites with permeabilities of 20 and 40. For both the amorphous powder composite bulk core and
the two types of Ni-Zn ferrites, the iron loss shows more than a square dependence on the magnetic flux density amplitude Bm, indicating that
the iron loss varies nonlinearly with the excitation level, similar to the dynamic loss in the Mn-Zn ferrite described above. The iron loss of
the amorphous powder composite bulk core at 2 MHz frequency and 20 mT flux density amplitude is 0.94 W/cc (940 kW/m?3 ), which is
about 1/6 of Ni-Zn ferrite with a specific permeability of 20 and 1/3 of Ni-Zn ferrite with a specific permeability of 40. It shows low
permeability in the MHz band and low iron loss characteristics surpassing those of the benchmark Ni-Zn ferrite.

b. Printed and coated fine-particle composite cores

Printing method carbonyl iron powder composite core
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Magnetic cores can be fabricated by the printing method by mixing magnetic particle powder and resin precursor to form a paste Yazaki
et al. A prototype composite core for a built-in inductor was produced by the printing process. Figure 2.1.3.22 shows a cross-section of the
printed carbonyl iron powder composite core. The carbonyl iron powder composite
core was fabricated using a mixed paste whose viscosity was adjusted to a metal mask
printable by adjusting the amount of carbonyl iron powder. The upper limit of the
powder filling ratio of the magnetic core was 54 % when the paste viscosity was
adjusted to a metal mask printable viscosity. The saturation magnetization and coercive

Figure 2.1.3.21 Dependence of iron loss of Fe-Si-B-
Cr-C amorphous powder composite

Fig. 2.1.3.20 Fabrication procedure of composite bulk magnetic cores by bulk magnetic cores on magnetic flux

casting method density amplitude, based on Ref.(54)
Figure 2.1.3.22 Cross section of a printed carbonyl Fig. 2.1.3.23 Static magnetization characteristics of composite
iron powder composite core, based on magnet cores made of Fe powder alone, Fe-B fine
Ref. (55) particles alone, and 50 vol.% Fe powder and 20

vol.% Fe-B fine particles, based on Ref.

force at the upper limit of 54 % powder filling ratio are 1.08 T and 2,000 A/m, respectively, and the upper limit of the magnetic field of
constant magnetic susceptibility is about 80 kA/m. The specific permeability is about 7.5, which is almost constant up to 500 MHz, and the
tand is about 0.03 at 100 MHz and 0.2 at 1 GHz, which means that it can be used as a low permeability and low loss magnetic core up to
several hundred MHz.

Composite core of soft magnetic particle composite with composite orientation by coating method

Figure 2.1.3.24 Relationship between magnetic permeability and Fe-B particle filling ratio of composite composite magnetic cores made of um-
class Fe, Fe-Ni, and Fe-Si-Al powders and sub-um diameter Fe-B amorphous particles, um-class powder filling ratio; 50 vol. %
constant, based on reference (56)
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Wakabayashi et al. of Tohoku University ©9 fabricated a composite magnetic core using three kinds of pm -class powders (electrolytic iron
powder with a grain size of 12 um, Fe-Si-Al and Fe-Ni powders with a grain size of 3 to 5 um) and sub pm -diameter amorphous Fe-B fine
particle powder 9, and reported detailed magnetic properties. The core was fabricated by a coating method similar to the printing method,
in which um-class powder and sub um -diameter amorphous Fe-B fine particles were dispersed and mixed in resin, coated on a polyimide
resin substrate, and then oriented by applying a maximum magnetic field of 300 mT using an electromagnet until the resin hardens. When
the Fe-B particle filling ratio is 5 vol.%, the Fe-B particles follow the magnetic flux flow generated between the Fe powders and enter the
gaps between the Fe powders. On the other hand, when the filling ratio of Fe-B fine particles is 20 vol.%, Fe-B fine particles agglomerate
not only between Fe powders but also among Fe-B fine particles. Figure 2.1.3.23 shows the magnetostatic properties of composite magnetic
cores made of Fe powder alone, Fe-B fine particles alone, and 50 vol.% Fe powder and 20 vol.% Fe-B fine particles. Similar results are
obtained when Fe-Si-Al powder is used as a um class powder, although the saturation magnetization is lower. Figure 2.1.3.24 plots the
change in specific permeability at 1 MHz for 50 vol.% Fe powder, Fe-Ni powder, and Fe-Si-Al powder with varying the Fe-B particle content
from 0 to 20 vol.%. The dashed line in the figure is derived from Bruggeman's equation ¢ and represents the estimated value when the filling
ratio of pum-class powder alone is increased; the addition of Fe-B fine particles reduces the antimagnetic field of um-class powder, resulting
in a higher specific magnetic permeability than the value estimated by Bruggeman's equation for pm-class powder alone. In all cases, the
maximum permeability is generally observed around 10 vol.% Fe-B fine particles.

These results indicate that the application of a magnetic field during resin
hardening causes the Fe-B fine particles to move in a direction that reduces the
antimagnetic field of the pm-class powder (in the direction of reducing the static
magnetic energy), contributing to an improved powder fill ratio and higher
magnetic permeability of the composite magnetic core.

c. Fine particle composite sheet magnetic cores

Fine spherical powder composite sheet core

Oyama et al. ©® developed a fine spherical powder composite sheet core for
organic interposers. The build-up sheet of the organic interposer is a 50-100 pm

thick film of several um diameter silica (SiOz) filler dispersed in epoxy resin. We
Figure 2.1.3.25 Relationship between melt viscosity and

heating temperature of As made composite
sheet with 3.5 pm diameter nanocrystalline

have fabricated composite sheet magnetic cores using various combinations of
fine magnetic powders, including 3 to 5 um-diameter crystalline Fe-Si-Cr, Fe-Si-

B-Cr amorphous, Fe-Si-B-Nb-Cu-Cr nanocrystalline, Fe-Si-Cr and Mn-Zn ferrite powder 70 vol.% and 0.7 um diameter Fe-
as sub-um-diameter particles to improve filling ratio. We are developing Si-Cr particles 5 vol.% as filler, based on
prototypes of composite sheet magnetic cores. reference (58)

A specially prepared epoxy resin common to silica filler build-up film ABF for
organic interposers is employed. Figure 2.1.3.25 shows the
relationship between melt viscosity and heating temperature
for an as-made composite sheet with 70 vol.% 3.5 pum
diameter nanocrystalline powder and 5 vol.% 0.7 um
diameter Fe-Si-Cr particles as filler. As made composite
sheet with a filler of 5 vol.
Figure 2.1.3.26 shows an overview of forming a
composite sheet magnetic core using a vacuum hot press
laminator %9, The sheet is heated at the temperature at which

the sheet viscosity is minimized in a vacuum and Figure 2.1.3.26 Example of forming a composite sheet magnetic core using
decompressed atmosphere, and pressure is applied to soften a vacuum hot press laminator and cross sectional structure of a
the sheet and flatten the irregularities in the wiring double-layer conductor embedded in a composite sheet

conductor. Finally, the epoxy resin is cured by heat magnetic core, based on Ref. (59)

treatment (e.g., 190 °C) to complete the process. The cross-
sectional structure of a two-layer conductor embedded in a composite sheet magnetic core using this method is shown in the figure.
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Table 2.1.3.2 shows the specifications of the Table 2.1.3.2 Specifications of magnetic powders employed in particulate composite
magnetic powders employed in the fine-grained sheet magnetic cores, based on Ref. (58)
composite sheet magnetic cores 8. Saturation fine powder  Fe-Si-Cr crystalline Fe-Si-B-Cr-C Fe-Si-B-Nb-Cu-Cr
L . amorphous nanocrystal
magnetization and coercive force have a trade-off
i . i 32 um 32 um 35 um
relationship, and the nanocrystalline system has
the lowest saturation magnetization (1.25 T) but Median
the lowest coercive force. diameter D50
Table 2.1.3.3 shows the magnetic properties of
composite sheet magnetic cores fabricated with .
. : . . Saturation
three different fine particle powders in an magnetization 18T 13T 125T
Ms

organized manner ©8, The cores were fabricated -

. . o Coercive force 1482 A/ 148 A/ 92 Al
with three different powder fillings of 70, 75, and He , m m m
80 vol.%. The coercive force of the composite

Table 2.1.3.3 Magnetic properties of particulate composite sheet magnetic cores, based on Ref. (58)

Powder used 32 1 m diameter Fe-Si-Cr crystalline 3.2 u mdiameter Fe-Si-B-Cr-C 3.5 u mdiameter Fe-Si-B-Nb-Cu-Cr
amorphous nanocrystal
. 70 vol. %, 80vol.% | 70 vol. %, 80 vol. % 70 vol. %, 80 vol. %
Powder Fill Rate 75 vol. %. 75 vol. %. 75 vol. %.
and of and of and of
1,080 1,120 1,180
Coercive force Hc 141 A/lm 151 A/m 180 A/m 72 A/m 76 AlIm 78 AlIm
Alm Al/m A/m
Specific
permeability ' 9.7 10.2 10.8 9.1 9.7 10.2 9.3 10.1 10.5
(100 MHz)
Loss coefficient
tan 0 0.1 0.105 0.105 0.04 0.045 0.046 0.038 0.039 0.042
(100 MHz)

sheet core is slightly smaller than that of the powder permeability, but reflecting the relationship between the permeability of the powder and
the composite sheet core, the coercive force of the Fe-Si-Cr crystalline powder composite sheet core is the largest and that of the
nanocrystalline powder composite sheet core is the smallest. The permeability at 100 MHz does not differ greatly among the three, being
approximately 10, and is almost constant from the low-frequency region to 100 MHz. The loss factor tand of the composite sheet core using
amorphous and nanocrystalline powders is less than half that of the Fe-Si-Cr crystalline powder composite sheet core, which is assumed to
reflect the difference in electrical resistivity of the powders, considering that the powder sizes are almost the same.

Fe-Si-Al flat powder composite sheet core

As mentioned above, Fe-Si-Al flat powders with a coercive force of about 300 A/m have
been put on the market “)48) and are expected to be applied not only as quasi-microwave band
noise suppression sheets but also as low-loss magnetic cores for magnetic elements.

Mikoshiba et al. “9 developed a composite sheet magnetic core for high-frequency
inductors using Fe-Si-Al flat powder. The average diameter and thickness of the Fe-Si-Al flat
powder are 40 um and 1.5 um, respectively. The powder filling ratio of the composite sheet
core is 70 vol.%, and the horizontal orientation/perpendicular stacking of the flat powder is
generally realized. Figure 2.1.3.27 shows the frequency characteristics of the complex

specific permeability of the Fe-Si-Al composite sheet core. The specific permeability in the Figure 2.1.3.27 Frequency

horizontally oriented direction is approximately 280 and remains constant up to around 5 characteristics of complex
MHz. Chata'ni has developed a prototype thin inductor using a Fe-Si-Al flat powder composite specific permeability of Fe-
sheet magnetic core 9, and has demonstrated a 12 V input -3.3 V and 18 A inductor developed Si-Al flat powder

at the Center for Power Electronics Systems (CPES) at Virginia Tech, USA 61, -3.3V, 18 A composite sheet magnetic

output 1 MHz step-down chopper DC-DC converter developed by the Center for Power cores, based on Ref. (49)

Electronics Systems (CPES) at Virginia Tech in the U.S. ©D,

Fe-based nanocrystalline flat powder composite sheet magnetic cores

As mentioned above, Fe-Si-B and Fe-Si-P amorphous flat powders have a problem that the release of flat working strain is not sufficient
even after strain removal heat treatment at temperatures close to the crystallization temperature, and the powder coercive force is about 1.5
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to 2 times larger than that of Fe-Si-Al flat powders.

As mentioned above, Ying et al. ® fabricated a prototype Fe-Si-B-Nb-Cu flat powder using roll-quenched thin strips as the starting
material, and showed that the flat powder after nanocrystallization has a low coercivity of less than half that of Fe-Si-Al flat powder. It was
shown that the flat powder after nanocrystallization has a low coercivity, less than half that of Fe-Si-Al flat powder, and that it may surpass
the magnetic properties of Fe-Si-Al flat powder composite sheet magnetic cores when used in composite sheet magnetic cores. However,
when flat powder laminated composite sheet cores are fabricated using low-coercivity nanocrystalline powders, the coercivity of the final
composite sheet core increases due to residual distortion caused by pressurization during the process, and the characteristics of low-coercivity
nanocrystalline alloys cannot be utilized.

Koike et al. ® used amorphous flattened powder before nanocrystallization using a Finemet composition roll-quenched thin strip as the
starting material, and employed a nanocrystallization heat treatment at the end of the fabrication process as a fabrication method for
nanocrystalline flattened powder composite sheet magnetic cores. This method is almost the same as the aforementioned method of making
Finemet-based Fe-based nanocrystalline magnetic powder cores @, and is based on the idea that the internal strain in the material accumulated
in the roll-quenched thin strip flattening and composite sheet core fabrication process is released in the final nanocrystallization heat treatment.
The starting material, a thin strip of amorphous Finemet composition immediately after roll quenching, is 18 um thick and 5 cm wide, and
has some ductility and ductility (however, rolling is difficult), making it difficult to obtain flattened powder directly from the thin strip. After
the brittle heat treatment at 400 °C for 3 hours, the powder is coarsely ground to 150 um or less, and then flattened by a vibration mill (target
thickness: 1 to 3 um) to obtain a flat powder. Figure 2.1.3.28 shows SEM photographs and X-ray diffraction patterns of the flattened powder.
The footprint of the flattened powder is 100-200 um, and the thickness is 1-3 um, which is not shown here. The flat powder shows a halo
XRD pattern characteristic of amorphous materials and retains its amorphous state after processing.

The fabrication process of Fe-based nanocrystalline flat powder composite sheet magnetic cores is as follows 62, Shin-Etsu Chemical's
two-component thermosetting silicone (KE-1031) was used as the binder, and toluene, which is highly compatible and volatile with silicone

(a) SEM photograph (b) X-ray diffraction pattern
Fig. 2.1.3.28 SEM photograph of Finemet (Fe-Si-B-Nb-Cu) flat powder after flattening by
vibrating mill, and X-ray diffraction pattern, based on Ref.
resin, was used as the diluent for viscosity adjustment. Flat powder paste for sheet forming was prepared.

The mixed paste was formed into sheets by metal mask printing using a 50 um thick
SUS303 metal mask, and then the toluene diluent was volatilized at 40 °C-25 min on a hot
plate. After that, pressure was applied using a 15-ton hot press for the purpose of horizontal
orientation of the flat powder and removal of excess binder resin, and the silicone resin
was thermally cured at 80 °C for 2 hours while the pressure was still applied.
Nanocrystallization heat treatment was performed in five different ways using a muffle
furnace at 515 °C, 530 °C, 545 °C, 560 °C, and 575 °C. At all heat treatment temperatures,

flattening was performed. The grain size of the flat powder was estimated to be Figure 2.1.3.29 Cross-sectional SEM
photograph of Fe-based
nanocrystalline flat powder
composite sheet magnetic core,

approximately 14 nm at all heat treatment temperatures. Since heat treatment at 500 °C or
higher causes the silicone resin binder to denature into silica and embrittle the composite
sheet core, the silicone resin is impregnated and hardened under reduced pressure to obtain
the flat powder composite sheet core. Figure 2.1.3.29 shows a cross-sectional SEM photograph of the fabricated Fe-based nanocrystalline
flat powder composite sheet core. The saturation magnetization of the Fe-based nanocrystalline flat powder composite sheet core is
approximately 0.5 T, which is 45 vol.% in terms of powder filling ratio. Figure 2.1.3.30 shows the relationship between the final
nanocrystallization heat treatment temperature and the coercive force of the magnetic core. Therefore, the increase in coercive force with
increasing heat treatment temperature is assumed to be due to the increase in magnetostriction. Figure 2.1.3.31 shows the frequency
characteristics of the specific permeability of Fe-based nanocrystalline flat powder composite sheet magnetic cores heat-treated at various
temperatures. For example, heat treatment at 530 °C produces a permeability close to 500, which is not achieved with Fe-Si-Al flat powder,
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but after 3 MHz, the permeability decreases as the frequency increases. Composite sheet cores at heat treatment temperatures of 560 °C and
575 °C have permeabilities of 100 and 50, respectively, which are almost constant up
to 10 MHz. Figure 2.1.3.32 shows the frequency characteristics of iron loss at a flux
density amplitude of 20 mT for an Fe-based nanocrystalline flat powder composite
sheet core at a nanocrystallization heat treatment temperature of 560 °C. For
comparison, a Fe-Si-Al flat powder composite sheet core, Fair Rite's Ni-Zn The Fe-
based nanocrystalline flat powder composite sheet core has lower iron loss over a wider
frequency range than the other two.
Subsequently, the Fe-based nanocrystalline flat powder composite sheet magnetic
core was employed in a surface-mount coupled inductor for a 24 V input-12 V, 2.5 A

output 12 MHz switching two-phase Buck converter for USB PD €3, Figure 2.1.3.30 Relationship between final
nanocrystallization heat treatment

temperature and magnetic coercive
) ) ) ) force of Fe-based nanocrystalline
pre-nanocrystallized sheets can be applied to a variety of core shapes such as toroidal- flat powder composite sheet

wound cores. magnetic cores, based on Ref.(62)

Flat powder-laminated composite sheet magnetic cores after nanocrystallization heat
treatment are not flexible and can only be used in sheet form, but the use of flexible

1.3.4 Summary and Future Issues

Although there are various options for magnetic powder cores, such as crystalline, Fe-based amorphous, and Fe-based nanocrystalline, the
most promising, apart from cost, is Fe-based nanocrystalline powder core, which has both
high saturation magnetization and low iron loss, which are required for inductors. In

particular, nanocrystalline powder cores 500 e
are expected to make a significant "‘A'AA %STE;?SC
contribution to the realization of 400 AA 05 545°C
. . : - V3 560°C
innovative power electronics that take T 300 AA%\.;SWC _
advantage of the characteristics of WBG L .00 A 3
. . L y b E
power semiconductors such as SiC and g{? 2000---o-0 A~A E
GaN. In the future, it is desirable to = O Ba,
_ _ 100%---v-v¥ 25y O 3
establish mass production technology __._.'____2’6
-
through further investigation of hot press 0 -
. L MR | L s
forming methods. M oM 100 M
Although there have been examples of FEi%# f [MHz]

. . . . Figure 2.1.3.32 Frequency characteristics of
composite magnetic cores using fine Figure 2.1.3.31 Frequency characteristics of

metallic powders that surpass Ni-Zn specific permeability of Fe-based
ferrite, which is the benchmark for nanocrystalline flat powder

iron loss of Fe-based
nanocrystalline flat powder
composite sheet magnetic cores

Beyond MHz band magnetic cores, there composite sheet magnetic cores, with nanocrystallization heat

based on Ref. (62)

are not many examples of practical treatment temperature of 560°

applications, except for carbonyl iron powder composite bulk cores that are already on the C (Bm=20 MT), based on Ref.

market. In particular, low-cost fabrication of fine alloy powders with diameters ranging (62)

from a few micrometers to sub-pm is a major challenge. In the future, in addition to the establishment of low-cost fabrication technology for
fine powder, further improvement of the properties of fine composite cores in the Beyond MHz band is desired.
[Toshiro Sato]
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1.4 Magnetic Property Measurement Methods

Keyword: Iron loss measurement, Minor loop, DC superposition characteristics

1.4.1 Magnetization curve and permeability

Measurement techniques for evaluating the dynamic properties of soft magnetic materials play an important role in the research and
development of magnetic passive components for power electronics. The dynamic characteristics of soft magnetic materials are generally
expressed by the magnetic permeability . However, as shown in Section 1.1 of this chapter, the value of 4 is not uniquely determined, but
varies depending on the magnetic field application history and measurement conditions because magnetic materials exhibit complex behaviors
such as dependence on the magnetic field application history (magnetic hysteresis), frequency dispersion, and nonlinearity that depends on
the operating point and excitation amplitude. It varies depending on the magnetic field application history, measurement conditions, and other
factors. Among them, the « values that are particularly important in power electronics technology are summarized in Table 2.1.1.1 in Section
1.1 of this chapter. In addition, it is difficult for a single measurement technique to cover all the measurement conditions required for the
development of power electronics technology in permeability measurement, so different measurement techniques must be used depending on
the measurement conditions. Therefore, in the dynamic characterization of soft magnetic materials, it is essential to understand the principle
of each measurement technique, the measurement conditions that can be covered, and the results obtained, and to comprehensively evaluate
multiple measurement results for physical interpretation of the behavior of the sample to be measured.
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(1) Classification of permeability in "*"Magnetization Dynamic Properties

Since the definition of the physical quantity to be measured is fundamental to the discussion of measurement technology, this section first
discusses each p value used to evaluate™ magnetization dynamics™ in power electronics technology. Section 1.1 of this chapter lists three u
values that are important in power electronics technology: initial permeability xi, incremental permeability ua, and differential permeability
uditt. Their definitions are based on static magnetization curves, as described in Section 1.1.1, and are therefore entirely rigorous as
"magnetostatic properties,” i.e., magnetic permeability in the low-frequency limit. However, since this paper discusses permeability in AC
excitation and their measurement techniques, it is necessary to consider two excitation conditions: a DC excitation field to determine the
operating point and an AC excitation field to obtain magnetization dynamic characteristics. Therefore, as shown in Table 2.1.4.1, each uvalue
is defined under different DC and AC excitation conditions, and it is especially important to note that there are two possible differential
permeability uditrs with different physical meanings and purposes. In this paper, we distinguish between differential permeability 1 (i) and
differential permeability 2 (udifr), and discuss the definition of each p value shown in the table and the excitation conditions for the
measurement.

Table 2.1.4.1 Typical permeability and excitation conditions used to evaluate "magnetization dynamics" in soft magnetic materials for power

electronics
magnetic permeability measured DC excitation field AC excitation field high-frequency
value amplitude (of frequency (esp. of waveforms) magnetic
vibration) permeability
Measurement
Technique*.
. . complex 0 microscopic broadband
Initial permeability () 2,3,4,56,7,8
number
Incremental permeability complex any finite Below excitable frequency 23468
(ua) number o
Differential real any finite Below excitable frequency 23468
permeability1( i) number o
Differential complex any microscopic broadband
- 2,3,4,56,8
permeability2( uai ) number

* : The measurement method corresponding to each number is described in section 1.4.2 of this chapter.

ui in magnetostatic characteristics is defined as the slope dB/dH at the origin of the initial magnetization curve, as shown in Figure 2.1.1.
3. The same mathematical definition applies to i in AC excitation. Therefore, at the time of measurement, the sample is demagnetized, the
DC excitation field is 0, and the amplitude of the AC excitation field, dH, is ideally infinitesimal, and in actual measurement, a small amplitude
is used as long as sufficient detection sensitivity is obtained. On the other hand, the frequency can be measured over a wide bandwidth. At
high frequencies, ui is generally complex because of the phase delay in the magnetization response.

Next, ua in magnetostatic characteristics is defined as the ratio 4B/4H, where 4B is the average change in magnetic flux density with
respectto A H under the condition that the sum of a DC excitation field and a quasi-static excitation field 4H with finite amplitude is applied.
ua in AC excitation also follows the same definition except that 4H is AC. Therefore, in actual measurement, in order to simulate the excitation
conditions in actual operation of a power electronics circuit, a DC excitation field and an AC excitation field of finite amplitude are
superimposed and applied, and u4=4B/4H is estimated by determining the average 4B from the acquired minor loop. However, if this
procedure is simply followed, the magnetic loss exhibited by the sample, i.e., the area of the minor loop, cannot be expressed. Therefore, in
power electronics technology, ua is often expanded to a complex number by approximating the minor loop with an ellipse, and used as a
physical quantity that includes the loss. The frequency is limited to the AC excitation field below which a finite A/H can be generated.

Finally, the differential permeability is basically defined as the slope dB/dH of the tangent line at a point on the magnetization curve.
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However, in AC excitation, there are two possible methods: software
differentiation and hardware differentiation. First, saifr1, like ua, obtains
a minor loop under excitation conditions that simulate actual operation
and determines the slope at a point in the loop by software. Therefore,
the measurement method used is the same as ua, and ua and paifr1 can
be considered as different minor loop analysis methods. However,
udiffl is always a real number by definition and cannot represent

@
B

f—0

AB’

losses. In power electronics technology, pdiffl is often used as a dH

parameter for analyzing the minor loop shape, for example, or as the dB' dp" H AB' AB" H
- . - _ b Mtz = —— +—=—1 L Hdifft = — +——1

permeability at a point on the magnetization curve, which is necessary Hir Haift2 = g ™ qH Hao Haitts = A A

to estimate the back EMF in large amplitude excitation. It should also Figure 2.1.4.1 Examples of the variation of the minor loop shape

be noted that ua and wditrn are often used synonymously in actual with frequency and the correspondence of
measurements. permeability x with the loop shape. (a) for

On the other hand, pdiff2 follows the same definition as uaift in infinitesimal excitation amplitude dH and (b) for finite
mathematical terms, but in actual measurement, differentiation is amplitude 4H. In both figures, blue, green, and red
performed by hardware. Specifically, a DC excitation field and an AC correspond to frequencies f — 0, f at maximum loss,
excitation field of small amplitude, dH, are superimposed and applied, and f — oo, The green dotted line in (b) is an
and u is estimated from the small-signal impedance. Therefore, as with elliptical approximation of the green solid minor loop

i, it can be measured over a wide bandwidth, and its value is generally

complex. Because of this excitation condition, uditr2 is not used in the evaluation of materials for magnetic passive components with large AC
currents, but small-signal impedance with DC superposition may be required for EMI countermeasure components such as inductors for noise
filters, and is important as an evaluation index It is important as an evaluation index of materials for such applications.

(2) Change in magnetization curve

In measurement techniques for measuring magnetic permeability in AC excitation, the excitation amplitude dH (at infinitesimal) or 4H
(at finite) and the frequency f are two particularly important parameters. The various measurement techniques described in this section
measure u over different excitation amplitudes and frequencies, and the results obtained depend on these parameters. In this section, we
discuss the influence of these parameters on the measurement results. For simplicity of discussion, we assume only the magnetization process
due to magnetic wall movement and do not consider other magnetization processes such as magnetization rotation.

First, consider ui or uditr2 using Figure 2.1.4.1 (a). Since they are defined as the differential coefficient dB/dH, we can assume that dH is
infinitesimal, in which case dB is proportional to dH. At low frequencies (f—0), the magnetic wall follows the magnetic field without delay,
so the minor loop is a straight line as shown by the blue line, and 4 is a real number. as fincreases, the response of the magnetic wall to the
magnetic field is delayed due to eddy currents and other dynamic behaviors described in section 1.1.2, and the resulting minor loop shape is
an ellipse as shown by the green line. As a result, the minor loop shape becomes an ellipse as shown by the green line. In this case, dB
becomes a complex number, and the change in Bwhen dH is at its maximum amplitude and 0, that is, dB ‘and dB" in Fig. 2.1.4.1 (a), are the
real and imaginary parts. Therefore, x is also a complex number, and its imaginary part corresponds to the loss term. As fincreases, the
magnetic walls stop responding to the magnetic field and only the vacuum contribution remains, so the minor loop collapses as shown by the
red line, and u approaches 1 asymptotically. In reality, however, as f increases, the mechanism of magnetization changes from magnetic wall
movement to magnetization rotation and then to spontaneous resonance, and each mechanism shows a different frequency dispersion, so u
often does not monotonically approach 1.

Next, consider ua or uditr1 using Figure 2.1.4.1 (b). As fincreases, the loss due to dynamic behavior such as eddy currents is added , as in
(a), and the hysteresis loss becomes larger. As f increases, losses due to dynamic behavior such as eddy currents are added as in (a), and the
area of the minor loop increases, as shown by the green line. As fincreases further, the minor loop collapses as shown by the red line because
the magnetic wall becomes unresponsive. Since loss cannot be expressed by simply following the definition of . as described above, in
power electronics technology, in a series of minor loop shapes such as those shown in Figure 2.1.4.1 (b), when loss is finite, as in the blue
and green lines, ua can be expanded to a complex number by approximating it with an ellipse of the same internal area. This is often used as
a physical quantity that includes the loss. This is the same as expressing magnetic loss as the phase lag component of magnetization at the
fundamental frequency of the excitation field. On the other hand, as is clear from the shapes of these curves, minor loops generally take a
shape different from an ellipse due to the nonlinearity of the magnetization characteristics, which means that there is a loss contribution due
to harmonic components. Therefore, when analyzing the details of the loss mechanism, it is necessary to go back to the minor loop shape
itself rather than a single complex value of ua.

121



Chapter 2 Power electronics from the view point of passive elementsPower electronics from the view point of passive components

(3) Effect of antimagnetic field

Before introducing the various measurement techniques, we will briefly discuss the influence of antimagnetic fields as a generally
applicable point to note. In all permeability measurements, a magnetic field is applied to the sample to be measured to magnetize it, and the
resulting magnetic flux change is detected. However, when a magnetic material is magnetized, an antimagnetic field is generated inside the
sample in the direction opposite to that of magnetization, which reduces the magnetic field actually felt by the sample, resulting in a smaller
magnetic flux change. This means that the effective magnetic permeability uett actually measured is smaller than the original i of the material.
The ratio of magnetization to antimagnetic field in a uniformly magnetized sample is called the antimagnetic field coefficient, Np, and is a
second-order tensor, or matrix, determined by the sample geometry; Np is constant regardless of the position inside the sample when the
sample geometry is ellipsoidal and is a diagonalized matrix along its three principal axes. When the sample is not ellipsoidal, Np varies with
the position inside the sample. If the antimagnetic field coefficients along the three principal axes are Nx, Ny, and Nz, respectively, then Nx +
Ny + Nz = 1@, As an example, when a thin strip sample of thickness t is cut into a thin disk of diameter d ( >> t ) and magnetized in the
transverse direction, the antimagnetic field coefficient Nz is approximately given by the following equations @ @),

3m t
~1—— — 2.1.4.1
Ny~ 1= = (2141)
Next, the in-plane antimagnetic field coefficient Nx is given by the following equation, since 2Nx+ Nz =1 due to symmetry of the geometry.
3m t

On the other hand, the effective permeability wefr Of the sample for the magnetic susceptibility y of the material and the antimagnetic field
coefficient Np in the direction of the applied magnetic field is given by the following equation

_ X
Heft =T N +1 (2.1.4.3)

This formula indicates that if [yND| >> 1, uett converges to ueit — 1/ No+ 1 regardless of the original x of the material, i.e., uef is determined
by the shape of the sample. Therefore, in order to correctly estimate the original « of the material, it is necessary, for example, to prepare a
sample with a size that satisfies |yNp| = |x|-3m/8 - t/d « 1 the above-mentioned thin disk shape, or to accurately calculate the value of
Nb and back-calculate « from petr. However, as for the sample shape, the typical thickness t of a thin strip sample produced by the melt span
method is about several 10 um, and to satisfy this condition for a soft magnetic material with a high x of several 100 or more, the diameter d
of the sample must be very large. In addition, as mentioned above, the antimagnetic field coefficient No varies depending on the position
inside the sample when the sample shape is other than an ellipsoid, making it difficult to calculate the coefficient accurately. Therefore, in
order to accurately measure high-u materials without the influence of antimagnetic field, it is necessary to form a closed magnetic path so
that the sample to be measured has No = 0. Among the measurement methods described in Section 1.4.2 of this chapter, 1 and 8 can only
measure the effective permeability werr because the sample geometry is in principle impossible to form a closed magnetic path, and 6 can only
measure the effective permeability ueft because it does not form a closed magnetic path if the magnetic core is not toroidal. 4 and 5 can only
measure the magnetic resistance pett because the return yoke forms a part of the magnetic path and its magnetic 3 can be measured by
assembling the sample to be measured in a well-shaped configuration, 2 and 7 are usually toroidal samples, and 6 can be measured if the
magnetic core is toroidal, since the sample forms a closed magnetic path, No = 0 in both cases, and the intrinsic x« of the material can be
measured without being affected by the antimagnetic field. The difference between the two methods is that each method is based on a different
magnetic field. These differences will be explained in more detail in the overview of each measurement technique.

1.4.2 Magnetic permeability measurement method

Figure 2.1.4.2 shows the rough ranges of frequency and excitation field strength covered by the measurement techniques introduced in
this section. Although it is desirable for magnetic passive components for power electronics to operate at higher frequencies and larger
amplitudes, permeability measurement generally becomes more difficult with higher frequency and larger amplitude excitation, so various
measurement techniques are used depending on the measurement conditions and purpose. In this section, the following eight measurement
techniques are outlined as basic measurement techniques.

1. Vibrating sample magnetometer (VSM) -©
2-coil method (M-H loop tracer, B-H analyzer) ()®)
Epstein test (JIS C 2550-1) ©)
Single plate magnetic property test (JIS C 2556) 1011
Ferrite Yoke Method 2

A AN
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6.  Inductive method 113

7. Inductive method 2 4

8.  AC magnetic susceptibility measurement method (15(16)

These measurement methods can be roughly classified according to their operating principles: 1 is mechanically vibrated and the
electromotive force due to the velocity change is measured; 2, 3, 4, and 8 belong to the two-coil method, in which an alternating current is
applied to the excitation coil to vibrate the magnetization of the sample and the electromotive force due to the magnetic flux change is
measured using independent detection coils; 5, 6 and 7 belongs to the one-coil method, in which the magnetization of the sample is oscillated
by an alternating current and the electromotive force due to the magnetic flux change is detected by the same coil. However, as shown in
Table 2.1.4.1 and Figure 2.1.4.2 in this section, the measurement range and physical quantities that can be measured vary depending on the
actual device configuration and sample shape, even if the measurement methods are based on the same principle.

(1) Vibrating sample magnetometer (VSM)

VSM is the most common measurement technique for measuring the static magnetization curve of a sample. Figure 2.1.4.3 shows the
principle diagram ®-®_ The sample is fixed to a rod and inserted between the poles of an electromagnet. When the sample is magnetized by
applying a magnetic field generated by the electromagnet, a magnetic flux proportional to the magnetization of the sample is chained to the
detection coil. When the rod is vibrated up and down by a shaker to change the chained magnetic flux, an induced electromotive force is
generated in the detection coil, and a signal proportional to the magnetization of the sample can be obtained with high sensitivity by lock-in
detection of the vibration frequency component. By performing this measurement while sweeping the applied magnetic field, a static
magnetization curve is obtained, from which the various permeabilities defined in Section 1.1.1 of this chapter can be determined. Typical
vibration frequencies for commercially available VSMs are around several 10 Hz. Note that this is the mechanical vibration frequency of the
sample and not the vibration of the magnetization, so care should be taken not to confuse the two. In order to convert the detection signal to
the absolute value of magnetization of the sample, the proportionality constant between the detection signal and magnetization is required,
which is determined by measuring a standard sample whose saturation magnetization is known in advance (pure Ni is most commonly used).

VSM can measure not only solid samples, but also various 10 ARV
types of samples by enclosing liquid or powder samples in the . EM “@*ﬁ%ﬁﬁ’iﬁﬁﬁ
cell. The applied magnetic field can be up to 3 T for room AR
temperature magnets and up to 18 T for superconducting = 100m e
magnets. The VSM has high sensitivity because it eliminates g 10m
external noise by lock-in detection, and it is capable of % e i B K
measuring magnetization at a low magnetic field of up to 10 % tm
The VSM has high sensitivity due to its lock-in detection that 100
eliminates external noise, and magnetization measurements 104 ke, 71; 7
with a magnitude of about 10-° A-m? (=10 emu) have been §
reported. Therefore, VSMs are used not only for ferromagnetic tu )
materials but also for extremely weakly magnetized materials ' Hl)t;:z& (H2) t e

such as paramagnetic and antimagnetic materials.

As mentioned above, the VSM is extremely versatile in the
measurement of static magnetization curves, but there are
some points to note when measuring soft magnetic materials
for power electronics. First, the magnetic field sweep speed of
the VSM depends on the time constants of the electromagnet
and lock-in detection, and takes several tens of seconds per
sweep at the fastest, making it almost impossible to obtain the
dynamic behavior of magnetization. Another point is that it is
impossible for the sample to form a closed magnetic path due
to the structure of inserting the sample between the poles of an
electromagnet, and since the pole spacing of a VSM is usually
a few centimeters and the sample size must be smaller than that
to be inserted, the influence of antimagnetic fields is inevitable
for a sample with high x and thickness. Specifically, the
coercive force Hc is not affected by the antimagnetic field

Figure 2.1.4.2 Rough measurement ranges for various permeability
measurement methods

Figure 2.1.4.3 Block diagram of the VSM and photographs around the

ren
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because it does not occur if the magnetization of the sample is zero. If a sufficiently strong magnetic field is applied so that the sample is
completely saturated, the saturation flux density Bs can also be correctly evaluated. However, since the shape of the B-H curve is affected by
the antimagnetic field, the residual flux density Br and various permeabilities such as wi, uditr, and ua are affected. To measure the initial
magnetization curve, the sample must be demagnetized, and the AC demagnetization method, in which a damped oscillating magnetic field
is applied, is usually used. However, it is not possible to generate such a magnetic field with the electromagnets of the VSM, so it is difficult
to measure the initial magnetization curve and xi with the VSM alone.
(2) Two coil method ( M-H loop tracer, B-H analyzer)

Commercial measurement devices based on this method are generally called M-H loop tracers or B-H analyzers ()®), As shown in the
principle diagram in Figure 2.1.4.4, an excitation coil and a detection coil are wound around a toroidal-shaped sample, and a magnetic field
H given by the following equation is applied in the circumferential direction to the sample by passing a current ithrough the excitation coil.

H=—X (2.1.4.9)

This magnetizes the sample and generates a voltage proportional to the time derivative of the magnetic flux at the detection coil, which is
integrated by an integrating circuit consisting of an operational amplifier, resistor R and capacitor C. The magnetic flux density B of the
sample is estimated from the output voltage Vour of the integrating circuit by the following equation.
CR
B = NZ_AVOUT (2.1.45)

Therefore, by measuring B while changing i, a B-H curve can be obtained. Since both excitation and detection are purely electrical and do
not use large electromagnets or shakers as in VSM, this measurement method can cover the widest range of measurement conditions, from
low to high frequency and from small to large amplitude excitation. For example, with high-x materials such as permalloy and sendust, a
static magnetization curve similar to that of VSM can be obtained by applying a low-frequency, low-amplitude current to the excitation coil
to slowly magnetize the sample and detecting the resulting magnetic flux change. On the other hand, it is also possible to measure the B-H
curve of a sample under conditions similar to actual operation in a power electronics circuit, such as applying a high-frequency, large-
amplitude current to the excitation coil or a superposition of AC and DC
currents. When the sample has a toroidal shape, it is not affected by the

o ST o . RI-TY7  HEE —
antimagnetic field in principle, and therefore, the original x of the material can R

be obtained, which is another advantage compared to VSM. N

The following are some points to note about this method. First of all, it is P
time-consuming to prepare for the measurement because coils are wound @ FG —EEF UZ by
around each toroidal-shaped sample to be measured. In addition, it is necessary rr7y7
to select the optimum wire diameter and number of coils depending on the l TR

measurement conditions. For example, if an AC current of large amplitude or ﬂ
alarge DC current is applied to the excitation coil to measure DC superposition
characteristics, it is necessarily necessary to use a large wire. Furthermore,
when the AC current has a large amplitude and high frequency, a large induced electromotive force is applied to the excitation coil, so care
must also be taken to insulate it. Conversely, when measuring characteristics at low frequencies, the induced electromotive force generated
in the detection coil is proportional to the frequency and the number of windings, so it is difficult to detect signals with a sufficient signal-to-
noise ratio unless the number of windings Nz is increased to increase the detection voltage.

The voltage generated in the detection coil is proportional to the time variation of all flux linkages. If the of the sample is high and the
cross-section of the sample occupies a sufficient proportion of the detection coil cross-section, there is no problem because the magnetic flux
of the sample is dominant. However, if the i of the sample is low and the cross-sectional area is much smaller than the detection coil cross-
section due to the foil or thin film shape of the sample, the magnetic flux generated by the excitation coil and linked directly to the detection
coil without passing through the sample must be subtracted . The contribution of the magnetic flux generated by the excitation coil and
directly linked to the detection coil without passing through the sample should be subtracted. The magnetic field and flux distribution by the

Figure 2.1.4.4 Principle of the two-coil method ®
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excitation coil depend on the winding method, but even if the sample geometry is
the same, it is sometimes difficult to wind coils exactly the same way on multiple
samples, which tends to reduce the reproducibility of measurement from sample to
sample, especially for low-micro size samples. D ------------------ J:I
(3) Epstein test ;

The Epstein test is the most basic magnetic measurement method for
electromagnetic steel sheets, standardized by JIS C 2550-1 ). As shown in Figure

2.1.4.5, several 30 x 280 mm strip-shaped specimens are inserted into an Epstein
measuring frame equipped with an excitation coil (primary coil) to excite the Ij _________________

specimen and a detection coil (secondary coil) to detect magnetization, forming a
closed magnetic path. The magnetic field intensity is obtained from the current
value flowing in the excitation coil, and the magnetic flux of the sample is obtained
from the voltage induced in the detection coil to measure the B-H curve and

estimate various magnetic properties such as permeability and iron loss. Although AAHRBLL
this measurement method is, in principle, a two-coil method, it is a standard

measurement method for soft magnetic materials and is used to obtain magnetic — —

properties in commercial transactions because the Epstein measuring frame is pre-

equipped with primary and secondary coils, there is no need to coil each sample,

the sample size and number of coils are specified by the thickness of the sample to Figure 2.1.4.5 Epstein Tester ©

be measured, and the measurement is highly repeatable. This method is used to In this figure, the sample is changed to gray and a label and
obtain the magnetic properties of soft magnetic materials during commercial i::;::;;i;g)d; fo'zlg;erlsr:gg::tz2:;2;;'3??”22;;:
transactions. This method is standardized for measuring magnetic permeability at position.

50 / 60 Hz, the frequency of commercial power supplies, but the frequency band
can be extended to about 20 kHz. For details of this measurement method, see reference ©.
(4) Single plate magnetic property test

The Epstein test requires a large number of samples to be assembled in a well-shaped assembly, so it is not possible to evaluate variations
among samples or to measure changes in magnetic properties when samples are subjected to stress. The single plate magnetic property test
makes these things possible. As shown in Figure 2.1.4.6, the sample to be measured is inserted into the coil, and both ends are sandwiched
by a yoke with high magnetic permeability and a cross-sectional area sufficiently larger than the sample to form a closed magnetic path. The
coil is double-layered, and an electric current is applied to the excitation coil to magnetize the sample, and the magnetic flux change is
detected by the detection coil. The basic principle of this measurement method is the two-coil method, and if the magnetic resistance of the
yoke is sufficiently smaller than that of the sample, the original 4 of the sample can be obtained. The structure and materials of the coil and
yoke, sample size, and measurement conditions are specified in JIS C 2556, and this method is widely used as one of the standard
measurements for magnetic materials 9. However, measurement devices with various extensions are also used in the research and
development of soft magnetic materials, such as extending the frequency band to higher
frequencies, applying stress to the sample, and using a ferrite yoke to reduce loss and
increase the accuracy of loss evaluation of the sample M. For details of this measurement
method, please refer to references (10 (1),
(5) Ferrite yoke method

Of the measurement methods described
above, (2) to (4) are two-coil methods,
i.e., a measurement system in which the
magnetization of the sample and the
detection of the magnetic flux change are
performed using independent excitation
and detection coils, respectively.
However, as a simpler method, a single

coil can be used for both excitation and
detection. In the ferrite yoke method, as Figure 2.1.4.6 Single Plate Magnetic Figure 2.1.4.7 Principle of ferrite yoke

shown in Figure 2.1.4.7, a ferrite yoke is Property Tester @9 method permeability measurement 42
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placed in contact with both ends of a strip sample to form a closed magnetic path by magnetically short-circuiting the sample, and x is
estimated by measuring the impedance of the ferrite or the coil wound around the sample. In principle, the coil can be wound on the ferrite
yoke side or inserted into a pre-wound coil, but the latter is more common because it is easier to measure even if the ferrite yoke and sample
are small. By using a ferrite yoke with high resistivity, eddy current loss is
suppressed up to high frequencies, preventing a decrease in permeability.
This method is often used for permeability measurements in the frequency
range up to about 10 MHz, where eddy current losses in the ferrite yoke
are not a problem.

This measurement method is often combined with an impedance
analyzer or LCR meter, in which case the current flowing through the coil e

B

is small, at most several 10 to several 100 mA. If combined with a B-H

analyzer or a high power high frequency amplifier, it is possible to measure

ua and pgirn with high amplitude excitation, but in this case, the

temperature of the ferrite yoke rises due to excitation, which may change Figure 2.1.4.8 Principle diagram of inductive method 1 ®®
its magnetic characteristics. In this case, however, the temperature of the

ferrite yoke rises due to excitation, which may change its magnetic characteristics.

(6) Inductive method 1

The method of estimating the magnetic properties of a magnetic core by winding a coil around the magnetic core to be measured and
measuring its inductance is generally called the inductive method. There are two main methods.

One method is to form an inductor by winding a coil around a magnetic core of the actual shape to be used, and measure its inductance
using an LCR meter or an impedance analyzer 3, This method is the simplest and most direct when the purpose of the measurement is not
to evaluate the material characteristics of the magnetic core but to evaluate the characteristics of the inductor as a passive element. General
LCR meters and impedance analyzers can usually measure only ui and uditr by small-amplitude excitation, since the maximum AC current to
the element under test is several 10 to several 100 mA and the measurable element voltage is several V. However, the measurement of a few
to several 10 A is not possible with a direct current of several 10 A. However, there are models that can apply a DC bias current of several to
several tens of A, so DC current superposition characteristics can be measured over a wide range by using such devices. If you wish to
evaluate only the characteristics of the magnetic core, you can first saturate the core by applying a sufficiently large DC bias current and
measure the inductance of the coil alone, then measure the inductance of the core when it is not saturated and subtract the inductance of the
coil from it to separate the contribution of the magnetic core.

When the magnetic core forms a closed magnetic path as shown in Figure 2.1.4.8, Np = 0. If the contribution of the magnetic core to the
inductance is L, the intrinsic permeability x of the material can be estimated from the following equation.

Ll
N2S

This method is simple in principle, but because the excitation and detection coils are common, the voltage observed at the coil winding
terminals includes not only the electromotive voltage caused by the magnetic flux change but also the voltage caused by the resistance
component of the winding, making it difficult to separate the iron loss from the copper loss and limiting measurement accuracy. In addition,
as mentioned above, ordinary LCR meters and impedance analyzers can only handle small-amplitude AC signals, and to measure large-
amplitude excitation, it is necessary to construct a custom measurement device equipped with a high-output RF amplifier, which is not
necessarily inexpensive or simple. When evaluating the dynamic characteristics of a magnetic core with high precision and large amplitude
excitation, the two-coil method is often more advantageous. On the other hand, the one-coil method is often more advantageous above 10
MHz because the effect of interwinding capacitance becomes apparent at higher frequencies with the two-coil method.

(7) Inductive method 2
Another inductive method uses a short-circuit terminated coaxial-

u= (2.1.4.6)

BHREWE
shaped jig as shown in Figure 2.1.4.9 U4, The impedance of the !Ztm FAAFZIILOTHADTINDEED
toroidal sample is measured with and without the toroidal sample BIFESE—F DR

Zo FEAF LT A ASTLENEED

inserted at the tip of the jig, and the permeability x of the sample is l PR
ho me i P v P B4 E—S VR

estimated from the difference using the following equation. h SEOSa
Cm — Zsm)2m c EMDIE
w= m'l' 1 (2.1.4.7) b HEORE

This measurement method is basically a one-coil method with only Figure 2.1.4.9 Jig Structure for Inductive Method 2 49
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one turn of winding on the toroidal core, but it can also be considered as a system in which the end of a short-circuit terminated coaxial
transmission line is filled with a medium having a finite permeability. At the short-circuit termination plane, the electric field is zero while
the magnetic field is maximum, and their distribution follows a simple electromagnetic field theory, so the magnetic permeability of the
medium can be calculated with high accuracy. The natural logarithm in the denominator of equation (2.1.4.7) is due to the fact that the
magnetic field generated by a conductor passing through its center is inversely proportional to the radial distance from the center when the
inner and outer diameters of the sample are very different, so the distribution is integrated from the inner to outer diameters of the sample. In
the limit where the inner and outer diameters are close, i.e., the sample width is narrow and the magnetic field intensity can be considered
constant, equation (2.1.4.7) converges to equation (2.1.4.6). Since the sample has a toroidal shape, No = 0. This has the advantage of
eliminating the influence of the antimagnetic field and allowing the measurement of the sample's original x with high precision. The
measurement bandwidth depends on the size of the sample, but it can be up to 1 GHz when using an impedance analyzer, which is the usual
combination.

However, because the number of windings is one turn and the output of the base impedance analyzer is as small as 1 dBm (1.3 mW) at
maximum fora50Q load, only xi can be measured with small amplitude excitation, and DC current superposition characteristics cannot also
be measured. Also, due to the small number of windings, measurement
accuracy is greatly reduced under conditions where impedance is low,
such as low g, thin samples, and low frequencies.

(8) AC magnetic susceptibility measurement method

As mentioned at the beginning of this section, magnetic materials
exhibit inherently nonlinear behavior, so their dynamic magnetization
response must be measured under actual operating conditions. If the
sample is a toroidal core, the objective can be achieved by measuring it
under the same conditions as an actual circuit using the (2) two-coil
method or the (6) inductive methodl. However, this means that the
magnetic material needs to be finished to the shape of the component
used in the actual power electronics circuit, which slows down the
feedback in the material development process. The AC magnetic
susceptibility measurement method 19 described in this section is
currently under development for this purpose, because it has the
advantage that feedback will be faster if measurements can be made at
the material level under conditions close to actual operation. Since this
measurement method is still under development and not commercially

Figure 2.1.4.10 Schematic of AC magnetic susceptibility

measurement system
available, it is described in more detail in this section.

iWhen making magnetic measurements H = nl, the magnetic field produced by the excitation coil is proportional to the number of turns
N of the coil per unit length and the excitation current i. On the other hand, the voltage v, = 2nf;Li applied to the coil is proportional to
the operating frequency f;, inductance L, and i. L is proportional to the volume of the excitation coil and N2, the operating voltage can
easily become unrealistic as the frequency increases under constant (a) (b)
magnetic field amplitude conditions. In fact, in the two-coil method
of measurement (B-H analyzer), which is now widely used to evaluate
soft magnetic properties, it has become difficult to apply a magnetic
field large enough to saturate as the measurement frequency increases.
Therefore, we are developing the m-H measurement method as an
alternative to the conventional B-H measurement method, as a device

60 [ETEE

. . . % 3 -
that can evaluate the magnetic response of magnetic materials by mm T DS

. - . e . BB
applying a sufficiently large alternating magnetic field in the high-
frequency range of several MHz, for example. In order to suppress the
increase in the operating voltage associated with high frequency, the excitation coil is made as small as possible, and the toroidal sample is

Fig. 2.1.4.11 Appearance of excitation coil

replaced by a spherical sample of about 1 mm in diameter, which is designed to measure the magnetic moment m instead of the magnetic flux
density B.

Figure 2.1.4.10 shows a schematic of the device and Figure 2.1.4.11 shows a photograph of the excitation coil. The basic configuration of
the device consists of (i) an excitation coil and power supply, (ii) a pickup mechanism, and (iii) a measurement system. Each of these is
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described below.

As mentioned above, to suppress the voltage applied to the excitation coil, the coil itself is made smaller. In order to suppress the power
supply voltage for excitation, the coil and capacitor are connected in series to form an LC series resonant circuit. In addition, in order to
suppress the voltage to an appropriate level even when a large current is applied, a multistage LC resonant circuit is used with a resonant
capacitor between each turn of the excitation coil. 1-turn coils are fabricated on a flexible printed circuit board and laminated together, with
an appropriate capacitor between the layers. The inner diameter of the coil is 3.1 mm, the length is 7.3 mm, and the number of turns is 60.
The excitation coil is driven by a GaN inverter. At a maximum current i =52 A, the
magnetic field amplitude at the center is ygH = 0.49 T

First-order differential coils with one turn each of right- and left-handed coils are
used for the pickup. By placing the sample at the center of the coil on one side, the
voltage signal associated with the time variation of the magnetic flux caused by the
alternating magnetic field produced by the excitation coil is canceled, and only the
voltage signal proportional to the change in the magnetic flux (change in magnetic
moment) of the sample itself can be detected.

For the excitation magnetic field, the current flowing in the coil is monitored, and
for the magnetic moment of the sample, the voltage produced in the pickup coil is
recorded with an oscilloscope. As an example of the measurement, a YIG sphere with
a diameter of 0.5 mm was measured under an AC magnetic field of 3.7 MHz, and the
results are shown in Figure 2.1.4.12. The pickup coil signal, indicated by the blue
line in the above figure, is converted to magnetic flux (o< sample magnetic moment)
by integration. Plotting the magnetic flux (magnetic moment) against the current
signal (magnetic field), the figure below shows that since YIG is an ideal insulating
soft magnetic material, the vertical and horizontal axes are calibrated using its

saturation magnetization and saturation magnetic field. The magnetization curves . .
Figure 2.1.4.12 Measurements of a 0.5 mm diameter

measured by a vibrating sample magnetometer are also shown for comparison. It can YIG sphere under a 3.7 MHz AC

be seen that both curves are in good agreement. The AC magnetization curve has magnetic field. (top) excitation current
some noticeable noise, which should be improved in the future. By placing this device and voltage waveforms generated in the
in the gap of an electromagnet, it is easy to measure the AC magnetization process in pickup coil, (bottom) comparison of M-

H loops of samples obtained by this
measurement method (blue) and VSM
(yellow).

a superimposed DC magnetic field, the so-called minor loop. If the sample is a sphere,
the magnetic flux density B is related to the applied magnetic field H., and B =

Ho (Hex + EM) can be compared with the experimental results obtained by the two-

coil method. In the future development of this measurement method, minor loop measurement and iron loss evaluation of various soft
magnetic materials for power electronics will be promoted as well as noise reduction.
[Shingo Tamaru, Hideto Yanagihara]

1.4.3 Basics and Issues of Iron Loss Measurement

Figure 2.1.4.13 shows aschematic diagram of the two-coil method. The red line in the figure represents the measurement target (Core
Under Test: CUT), and a toroidal magnetic core with two windings as shown in Figure 2.1.4.14 (a) is generally used. Here, the primary
winding is called the excitation coil (orange) and the secondary winding is called the sensing coil (blue). Note that the coupling between the
two windings may not be 100% depending on the CUT and measurement conditions if there is a gap in the magnetic path where the magnetic
flux is formed. The measurement accuracy based on the coupling coefficient between the two windings is described below.

In the two-coil method, when current is applied to the excitation coil, the following magnetic field Hm is excited during CUT according to
Ampere's law.

Nlil
m=Tr

(2.1.4.8)

where N1 and | are the number of turns and magnetic path length of the primary winding, respectively. On the other hand, the amplitude of
the magnetic flux density, Bm, is obtained using the open circuit voltage, vz, induced by the sensing coil by the following equation
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1 T/2
Bn = 335 fo vydt (2.1.49)
where Nz, S and T are the number of turns of the secondary winding, the magnetic path cross-sectional area of the CUT, and the time of one
cycle, respectively. Since iron loss is defined as the area of the magnetization curve shown in Figure 2.1.4.1, iron loss is calculated by the
following equation
P, = lfHdB = iﬂfTilvzdt (2.1.4.10)
T, TSIN, J,
From this formula, it can be seen that the iron loss is obtained by integrating the current il applied to the excitation coil and the open circuit
voltage v2 detected by the sensing coil in one cycle.
Consider the measurement sensitivity of the two-coil method. Let us assume that the excitation current i1 and the open circuit voltage vz

to be detected are sinusoidal. In that case, the iron loss in equation (2.1.4.10) can be written as
Py =it
2

v3™ cos 6 (2.1.4.11)

where i1™ and v2"™ are the rms values of the excitation current and open circuit voltage, respectively, and @is the phase difference between
i1 and v2. Considering the variants of Eq. (2.1.4.11), we obtain

airms avrms
P, + 0P, =P, (1 + L:T + ﬁ —tan 6 ae) = P, + AP.,(Aiy) + AP, (Av,) + AP, (AB) (2.1.4.12)
1 2

Here, if 4i1 4v2 is very small, the measurement sensitivity depends on tané. Figure 2.1.4.15 shows the dependence of 46 on €. Since the
measurement sensitivity depends on tang, when @is close to 90 deg, a small deviation of 8 can cause a large measurement error. This means
that the excitation rear of the CUT is not affected by the measurement error. In other words, measurement errors are more likely to occur at
low power factor conditions where the excitation reactance of the CUT is extremely large compared to the loss component. Since the
excitation reactance increases in proportion to the frequency, high-frequency measurements above several hundred kHz and measurements
of low-loss soft magnetic materials, which have been developed in recent years, are prone to low power factor conditions and large
measurement errors.

Another common problem in other iron loss measurements is the lack of established calibration/calibration methods and standard samples.

(a) Toroidal core (b) El core

Figure 2.1.4.13 Circuit diagram of the Figure 2.1.4.14, Example of CUT

In addition, since the coupling coefficient between two windings is assumed to be 100%, it may not be possible to measure the loss with high
accuracy when using soft magnetic materials with low permeability or magnetic cores with voids such as El and EE cores. Solutions to these
problems are explained in Section 1.4.4.

(@)0< @< 90deg. (b) 8 < 0<

Figure 2.1.4.15. 6 dependency of
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1.4.4 Iron Loss Measurement Method (1) - Resonance Method (Capacitive Cancellation Method)

(1) Overview of Iron Loss Measurement Methods

IEC 62044-3 specifies the digitizing method, the cross-power method, and the calorimetric method for measuring iron loss in magnetic
materials ™% The digitizing method calculates the loss by integrating the instantaneous power, the cross-power method calculates the loss by
fast Fourier transforming the measured values corresponding to voltage and current, and the calorimetric method calculates the loss by
measuring the temperature rise due to core loss and comparing it to the known heating resistance . The calorimetric method calculates the
loss by measuring the temperature rise due to core loss and comparing it with the known heating resistance. The cross-power method is used
in commercially available B-H analyzers (IWATSU SY-8218, etc.). A transformer is configured with the CUT to be measured, the excitation
current i, in the primary winding and the induced voltage v, in the secondary winding are taken as time-domain waveforms, converted to
a frequency spectrum, integrated without phase error, and the amplitude and phase error of the current detection resistance are compensated
in the frequency domain to calculate the iron loss. However, in iron loss measurement for low power factor and low iron loss materials with
a phase difference between i; and v, is close to 90°, even a small measurement phase error has a significant effect on the accuracy of iron
loss evaluation. Accurate evaluation of iron loss, particularly in high-frequency ranges of MHz and above, remains a challenge®®. This
section describes the resonance method (capacitive cancellation method) as an example of an iron loss measurement method that addresses
this issue, and the inductive cancellation method is described in the next section.
(2) Basics of Resonance Method

To reduce the measurement error of the two-coil method in the previous section, the resonance method has been proposed @92, In this
method, iron loss is measured by connecting a capacitor C in series with the CUT as shown in Figure 2.1.4.16. In this case, the iron loss is

P =iﬁfivdt (2.1413)
cv TSlN2013

can be obtained by the following equation. In this measurement method, since the
open circuit voltage vs is referenced, @in equation (2.1.4.13) is the phase difference
between i1 and vs. If the inductance of the CUT and Cr are resonant at the
measurement frequency, the phase difference between i1 and vs is zero. Therefore, 40
in Fig. 2.1.4.15 only needs to refer to a phase difference near 0 deg. and the
measurement sensitivity is significantly improved. Therefore, the resonance method
is suitable for low permeability materials and high frequency measurements.

On the other hand, although the resonance method is expected to reduce the
measurement sensitivity of 46 as much as possible, it is affected by the ESR of the
capacitor and the parasitic resistance of the measurement jig. Therefore, it is
important to select a capacitor with low ESR and to create a measurement jig with
minimal parasitic resistance. However, even so, the influence of error factors cannot be completely eliminated in iron loss estimation.

Figure 2.1.4.16. Circuit diagram of

Therefore, a calibration method called Ro plot has been proposed to check the influence of error factors in iron loss measurement systems
234 In this method, the effective resistance Re=Pcv/i1™? is first calculated from the iron loss Pcy measured by the two-coil or resonance
method, and the following resistance values are obtained by extrapolation.

Ro = [0 irms?
This Ro is the effective resistance at the micro limit of the excitation current iz

(2.1.4.14)

and includes the resistance derived from the iron loss, the ESR of the capacitor
and the parasitic resistance of the measurement fixture. Thereafter, ro is

compared with the resistance RVNA of the CUT, which is measured by an (a) (b) (© (d)
impedance analyzer or network analyzer (Vector Network Analyzer : VNA). Figure 2.1.4.17 Measurement samples (a) 18turnx2, (b)
However, in the case of the method using VNA, since the resistance value of 8turnx4, (c) 5turnx6, (d) 3turnx1

the winding is included, it is necessary to remove the effect of the winding.
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Therefore, anonmagnetic toroidal core with the same shape and winding as the
CUT is prepared, and its resistance is subtracted to calculate Rvna. Finally, by
comparing Ro and Rvna, it is checked whether the error component is included.
In this method, if Ro and Rvna agree, the error factor can be ignored because
the iron loss, which is the common term in the micro-limit, is the same. On the
other hand, if there is a difference, the ESR of the capacitor and parasitic
resistance of the measurement jig are on the measurement system, and it can
be confirmed that improvement is necessary.
(3) Measurement example

An example of the application of this calibration method is shown below.
The sample is a sendust pressed core material with a specific permeability of
30, and the CUT sample used for the measurement is shown in Figure 2.1.4.17.
The outer diameter, inner diameter, and thickness of the magnetic core were
13 mm, 8 mm, and 1 mm, respectively, and four samples with different types
of windings were prepared. Figure 2.1.4.18 shows the curves of the effective
resistance Rc in the resonance method in the low flux density region for these
core samples. This time, the extrapolation to Ro is a linear approximation.
Figure 2.1.4.19 shows a comparison of Rvnaand Ro measured by VNA. From
the figure, it can be confirmed that the Rynaand Ro measured by the VNA are
in good agreement. It can be confirmed that the influence of ESR and
measurement jig can be neglected in this iron loss measurement system. The
advantage of this method is that the error factors can be estimated by
comparing with the measurements of impedance analyzers and VNAs, for
which calibration methods have been established. Therefore, this method can

Figure 2.1.4.18 Effective resistance R;and extrapolated

value Rg

Figure 2.1.4.19 Comparison of Ry and Ryna

be used as a calibration method for general iron loss measurements.
(4) Correction for coupling between two windings

Finally, the coupling between the two windings of the CUT is discussed.
The coupling between the two windings is an extremely important factor in
two-coil-based measurement methods, including the resonance method. The
equation (2.1.4.10) used to calculate iron loss assumes that there is no leakage
flux and that all fluxes are linkedto the sensing coil, that is, that the coupling
between the two windings is 100%. However, for materials with low magnetic
permeability, which are increasingly used in the high-frequency range, the
effect of leakage flux becomes non-negligible. In this case, the number of windings can be increased as a means of reducing leakage flux, but
this results in an increase in parasitic capacitance between the windings, which lowers the resonance frequency and limits the measurement
range.

Figure 2.1.4.20 Frequency response of coupling

Iron loss measurements were performed on samples with different couplings shown in Figure 2.1.4.17. Four types of windings were used
for the loss measurements, and the frequency characteristics of their coupling coefficients are shown in Figure 2.1.4.20. It can be seen that
the coupling coefficient is about 75% to 100% for the four types of magnetic cores. On the other hand, the resonance frequency of the
magnetic cores with high coupling coefficients as mentioned above is in the low frequency region. Figure 2.1.4.21 shows the results of iron
loss measurements using these cores. The results in the figure are measured when the excitation amplitude of the magnetic flux density is Bm
= 10 mT. It can be seen that the iron loss values differ greatly depending on the sample with different coupling. In particular, it can be
confirmed that the value is greatly underestimated for sample (d) with 75% coupling. Figure 2.1.4.22 shows the frequency response of the
effective permeability obtained during the iron loss measurement at Bm = 0.25 mT. Here, the effective permeability was calculated as peft =
Bm/uoHm using equations (2.1.4.8) and (2.1.4.9) obtained from the iron loss measurement. The black line in the figure is the frequency response
of the real part of the specific permeability obtained by the transmission line method 3. In the micro-excitation limit, the black line and each
specific permeability curve should coincide, but it can be confirmed that they do not.

To verify the validity of these results, an analysis using electromagnetic field simulations was performed. Figure 2.1.4.23 shows the vector
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distribution of the magnetic flux density simulating samples (a) and (d). It can be
seen that in sample (a), the magnetic flux density passes uniformly through the
core. On the other hand, in sample (d), the magnetic flux is not uniformly
linkedthrough the core, and it can be confirmed that the magnetic flux lines form a
magnetic path, especially around the excitation coil. This suggests that the
magnetic path length | in equation (2.1.4.8) is actually effectively shortened. From
this, the effective permeability in Figure 2.1.4.22 is
T/2

Heff = lf—;lnm = mfo v, dt (2.1.4.15)
The effective permeability was overestimated because | is larger than the effective
magnetic path length lesr, as calculated in Eq. On the other hand, the iron loss is
underestimated because | in Eq. (2.1.4.8) is large and the current value is not
sufficient to make Bm=10 mT. This indicates that the iron loss measurement cannot
be performed accurately when the coupling between the two windings is
insufficient.

On the other hand, the ratio of the effective magnetic path length to the actual
magnetic path length can be used as a correction factor. From the above discussion,
these ratios can be obtained by the ratio of the effective magnetic permeability to
the true value of the magnetic permeability ..

Ao lerr _Ferr (2.1.4.16)

L,
For example, urv. can use the permeability obtained by the transmission method
shown in Figure 2.1.4.22. Finally, this ratio can be used to correct Bm or Hm as
follows.

Beor = 5 B 07 Heor = Ay, (2.14.17)
Figure 2.1.4.24 shows the result of correcting Figure 2.1.4.21 using the correction
coefficients. It can be confirmed that the correction is correctly performed by using
the correction using formula (2.1.4.17), and that the lines are on the same line.

The calibration and correction methods discussed in this section are applicable
to all methods based on the general two-coil method, not just the resonance method.
Therefore, it can be applied to iron loss measurements in the low-frequency range
and for  soft magnetic  materials  with high permeability.
[Yuki Sato]

1.4.5 Iron Loss Measurement Method 2 - Inductive Cancellation Method

(1) Basics of the Inductive Cancellation Method

The inductive cancellation method consists of a transformer of the opposite
phase with sufficiently small loss relative to the CUT, connected in series on both
the primary and secondary sides, as shown in Figure 2.1.4.25 (a), and by canceling
the respective excitation inductances, the secondary side induced voltage generated
only by the iron loss resistance is used for iron loss calculation ©®. While the
resonance method is limited by its principle to sinusoidal excitation only 29, the
inductive cancellation method can measure iron loss under arbitrary excitation
conditions and can be applied to iron loss evaluation by simulating the excitation
conditions of transformers and inductors in a power conversion circuit.
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Figure 2.1.4.21 Iron loss measurement results for samples
with different coupling

Figure 2.1.4.22 Frequency response of effective

permeability obtained during iron loss measurement

(@ Sample (a)

(b) Sample (d)
Figure 2.1.4.23 Magnetic flux density distribution
during iron loss measurement

Figure 2.1.4.24 Results of Loss Measurement with
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Figure 2.1.4.25 Basic configuration and measurement accuracy of the inductive cancellation method

In the following description, the turn ratios of the CUT and the added low-loss transformer are considered to be 1:1 each. If the iron loss
resistance R and excitation inductance L are as shown in Figure 2.1.4.25 (a), the primary impedance Z of the CUT is expressed as follows

_ w?L*R + jwLR?

(2.1.4.18)
RZ + w?l?

Therefore, the following relationship holds for the induced voltage v, of the secondary winding and the phase difference between i, and
P2

w?L?R + jowLR?

T @1439

(%] =ZlR =

R
tan @, = oL (2.1.4.20)

On the other hand, the induced voltage v in the added low-loss transformer can be expressed as vs = jwL,ig. Thus, the cancellation

voltage can be expressed as v, — v3(= v)

VU, — Vg {w?I?R + j[wLR? — wL,(R? + w?L?)]}ig (2.1.4.21)

TRt w2
Using the cancellation voltage and excitation current ig(t) = I sin wt, the iron loss P can be expressed as follows

P RwL CoS @,
VRZ T 0?2 2

(2.1.4.22)

For the inductance L, of a low-loss transformer, the condition of perfect cancellation is when the v, imaginary part expressed in equation
(2.1.4.16) is equal v5 to the inductance of the transformer, in which case the following relationship holds.

LR?
L, = Rz =1L, (2.1.4.23)
If the v phase difference between i and ¢4
R Ly Ly
tan @3 = H{l — L—O} = tan ¢, {1 - L—O} (2.1.4.24)

Figure 2.1.4.25 (b) plots the characteristics of the inductance versus i—" the compensation ratio ¢, based on Equation (2.1.4.24). Using the
0

detected phase error Ag to express the error rate of

AP L,
|?| = [tan @5 Ap| = |tan ¥, {1 —L—}A(p| (2.1.4.25)
0
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¢, = L, This means that the inductance compensation ratio must be
within the range of 4¢ = 1. This result indicates that the inductance
factor should be within the

compensation range of

0.89 < Lx <111 to keep the measurement error of iron loss
S s

n

within 10 % for a CUT that shows 89° when considered as less than °
(29).
(2) Example of measurement by inductive cancellation method

As an example of actual measurement and evaluation based on the
inductive cancellation method, the following introduces the iron loss
calculation results when multiple transformers with different excitation
inductances (Types 1, 2, and 3) are applied to the CUT @9, Using a
digital oscilloscope, the primary excitation current iz, secondary
induced voltage, and overall secondary voltage v, (cancellation
voltage) v including the secondary winding of the transformer are
measured and the iron loss is calculated. Figure 2.1.4.26 shows iy,
v, and the time waveforms of v and obtained under the excitation
conditions of 1 MHz frequency and maximum flux density Bm = 10 mT.
When the excitation inductance of the transformer is almost equal to
the perfect cancellation condition (Type 2), the amplitude of v is
small and the phase difference between iy is smaller than 90°. When
the excitation inductance of the transformer is smaller than this
condition (Type 1), the amplitude of v is in phase with v, .
Conversely, if the excitation inductance of the transformer is too large
(Type 3), the v phase is opposite to that v, of the CUT. In the case
of the low power factor CUT, when the deviation from the perfect
cancellation condition is large, it can be read from the results that the
absolute value of the phase difference between i and v is almost
90° in all cases.

Figure 2.1.4.27 shows the B-H curve and iron loss evaluation results
obtained in the iron loss measurement system based on the inductive
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cancellation method under the excitation conditions of 1MH; and Bm = 10 mT ©9. The B-H curve obtained based on the excitation current
and the secondary side induced voltage of the CUT (Figure 2.1.4.27 (a)) corresponds to the B-H characteristics of the CUT obtained by the
two-winding method and does not depend on the characteristics of the applied blank-core transformer. On the other hand, the B-H curve
drawn from the excitation current and cancellation voltage (Figure 2.1.4.27 (b)) is not the B-H characteristic of the CUT itself, but the iron
loss is obtained using the excitation current and cancellation voltage. When the excitation inductance L, of the air-core transformer is small

20

20
iV 1 MHz ;]
15 (2-winding method) | 5_: 10 mT 15 T EE-Zancel method) 500 Fe NI MO
10 400 { 1 MHz, B, =10 mT cance
5 + = m.
— 5 1
= - = Air-core
1 1 1 1 1 1 '_ T
é 0 T T T T T T é 0 | | + E 300 Typel
s T ? s T =200 1 -
n? ... B-Hanalyzer (147.9 kw/m®)
-10 + R 1 e . ! e e e e P
—Air-core Typel 10 ——Air-core Typel 100 4 Air-core T Alr-co’e
-15 - | —Air-core Type2 -15 || —Air-core Type2|t Type2 = Tl Typed
Fe-Ni-Mo —Air-core Type3 ——Air-core Type3 0 g
-20 -20 T T T T T T u
-400-300-200-100 0 100 200 300 400 -400-300-200-100 0 100 200 300 400 0 500 ~ 1000 1500
H [A/m] H [A/m] Refernce air-core inductance [nH]

(@) B-H curve (2-winding method)

(b) B-H curve (inductive cancel method)

(c) Iron loss evaluation results

Figure 2.1.4.27 Iron loss evaluation results based on inductive cancellation method
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compared to the excitation inductance L of the CUT, in the case of L, < L (Type 1), the loop is right-shouldered up due to insufficient
cancellation, whereas in the case of L, > L (Type 3), the loop is right-shouldered down due to excessive cancellation. In the case of L, = L
(Type 2), which is close to the perfect cancellation condition, the shape of the loop is almost as if it were lying on its side. This corresponds
to the small amplitude of the cancellation voltage caused only by the iron loss. Figure 2.1.4.27 (c) shows the measured iron loss of the CUT
obtained based on the inductive cancellation method. For comparison, the iron loss measurements obtained using the B-H analyzer (IWATSU
SY-8218) are also shown. In the iron loss measurements based on the inductive cancellation method, the measured iron loss values also differ
depending on the type of transformer used, suggesting that it is important to design and apply a transformer that is as close as possible to the
perfect cancellation condition where the phase difference between the primary side excitation current and the secondary side induced voltage
generated only by the iron loss is almost 0°.
(3) Partial cancellation method

As a method to mitigate the dependence of the iron loss calculation based on the inductive cancellation method on the characteristics of
the additional transformer as described above, there is a partial cancellation method in which the iron loss is obtained by introducing a
correction factor obtained by applying a phase perturbation in the excitation current measurement @7, Figure 2.1.4.28 shows the basic
configuration of an iron loss measurement system based on the partial cancellation method. As with the inductive cancellation method, the

1%
primary-side excitation current ig <= R ) , the secondary-side induced voltage v, of the CUT, and the secondary-side induced voltage

Rref

v Of the transformer with an empty core are measured with a digital oscilloscope, and the iron loss is calculated. The phase difference

. . . Vi
between iz and v, is ¢,, and the transformer is determined as iy = R
ref

s
sinwt, v, =V,sin(wt + ¢,), vz =V;sin (wt + E)

The measured values ip’, v,’, vs', taking into account the measurement phase error Agpg, Ag,, Ag; for each true value, are expressed

as follows
%
iQx' = R sin(wt + Apg) (2.1.4.26)
ref
v, =V, sin(wt + ¢, + Ap,) (2.1.4.27)
s
v3' = Vs sin (wt + 7 + A<p3) (2.1.4.28)

The true iron loss value P.,.. of the CUT, the error in iron loss measurement AP, and the true iron loss value of the air-core transformer
P.ore = 0, and the error in loss measurement AP,;,.

f ! 1o 1 Valr Valr .
Peore + APeore = —f v,/ vp'dt = ——cos ¢, + — (Apgr — A@,) sin @, (2.1.4.29)
Riet Jg 2 2
T Vsl
N [ wsrvwde = =R gn - a05) (2.14.30)
Rref 0 2

Here, the modification factor k is defined as follows

Vsl

APy, SR (0gpr — Ag3)

k= =77 (2.1.4.31)
Afeore 2R (Apg — Agz) sin g,

Equation (2.1.4.31) depends on the measurement phase error Apg, A¢,, A@s. However, when A@, = Ag;
V.
=—3 (2.1.4.32)

V, sin ¢,

The value k of the induced voltage is defined as a constant value, independent of any measurement phase error. In order to A@, = Ap;
realize the actual measurement, voltage probes of the same model number with the same characteristics should be used for the secondary side
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induced voltage measurement.

P.ore Can be expressed from Equations (2.1.4. 29), (2.1.4. 30), and (2.1.4. 32) as follows

f T f T APair f T 1 f T
P, = - 'vr'dt — AP, =—_— "vp'dt — = 'vp'dt — ——— "vp'dt 2.1.4.33
core Rret ), VU2 VR core Reet o V2 VR K Rret )y VU2 VR K Rret )y VU3 VR ( )

Now, let us assume that we obtain anew vi"" by vy’ giving a phase perturbation to Ag@g"’. In this case, each AP

) ores APy 1S represented

7 ’ . . . APair”
by AP....", AP, butthe modification factor is constant <—,, =k

core

T T " T
AP,;
v, vR"dt — APgre” = f v, vR'dt — la(lr = Rf 5
re: 0

Peore =

1 T
v, v dt — —Lf vs'vg''dt (2.1.4.34)
Rref 0

Ryef 0 Ryef 0

kSince Equations (2.1.4.33) and (2.1.4.34) are equal, Equation (2.1.4.35) can be used to express

T T
B Jo va'vr'dt — [ vs'vg"dt

=7 T
Jo v2'vr'dt — [ vy vg"dt

(2.1.4.35)

Substituting the result k obtained from Equation (2.1.4.35) into Equation (2.1.4.33), we obtain P.ype.
(4) Example of measurement by partial cancellation method

Figure 2.1.4.29 shows an example of iron loss evaluation results based on the partial cancellation method 9. In contrast to the conventional
inductive cancellation method, which gives results that vary greatly depending on the inductance of the transformer with an empty core, the
partial cancellation method introduces a correction factor obtained by giving a phase perturbation in the excitation current measurement,
which reduces the dependence of the iron loss calculation on the characteristics of the additional transformer and results in a The resultant
variation is small. In addition, compared to the two-winding method, the partial cancellation method can mitigate the influence of phase error
caused by the measurement system, and the measurement system constructed with general-purpose measuring instruments (oscilloscope,
voltage probe) can achieve the same iron loss measurement accuracy (within 10 % difference) as the B-H analyzer using the cross-power
method. Inductive Cancellation The inductive cancellation method described in this paper was proposed by a research group at Virginia Tech
in the U.S. @1 and has been used in Japan to improve the accuracy of iron loss measurement based on gain-phase-frequency characteristics
evaluation and correction 233 of voltage and current probes. And the separate evaluation of copper and iron losses in inductor losses under
DC superposition and triangular wave excitation conditions 4.

1.4.6 DC superimposed characteristics

(1) Basic Concept of Measurement

A square wave voltage is applied to the magnetic elements in the power conversion circuit as a result of the switching operation of the
power semiconductor devices, and a triangular wave-shaped excitation current flows. In addition, a load current flows through the inductor
of the DC-DC converter, so the magnetic field strength H becomes a triangular waveform with a superimposed DC current. The waveform
of the magnetic flux density B expressed by the integral value of the inductor voltage also has a triangular wave shape corresponding to the
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switching frequency, and does not have a positive-negative symmetrical excitation waveform. Considering this in the B-H plane, as shown
in Figure 2.1.4.1, the minor loop is drawn at a biased position that includes the DC bias. The incremental permeability, defined as the ratio
of the magnetic field strength ripple AH and the corresponding magnetic flux density ripple AB, changes depending on the operating point,
and the inductance and loss when a DC bias magnetic field is applied are different from those under sinusoidal excitation conditions. In other
words, it is important in circuit design to understand the magnetic element loss characteristics with respect to excitation frequency, magnetic
flux density ripple, and DC bias magnetic field. In the following, we will introduce the results of a study on the evaluation of the characteristics
of magnetic powder cores under DC superposition under small-signal and large-signal excitation conditions ).
(2) Example of measurement under small-signal excitation conditions

Here, we show as an example the results of evaluation of five types of toroidal cores (manufactured by Magnetics) of the same size with
an initial permeability of 60 and the same winding conditions (bifiler winding, number of turns 80). Figure 2.1.4.30 (a) shows the
configuration of the measurement system for evaluating the DC superposition characteristics of inductance under small-signal excitation
conditions. The DC current flows from the DC power supply to the excitation winding of the CUT through the Bias-Tee. The impedance
measurement signal of the inductor is applied from a vector network analyzer (VNA), and the frequency characteristics of the impedance are
measured by a 1-port measurement. The DC superimposed inductance characteristics (DC superimposed current: 0 to 10 A) evaluation results
are shown in Figure 2.1.4.30 (b). In general, the inductance of an inductor made of pressed materials shows a characteristic of gradual
decrease with the magnitude of the DC superposition current. The inductance of Fe-Ni and Fe-Si shows a smaller decrease in inductance
against the DC superposed current than that of Fe-Ni-Mo and Fe-Si-Al. Fe-Ni and Fe-Si-Al.

1.0 ~
DCin Bias-Tee 0.8 1 cou
DC Power Supply o 1 l;=63.5mm
(Texio PSW720L.80) =06 N80 .
GND - RF+DC 04 ] RN
RF C — I I ,é\ : ............... ‘E _Fe_sl_A|(70)
I i 0.2 | —Fe-si-Al(77)
Network Analyzer ——Fe-Si(78) Powder core (troidal)
(Keysight E5061B) 0.0 T T T T T T T T T
_‘L ............... O 1 2 3 4 5 6 7 8 9 10

DC bias current [A]
(a) Measurement system (b) DC bias current dependency of inductance

Fig. 2.1.4.30 Evaluation of DC superposition characteristics of a piezoelectric core (small-signal excitation)

(3) Example of measurement under high-signal excitation conditions
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Next, Figure 2.1.4.31 (a) shows the configuration of the measurement system constructed for the evaluation of DC superposition
characteristics under large-signal excitation conditions. The method of applying DC current is the same as in the case of small-signal excitation
( Figure 2.1.4.30 (a)). The signal generator output is amplified in the RF power amplifier and applied to the primary winding of the CUT via
Bias-Tee. Using a digital oscilloscope, the time responses of the primary-side excitation current and secondary-side induced voltage are
measured to evaluate the B-H characteristic and iron loss. The evaluation results under sinusoidal excitation conditions are presented here.
Figures 2.1.4.31 (b) and 2.1.4.31 (c) show the B-H characteristics of Fe-Ni and Fe-Si-Al when the excitation frequency is 20 kHz and AB=

(a) Measurement system

(a) Excitation current and induced voltage

550 20 kHz, AB= 200 mT, Ipc=5 A
igg i ﬁlAFe—Ni =508 I
AH ——Fe-Ni (59
E‘“OO - {—F:-Sil-,(m ()77)
£,350 + t
m 300 + . / -
250 11 AH _ =
200 4 Hape-si-a1 = 341 |\ p
150 -
(b) - characteristics (CUT: Fe-Ni)BH 3750 5000 H6[?A5/(r)n] 7500 8750

(b) - characteristicsBH

(c) - characteristics (CUT: Fe-Si-Al)BH
BHFig. 2.1.4.31 Evaluation of the -characteristics of a magnetic powder

(c) DC bias magnetic field dependency of core loss
Fig. 2.1.4.32 Evaluation results of time response of excitation current
core under DC bias excitation conditions and induced voltage, B-H characteristics, and

dependence of iron loss on DC bias magnetic field
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200 mT and the DC superposition current is set from 0 to 5 A. In the case of Fe-Ni, the minor loop moves parallel to the upper right of the
B-H plane as the DC bias magnetic field increases, while in the case of Fe-Si-Al, the minor loop gradually increases AH as the DC bias
magnetic field increases under certain conditions 4B, and the shape of the loop also changes. Figures 2.1.4.32 (a) and 2.1.4.32 (b) show the
time response of the excitation current and induced voltage and the corresponding B-H characteristics of the Fe-Ni and Fe-Si-Al samples

when the excitation frequency is 20 kHz, 4B = 200 mT, and the DC superposition
current is 5 A. The voltage waveforms of the two samples are identical, but the excitation
current amplitudes are different, because the excitation currents of the two samples are
measured AB as the same as the excitation currents of the Fe-Ni and Fe-Si-Al samples.
The incremental permeability was calculated from the obtained B-H characteristics, and
it was 80% or more of the initial permeability for Fe-Ni and 60% or less for Fe-Si-Al.
These all correspond to the results of the DC superposition characteristics evaluation of
inductance shown in Figure 2.1.4.30 (b). Figure 2.1.4.32 (c) shows the evaluation results
of the DC bias magnetic field dependence of the iron loss exhibited by the five types of
CUTs. It can be confirmed that each magnetic material has different iron loss
characteristics with respect to the DC bias magnetic field. Figure 2.1.4.32 (c) shows the
evaluation results for an excitation frequency of 20 kHz, AB= 200 mT. If the excitation
frequency 4B is increased for the same sample, the induced voltage amplitude also
increases in proportion to the frequency.

In order to measure and evaluate iron loss under higher frequency, higher amplitude,
and higher bias excitation conditions, various restrictions and corrections of
characteristics caused by the measurement system, such as power capacity and bandwidth
of bipolar amplifiers, gain and phase frequency characteristics of probes for high voltage
and high current measurement, etc., will be required. Therefore, it is necessary to verify
the accuracy of iron loss measurement evaluation and results obtained in response to
these limitations.

[Takaaki Ibuchi]

1.4.7 DC Superimposed Characteristic Analysis by Principal Component Analysis

In reference (36), a detailed analysis of iron loss behavior during DC superimposed
excitation is performed using Principal Component Analysis (PCA), which analyzes the
reasons why DC superimposed characteristics differ depending on the material type as
described in Section 1.4.3 of Chapter 1.

Principal Component Analysis is a dimensionality reduction technique to represent the
information contained in multidimensional data with a small number of variables with as
little loss as possible. The same method is also used in the analysis in Chapter 4, Section
3 in general, and should be referred to in conjunction with this section. The materials
used are listed in Table 2.1.4.2. In this analysis, in addition to (a) four different magnetic
materials, (b) several samples with different specific initial permeabilities - were used
for the Fe-Ni-Mo system (Mo-Permalloy). First, Figure 2.1.4.33 shows the results of iron
loss measurements for each material listed in Table 2.1.4.2 (a). The horizontal axis is the
superimposed magnetic field Hs (A/m) and the vertical axis is the iron loss W (J/m3).
From the figure, it can be confirmed that the response of iron loss to the application of
DC bias differs greatly depending on the material. For example, in Fe-Si, the iron loss
decreases monotonically with increasing Hgs, whereas in Mn-Zn ferrite, a sharp increase
iniron loss is observed even at small Hs. In particular, Sendust showed an initial decrease
in loss, followed by a slight increase in loss.

To quantitatively evaluate these differences in iron loss behavior, PCA was applied to
the descending curves of the obtained B-H curves (see Reference (37) for detailed
methodology). Figure 2.1.4.34 shows the change in B-H curve shape for each material,
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and Figure 2.1.4.35 shows the extracted first principal component (PC1: slope)
and second principal component (PC2: curvature); PC1 mainly corresponds to
the slope of the B-H curve, or effective permeability, while PC2 reflects the
curvature component, including nonlinearities and saturation effects PC2 reflects
the curvature component including the effects of nonlinearity and saturation. The
analysis shows that the PC1 score decreases with increasing Hg for all materials,
a behavior consistent with the decrease in effective permeability . On the other
hand, PC2 scores show different trends depending on the material, with Mn-Zn
ferrite showing a significant increase, while Fe-Si shows a decreasing trend.
Next, similar measurements and PCA analysis were performed on several
samples of Mo-Permalloy with varying specific permeability xi. Figures 2.1.4.36
and 2.1.4.37 show the iron loss characteristics and PCA results for each sample.
The samples with small permeability show a trend of decreasing iron loss with
respect to Hg, but the higher the permeability, the more pronounced the trend of Figure 2.1.4.35 Results of feature extraction of B-H curve

increasing loss becomes. This trend corresponds well with the previously shape by Principal Component Analysis
observed analysis results between different materials, especially with the marked (PCA)
Figure 2.1.4.36 Iron loss characteristics of Mo-Permalloy Figure 2.1.4.37 Relationship between
cores with different permeability when a DC principal component analysis results and iron

difference in PC2 scores between Mn-Zn ferrite, a high permeability material, and other materials (Fe-Si, Sendust, Mo-Permalloy). This is
interpreted as an increase in the curvature of the B-H curve (PC2) as the saturation flux density is approached, and the contribution to iron
loss becomes dominant.

These results indicate that the iron loss behavior under DC bias magnetic field can be consistently explained by the competition between
two components of the B-H curve: the slope (PC1) and curvature (PC2). This shows that the nonlinear behavior of iron loss, which has
conventionally been treated as a material-specific property, can be understood in a unified manner based on a general-purpose and quantitative
shape index.

[Yuki Sato]

1.4.8 Time-resolved magnetic imaging (magneto-optical Kerr effect microscopy)

(1) Magnetic Domain Observation Technique

The occurrence of iron loss is closely related to the temporal and spatial motion of magnetization. For example, in a metallic magnetic
material, if there are no magnetic domains in the material as shown in Figure 2.1.4.38 (a), and uniform magnetic flux changes in the material
due to magnetization rotation, eddy currents flow more near the surface of the magnetic material. Since the path of the current is longer, the
electrical resistance becomes larger and the loss becomes smaller. On the other hand, when the magnetic flux change is caused by the
movement of a single magnetic wall, as shown in Figure 2.1.4.38 (b), the magnetic flux change is concentrated near the magnetic wall, and
large eddy currents are generated around the magnetic wall, resulting in large losses. When the magnetic flux change is caused by the
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movement of multiple magnetic walls (N pieces) as shown in Figure 2.1.4.38 (c), the overall eddy current loss is 1/N of that in Figure
2.1.4.38 (b) because the magnetic flux change per magnetic wall is 1/N. Although eddy current losses are not large in magnetic materials
with high electrical resistance such as ferrite, resonance phenomena dependent on the magnetic domain structure, such as magnetic wall
resonance, are thought to have a strong influence on the losses.

As shown in these examples, it is known that magnetic domain structure and its motion are strongly related to loss, and efforts have been
made to reduce loss by controlling the generation of magnetic domains in various soft magnetic materials. However, the control of the
magnetic domain structure has been based on the statically observed magnetic domain structure. In most cases, the analysis of iron loss,
which is the basis for the development of magnetic materials, is also based on the model that the change in magnetization can be divided into
two components, magnetic wall movement and magnetization rotation, without observing the actual change in magnetic domains. On the
other hand, it has been pointed out experimentally that not only the motion of magnetic domains but also the structure of magnetic domains
and the number of magnetic walls change when the excitation frequency is changed ©®), and static magnetic domain observation alone is not
sufficient. In order to understand the mechanism of iron loss generation in various magnetic materials and to develop low-loss materials and
magnetic elements, time-resolved magnetic imaging technology that actually observes the temporal and spatial motion of magnetization is
important.

Table 2.1.4.3 Comparison of main magnetic domain observation methods

Magneto-Optical

Magneto Force

Lorentz microscope

Scanning transmission

photoelectron

Microscope Microscope (LTEM) X-ray microscope microscope
( MOKE) (MFM) (STXM) ( XMCD-PEEM)
Spatial resolution Several hundred Several nm afewnm Around several tens of Several tens of nm
nm degree nm
Vector Many things are Difficult possible It's possible. It's possible.
magnetization possible. Not common Not common
observation
Quantitative possible Difficult possible possible possible
magnetization
observation
High-speed time- possible Difficult Difficult possible possible
resolved observation
Sample Constraints Mirror surface not much Thickness must be less Must be less than a few Surface must be
and flatness than 100 nm microns thick. clean
required
Equipment size Can be installed Can be installed Can be installed in a Synchrotron radiation Synchrotron
on tabletop on tabletop laboratory facilities are needed radiation facilities
are needed
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Figure 2.1.4.38 Relationship between magnetic domain structure and eddy current loss. (a) Change due to magnetization rotation. If the
magnetic flux variation is spatially uniform, eddy currents are larger near the surface. (b) Change due to the movement of a
single magnetic wall. Since the magnetic flux change is concentrated around the magnetic wall, large eddy currents are

generated locally. (c) Change due to the movement of multiple magnetic walls. When the number of magnetic walls increases

The main observation techniques used to observe magnetic domains in magnetic materials include magneto-optical microscopy, magnetic
force microscopy, Lorentz transmission electron microscopy, scanning transmission X-ray microscopy (STXM), and X-ray magnetic circular
dichroism photoemission electron microscopy (XMCD-PEEM). The characteristics of these techniques are briefly summarized in Table
2.1.4.36%4)_Each technique has its advantages and disadvantages, and is used for different purposes. Important features of magnetic domain
observation for the development of soft magnetic materials and magnetic elements for power electronics are the ability to observe magnetic
domains in a shape close to that in use and time-resolved observation in the kHz to MHz bandwidth. Since the magnetic domain structure of
soft magnetic materials is strongly affected by the shape of the sample, if the sample is shaved thin for transmission observation, the magnetic
domain structure will be significantly different from that in actual use as a magnetic element, and the relationship between loss and magnetic
domain structure cannot be correctly evaluated.

(2) Features of time-resolved magneto-optical Kerr effect microscopy

Magneto-optical Kerr effect microscopy is a technique for observing magnetic domains based on the fact that the polarization of light
reflected from ferromagnetic materials changes slightly depending on the magnetization. Although this technique has been around for many
years, it is still widely used today as an easy-to-use method for observing magnetic domains in the laboratory. It is a suitable method for the
evaluation of soft magnetic materials because it does not require thinning of the sample for observation of the reflection configuration, it
enables time-resolved observation, and it can observe a relatively large area. Furthermore, in recent years, spatial resolution has been
improved, and three-dimensional vector magnetization observation and stroboscopic time-resolved observation have become relatively easy
to use, making it a very powerful tool. In this subsection, we introduce the features of the recently developed time-resolved magneto-optical
Kerr effect microscope and examples of observations of soft magnetic materials using it.

This magneto-optical Kerr effect microscope has higher spatial resolution than conventional magneto-optical microscopes and is
characterized by its ability to observe three-dimensional vector magnetization and time-resolved observation up to about 10 GHz “2(43),
Figure 2.1.4.39 (a) shows a schematic diagram of this magneto-optical microscope. The light source is a semiconductor laser, which is
introduced into the illumination optics of the microscope using an optical fiber. The illumination optics can be oriented 360 degrees by an
automatic rotation stage. Since the magneto-optic effect is sensitive to the magnetization component in the direction of light travel, when
observing magnetization in the in-plane direction of the sample with a magneto-optic microscope, the illumination light must be incident at
an angle to the sample surface from the direction of magnetization to be observed ( Figure 2.1.4.39 (b)). In this case, the spatial resolution
in the direction perpendicular to the incident direction of the light (the direction of magnetization to be observed) is lower than that of a
conventional optical microscope. With this magneto-optical microscope, magnetic domain images are taken by changing the incident direction
of the illumination light from 8 to 16 directions, and these images are numerically superimposed to enable observation of the three components
of the magnetization vector and to obtain images with no reduction in spatial resolution.

A method called the stroboscopic method is used for time-resolved observation. The stroboscopic method is an observation method that
makes use of the fact that magnetic domains appear to stand still when periodically changing due to a periodic external magnetic field is
illuminated by a pulsed light synchronized with this period ( Figure 2.1.4.39 (c)). A pulsed semiconductor laser is used as the illumination
source. The semiconductor laser used here can generate pulsed light of arbitrary width down to a minimum of about 30 picoseconds with an
arbitrary period of 250 MHz or less, enabling the observation of dynamic phenomena from static magnetic domains up to about 10 GHz. (It
is probably up to 10 MHz that will be important in the development of soft magnetic materials for power electronics.) Another advantage of
semiconductor lasers is that their output is stable and does not require adjustment, so measurements can be started as soon as the power is
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Figure 2.1.4.39 (a) Schematic of a time-resolved magneto-optical Kerr effect microscope. A semiconductor laser is used as the pulse light
source. A number of magnetic domain images are acquired by changing the incident direction of the illumination light with a
rotating stage, and then numerically synthesized to achieve high resolution and vector domain observation. (b) Relationship
between the direction of magnetization to be observed and the incident direction of the illumination light. To observe
magnetization in the in-plane direction, the illumination light must be incident obliquely on the sample surface. In ordinary

magneto-optical microscopes, this causes a decrease in spatial resolution. (c) Principle of time-resolved observation by the

turned on.
(3) Observation example

Figures 2.1.4.40 and 2.1.4.41 show the motion of magnetic domains observed with this device due to AC excitation. Twenty-four time-
resolved images were taken per cycle of the AC magnetic field (1 ms in this example), and although these images can usually be viewed as
moving images, only a few of them are shown here. The AC magnetic field is applied in the left and right directions. Figure 2.1.4.40 shows
the change of magnetic domains when an amorphous thin band is excited by a 1 kHz AC magnetic field. The numbers at the top of the image
indicate the time elapsed since the first image, and the arrows in the magnetic domain image indicate the direction of the magnetization vector
in the plane. The red area in the lower left graph shows the corresponding position of the magnetic domain image in the magnetization curve,
and the lower right image is a two-dimensional histogram showing the distribution of the magnetization vectors in the plane. The magnetic
domain structure shows characteristic rippled magnetic domains, which are roughly divided into two groups: those with rightward
magnetization (shown in red) and those with leftward magnetization (shown in green). The leftward magnetic field is also well corresponds
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Figure 2.1.4.40 Time-resolved magnetic domain observation of an amorphous thin-band sample AC excited at 1 kHz. Arrows in the magnetic
domain images indicate the direction of the in-plane magnetization vector. The lower left of each image shows the corresponding
position on the magnetization curve, and the lower right is a histogram showing the distribution of magnetization vectors. As the
leftward magnetic field becomes stronger, the leftward magnetic domain, shown in green, spreads. In the histogram showing the

distribution of the magnetization vectors, only the weights of the left and right peaks change, and the positions of the peaks do

Figure 2.1.4.41 Time-resolved magnetic domain observation of a nanocrystal thin-band sample AC-excited at 1 kHz. Although the change in
the magnetic domain structure is slight, the histogram showing the distribution of magnetization vectors shows that the top and
bottom two peaks move from left to right, indicating that the overall magnetization changes due to the rotation of the
maanetization direction in the unward and downward maanetic domains. respectively.
to the magnetization curves. The first two-dimensional histogram shows a strong peak on the right side and a weak peak in the opposite
direction, corresponding to leftward and rightward magnetic domains, respectively. The stronger peak on the right side reflects the greater
number of right-oriented magnetic domains. As the number of left-oriented magnetic domains increases, the right peak becomes weaker and
the left peak becomes stronger, indicating an increase in the number of left-oriented magnetic domains. The change in the strength of the two
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peaks without a change in the position of the peaks indicates that a change in magnetization is occurring in this sample due to the movement
of the magnetic wall.

On the other hand, Figure 2.1.4.41 shows an example of observation when a wound core of a commercially available nanocrystalline thin
strip is excited at 1 kHz. The sample has weak magnetic anisotropy in the vertical direction in the figure, and is divided into upward and
downward magnetic domains when no magnetic field is applied. 2-D histograms show two peaks in the vertical direction, corresponding to
upward and downward magnetic domains, respectively. Although the magnetization curve shows a change in magnetization with time, the
change in the shape of the magnetic domains in the magnetic domain image is negligible. On the other hand, the histogram shows that the
upper and lower peaks move to the left and right with time, indicating that the direction of magnetization rotates within the magnetic domains.
Although the rotation of magnetization can be confirmed by observing the direction of the arrows in the magnetic domain image in detail,
this kind of histogram analysis allows us to understand the motion of magnetization in a more visually comprehensible manner. In addition,
although it is difficult to see from the still image, the movement of the magnetic wall can also be confirmed. Since the magnetization of each
magnetic domain is oriented roughly perpendicular to the applied AC magnetic field, the magnetic wall movement in this case does not
contribute much to the magnetization change in the direction of the magnetic field (left-right direction), but causes a large magnetization
change locally in the direction perpendicular to the magnetic field, generating eddy currents around the magnetic walls. Therefore, it is
thought that the loss in this material can be further reduced by suppressing the movement of the magnetic wall.

Because ferrite has low reflectivity and low magneto-optical effect compared to metallic magnetic materials, it has been difficult to observe
magnetic domains using magneto-optical microscopy. Figure 2.1.4.42 (a) shows a magnetic domain image of a commercial Mn-Zn ferrite
ring core. Grain boundaries are indicated by white lines. Each grain is divided into several magnetic domains, and vortex-like reflux domain
structures can be seen in some places. Figure 2.1.4.42 (b) shows the distribution of the rotation angle of magnetization obtained from the
dynamic magnetic domain observation when magnetized with an AC magnetic field at 100 kHz, and the frequency (histogram) for each angle
is shown by the solid red line in Figure 2.1.4.42 (c). The areas with large rotation angles correspond to the areas where the magnetic wall
shift occurred, but the percentage of the total is small, indicating that most of the shift occurred in the areas with rotation angles of 20 degrees
or less. The blue dashed lines in Fig. 2.1.4.42 (c) show the contribution to the magnetization change from each rotation angle: the peak near
160 degrees and the weak peak near 70 degrees indicate the contribution from the 180 degree and 90 degree magnetic wall shifts, respectively.
However, the largest contribution to the magnetization change is seen at a rotation angle of about 10 degrees.

Figure 2.1.4.43 shows an example of magnetic domain observation of an amorphous thin strip, a precursor to nanocrystalline materials.
Here, the effect of the internal distortion caused by rapid cooling of the amorphous thin strip and the effect on the magnetic domains caused
by surface scratches and distortion at the edge of the amorphous thin strip during cutting are clearly observed. Thus, it can be used to evaluate
the effects of material processing (building factor) and other factors.

(4) Summary

As mentioned above, time-resolved magnetic imaging techniques can be used to determine the processes that produce changes in
magnetization under AC excitation. Magnetic imaging with magneto-optical microscopes can be quantitatively measured with appropriate
calibration, and quantitative analysis can be performed not only on how the shape of magnetic domains changes, but also on how much
magnetization rotates and how much the movement of magnetic walls contributes to the change in magnetization. More information can be
obtained by combining not only time-resolved magnetic imaging but also various other methods such as iron loss measurement,
microstructural observation, and simulation. To reduce the loss of soft magnetic materials, a steady process of carefully removing detailed
loss factors is required. To this end, it is necessary to confirm and understand the factors that cause loss for each material before proceeding

Figure 2.1.4.43 Effects of flaws and distortion during manufacturing and processing that appear in the magnetic domain image
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with development. We hope that this method will be widely used in future research and development of soft magnetic materials and magnetic
elements.
[Tsuyoshi Ogasawara]

1.4.9 Microstructure, composition, and atomic distribution analysis methods

In addition to the magnetic property measurements described above, scanning electron microscope (SEM) observation, transmission
electron microscope (TEM) observation, and atom probe tomography (APT) analysis are also effective in the development of soft magnetic
materials from the viewpoint of crystal structure analysis. Atom Probe Tomography (APT) analysis are also effective measurement methods.
Here, we will give an overview of these measurement methods.

SEM observation is a technique for observing microstructures by irradiating a sample with an accelerated electron beam. The electron
beam is focused and scanned two-dimensionally to detect secondary electrons and reflected electrons emitted from the specimen to obtain an
image. It can also be used for crystal orientation analysis by Electron Backscatter Diffraction (EBSD).

Figure 2.1.4.42 (a) Magnetic domain image of a commercial Mn-Zn ferrite ring core. White lines indicate grain boundaries and white spots
indicate vacancies. (b) Distribution of the rotation angle of magnetization when excited by a 100 kHz AC magnetic field. The
large rotation angle corresponds to the movement of the magnetic wall. (c) Histogram of the rotation angle distribution (solid
red line) and the contribution of each rotation angle to the magnetization change (dashed blue line). The area where the
magnetic wall shift occurred is very small compared to the whole area, and most of the area has a rotation angle of less than 20
degrees. The contribution of the magnetic wall shift to the magnetization change has a peak around 160 degrees, but the largest

contribution is around 10 degrees rotation angle.
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TEM observation, like SEM observation, is a scanning transmission electron microscope (STEM) observation in which electron beams are

Figure 2.1.4.44 Examples of atomic maps and composition profiles in nanocrystalline alloy materials ¥

converged and scanned in two dimensions. Spherical aberration correction enables spatial resolution of less than the interatomic distance. In
combination with EDS, elemental mapping at the atomic column level is also possible. Furthermore, the 4D-STEM (4 Dimensional-Scanning
Transmission Electron Microscope) method, which obtains a two-dimensional map of a nanobeam electron diffraction image from a selected
region of the STEM image, is effective for analyzing nano-scale phase separation. On the other hand, in ordinary TEM observation, in which
electron beams are irradiated to a sample in a broadened state without convergence, bright-field and dark-field images can be obtained by
selecting any spot in the diffraction image formed from the transmission wave. This is often used to confirm the shape and grain size of fine
crystal grains. Both STEM and TEM can be combined with Electron Energy-Loss Spectroscopy (EELS) to analyze the bonding state in the
selected region and the film thickness.

APT is an instrument that combines time-of-flight elemental analysis with a position-sensitive detector to obtain a three-dimensional atomic
distribution in a sample, enabling the detection of all elements. For example, as shown in Figure 2.1.4.44 (example of atomic map and
composition profile of nanocrystalline alloy material “9), APT is capable of elemental analysis that is impossible with TEM or STEM, such
as the composition of fine crystal grains of several nm size and their interface composition with the matrix phase “%. Focused lon Beam (FIB)
lift-out method can be used to prepare samples for analysis from arbitrary locations, which is useful for analysis of grain boundaries.

Regarding magnetic domain observation methods, the Lorentz method, which uses the Lorentz force from the magnetic domains of a
sample to shift the electron beam to visualize the magnetic walls, which are the boundaries of the magnetic domains, using a TEM, has the
disadvantage that the sample must be made thinner. On the other hand, it is also possible to change the applied magnetic field in the TEM,
which can be used to study the effect of microstructure on the movement of magnetic walls ¢9),

[Tadakatsu Ohkubo.]
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1.5 Transformers and inductors

Keyword: Soft magnetic materials, Magnetic circuit, Magnetic core, Winding, Iron loss, Copper loss, Circuit system, Efficiency

1.5.1 Summary

This section summarizes the typical characteristics required of transformers and A o FeSIES, IT5(1, WEEHD, HyhaT
inductors used in DC-DC converters. /'\
(1) Circuit topology and magnetic components used in the operating 10( /;-;rj R RAB : - :
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frequency and power bands 108 V. \5,”.
Figure 2.1.5.1 shows the circuit topology and magnetic components used, .é/«mya‘ CiR
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corresponding to the switching frequency and power capacity of a DC-DC 10 N ﬁﬁ*
converter. Corresponding to the trade-off between rated voltage/current and 10t —— :
frequency in power semiconductor devices, there is a similar trade-off relationship 100
between switching frequency and power capacity in DC-DC converters. It should
also be noted that the operating modes (e.g., excitation operation and winding 10k 100k 1M oM FHz]
current) of the transformers and inductors used in these converters are different FA#R +MPC
for each circuit configurati ke Yyt
or each circuit configuration.
In the frequency range of several kHz to 100 kHz, there are high-power
e frequency rang v z z _Mgn-pow FL—% (B, +MPC)
(approximately several hundred kW to 1 kW) DC-DC converters using Si-IGBT i
R
and SiC power semiconductors, while bridge and forward types are used as LEE-EAYE
isolated converters using transformers above 10 kHz. In particular, DAB (Dual e e BN ol
Active Bridge) converters are capable of bi-directional power conversion by . fEEMI
, : I , - 280 PO i EE SR A
employing a full bridge configuration on the primary and secondary sides, and are % —5“——>
also capable of soft switching. On the other hand, boost choppers are used in gg ?ﬁﬁﬁﬁ
power conditioners for photovoltaic power generation systems and in the electric M_.
propulsion powertrains of hybrid and electric vehicles, and inductors for high T Rt
voltage and high current are used. Figure 2.1.5.1 Circuit topology and magnetic
Converters with operating frequencies from 100 kHz to 1 MHz employ Si components used in the switching
power MOS-FETs or GaN-FETs and generally cover power ranging from several frequency and power capacity of a

N NC Aranviartar

kKW to several tens of watts. Flyback and LLC resonant are the most common
isolated converters using transformers. In particular, LLC resonance is characterized by low noise and high efficiency due to zero-voltage
soft switching of power semiconductors.

In the 1 MHz to 10 MHz operating frequency range, GaN-FETs are often used, resonant converters are the most common isolated type,
and Ni-Zn ferrites are used in transformer cores. Chopper circuits are often used in point-of-load (POL) applications to supply low-voltage,
high-current power to CPUs and GPUs. Ni-Zn ferrites and fine particle composite cores are used in inductors.

Although some resonant isolation type converters using Ni-Zn ferrite have been proposed for the ultra-high frequency range above 10
MHZz, research and development of such converters is still in progress. Integrated voltage regulators (IVRs) for CPUs and GPUs are mostly
used as step-down choppers, and multiphase converters employing soft magnetic thin-film coupled inductors or carbonyl iron powder (CIP)
composite core inductor arrays as a replacement for air-core inductors have been put to practical use. The multiphase converters employing
soft magnetic thin-film coupled inductors or composite iron-powder (CIP) core inductor arrays instead of air-core inductors are in practical
use.

[Toshiro Sato]
(2) Typical characteristics required

a. Transformers and inductors in common

First, there are size and shape, such as volume, mounting area, and height. Magnetic components are typical components in power
electronics that are difficult to reduce in size. In addition, since magnetic components are mainly made of metallic materials (magnetic metal
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and copper wire) and are the heaviest components in power electronics systems, weight is an equally important factor. Other factors include
thermal conductivity and temperature coefficient. Although the thermal conductivity of the metal part is high, the thermal conductivity of the
magnetic component as a whole depends on the coating material, adhesive, and shape, while the temperature coefficient must have good
characteristics for high temperature operation resistance and thermal runaway resistance.

b. Transformer

The larger the excitation inductance, the lower the excitation current, which contributes to improving the efficiency of the conversion
circuit. However, if the inductance is unnecessarily large, the loss increases due to increased winding resistance. However, if it is unnecessarily
large, losses increase due to increased winding resistance. It also hinders miniaturization and weight reduction. The use of high permeability
materials also greatly contributes to increasing the excitation inductance, but there is a trade-off with frequency characteristics. Next, except
for coupled inductors, the coupling coefficient is a performance index that does not exist for inductors. Basically, a coupling coefficient as
close to 1 as possible is ideal and desirable because it has no leakage inductance, but in some resonant circuit systems using leakage
inductance, it may be intentionally set around 0.8 to 0.95. Losses, like inductors, can be largely divided into iron loss and copper loss, but the
loss mechanisms and points to note differ due to differences in operating methods and structures. Iron loss depends greatly on the core
material, magnetic flux density, and frequency. Forward and flyback converters operate in the first quadrant of the B-H plane, and flyback
converters in particular must pay attention to magnetic saturation due to the DC superposed magnetic field. On the other hand, the bridge
type operates in a loop that travels between the first and third quadrants, and the magnetic field amplitude can be increased. As for copper
loss, transformers have no DC current, so they have AC copper loss. If the turn ratio is large, the current ratio between the primary and
secondary windings differs greatly, so it is necessary to select an appropriate winding cross-sectional area according to the current value. In
addition, the strength of the proximity effect and copper loss vary greatly depending on how the primary and secondary windings are wound.
Furthermore, the inter-winding capacitance and self-resonant frequency are also important characteristics. In addition to the capacitance
between the primary and secondary windings, there is also capacitance between the primary and secondary windings. The self-resonant
frequency is determined by these capacitances and inductances, and must be set sufficiently higher than the switching frequency
(approximately 10 times or more). In addition, unnecessary capacitive coupling must be avoided because the capacitance between the primary
and secondary windings provides a conduction path for common-mode noise currents. Then there is the isolation performance. For isolated
converters, the withstand voltage between the primary and secondary windings is particularly important, and compliance with the relevant
standards is required. High isolation performance is basically a trade-off between size, inductance, coupling coefficient, and loss.

c. Inductors

The larger the inductance of an inductor, the lower the current ripple, which is effective in reducing power device losses. However, if the
inductance is unnecessarily large, it tends to increase the inductor loss. It also hinders miniaturization and weight reduction. The use of high
permeability materials also contributes greatly to increasing inductance, but there is a trade-off with frequency characteristics. DC
superposition characteristics are also important for inductors. When DC current is present, a DC magnetic field component is always applied,
so care must be taken to avoid inductance degradation and magnetic saturation, both of which require excellent characteristics. Since a sudden
decrease in inductance due to magnetic saturation can lead to fatal operation failure, it is desirable for the inductance to decrease slowly. In
many cases, magnetic materials with low magnetic permeability and magnetic path gaps are provided to prevent magnetic saturation. Next,
we will discuss loss. Since the inductor current is equal to the excitation current, the iron loss tends to increase as the ripple current increases.
As for copper loss, since DC current is included, conduction loss due to DC resistance accounts for a large proportion. Since materials with
low magnetic permeability and gaps to reduce effective permeability are used, attention must be paid to the increase in AC copper loss due
to leakage flux. The self-resonant frequency is determined by the inductor's own inter-winding capacitance and inductance. The self-resonant
frequency should be set sufficiently higher than the switching frequency (approximately 10 times or more).

1.5.2 (Power) transformer

(1) For converters below 100 kHz (1 kW or more)

For DC-DC converters below 100 kHz and above 1 kW, typical topologies such as forward converters and half-bridge/full-bridge
converters are discussed, and the internal and external iron type transformers used in these converters are described. The excitation of
transformers used in forward converters operates using only the first quadrant of the B-H plane, while half-bridge and full-bridge transformers
are excited to draw the entire B-H plane symmetrically at the origin. Therefore, the bridge configuration can provide high magnetic field
amplitude and is suited for circuits with high circuit voltage and large power rating. However, the bridge type has the risk of accumulation of
DC magnetic field components due to unbalanced excitation operation (polarization) and resulting magnetic saturation. In addition, magnetic
saturation suppression by inserting a gap in the transformer is necessary.
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a. Forward converter

First, the circuit and operating waveforms of the forward converter are shown in Figure 2.1.5.2. Power is transferred from winding n1 to
nz by turning on M. At this time, the primary winding n: of the transformer flows the primary equivalent of the excitation current of the
magnetic core and the load current transferred to the secondary side. Since the magnetic flux for the load current cancels each other out on
the primary and secondary sides, only the flux for the excitation current flows through the magnetic core. On the secondary side, the choke
inductor L1 is excited via Dz, and the current IL1 of L1 increases like a chopper. When Mz is then turned off, no current flows in winding n1
because there is no current in M1, but winding ns is used as a path for the excitation current of the magnetic core. In other words, diode p1
turns on and the excitation current flows through winding ns to the input power supply Vin. The voltage of back EMF-Vn is generated in the
primary winding from the time of M1 turn-off, and the excitation current gradually decreases until it eventually reaches zero, at which point
the back EMF also disappears (called the resetting of the excitation current). The state is maintained until the next turn-on of Ma. During this
time, the inductor L1 on the secondary side regenerates through diode Ds as in a normal buck chopper, and the current decreases. Note that
the transformer only needs to handle the magnetic flux for the excitation current, and the resetting of the excitation current prevents the
excitation current from continuing to accumulate and causing the magnetic core to become unbalanced.
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Figure 2.1.5.2 Forward Converter

b. Full bridge converter

A full-bridge converter is then shown in Figure 2.1.5.3. Since Vinand-Vin are alternately applied to the transformer, this circuit operates
in the B-H plane over a wide range and is used when a large output power is required. On the other hand, because the amplitude of the B-H
is large, the amount of iron loss generated tends to be relatively large. In this full-bridge converter operation, the excitation current often
flows through the secondary side when the primary side switch is turned off. In addition, since the full-bridge converter actually generates
demagnetization even when the switching timing is slightly shifted, capacitors are sometimes inserted in series with the transformer to cut
the DC component. In a full-bridge converter, the excitation current flows through the secondary side during the period when v1 is 0 V, and
the conduction loss is an issue. The switching losses associated with turning the transistor on and off are also an issue.

c. DAB converter

Figure 2.1.5. 4 shows a DAB converter, which also employs the primary side full-bridge structure of Figure 2.1.5.3 on the secondary side,
and is attracting attention in high-power converters that require bidirectional power transmission, such as charging and discharging. By
shifting the secondary side full-bridge operation by a phase difference grelative to the primary side full-bridge operation, which is the
reference, power is supplied from the phase advance side to the phase lag side. In the case of Figure 2.1.5.4, power is sent from the primary
side to the secondary side. The output power is zero when ¢ is 0° and maximum at 90° . Under appropriate operating conditions, zero-
voltage switching is possible and switching losses can be significantly reduced.
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Figure 2.1.5.4 DAB Converter

d. Magnetic core material

While electromagnetic steel sheets are often used as the core material for transformers at frequencies up to several kHz, Mn-Zn ferrite, Fe-
based amorphous and Fe-based nanocrystalline thin strips (e.g., FINEMET) are used for insulated converters in the frequency range of 10
kHz to 100 kHz for wound cores and laminated cut cores (Figure 2.1.5.5) . The specific permeability is often between several thousand and
several tens of thousands, and since Fe-based nanocrystalline thin strips have extremely low magnetostriction, they are suitable for low-noise
magnetic cores in the audible band below 20 kHz. However, Fe-based nanocrystalline thin strips are more expensive than Fe-based amorphous
materials. The saturation magnetic flux density of Fe-based amorphous material is about 1 T, while that of Fe-based nanocrystalline thin film
material is as high as 1.5 T, making it suitable for large-capacity power supplies. On the other hand, Mn-Zn ferrite has lower loss above about
50 kHz. Since ferrite is inexpensive and easy to process, various core shapes are available as described below. On the other hand, since the
saturation magnetic flux density is as low as 0.5 to 0.7 T, ferrite is often used in power supplies with small power capacity.
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Figure 2.1.5.5 Iron Loss vs. Operating Frequency ®

e. Structure and shape of the magnetic core

The structure of the transformer core can be divided into an inner-iron type and an outer-iron type transformer as shown in Figure 2.1.5.6.
In the inner-iron type, the magnetic core is covered by the coils, while in the outer-iron type, the core covers the coils and the magnetic core
is outside the coils. In the inner iron type, the primary and secondary windings can be wound on different legs, while in the outer iron type,
the primary and secondary windings are wound on the same legs. In both cases, the core windings and magnetic cores are fastened with bands
or tapes to secure the core, and lead terminals or insertion/removal terminals are provided for board mounting. Ferrite is particularly easy to
form and is available in a variety of shapes.

il

IF 3

Figure 2.1.5.6 Inner- and outer-iron type magnetic core structures

shexEY

As shown in Figure 2.1.5.7, there are various types of magnetic core shapes, with differences in the processing method depending on the
material. @ Among the characteristic internal iron types using Mn-Zn ferrite are toroidal, UU core, and Ul core. The toroidal core is easy to
realize a closed magnetic circuit structure with low leakage flux and a uniform magnetic path cross-section, making it easy to design. The
gap between the contact surfaces of the two magnetic cores generates leakage flux, and the coupling coefficient is lower than that of a toroidal
core made of the same material that realizes a completely closed magnetic circuit. In addition, by winding the primary and secondary windings
on separate legs, it is possible to improve the dielectric strength and reduce the capacitance between the windings. However, in this case, it
is necessary to deal with the proximity effect and other factors that increase AC copper loss and lower the coupling coefficient.

The El and EE cores have prismatic legs and a uniform magnetic path cross-section, making magnetic circuit design easy and allowing for
greater flexibility in how the cores are placed (vertically or horizontally). However, because of the low volume utilization due to gaps in the
winding of thick windings, thin windings are often used, and they are relatively unsuitable for high currents. The EER core is an improved
version of the EE core, in which the middle legs are cylindrical in shape. Therefore, even thicker windings can be wound efficiently, making
it suitable for large currents. The PQ core is a further improved version of the EER core, with a larger cross-sectional area of the outer legs
to suppress magnetic saturation. In addition, there are other complex core shapes, such as pot cores and RM cores, that are suitable for high-
density mounting.

For strip-shaped materials (strip materials) such as Fe-based amorphous and Fe-based nanocrystalline thin strips that are not ferrite, wound
cores (uncut cores) and cut cores are commonly used (see Figure 2.1.5.8) ®). The magnetic core is formed by winding the strip material into
a die in a number of layers. The core is then annealed to remove distortion and nanocrystallize, bonded and adhered, cut, and polished on the
cut surface. If no cutting is performed, a closed magnetic path structure called a wound core (non-cut core) is formed. A wrapped core is one
in which the cut parts are overlapped and assembled into a coil without gluing or bonding, and then tightened with a band or the like. A core
similar to a ferrite UU core is called an SC core, and one similar to an EE core is called an EC core. SCP cores and ECP cores also exist with
slightly different cross-sections.
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Figure 2.1.5.7 Typical Shape of Magnetic Core @

Figure 2.1.5.8 Thin Strip Material Cut Cores®

f. Winding

As described in detail in Section 1.5.4, round wire and Litz wire (described below) are generally used as the winding wire. As the operating
frequency increases, the effective cross-sectional area of the copper wire decreases due to the skin effect, resulting in increased resistance
and copper loss, so a thin winding with a small cross-sectional area is used to match the corresponding frequency, such as Litz wire. However,
the problem with Litz wire is that its occupancy ratio is low. In addition, AC copper loss reduction due to the proximity effect can be achieved
by interleaved winding, in which the secondary and primary windings are wired alternately. On the other hand, it should be noted that
interleaved windings increase stray capacitance between the primary and secondary windings, contributing to the formation of common-
mode current paths that can be a noise source. In winding schemes such as center-tap, the coupling symmetry of the primary and secondary
windings is broken, resulting in current imbalance, so physical symmetry is important and symmetrical interleaved windings should be
employed.

In transformers using such magnetic core materials, structures, and windings, the coupling coefficient without a gap is often 0.99 or higher
due to high permeability, but the maximum value of the excitation flux density must be kept low to avoid magnetic saturation. On the other
hand, when an air gap is provided to reduce the effective permeability, fringing magnetic flux is generated in the gap. This is a factor that
reduces the coupling coefficient and increases the eddy current loss (AC copper loss) caused by the fringing magnetic flux linking with the
winding.

(2) For 100 kHz to 1 MHz (100 W to 1 kW) converters

For the 100 kHz to 1 MHz (100 W to 1 kW) converters, flyback converters and LLC resonant converters are introduced. In this frequency
range, PCB transformers, in which the windings are formed in a printed circuit board (PCB) pattern, are often used. PCB transformers have
excellent low profile and high dimensional accuracy for good winding coupling. Thin and flat ER cores are also used for the magnetic cores.
However, it is necessary to design the transformer at the same time as the circuit design, so it is difficult to change the transformer after the
PCB is manufactured. In addition, although the flatness is high, the wiring width is wide and the area tends to expand.

a. Flyback converter

Figure 2.1.5.9 shows a simplified circuit diagram of a flyback converter and its operation. The flyback converter has the advantage of
being able to configure an isolated power supply with a small number of elements. In operation, Mu is first turned on, current flows through
the transformer, and energy is stored in the magnetic core. At this time, no current flows on the secondary side because of the reverse voltage
of the diode. Then, when m1 is turned off, there is no current on the primary side, so the excitation current is released from the secondary side
to the load. In other words, the excitation current is transferred, and unlike forward converters and full-bridge converters, current does not
flow simultaneously in the primary and secondary windings. In addition, the DC current (magnetic field) component due to the load current
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is superimposed on the transformer. Therefore, although the converter uses a transformer, it operates similar to an inductor, which is described
below, and has the disadvantage of being prone to magnetic saturation. Therefore, a high saturation magnetic flux density and DC
superposition characteristics are important indicators. A high coupling coefficient is also required because a low coupling coefficient and
leakage inductance will cause a large reverse voltage to be generated in the power device due to leakage inductance when switching. Because
of these characteristics, the power supply is often used as a small-capacity isolated power supply of less than 100 W. Mn-Zn ferrite core
material is the most common magnetic core material in this operating frequency band. Gaps are often used to prevent magnetic saturation,
but consideration must be given to the winding, magnetic core, and gap shape to avoid generating a large amount of leakage flux. Although
iron-based dust cores and pressed cores have high saturation magnetic flux density, their low magnetic permeability lowers the coupling
coefficient, which is a problem. Round wire and Litz wire are used as the winding wire.
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Figure 2.1.5.9 Flyback Converter
[Kousuke Miyaji]

b. LLC resonant converter

LLC resonant converters are often used for capacities from 100 W to around 1 kW, and they offer low noise, high efficiency, and high-
frequency switching for smaller equipment with fewer components and soft switching . Because of these features, LLC resonant converters
are used as server power supplies in data centers, and further improvements in efficiency are required as the information society develops ©,

To improve the efficiency of the LLC resonant converter, it is effective to reduce the primary current of the transformer. To achieve this, it
is necessary to increase the excitation inductance and excitation frequency. However, since there is an upper limit to the excitation inductance
due to soft switching conditions ), the excitation frequency must be increased. Increasing the excitation frequency can be achieved by
decreasing the transformer coupling coefficient. However, in the conventional method, the reduction of the coupling coefficient is
accompanied by a significant reduction of the excitation inductance. Therefore, there is concern about increased losses due to the increase in
excitation current (", Therefore, a method to reduce the coupling coefficient while maintaining the excitation inductance is needed.

The use of magnetic tape-wound square wires in transformers has been investigated as a method to reduce the coupling coefficient while
maintaining the excitation inductance ©®.

c. Transformer case study of LLC resonant converter

Figure 2.1.5. 10 shows the circuit configuration of the LLC resonant converter, and Figure 2.1.5.11 shows the gain characteristics of the
LLC resonant converter with the coupling coefficient as a parameter. The coupling coefficients are 0.95, 0.9, 0.85, and 0.8, respectively. The
required gain is determined by the specification of the LLC resonant converter; here the gain G = 1.26. The frequency that intersects the
required gain is the excitation frequency. The figure shows that decreasing the coupling coefficient increases the excitation frequency, and
that to improve the efficiency of the LLC resonant converter, it is necessary to decrease the primary current by decreasing the coupling
coefficient.
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Figure 2.1.5.10 Circuit configuration of LLC resonant converter Figure 2.1.5.11 Coupling factor k as a parameter
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Figure 2.1.5.12 shows the method of increasing leakage inductance. In the conventional method of increasing leakage inductance by
lengthening the gap, the excitation inductance decreases due to the decrease in the main magnetic flux. In addition, the fringing magnetic flux
increases and the AC copper loss increases. By winding the magnetic tape around the square wire, the magnetic flux can be guided to the
magnetic tape, increasing the leakage flux without decreasing the main flux and reducing the AC copper loss.

(a) Conventional method with a long air gap (b) Method using magnetic tape

Figure 2.1.5.12 Method of increasing leakage inductance

Figure 2.1.5.13 shows the transformer structure of the LLC resonant converter. The transformer core material is ML27D (PROTERIAL),
which has excellent iron loss characteristics from 100 kHz to 500 kHz. The magnetic permeability is 2,900. The magnetic core has a PQ
shape. The dimensions of the primary and secondary flat wires are 0.3 x 4 mm? and 0. 4 x 5 mm?, respectively.

Table 2.1.5.1 shows the specifications of the LLC resonant converter.
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Table 2.1.5.1 LLC converter specifications

(data) item numerical
value
?i;'_j Input voltage Vi (V) 380
Output voltage Vo (V) 48
TS ML
(ML27D) Output Po¢ W) 800
ZRERS
Resonance frequency fsh ( kHz) 500
Coupling coefficient k 0.85~0.95
Volume ratio a 5
Number of primary windings Np 10
Number of secondary windings Ns 2
| Debt time tdead ( NS) 40-60
Excitation inductance Lm ( HH) 19.7t029.5

Figure 2.1.5.13 Transformer Structure (Unit: mm)

Figure 2.1.5.14 shows the impedance characteristics of the transformer. The coupling coefficient decreased from 0.91 to 0.88 with the
application of magnetic tape. The primary self-inductance increased from 23.8 uH to 24.6 uH with the application of magnetic tape. The
excitation inductance was 21.7 pH and 21.6 pH before and after the magnetic tape was applied, respectively, and the excitation inductance
was maintained. The AC resistance when the secondary side was open and when the secondary side was short-circuited was reduced by
18.8% from 282 mQ to 229 mQ and by 37.9% from 671 mQ to 417 mQ, respectively, by the application of magnetic tape. The coupling
coefficient and AC copper loss were reduced by the magnetic flux induced in the magnetic tape as described above.
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Figure 2.1.5.14 Impedance characteristics of an LLC transformer
d. Converter application examples of LLC resonant converter transformers
The transformer was mounted on an LLC resonant converter and 95 i
. . . - . With L
the excitation frequency characteristics, primary transformer voltage, e With
efficiency characteristics, and heat generation characteristics were
measured. =
. - - =X
Figure 2.1.5.15 shows the efficiency characteristics of the =~ 41w
=94 :
converter. The efficiency of the converter improved by 0.54 T
percentage points to 94.16% and 94.7% before and after the R
application of magnetic tape at 600 W output, respectively. The loss
was reduced by 3.92 W at 800 W output by the application of the
H 93 1 1 1
magnetic tape. 200 400 600 800 1k
Figure 2.1.5.16 shows the appearance and temperature of the P, (W)
transformer during excitation of the LLC resonant converter. The Figure 2.1.5.15 Converter Efficiency Characteristics

temperatures of the windings were 58 °C and 102 °C with and without
magnetic tape, respectively, a decrease of 34 °C. This is due to a decrease in the AC copper loss in the windings. This is due to the reduction

of AC copper loss in the windings. The temperatures of the magnetic cores with and without magnetic tape were 43.1 °C and 64.6 °C,
respectively, a decrease of 21.5 °C. The temperatures of the magnetic cores with and without magnetic tape were 43.1 °C and 64.6 °C,
respectively, a decrease of 21.5 °C. There was no increase in heat generation in the magnetic core with increasing excitation frequency.
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(a) Appearance of LLC transformer (b) Magnetic tape: No (c) Magnetic tape: Yes
Figure 2.1.5.16 Temperature of LLC transformer depending on appearance of LLC transformer and presence of magnetic tape
(output 800 W, frequency 500 kHz)

[Tsutomu Mizuno]
(3) For converters above 1 MHz and below 100 W

As described in "1.2.2 Powder Cores and Fine-Particle Composite Cores," the specific permeability of low-loss soft magnetic materials in
the Beyond MHz band is several tens or less, and when employed in a transformer, the generation of leakage inductance is unavoidable.
Therefore, the mainstream is to implement them in resonant converters that utilize the leakage inductance for resonance. Here, we introduce
the application of Ni-Zn ferrite and fine particle composite cores to transformers and examples of their implementation in converters, and
also summarize the issues involved.

a. Ni-Zn ferrite transformers

Examples of Research and Development

Hanson et al. ® benchmarked various power core materials for Beyond MHz at iron losses of less than 1,000 kW/m? and compared the f -
Bm product (f: frequency, Bm: magnetic flux density amplitude, the larger the amplitude, the smaller the core with constant losses) at constant
iron loss, or a modified f - Bn®* product. As a result of comparing the f -+ Bm®* product, which is a modified version of the f - Bn¥* product,
Fair Rite's Ni-Zn ferrite (67 material, specific permeability: 40) is superior in the range of 2 to 20 MHz.

In fact, Sagneri 9 of Finsix constructed a transformer using 67 material and developed a ®2 resonant isolation converter for a 65 W output
AC adapter. Figure 2.1.5.17 shows the main circuit topology of the ®2 resonant isolation converter, and it has been confirmed that ZVS is
achieved for both turn-on and turn-off of the GaN-FET in 50 MHz switching operation. In fact, the ®2 resonant isolation converter employed
in the AC adapter operates at 13.56 MHz, and the volume of the transformer magnetic core is 1.2 cm?, which is 1/12 the size of the 100 kHz
flyback transformer with Mn-Zn ferrite used in the conventional AC adapter. The transformer has a transmission power density of 680
W/inch3 (41.5 W/cm?®) and an efficiency of 96%.

Figure 2.1.5.17 Main circuit topology of a ®2 resonant isolated converter

As another example of applying Ni-Zn ferrite to MHz-band transformers, Hariya et al. @ of TDK reported a 5 MHz switching PWM-
controlled current resonant converter employing a Ni-Zn ferrite planar transformer as the main transformer, with PWM control of the primary
side main switch and secondary side rectifier switch phase shift control. Figure 2.1.5.18 shows the main circuit topology and an external
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view of the converter, with input voltage Vi: 42 to 53 V and output voltage Vo and current lo: 12 V and 8 A (96 W). The footprint of the planar
transformer is 19.4 x 8.9 mm, but the magnetic properties of the Ni-Zn ferrite and the magnetic circuit structure have not been published. The
transformer has a primary-to-secondary turn ratio of 2:1, an excitation inductance of 200 nH, and a leakage inductance of 33 nH. The converter
efficiency at 96 W rated output is 89.4%. In the case of the Beyond MHz band Ni-Zn ferrite transformer fabricated by the MEMS process for
Power Supply on Chip @2, a1. 2 mm high Ni-Zn ferrite was placed inside a 4.1 mm x 2 mm dia. toroidal coil. The transformer with a turn
ratio of 15:15 has an inductance of 105 to 115 nH in the 1 to 80 MHz bandwidth, a coupling coefficient of about 0.7 from 1 to 15 MHz, and
a maximum primary Q value of 16.7 at 14 MHz when the secondary is open. The inductance is increased by 20% and the coupling coefficient
is increased by 40% compared to the empty core.

Figure 2.1.5.18 Main circuit topology of a 5 MHz switching current resonant isolated

converter Y

Issue

The saturation magnetization of Ni-Zn ferrite for Beyond MHz with specific permeability below a few tens is 200-300 mT, and the current
resonant converter of Hariya et al. 1 excites the transformer positively and negatively symmetrically, whereas the ®2 resonant converter
transformer of Sagneri 9 operates in flyback and is therefore excited in the It is excited in the first quadrant of the B-H coordinate system,
and its low saturation magnetization is a major drawback. Furthermore, Ni-Zn ferrite and Mn-Zn ferrite have a temperature at which iron loss
is at a minimum, and above that temperature, the temperature coefficient of iron loss becomes positive and there is a risk of thermal runaway
(13), Figure 2.1.5.19 shows the temperature dependence of iron loss measured for Mn ferrite at magnetic flux density amplitudes sm from 100
mT to 300 mT ¢3), As Bm increases, the temperature at which the temperature coefficient of iron loss becomes positive decreases and the risk
of thermal runaway increases. Therefore, in order to use ferrite in transformers without the risk of thermal runaway, it must be used at a lower
Bm, which imposes significant restrictions on the miniaturization of the magnetic core.

Figure 2.1.5.19 Temperature dependence of iron

VAT

b. Example of a particulate composite core transformer
As described in "1.2.2 Magnetic Powder Cores and Fine-Particle Composite Cores," there are many choices of fine-particle powders, such
as carbonyl iron powders, Fe-based amorphous powders, and Fe-based nanocrystals. Even if a closed-circuit toroidal transformer is
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constructed with a low permeability fine-particle composite core and the windings are uniformly wound around the magnetic path, leakage
flux generation is inevitable, and like Ni-Zn ferrite transformers, leakage inductance is large, so many transformers are used as leakage

transformers.

Carbonyl iron powder bulk composite core transformer

Micrometals has launched a carbonyl iron powder bulk composite toroidal core for
the Beyond MHz band, and according to Oliver @ of Micrometals, hysteresis loss
accounts for most of the iron loss in a core with a specific permeability of 10 up to
about 10 MHz, and even above 10 MHz, the increase in eddy current loss is small. The
increase in hysteresis loss is small even above 10 MHz, and the iron loss is lower than
that of the benchmark Ni-Zn ferrite core above 20 MHz.

In their research and development of a MHz band Class-E resonant converter (1%
Sekiya et al. applied a carbonyl iron powder bulk composite toroidal core with a
permeability of 10 to the resonant inductor and isolation transformer of a 4 MHz
operating Class-E resonant converter with a 1 kW output much higher than 100 W and
achieved a high converter efficiency of 95.3%. efficiency of 95.3% was achieved.
Figure 2.1.5.20 plots the dependence of hysteresis loss Wh on the maximum flux
density Bm for a carbonyl iron powder bulk composite toroidal core with a specific
permeability of 10 from the manufacturer's published data sheet. The figure can also
be viewed as iron loss per cycle. As shown in the figure, the Bm dependence of the
hysteresis loss Wh changes after Bm = 15 mT, and the iron loss is very small when the
magnetic flux density amplitude is excited at a level sufficiently smaller than 15 mT.
Increasing the magnetic flux density amplitude by reducing the magnetic core volume
leads to an increase in iron loss despite the downsizing of the transformer.

As another example of a carbonyl iron powder bulk composite core transformer,
Sato et al. (16) fabricated a prototype planar transformer with windings embedded in
a casting method carbonyl iron powder/epoxy composite core and implemented it in a
flyback converter for evaluation. Figure 2.1.5.21 shows the circuit topology of the
converter and the appearance of the planar transformer. The planar transformer is 40 x
40 x 10 mm and has an outer iron structure with primary and secondary square
conductor spiral windings with a turn ratio of 16:8 embedded in a composite magnetic

Figure 2.1.5.20 Hysteresis loss of a carbonyl iron
powder bulk composite toroidal core
with a specific permeability of 10
(plotted based on data sheets published
by Micrometals)

core. The carbonyl iron powder is nearly spherical with an average grain size of 1.6 ym. An oxide film of 25 nm to 65 nm is formed on the
surface of the powder by heat treatment of As made non-reduced powder at 200°C for 6 hours in air. The planar transformer was fabricated
by pouring a mixed slurry consisting of surface carbonyl iron oxide powder and a two-component epoxy precursor solution into a mold with

the primary and secondary windings in place and curing at 120°C for 5 hours. Figure 2.1.5.22 shows the complex permeability and complex
permittivity of the composite core. The saturation magnetization of the composite core is about 1 T. The specific permeability is approximately
6 and remains constant up to 100 MHz, and the loss factor tand (u"/u') is on the order of 10-3 at frequencies below 50 MHz. The dielectric

Figure 2.1.5.21 Circuit configuration of a flyback converter and appearance of a carbonyl

iron powder composite core transformer 6)
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(a) Complex permeability (b) Complex permittivity
Figure 2.1.5.22 Frequency response of complex permeability and complex permittivity of
surface carbony! iron oxide powder composite cores @9
constant of the epoxy resin itself is about 2.7, but the dielectric constant of the composite core is greatly increased by the dispersion of
conductive iron fine powder, and from 100 kHz to 1 MHz, the real part of the complex permittivity &,
part €' was about 25 to 8. The DC volume resistivity of the composite core has a value of 100 Q-m, which is close to that of Ni-Zn ferrite.

However, the interleaved structure, in which the primary and secondary conductors are arranged alternately as primary and secondary square

is about 60 to 40 and the imaginary

conductor spiral windings with a turn ratio of 16:8, can improve the coupling coefficient between the windings to 0.998. However, the
parasitic capacitance between conductors increases, and the resonance frequency drops from 10 MHz to 2 MHz compared to the case with
the non-interleaved winding. The prototype planar transformer was applied to a PFM flyback converter with 48 V input and 12 V output in
the range of 400 kHz to 1 MHz, and the transformer leakage inductance, parasitic capacitance Coss of the main switch MOS-FET and parallel
capacitor between drain and source (100 pF), and an efficiency of about 85% was obtained at 60 W output.

Although the use of interleaved structure windings in low permeability core transformers can increase the coupling coefficient between
the windings, this technique is not suitable for Beyond MHz transformers because it leads to an increase in parasitic capacitance.

Fe-based amorphous particulate composite core transformer

Sugimura et al. @ fabricated a prototype casting method Fe-based amorphous fine particle composite core transformer using 2.56 um
diameter SWAP amorphous Fe-Si-B-C-Cr powder with a saturation magnetization of 1.26 T. The transformer was implemented in a 48 V
input - 24 V, 5 A output MHz. The transformer was implemented and evaluated in a 48 V input - 24 V, 5 A output MHz switching LLC
resonant converter. The details of the composite core are described in "1.2.2 Powder Core and Fine-Particle Composite Core, (3-3) Fine-
Particle Composite Core, " but the saturation magnetization is 0.84 T, the coercive force is 128 A/m, the specific permeability is about 10 and
almost constant up to 100 MHz, and tang is in the order of 102 in the MHz band. The iron loss at a frequency of 2 MHz and a flux density
amplitude of 20 mT is about 1/6 that of the benchmark Ni-Zn ferrite with a specific permeability of 20. Figure 2.1.5.23 shows the main
circuit topology and external view of the LLC resonant converter, with 48 V input - 24 V output and an output current rating of 5 A. The
primary is a half-bridge configuration with GaN-FETs and a leakage transformer with an Fe-based amorphous particle composite core. The
leakage transformer has a turn ratio of 5:4:4 with an intermediate tap on the secondary side, and an SBD full-wave rectifier circuit is used on
the output side. Figure 2.1.5.24 shows the electrical characteristics of the prototype transformer compared to a Ni-Zn ferrite transformer of
the same size and turn ratio but with a permeability of 20. The inductance when the secondary side is open is nearly twice as large, reflecting
the difference in excitation inductance due to the two-fold difference in magnetic permeability. The resonant frequency is 30 to 40 MHz, and
the coupling coefficient at 1 MHz is about 0.84 for the composite core transformer and about 0.87 for the Ni-Zn ferrite transformer with high
permeability. The specific permeability is 10, the core shape is toroidal with outer diameter; 15.5 mm, inner diameter; 9 mm, height; 11.1
mm, and volume; 1.39 cm?.
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Figure 2.1.5.23 Circuit topology and external view of LLC resonant converter 7

Figure 2.1.5.24 Characteristics of Fe-based amorphous particulate composite core transformers

Table 2.1.5.2 Specifications of Fe-based amorphous particulate composite

core transformers
. Fe-based amorphous fine particle composite magnetic
toroidal
. cores
magnetic . .
core Specific permeability; 10, OD; 15.5 mm, ID; 9 mm,
height; 11.1 mm, volume; 1.39 cm3
number of
N1:N2:n3=5:4: 4
volumes
primary
Slde 2?21 nH ™M 1 NMH=>

Figure 2.1.5.25 shows the results of the evaluation of the prototype transformer implemented in a 48 V input-24 V output MHz switching
LLC resonant converter. With the composite core transformer, the switching frequency to maintain a constant output voltage of 24 V varied
from 5.4 MHz to 4.9 MHz over the range of 1 to 5 A current output, and the efficiency was over 90%, reaching a maximum of 93.1% at 1.5
A (36 W) output. When the output power was increased above 77 W (24 V, 3.2 A), LLC resonance operation ceased due to a rapid increase
in permeability caused by thermal runaway of the ferrite. The composite core transformer operated stably even at the 120 W rated output, and
the efficiency of the transformer at this time was estimated to be 97% and the transmission power density 90 W/cm?,
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Figure 2.1.5.25 Efficiency, operating frequency, and output current of a 48 V input-24 V output MHz switching LLC resonant

Non-public

in the excitation current. Details of these composite sheet magnetic cores are described in "1.2.2 Powder Core and Fine Particle Composite
Core, (3-3) Fine Particle Composite Core".

Figure 2.1.5.28 shows the efficiency characteristics of the prototype LLC resonant converter. The target efficiency is 50%, but the target
efficiency is exceeded over a wide load range in the 12 V output case. Recently, the target efficiency can be achieved even with a 5 V output
by improving the primary switch.

Micro Transformer

(19) reviewed the trends of microtransformers based on thin-film and MEMS processes from the dawn of the 1980s to the present, including
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R&D cases in Japan. The applications of microtransformers are wide ranging, including energy conversion, communications, and sensing,
etc. In their review of prototype development cases, about 40% of the published research papers were aimed at energy conversion applications,
46% of which were for frequencies below 10 MHz and 40% for frequencies between 10 and 100 MHz. Since they are fabricated using thin-
film or MEMS processes, they are limited to small-capacity output converter applications, and their recent typical application is
implementation in isolated converters with a few W output for power device isolated gate drivers in inverters and converters, as described by
Kawasaki et al- (18).

Non-public

Non-public

Examples of prototype microtransformers and their application to converters are shown in Table 2.1.5.3. The only microtransformer
developed by Yue et al. of ADI utilizes a multilayer magnetic thin-film core, and the efficiency exceeds 50%, partly due to the low operating
frequency of the converter, showing the advantage of employing a magnetic core.

Table 2.1.5.3 Typical characteristics of prototype microtransformers and converters @902

By Qinetal. @ By Yue et al. @ by Cheng et al. 2
frequency (esp. of 160 to 210 MHz 16 to 25 MHz 180 to 210 MHz
waveforms)
Micro Q'Value 68 12 11
Transformer Size 5.2 mm2 8.4 mm2 8 mm2
output
(e.g. of 0.8W 1.1W 1.25W
converter dynamo)
highest
. 34 % 52 % 46.5 % of
efficiency
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Issue

Ni-Zn ferrite, which has been regarded as a benchmark for Beyond MHz magnetic cores, has many applications in transformers, but it is
necessary to design transformers for converters by considering that the critical temperature that causes thermal runaway varies with the
operating flux density level. As described in "1.2.2 Powder Cores and Fine-Particle Composite Cores, (3-1) Challenges in Ni-Zn Ferrite Cores
for Beyond MHz Band Benchmarks," it is desirable to clarify the mechanism of residual loss generation, which is the main cause of high
frequency iron loss in ferrite, and to reduce the risk of thermal runaway due to this.

Transformers with fine-particle composite cores, with the exception of carbonyl iron powder composite cores, have not yet entered the
stage of practical application, and future developments are expected. As described in "1.2.2 Powder Cores and Fine-Particle Composite Cores,
(4) Summary and Future Issues," low-cost production of fine alloy powders from a few micrometers to sub-micrometers is a major issue for
practical application, and we look forward to further developments in this area.

Regarding magnetic thin-film transformers, an on-silicon microtransformer/isolation converter for power device isolated gate circuits has
been presented by ADI @D, but the problem of increased cost has been pointed out for air-core transformers 2, [Toshiro Sato]

1.5.3 Inductor

(1) For converters below 100 kHz (1 kW or more)

Inductors are often used as AC filter reactors for inverters and smoothing reactors for DC-DC converters at any frequency and power, but
the materials used differ for each frequency and power. Figure 2.1.5.29 shows the circuit diagram and operating waveforms of a buck chopper
as the most typical circuit. The inductance value is determined from the ripple current (often set at 0.1 to 0.3 times the maximum DC load
current) and load regulation response specifications. Since the inductor contains the DC component of the load current, it operates in a loop
with a DC magnetic field bias in the first quadrant in the B-H plane. On the other hand, the unique requirements for chopper inductors are
DC resistance and DC superposition characteristics according to the current rating. Therefore, low permeability materials are often used to
prevent magnetic saturation, or a gap is inserted to lower the effective permeability of the magnetic core.
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Fig. 2.1.5.29 Buck chopper

As core materials for inductors used in choppers below 100 kHz (above 1 kW), constant permeability characteristics are required to
minimize the change in permeability due to the magnetic field corresponding to a large DC load current. Polycrystalline powder cores of Fe-
Si, Fe-Ni, and Fe-Al-Si (sendust) systems have constant permeability characteristics by themselves because of the spatial distribution of non-
magnetic gaps in the core, and they are sometimes used without gaps. The effective specific permeability is adjusted to be about several tens
to several hundreds. Toroidal, El, EE, and UU types are used as core shapes.

Litz wire or round wire is used as the winding wire when the current capacity is small, while flat wire or thin plate conductor with a high
occupancy ratio is often used when the current capacity is large. [Kousuke Miyaji]

(2) 100 kHz to 1 MHz, for 100 W to 1 kW converters

There are not many choices of inductor materials for choppers from 100 kHz to 1 MHz and from 100 W to 1 kW in the frequency range

below 100 kHz. Gapped Mn-Zn ferrites, amorphous and nanocrystalline magnetic powders, etc. are used.
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Table 2.1.5.4 shows the basic structure and features of the wire-wound embedded inductors, in which the winding is embedded in an
amorphous or nanocrystalline magnetic powder core. The horizontal winding arrangement (planar inductor) uses spiral windings and has
excellent heat dissipation characteristics, while the vertical winding arrangement has a smaller foot area. As the excitation frequency increases,
the resonant frequency of the inductor decreases due to the capacitance between the windings, which may cause ringing or an increase in AC

Table 2.1.5.4 Basic Structure of Wire-wound Embedded Inductors and Their Characteristics
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Fig. 2.1.5.30 Circuit Configuration of Non-Isolated Step-up DC-DC Converter

resistance during excitation, so the resonant frequency must be considered in the design. Specific examples of analysis and design of planar
inductors are described below.

Figure 2.1.5.30 shows the circuit configuration of a non-isolated step-up DC-DC converter, where the inductor is represented by the three
elements R, L, and C. In an ideal state, the inductor has no components other than inductance, and there is no energy loss. However, in actual
inductors, in addition to the inductance, there is a parasitic capacitance consisting of the resistance component R of the winding and magnetic
core, and the interline capacitance C, etc. The parasitic capacitance and inductance cause parallel resonance, and the impedance changes from
inductive to capacitive at the self-resonant frequency. If the self-resonant frequency is low, a high-frequency resonance current flows in the
inductor current during switching of power devices, which increases iron loss and AC copper loss.

The performance of the inductor is expressed by the Qvalue of the coil. The higher the Qvalue, the lower the conduction loss and the higher
the efficiency of the converter. As the excitation frequency increases, not only the Q value of the coil but also the resonance frequency must
be considered.
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Figure 2.1.5.31 shows the structure of the inductor. In order to adjust the inductance value by varying the parameter Ds in the straight
section, the winding of the inductor has a race-track structure. The leakage flux generated around the conductor penetrates nearby conductors
and causes eddy currents inside the conductor 3, The generated eddy currents increase the AC resistance of the planar inductor. Magnetic
sealing technique (MST) @ is a technique to reduce AC resistance by sealing the winding with magnetic composite material and inducing
the leakage flux that causes eddy currents into the magnetic composite material. Magnetic sealing technology can reduce the eddy currents
generated in the windings, thereby reducing AC resistance caused by copper loss. Furthermore, inductance is increased by placing magnetic
composite material near the conductor. The above two effects improve the Q value of the inductor. However, because the magnetic composite
material, which has a higher dielectric constant than air, encapsulates the winding, the parasitic capacitance increases and the self-resonant
frequency decreases. Therefore, it is necessary to design an inductor with a high self-resonant frequency to effectively reduce the inductor
loss. The distance wg between the windings was varied so that the resonant frequency is 10 times higher than the excitation frequency of 500

(a) Plan view (b) A-A cross section

Figure 2.1.5.31 Structure of planar inductor with magnetic composite material

kHz.

Figure 2.1.5.32 shows the frequency characteristics of an inductor whose windings are not encapsulated with magnetic composite material
and an inductor whose windings are encapsulated with magnetic composite material @9, As shown in Figure 2.1.5.32 (a), the self-resonant
frequencies of the inductors without and with magnetic composite encapsulation were 11.9 MHz and 7.1 MHz, respectively. The self-resonant
frequencies of both inductors were more than 10 times higher than the excitation frequency of 500 kHz. As shown in Figure 2.1.5.32 (b),
the inductances at 500 kHz were 16.6 uH and 21.8 pH, respectively. Sealing the winding with magnetic composite material increases the
inductance due to the formation of a magnetic path of magnetic composite material with a short path length around the outer circumference
of the conductor. The DC resistance was 27.8 mQ, and the resistance at 500 kHz for the planar inductors without and with magnetic composite
encapsulation was 843 mQ and 299 mQ, respectively . The Q-values of the inductors without and with magnetic composite encapsulation at
500 kHz were 60 and 216, respectively, a 3.6-fold improvement.

Figure 2.1.5.33 compares the heat generation characteristics of the inductors at an excitation frequency of 500 kHz and output power of
800 W. The temperature was reduced by 63 °C from 135 °C to 72 °C by encapsulating the inductors in magnetic composite material. The
temperature was reduced by 63 °C from 135 °C to 72 °C by encapsulating the inductor with a magnetic composite material.
[Tsutomu Mizuno]
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Figure 2.1.5.32 Impedance characteristics of planar inductors

(a) Appearance (b) MST not applicable (c) MST applicable
Figure 2.1.5.33 Inductor heating characteristics (outputp, = 800 W, after time t = 40 min)

(3) 1 MHz or higher, 100 W or lower for converters
Inductors for choppers are required to have a small change in inductance with respect to DC current, and the magnetic core must have

constant permeability characteristics with a small change in permeability with respect to the DC bias magnetic field. The paper reports on the
application of Ni-Zn ferrite and fine composite cores for choppers, as well as inductors and converters using magnetic thin films, and the

challenges they face.

a. Ni-Zn ferrite inductors
Bulk Ni-Zn ferrites, including those for EMI countermeasures, are marketed by many domestic and foreign companies, and a large number

of inductors using bulk Ni-Zn ferrites, including chip components, have been commercialized.
Hayashi et al. @® and Sugawara et al. ? fabricated a thin inductor using a 0.5 mm thick bulk Ni-Zn ferrite with a specific permeability of
200 and a saturation magnetization of 280 mT, and developed a micro DC-DC converter with a CMOS-IC chip mounted three dimensionally

above the inductor as shown in Figure 2.1.5.34. The converter is a buck chopper type. The converter is a buck chopper type, with 2.7 to 5.5
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V input - 0.8 to 2.2 V, 0.5 A (maximum) output, and 2.7 MHz switching frequency. Figure 2.1.5.35 shows the DC current superposition
characteristics of a Ni-Zn ferrite inductor, with inductance evaluated at 2.7 MHz and 50 mA. At a DC current of 0.3 A, the inductance is 1.54
pH and the equivalent series resistance is 0.96 Q. The DC resistance of the coil is 0.15 Q. The inductance at zero DC current is almost constant
up to 10 MH, and the highest value of Q is about 30 per 3 MHz. Figure 2.1.5.36 shows the efficiency of a micro DC-DC converter with a
3.6 V input. The efficiency at 2.2 V and 0.5 A (1.1 W) output is about 85 %. The output power density of the converter reaches about 90
W/cm?, which is largely due to the three-dimensional mounting of the CMOS-IC and inductor.

Figure 2.1.5.34 Micro DC-DC converter with CMOS-IC chip mounted three-dimensionally on top of Ni-Zn ferrite inductor

Figure 2.1.5.35 DC current superposition characteristics of Ni-Zn ferrite inductors Figure 2.1.5.36 Efficiency of micro DC-DC converters

Other prototype planar inductors utilizing 3 um-thick Ni-Zn ferrite thin films fabricated by electrophoresis have been fabricated for
implementation in converters with a power output of a few watts 7, achieving a 35% increase in inductance relative to the empty core and
a Q value of 53, the highest at 2 MHz.

In Ni-Zn ferrites that follow Snook's limit, low permeability materials have high natural resonance frequencies, so Ni-Zn ferrites with low
permeability have constant permeability characteristics and can be used at high frequencies. However, as mentioned above, Ni-Zn ferrite is
not suitable for high-current applications because of its low saturation magnetization of 200 to 300 mT, and the large nonlinearity of residual
loss with respect to magnetic flux density amplitude and the risk of thermal runaway, so the operating flux density amplitude for inductor
applications, as for transformers, must be sufficiently small. Therefore, as with transformers, the operating flux density amplitude must be
set sufficiently small for inductor applications, which are often implemented in small-capacity converters.

b. Fine particle composite core inductors

Carbonyl iron powder composite core inductors

Although carbonyl iron powder composite cores have a low specific permeability of less than 10, their permeability does not decrease up
to several hundred MHz, and they have constant permeability characteristics for DC bias magnetic fields, so they are being implemented in
inductors for buck converters for point-of-load applications.

Figure 2.1.5.37 shows the appearance and electrical characteristics of an inductor with the winding embedded in a 1.6 um carbony! iron
powder/epoxy composite core with 54 vol.%-thermal oxide film, fabricated by the casting method described in "1.2.2 Powder Core and Fine
Particle Composite Core. The specific permeability of the composite core is 6. The self-resonant frequency is above 50 MHz, the inductance
is almost constant at about 400 nH up to 10 MHz, and the Q value is about 160 at 5 MHz. The inductance does not decrease at all even with
a superimposed DC current of 10 A. Figure 2.1.5.38 shows the efficiency characteristics of a 5 V input-1 V output 1 MHz switching GaN-
FET buck chopper, which shows a high efficiency of more than 90 % over a wide load range when an SBD is used in parallel to suppress
surge in the main switch. The results show a high efficiency of more than 90 % over a wide range of loads.
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Figure 2.1.5.37 54 vol.% - Winding embedded in 1.6 x m carbonyl iron powder/epoxy composite core with thermal oxide film

Appearance and electrical characteristics of inductors

Figure 2.1.5.38 Efficiency characteristics of a 5 V input-1 V output 1 MHz switching GaN-FET buck chopper implemented with a carbony! iron

powder/epoxy composite core inductor

Sankarasubramanian et al. @ at INTEL have developed a microinductor array for a Fully Integrated Voltage Regulator (FIVR) for 10th
generation core SoCs. The target specifications for inductance are shown in Table 2.1.5.5. Figure 2.1.5.39 shows an overview. The inductors
are mounted in the gap between the interposer and PCB with a lower profile than the solder balls for connection, and the inductor height is
set to 180 um or less. Four straight conductors are arranged in parallel inside a carbony! iron powder (CIP) composite magnetic core, and the
four straight conductor inductors are collectively called a micro inductor array (MIA). The size of the inductor array is approximately 1.3
mm square, and is used in a four-phase buck chopper as a coupled inductor since the four inductors share a magnetic path. The detailed
electrical characteristics of the microinductor array are not disclosed. @ The INTEL 4th generation core processor (Haswell) used air-core
inductors that utilized the wiring inside the package, but now it is changing to magnetic coupled inductors for multiphase PoL (Point of Load)
converters. However, the current is shifting to coupled inductors using magnetic materials for multiphase PoL (Point of Load) converters.

Table 2.1.5.5 Target Specifications for Microinductor

Arrays 9
Inductance (approx. 2 times the
25t03nH
empty center)
Q-value > 13 @140 MHz
DC resistance (1/2 or less of empty
<20 mQ
core)

171



Chapter 2 Power electronics from the view point of passive elementsPower electronics from the view point of passive components

Figure 2.1.5.39 Microinductor Array for FIVR for INTEL 10th Generation Core SoCs @

Flat Powder Composite Core Inductors

Tokin's Chatani et al. developed a thin inductor in which the magnetic flux generated by the current in the longitudinal through conductor
passes through the high permeability flat powder surface, using a composite sheet magnetic core for high-frequency power supplies G made
of Fe-Al-Si flat powder 2. The details of the Fe-Al-Si flat powder composite sheet core are described in"1.2.2 Powder Cores and Fine
Particle Composite Cores, (3-3) Fine Particle Composite Cores". In thin inductors, the Fe-Al-Si flat powder composite sheet core is embedded
in the PCB, and the number of turns varies depending on the number of via conductors that penetrate the Fe-Al-Si flat powder composite
sheet core. The high magnetic permeability of the sheet surface can be utilized. The footprint of the inductor is 11 x 12 mm and the height is
1.5 mm. The DC resistance is as low as 2.8 mQ for 2 turns and 4.4 mQ for 3 turns due to the combination of the short through-via conductor
and the solid conductor for connecting via conductors on the PCB surface layer. The inductance is approximately 135 nH in the 2-turn case
and 280 nH in the 3-turn case, and in the case of the 2-turn case, the decrease in inductance is about 30% even at a DC current of 30 A. The
thin inductor was used in a 1 MHz step-down chopper DC-DC converter with 12 V input - 3.3 V and 18 A output developed at the Center for
Power Electronics Systems (CPES) at Virginia Tech, USA @3, The footprint of the 12 V input -3.3 V output 1 MHz switching single-phase
buck chopper module with a flat powder composite core thin inductor is almost the same as the inductor size. Maximum efficiencies of
approximately 93 % at 4 A output and 87 % at 18 A output were achieved.

(a) Schematic diagram, external appearance (b) Cross-sectional structure
Figure 2.1.5.40. Hybrid core-coupled inductor ¢

Kimura et al. % fabricated a prototype hybrid-core coupled inductor combining a fine nanocrystalline spherical powder composite core
and a nanocrystalline flat powder composite sheet core, and reported the results of evaluation in a 24 V input - 12 V, 5 V output 12 MHz
switching GaN-FET two-phase the results of the evaluation are reported. The composite core is made of 3.5 um diameter Fe-Si-B-Nb-Cu-C
powder with a thermal oxide film and composited with epoxy resin by the casting method described in "1.2.2 Magnetic Powder Core and
Magnetic Particle Composite Core". The specific permeability is constant at 10 up to 100 MHz, and the loss factor tans is on the order of 10
3 in the range of 3 to 50 MHz. The amorphous flattened powder with a thickness of 1 to 3 um is then printed with a metal mask using silicone
resin as a binder and annealed at 560°C for nanocrystallization to obtain a nanocrystalline flattened powder composite sheet core (see "1.2.2
Magnetic Powder Core and Fine Particle Composite Core" for details). The specific permeability is 150, and the tand exceeds 0.1 at
frequencies above 10 MHz. The iron loss at a frequency of 3 MHz and a flux density amplitude of 20 mT is 400 kw/m? for the fine
nanocrystalline spherical powder composite core, which is less than 1/10 of the benchmark Ni-Zn ferrite (67 material, specific permeability
40) from Fair Rite, Inc. The magnetic core is 850 kW/m?3, which is less than 1/5 of Ni-Zn ferrite. Figure 2.1.5.40 (a) shows the schematic
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diagram and appearance of the prototype hybrid core coupled inductor, and (b) shows the cross-sectional structure. The coil for the coupled
inductor consists of a 2-turn coil x 2-layer configuration using a 4-layer metal PCB, and the two-layer coil is surrounded by a three-
dimensional isotropic fine nanocrystal spherical powder composite core with a specific permeability of 10, which is a closed magnetic circuit
configuration. The nanocrystalline spherical powder composite sheet core has a specific permeability of 150 in the flat plane and is placed
horizontally on the top surface of one side, as shown in Figure 2.1.5.40 (b). The reason for placing the flat powder composite sheet magnetic
core on the most surface of the flat powder composite sheet magnetic core is to shield the magnetic flux leaking from the low permeability
type powder composite magnetic core, and the inductor is surface mounted on the circuit board with the flat powder composite sheet magnetic
core surface down. Figure 2.1.5.41 shows the electrical characteristics of the prototype coupled inductor. For comparison, the electrical
characteristics of a Ni-Zn ferrite chip inductor with similar inductance values are also shown. The figure also shows the difference with and
without the flat powder composite sheet magnetic core for magnetic shielding. The self-resonant frequency of both the prototype inductors
and the Ni-Zn ferrite chip inductors is above 100 MHz, and the inductance of both is constant up to several tens of MHz. The prototype
inductor without magnetic shielding has ahigh Q value of about 70 at 24 MHz, and the prototype inductor with magnetic shielding has ahigher
Q value than the Ni-Zn ferrite chip inductor, with a value of over 40 in the range of 3 to 15 MHz, although the Q value drops due to the loss
in the shield layer. The DC superposition characteristics of the prototype inductor show a small decrease in inductance even at 4 A. In two-
phase coupled inductor operation, the DC current magnetomotive force is canceled, resulting in a large margin against magnetic saturation.
Figure 2.1.5.42 shows the circuit topology and external view of a 24 V input-12 V, 5 V output 12 MHz switching GaN-FET two-phase buck
converter with prototype coupled inductors mounted. Two coupled inductors are surface-mounted on the back of the converter circuit board,
and the converter circuit footprint is 1.5 cm? and volume is 0.75 cm®. Figure 2.1.5.43 shows the efficiency characteristics of the converter:
81 % at5V, 3A (15 W) output and 92 % at 12 V, 2.5 A (30 W) output.

Figure 2.1.5.41 Electrical characteristics of a hybrid core-coupled inductor ¢4

Figure 2.1.5.42 Top view of a 24 V input-12 V, 5 V output 12 MHz switching GaN-FET two-phase buck converter with

prototype coupled inductor mounted ¢
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Figure 2.1.5.43 Efficiency characteristics of a 24 V input-12 V, 5 V output 12 MHz switching GaN-FET two-phase buck

converter 9

There are many other examples, such as a fine spherical powder composite core inductor built into a PCB 9, and a converter module with
CMOS switches and control system chips mounted in three dimensions 9,

¢. Magnetic thin-film inductors

In the 1990s and early 2000s, active research and development of magnetic thin-film inductors and their application to converters was
promoted mainly in Japan, and a number of micro power supplies with several W output power were developed and commercialized, including
Fe-Co-BC heteroamorphous magnetic thin-film inductors and their application to boost choppers ¢”) and the monolithic integration of Co-
based amorphous magnetic thin-film inductors in CMOS converter IC chips @8, Later, the demand for high-current drive in response to the
lower voltages in microprocessors and other LSIs led to the transition to the Power Supply on Chip, a further development of the Point of
Load. The transition was made to the Power Supply on Chip, which further developed the Point of Load.

Figure 2.1.5.44 shows the appearance of a magnetic thin-film inductor developed by Ferric in the U.S. @9 It is manufactured in a wafer
process at TSMC in Taiwan with specifications of inductance density of 300 nH/mm? or higher per footprint area, current density of 12
A/mm? or higher, DC resistance 50 mQ or less, and a coupling coefficient of 0.9 or higher in the case of coupled inductors. The disadvantages
of magnetic thin films, which do not allow for a large magnetic path cross-sectional area and are prone to magnetic saturation, are mitigated
by the coupled inductor configuration, which is actually used in converters for mobile terminals.

Figure 2.1.5.44 Magnetic thin-film inductors from Ferric, USA

EnaChip of the U.S. is developing thin-film inductors targeting 5 to 30 MHz “9 and possesses technologies for high-throughput plating of
Co-Fe amorphous films with high saturation magnetization and layering with insulating films to produce inductors at low cost. Figure
2.1.5.45 shows an example of the inductor development, which consists of a 1 um x 6-layer plated magnetic thin film and a Cu solenoid coil.

An international workshop on Power Supply on Chip is held every other year “9, and an independent session on Integrated Magnetics has
been established for active discussions. [Toshiro Sato]
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Figure 2.1.5.45 Example of an inductor developed by EnaChip in the U.S. 4%

1.5.4 AC Copper Loss Reduction Technology

With the expansion of wide bandgap semiconductors, compact, lightweight, and highly efficient transformers and inductors are desired.
By increasing the excitation frequency to a higher frequency, it is possible to reduce the number of turns of the winding and make it smaller.
However, as the excitation frequency is increased, the AC resistance due to skin effect and proximity effect increases. Reducing AC resistance
is essential to suppress heat generation and improve efficiency of the winding 2.

(1) Copper loss reduction technology by wire (round wire, flat wire, Litz wire, stranded wire, magnetic flux path control)

Generally, round or flat wires are used, and the AC resistance increases as the frequency increases due to the skin effect and proximity
effect. For this reason, it is necessary to select a conductor diameter that is sufficiently smaller than the skin depth determined from the
frequency of the current flowing in the excitation, the permeability and resistivity of the wire material. This paper describes the AC copper
loss of round, square, Litz, and stranded wires, and introduces magnetic flux path control techniques (magnetic coated wire, magnetic
molding, etc.) to reduce the magnetic flux linking the conductor.
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Table 2.1.5.6 summarizes the types of wire and
the suppression of skin and proximity effects. In
general, the AC resistance of round and flat wires
increases with increasing frequency due to the skin
effect and proximity effect. Therefore, it is necessary
to select a conductor diameter that is sufficiently
smaller than the skin depth determined from the
current frequency and the permeability and
resistivity of the wire. To suppress the skin effect and
proximity effect, Litz wire, which is made by

Table 2.1.5.6 Types of wire and suppression of skin and proximity effects

twisting thin strands, is sometimes used 3,
However, in the frequency band above 1 MHz, there
is a resonant frequency caused by the capacitance
between strands, and the resistance increases due to
the resonance. Therefore, the Litz wire loses its
advantage in the band above 1 MHz. In addition, the
occupancy ratio of Litz wire is as small as 0.4 or less,
making it unsuitable for miniaturization and weight
reduction of inductors and transformers.

In addition, the structure of conductors to which
magnetic flux path control (MPC) technology is
applied and its effects are summarized. Magnetic
flux path control technology is a general term for
technology to reduce AC resistance (copper loss) by
suppressing the skin and proximity effects by
loading magnetic materials on the conductor. In
round conductors, the proximity effect is suppressed
by loading a magnetic material on the outer
circumference of the conductor *4, Similarly, the
proximity effect can also be suppressed by providing
a magnetic material on the outer circumference of a
litz wire “9),

In a flat-angle conductor, nonmagnetic insulators
are provided on both sides of the conductor in the width direction, and a magnetic material is further loaded on the outer circumference of
the conductor “6), This structure suppresses both the skin effect and the proximity effect. Furthermore, in a square conductor with a conductor
pattern on the substrate, the copper loss caused by the skin and proximity effects can be reduced by loading the magnetic material in the form
of a cap on the conductor 7). Magnetic materials include Fe, amorphous alloys, and magnetic composite materials, and materials with large
magnetic permeability and low iron loss are desirable.

Copper and aluminum are used as conductors. The resistivity of aluminum is 1.6 times that of copper, resulting in higher DC resistance for
the same conductor cross-sectional area. However, optimization of the dimensions (width and thickness) of rectangular aluminum wire and
application of flux path control technology may reduce AC resistance compared to rectangular copper wire. In addition, the aluminum density
is smaller than that of copper, and the mass of the winding is about 1/3.

Magnetic materials for magnetic coating should be selected from silicon iron, nanocrystalline materials, Fe-based amorphous materials,
etc., considering specific permeability and saturation magnetization.

Figure 2.1.5.46 shows the magnetic properties of a magnetic tape using nanocrystalline mixed spherical powder (mixed powder with
average grain size of 25 um and 3 um). As shown in Figure (a), the complex specific permeability is 25.4 and the loss term p”’. Furthermore,
the saturation magnetization is 798 mT.
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(a) Complex specific permeability characteristics (b) Magnetization characteristics
Figure 2.1.5.46 Magnetic properties of magnetic tape with nanocrystal mixed spherical powder

(2) Copper loss reduction technology by interleaved winding structure
The interleaved winding structure can reduce AC copper losses due to proximity effects. Figures 2.1.5.47 (a) and (b) show analytical

models of planar transformers “8). Figure (a) shows a sandwich-wound planar transformer with the secondary winding across the primary
winding. Figure (b) shows an interleaved planar transformer with primary winding P and secondary windings S1 and S2 laid out as S1-S1-P-

S1-P-S1-P-S1-S2-P-S2-P-S2-S2 from the top.

(a) Sandwich winding (b) Interleaved winding

Figure 2.1.5.47 Transformer with sandwich and interleaved windings

Figure 2.1.5.48 compares the resistance of the primary winding of a transformer with sandwich and interleaved windings, showing the
primary resistance Rsh1l at secondary S1 short circuit. The results of the analysis for the sandwich and interleaved windings are also plotted.
The interleaved winding resistance is smaller than the sandwich winding resistance. The Rsn1 at a frequency of 5 MHz is 132.9 mQ, which

suppresses the increase in AC resistance due to the proximity effect.

Figure 2.1.5.48 Resistance comparison of primary windings of transformers with sandwich and
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(3) Copper loss reduction technology by magnetic circuit structure
AC copper losses increase when the fringing flux links through the winding “9). Figure 2.1.5.49 shows how to reduce AC copper losses
caused by the proximity effect using a curved gap. By making the magnetic core of the gap curved, the fringing magnetic flux acting on the
winding is reduced, thereby decreasing the AC copper loss due to the proximity effect. Another method is to provide a large number of gaps
and shorten the gap length per gap to shorten the magnetic path of the fringing magnetic flux and prevent the magnetic flux from acting on
the winding, thereby reducing the increase in AC copper loss caused by the proximity effect.

(a) Flat gapped inductor (b) Curved gapped inductor
(Fringing flux reducing inductor)

Figure 2.1.5.49 Reduction of AC copper loss due to proximity effect with curved gap

[Tsutomu Mizuno.]
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1.6 Examples of Steinmetz coefficients. Table 2.1.6.1 Soft magnetic materials in various soft

Key words: Steinmetz parameters, core loss magnetic materials
Steinmetz parameters ( « and )

As described in equation (2.1.1.9), the Steinmetz (SE) equation is a typical g o B
mathematical expression in iron loss modeling and is a phenomenological o A =0
expression for iron loss P (W/m?3) in sinusoidal excitation. a and 3, expressed
in the SE equation, are SE parameters representing powers of frequency and Fe-ti - 20722
maximum flux density Table 2.1.1. Table 2.1.6.1 summarizes a and B el S e
expressed in terms of SE parameters for various soft magnetic materials; both Fe-Ni-Mo 13—16 ~21
a and B for Fe-based soft magnetic alloy materials and amorphous alloy Ferrite (Proterial) 18—3.2 24—36
materials are lower than for ferrite. Figure 2.1.6.1 shows the frequency Amorphous (Proterial) ~14 ~9E
dependence of iron loss in a pressed core made of different soft magnetic ro3. 551
materials. For all materials, the iron loss increases linearly on a logarithmic scale ::..55'
with frequency. Among these materials, Fe-Si-Al has the lowest iron loss. ::;tzrous

Figures 2.1.6.2-2.1.6.4 show the frequency dependence of iron loss for different
maximum flux densities measured at sinusoidal excitation and zero bias settings
for the Fe-Si, Fe-Si-Al and Fe-Ni magnetic powder cores, as well as @ and
represented by the SE parameters. Regardless of the material type and the
maximum flux density, the iron loss in all of the cores increases linearly with
frequency on a logarithmic scale. In addition, a and 8, which are expressed as
SE parameters, range from 1.01 to 1.69 and from 1.96 to 2.37 for all the
magnetic cores, regardless of the material composition, etc. D),

This formula is widely used in the design and operational analysis of
magnetic elements such as transformers and inductors. It is useful in the initial
design and simple evaluation of magnetic elements because the iron loss of a

jure 2.1.6.1 Composed of various soft magnetic materials

magnetic powder core can be estimated simply and efficiently.

Fe-Si cores

Figure 2.1.6.2 Frequency dependence of iron loss for different maximum flux densities and SE parameters (a and ) in a pressed magnetic core

made of Fe-Si
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Fe-Si-Al cores

Figure 2.1.6.3 Frequency dependence of iron loss for different maximum flux densities and SE parameters (@ and ) in a pressed magnetic core
made of Fe-Si-Al

Fe-Ni cores

Figure 2.1.6.4 Frequency dependence of iron loss for different maximum flux densities and SE parameters (@ and ) in a pressed magnetic core

made of Fe-Ni

For example, in the case of ferrite cores and laminated steel sheets, the prediction of their losses supports the selection of appropriate
materials and shapes that satisfy efficiency and thermal design requirements. It is also incorporated into simulation tools and design support
software in the power electronics field, and plays an important role in the operational analysis of converters, inverters, and high-frequency
magnetic circuits @,

On the other hand, for the design of magnetic elements, it is necessary to consider various requirements in addition to the mere loss estimation by
the SE formula ®®), Specifically, in the case of a toroidal-shaped magnetic core, leakage flux is suppressed, contributing to miniaturization;
in the case of an E-shaped magnetic core (E-core), it is superior in terms of manufacturing; and in the case of an E-shaped magnetic core (E-
core), itis superior in terms of loss reduction. In addition, eddy current losses can be suppressed by introducing thin laminates and a segmented
structure. The drive frequency of the magnetic element is an important requirement in balancing the performance and volume of the element.
In addition, heat dissipation from magnetic elements is mainly caused by iron loss. Therefore, in order to maintain stable operation of magnetic
elements over a long period of time, it is necessary to manage the heat dissipation from the elements, and it is important to provide effective
cooling measures. Furthermore, in terms of material selection, hysteresis loss and eddy current loss can be reduced by selecting soft magnetic
materials with low coercive force and high electrical resistance. Losses can be further reduced by selecting amorphous alloy materials or
nanocrystalline alloy materials. Thus, by combining design and material selection for shape, frequency, and heat dissipation, it is possible to
realize a high-performance, compact magnetic element and effectively control iron loss.
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1.7 Trade-offs in materials and manufacturing processes for magnetic components

Keyword: Magnetic powder cores, Soft magnetic properties, Practical applications, Magnetic components

In the materials and manufacturing process of magnetic elements, trade-offs among various factors must be considered. In this section, we
focus on the synthesis conditions such as mechanical properties (hardness) of the material, heat treatment process, filling ratio, pressing
pressure, and dimensions of the magnetic core used as a magnetic element.

1.7.1 hardness

The hardness of soft magnetic materials used in a pressed core Table 2.1.7.1 Hardness of typical soft magnetic materials

affects its magnetic properties, mechanical properties, and
manufacturing process V@, Table 2.1.7.1 summarizes the hardness ki B [HV]
of typical soft magnetic materials used in the magnetic powder core. Iron 90—150
On the other hand, the hardness of Fe-Si alloys tends to be equal to

Fe-80Ni ~ 100
or harder than that of Fe. In addition, soft magnetic composite

materials are up to twice as hard as Fe, and ferrite materials are more
than three times harder than Fe. Steel (silicon steel, Fe-Si) 120—250

In the case of a magnetic core made of a low-hardness material,
plastic deformation easily occurs during press forming, resulting in
a high filling ratio of the magnetic core. On the other hand, in the

Fe-Ni-Mo ~ 150

Soft magnetic composites (SMC) 200—400

Ferrite (Mn-Zn, Ni-Zn) 450—700

case of a pressed core made of a high-hardness material, it is
difficult to deform during press forming, making it difficult to improve the filling ratio of the pressed core. In addition, excessive press
pressure can easily cause cracks in magnetic cores made of hard materials or large-sized magnetic cores. Thus, the hardness of the material
(ease of plastic deformation) is closely related to the filling ratio in a pressed core. Especially for highly ductile materials such as Fe-based
powders, further deformation improves the filling efficiency.

From the above, it is necessary to carefully control the optimum process conditions and additive materials according to the hardness of the
soft magnetic material used in the magnetic powder core to achieve a balance among magnetic properties, mechanical strength, and
manufacturing process.

1.7.2 Heat treatment process

In the heat treatment process of a magnetic core, the heat treatment temperature and the atmosphere during heat treatment are important
factors that affect the basic properties of the magnetic core, and precise control of these factors is essential to optimize the magnetic properties
and mechanical durability of the magnetic core ®-©).

For the heat treatment temperature, the temperature as well as the heating and cooling rates are carefully set to prevent heat-induced
deterioration of the properties of the soft magnetic materials that compose the magnetic powder core and to optimize the magnetic properties
such as saturation magnetic flux density and specific permeability of the materials. Different heat treatment temperatures are required for
different types of alloys. On the other hand, soft magnetic materials composed of several elements, such as amorphous alloy materials and
nanocrystalline alloy materials, require more rigorous temperature control (heating and cooling rates) to achieve the desired crystal structure
and magnetic properties. As shown in Figure 2.1.7.1, both the AC coercive force and the loss per cycle in the powder core made of Fe-
6.5wt.%Si powder changed significantly depending on the heat treatment temperature. These may be caused by structural changes or thermal
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degradation of the resin. For amorphous alloy materials, optimization of structural control should be carefully considered, taking into account
the glass transition temperature, crystallization temperature, and composition of the raw material.

Regarding the atmosphere during heat treatment, heat treatment is mainly performed under vacuum, argon, nitrogen, hydrogen, or other
atmospheres that can prevent oxidation of the magnetic powder core and inhibit diffusion of elements in the core. Heat treatment under a
vacuum atmosphere prevents oxidation of the magnetic powder core and maintains the purity of the powder and its magnetic properties. Heat
treatment under argon or nitrogen atmosphere not only prevents oxidation of the magnetic powder core, but also promotes phase
transformation of the powder itself. Therefore, heat treatment under these atmospheres is widely used. In addition, heat treatment under a
hydrogen atmosphere can reduce oxides on their surfaces, mainly in iron-based powders, to promote bonding between particles, activation
of reactions with other elements, and to improve magnetic properties. The choice of these atmospheres affects the overall performance of the
magnetic powder core and contributes to controlling surface oxidation, inter-particle bonding, and the density of the magnetic core.

In addition to these factors, the controlled cooling rate after heat treatment as described above significantly affects the microstructure and
magnetic properties of the magnetic powder core, depending on the type of soft magnetic material that constitutes the core. In particular,
controlled cooling can minimize residual stress in the core, prevent cracks in the core for large size cores, and ensure improved mechanical
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strength and uniform magnetic properties.
Fig. 2.1.7.1 Frequency dependence of AC coercive force and high-frequency loss in a pressed core consisting of Fe-6.5wt.%Si powder at different

heat treatment temperatures ©

1.7.3 Fill rate and press pressure

Filling ratio and pressing pressure are important factors affecting the electrical and magnetic properties and mechanical strength of a
pressed magnetic core (-9, The filling ratio is an index indicating the percentage of soft magnetic powder in the volume of the magnetic
core. The filling ratio is a factor that affects the magnetic permeability . of the magnetic powder core. As the filling ratio increases, the density
of the soft magnetic powder increases, which is expected to improve the permeability in the magnetic powder core. This can be explained by
a simple model in which the magnetic core consists of two phases: "soft magnetic powder™ and "air gap (or air)". In this model, the effective
permeability s in the magnetic core can be approximated as Gierr = Uparticie - @ (4paricie : permeability of soft magnetic powder, ¢: filling
ratio (ratio of magnetic powder to core volume)), indicating that s increases with increasing filling ratio. However, if the filling ratio is
further increased to make the magnetic powder core denser, the magnetostatic interaction between particles becomes more pronounced and
nonlinear changes in magnetic permeability may occur, which cannot be explained by this model. Excessive pressing pressure may also
deform the powder itself, and the expected permeability may not be obtained.

In general, a high packing ratio increases the permeability, flux flow in the core, and mechanical strength of the magnetic powder core, but
it also increases the risk of cracking or breakage during handling, and its effect on hysteresis loss and eddy current loss is more complex.
Hysteresis loss is reduced by the reduction of voids due to the high fill factor, while eddy current loss is reduced by the reduction of voids
due to the high fill factor. On the other hand, eddy current losses are more likely to increase due to the lower electrical resistance between the
particles in the core caused by a high filling factor, especially in the higher frequency range. If the filling factor is too low, the mechanical
strength decreases due to the increase of voids in the core, which leads to an increase in high-frequency losses due to an increase in the
excitation current.

As for the pressing pressure, ®© the pressure range is 500 MPa to 1500 MPa, and the optimum condition depends mainly on the type of
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soft magnetic material and the application of the magnetic powder core. As a specific example, the dependence of high-frequency magnetic
properties on pressing pressure in a magnetic powder core made of Fe-Ni powder is described here. Figure 2.1.7.2 shows the frequency
dependence of complex permeability and high-frequency loss in a pressed core made of Fe-Ni powder formed at different press pressures.
The value of the real part of the complex permeability increased from 70 to 75 with increasing pressing pressure. This result is due to the
improvement of the filling ratio in the pressed core. The high-frequency loss was lowest at a pressing pressure of 1176 MPa and increased at
higher pressing pressures. This behavior is considered to be due to the increase in eddy current loss caused by the breakdown of the insulation
layer between the powders due to the densification of the magnetic powder core caused by excessive pressing pressure. This result suggests
that it is important to maintain high electrical resistance while maintaining the insulating coating on the powder surface in order to suppress
the increase in high-frequency losses caused by high pressing pressure.

From the above, it is essential to optimize the balance between magnetic properties and mechanical strength in a pressed core by adjusting
the filling ratio and pressing pressure in order to maximize the magnetic performance of the pressed core.

Figure 2.1.7.2 Frequency dependence of complex permeability and high-frequency loss in a magnetic powder core made of Fe-Ni powder formed

at different pressing pressures ©

1.7.4 size limitation

The dimensions (size) of a magnetic core made of soft magnetic powders are limited by factors such as material properties, mechanical
strength, heat dissipation performance, and manufacturing feasibility. Small size (10 to 50 mm) magnetic cores are widely used mainly in the
power electronics field. For medium-sized pressed cores (50-200 mm), they are commonly used in transformers, etc. For large pressed cores
(>300 mm), alternative materials are often chosen to overcome the limitations of cores made of magnetic powders. In addition to the need
for advanced materials and cooling facilities, large-sized pressed cores also face challenges such as the non-uniformity of the density of the
magnetic powder core, the fragility of the structure, and the size limitation of the molds.

As the size of the magnetic powder core increases, the permeability of the core decreases due to the increased voids between the powders,
which affects the magnetic properties. In addition, cracks are more likely to occur due to mechanical stress and thermal expansion. In addition,
eddy current loss due to skin effect tends to increase in high-frequency bands, making laminated cores and ferrite cores more suitable in many
cases.

[Mai Phuong Nguyen, Satoshi Okamoto, Yasuhi Endo]
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1.8 Modeling of magnetic elements

Magnetic characteristics are evaluated by the response of the
magnetic flux density B to an external magnetic field H. The
response (susceptibility) is defined as B = uH as the magnetic
permeability pu. The magnetic element characteristics in circuit
simulators and electromagnetic field simulators used in the
power electronics field are described as B = uH. However, in
actual magnetic materials, p is not a constant but a nonlinear
function of H, and has hysteresis characteristics that vary
according to the historical state , making its handling extremely
difficult. In addition, reflecting the loss behavior in the high-
frequency range,uis highly dependent on the frequency. How
to represent such very complicated p behavior and magnetic
hysteresis is a proposition of modeling in magnetic devices. Figure 2.1.8.1 Classification of various modeling methods

The Steinmetz equation is used not only for loss estimation but
also for loss separation for phenomenological interpretation of
loss origins. Steinmetz equation is used not only for loss estimation but also for loss separation for phenomenological interpretation of loss
origins. Furthermore, from this perspective, various types of loss analysis and magnetic domain observation, which have not been generally
recognized as modeling, can be positioned as a type of modeling. Figure 2.1.8.1 shows the classification of these methods, with material
properties and power electronics design (electromagnetism) on the horizontal axis and macroscopic-microscopic on the vertical axis. The
objectives of the various methods are (1) loss estimation, (2) reproduction of magnetic hysteresis, and (3) understanding of the origin of loss,
and the methods are further classified as mathematical models, phenomenological models, and physical models, with the shape and color of
each mark. The methods that are closer to power electronics design are expected to be connected to circuit simulators, while the methods that
are closer to material properties are expected to be connected to the development of materials and devices. From this perspective, it is expected
that the various modeling methods will be coupled in the future to construct an integrated modeling system from material/element
development to power electronics design.

In this section, the play model analysis and the high-frequency magnetization process analysis are explained as follows. [Satoshi Okamoto]

1.8.1 Play Model Analysis

The current status of (1) loss estimation and (2) methods for reproducing magnetic hysteresis in magnetic elements and soft magnetic
materials mentioned above will be reviewed and future prospects will be discussed.
(1) Hysteresis Model Overview

The Steinmetz @ and Bertotti @ methods are well known for expressing iron loss; the Steinmetz method expresses iron loss as a function
of frequency and Bamplitude and is widely used because of its simplicity. An extended method corresponding to square wave voltage
excitation has also been proposed. Bertotti 's method models the abnormal eddy current loss separately, and is applicable to a limited number
of frequencies. Bertotti's method models the anomalous eddy current losses separately and can achieve good accuracy with a small number
of parameters in a limited frequency range. Since it does not include the skin effect term, it must be combined with another method to cover
a wide frequency range, and the frequency dependence of 3/2 power may not be suitable for some soft magnetic materials. It is also possible
to apply the method to magnetic field simulations.
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The Preisach model @ and the Jiles-Atherton (JA) model ® are well-known hysteresis models; the Preisach model can represent a wide
range of hysteresis characteristics such as DC superposition characteristics, but has the drawback of a large computational load. The JA model
is often used because of its simplicity, but its accuracy in expressing hysteresis characteristics such as minor loops is not necessarily high.
The Pray model ® is a model that reduces these drawbacks. The Pray model is mathematically equivalent to the Preisach model, and is a
promising model with high expressive power and a relatively small computational load. However, they are all static DC models, and must be
combined with other methods to represent AC hysteresis characteristics.

(2) Combination of Cauer ladder circuit and play model

Therefore, a combination of the Cauer ladder circuit ® and the Pray model, as shown in Figure 2.1.8.2(a), has been studied to represent the
high-frequency characteristics of soft magnetic materials. By using the Pray model to represent inductor characteristics, it is possible to
represent a wide range of hysteresis phenomena such as polarization and minor loops with a small computational load. The AC B-H curve
corresponding to an arbitrary excitation waveform can be calculated (@ in Fig. 2.1.8.1 reproduces magnetic hysteresis), and as a result, the
loss estimation in Fig. 2.1.8.1 can be performed. This method is expected to be able to predict characteristics under a wide range of operating
conditions based on measurement results under limited measurement conditions.

The inductor in the first stage of the Cauer circuit represents static hysteresis characteristics, eddy current loss is represented by a resistive
element, etc. Each element has a physical meaning, and the model can be easily extended according to the physical phenomena to be
considered. The RL element in the latter stage is responsible for high-frequency characteristics, allowing the model to cover a wide range of
frequencies. The advantages of the circuit representation include the ability to handle arbitrary input waveforms such as PWM excitation, the
natural representation of frequency characteristics as circuit characteristics, and the ability to be implemented in various general-purpose
software such as circuit simulators. Eddy currents in soft magnetic materials flow in the microscopic internal structure, but it is not practical
to perform magnetic field analysis considering the microscopic structure due to the computational cost. Therefore, a homogenization method
is needed to give homogeneous soft magnetic materials with average magnetic properties reflecting the internal structure, and the Cauer
circuit can be used as a homogenization method.

Figure 2.1.8.2 (b) shows the calculated frequency response of the iron loss of sendust. The calculation results reproduce the measurement
results over a wide range of frequencies and amplitudes. The calculation has also been successfully implemented in the representation of the
characteristics of other soft magnetic materials, in the simulation of iron loss under pulse waveform input, and in the finite element magnetic
field analysis method.

(3) Future Development

In the following, we discuss the expected early applications, issues that need to be resolved, and limitations of the known models with
respect to future developments.

a. Expected Early Applications It is expected to be incorporated into finite element magnetic field analysis to create a high-frequency
magnetic element design tool. In addition, its use in expressing the AC hysteresis characteristics of magnetic elements (rather than materials)
will enable its incorporation into power circuit analysis.

For simulation of soft magnetic materials/magnetic element characteristics under real-world conditions, it is desirable to improve the
representation accuracy when DC bias is superimposed. To this end, the stop model ©® can be used instead of the play model, and the weight
function of the play/stop model can be determined by using the extracted features, etc. On the other hand, another issue is that a ladder circuit
of hysteresis inductors and resistors does not express resonance characteristics. In response to this, the resonant response of magnetization
can be simulated by introducing a play hystereon with dynamic characteristics, and at the same time, the resonant characteristics due to the
element structure can be simulated by inserting a capacitor in the circuit. Expansion of applicable frequencies by expressing resonance
characteristics using characteristic separation of magnetic wall movement and magnetization rotation is also expected. On the other hand,
improvement of implementability in general-purpose software is also desired.

c¢. Model Limitations Since it is a phenomenological model, model identification requires measurement results, and B-H loop data are
needed up to the range of Brequired for the calculation. Also, the (static) hysteresis characteristics are fixed and separate from the eddy
current-based dynamic characteristics, and changes in the magnetic domain structure with frequency are not taken into account. As a
mathematical model, the hysteresis characteristics that can be expressed are theoretically shown, and clear constraints are known to exist.
[Tetsushi Matsuo]
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(@) (b)

Figure 2.1.8.2 Magnetic property representation by Play model and Kauer circuit: (a) Kauer circuit, (b) Sendust iron loss calculation results

1.8.2 High frequency loss analysis (magnetization rotation and magnetic wall movement)

High frequency loss analysis originated
from the Steinmetz equation of 1892, as
described in Chapter 2, Section 1.1, which
showed that the loss P (W/m?) can be expressed
as P = kf “sm with frequency f and excitation
amplitude Bm bekice, S. The hysteresis loss Ph is
proportional to f under the assumption that the
hysteresis curve area remains unchanged, not
including dynamic effects, which are losses per
cycle. The classical eddy current loss Pe is
calculated from Maxwell's equation assuming
a uniform magnetization state (magnetization
rotation) of the entire sample, and is
proportional to f 2 in the lower frequency region
where skin effects become apparent.

Furthermore, there is a loss component Fig. 2.1.8.3 Results of applying the magnetization process separation model (left) and the

proportional to f * that cannot be explained by effective magnetic wall model (right) to the sendust compact core, FINEMET
Pn and Pc, and this is considered to be an wound core, and Mn-Zn sintered core. The solid and dashed lines on the left
anomalous eddy current loss due to local eddy show the loss components of the irreversible and reversible magnetization

processes, respectively. Blue, red, and black indicate measurement results at

currents generated by the movement of o i ]
excitation amplitudes By, = 1, 10, and 100 mT , respectively .

magnetic walls, and the basic theory was

established in the 1950s with the single magnetic wall model by Williams and others () and the periodic magnetic wall model by Pry and
Bean @ 8) by Pry and Bean. In 1981, Sakaki and Imagi explained the loss behavior of f - by introducing the magnetic wall number variation
with increasing frequency ©, and in 1985, Bertotti's statistical theory. 102 On the other hand, it has long been accepted that high-frequency
losses are caused by eddy currents, both classical eddy currents and anomalous eddy currents, but recently, Suzuki's group has experimentally
shown that there is a strong correlation between magnetostriction and high-frequency losses 3, and Tsukahara's group has developed a theory
of the effect of magnetostriction on high-frequency losses 4, and its formulation has shown that high-frequency loss due to magnetostriction
has the same f 1% loss behavior as that of anomalous eddy currents %, In other words, since the high-frequency losses due to eddy currents
and magnetostriction cannot be distinguished in the solution analysis by frequency becking, the loss component of f % for both of them
combined as excess 10ss Pexc is given by the iron loss formula based on the Steinmetz formula in Equation (2.1.1.10) or Equation (2.1.1.11)
in Section 1.1.6 of Chapter 2 (2.1.1.11) is given.

On the other hand, it should be noted that the iron loss formula based on the Steinmetz formula was established in the era when
electromagnetic steel plates were driven at low frequencies. Specifically, hysteresis loss is treated as independent of frequency, but in reality,
in the high-frequency range, the magnetic domain structure is subdivided and the magnetization process itself changes ), and the classical
eddy current loss, which assumes magnetization rotation, and the excess loss, which assumes magnetic wall movement, are compatible. The
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iron loss equation based on the Steinmetz equation should be interpreted phenomenologically -

A loss analysis method based on the magnetization process has been proposed by Fiorillo and his group, and it has been shown that the
reversible component (magnetization rotation) and irreversible component (magnetic wall movement) of the magnetization process can be
separated 7). The model by Sakaki and Imagi, already mentioned above, is also effective as a method to experimentally quantify magnetic
domain subdivision in the high-frequency region ). Hereafter, the former is referred to as the magnetization process separation model and
the latter as the effective magnetic wall model. The effective magnetic wall model was originally intended for periodic magnetic walls of
electromagnetic steel plates, but it has been shown to be applicable to samples with irregularly shaped magnetic domains, such as ferrite and
amorphous thin strips, by treating them as effective periodic magnetic walls 9,

Figure 2.1.8.3 shows the results of applying the magnetization process separation model and the effective magnetic wall model to three
types of magnetic cores: sendust compact core, FINEMET wound core, and Mn-Zn sintered core 9. The vertical axis is the iron loss per
cycle, W (J/m3). The magnetization process separation model shows that the irreversible magnetization process is the main component in the
low frequency region, and the effective magnetic wall model is the main component in the high frequency region. The iron loss W changes
slowly with frequency in the low-frequency region. On the other hand, in the high-frequency region, the reversible magnetization process is
the main component and Wincreases significantly. The effective magnetic wall model shows that the effective magnetic wall number nefr tends
to increase in the low-frequency region and saturates in the high-frequency region. Furthermore, the frequency at which the magnetization
process changes in the magnetization process separation model roughly corresponds to the frequency at which the behavior of nett changes in
the effective magnetic wall model. However, this frequency varies greatly from sample to sample. Furthermore, comparison with the results
of the analysis using the equation (2.1.1.7) in Section 1.1, which has been widely used in the past, shows that the loss component in the
irreversible magnetization process (magnetic wall movement) is almost equal to the sum of hysteresis loss and excess loss, while the loss
component in the reversible magnetization process (magnetization rotation) is almost equal to the classical eddy current loss. Statistical
analysis also shows that the effective magnetic wall number corresponds well to the behavior of the magnetic object in the statistical theory.
Therefore, the results of this analysis clarify the correspondence between various iron loss analysis models proposed in the past.

On the other hand, the results in Figure 2.1.8.3 were obtained for samples with relatively small iron loss, and such a clear correspondence
was not found especially for samples with large magnetostriction-induced loss, indicating that a more detailed discussion of the magnetic
domain structure and magnetization process is needed. This is an issue to be addressed in the future. [Satoshi Okamoto]

*In large amplitude excitation, magnetization rotation occurs after the magnetic wall shift. However, even in this case, the ratio of magnetization
rotation to the total magnetization change is very small.

1.8.3 LLG Analysis

As shown in "Figure 2.1.8.1 Classification of various modeling methods" Landau-Lifshitz-Gilbert (LLG) analysis is aimed at
understanding microscopic properties of magnetic materials. It has been used in the fields of magnetic recording and spintronics as a tool for
clarifying the dynamic behavior of magnetization at the nanoscale, such as the dynamics of magnetization reversal, but it is difficult to extend
it to real-scale electrical devices and magnetic elements. On the other hand, Maxwell's equations, which describe electromagnetic phenomena,
have been widely used as a tool to understand the behavior of electromagnetic fields, not only in the electromagnetic properties of materials
but also in the analysis and design of electrical devices such as transformers, inductors, and motors. Since there is a big difference in the scale
of the analysis space between LLG analysis, which covers the nanoscale region, and Maxwell analysis, which is used for real-scale electrical
equipment, various innovations are required to analyze the two in conjunction.

Here, we present an example of LLG/Maxwell coupled analysis for the purpose of analyzing the properties of soft magnetic materials such
as transformers and inductors, and also discuss some of the issues involved.

(1) LLG equation and Maxwell equation
The LLG equation describes the dynamic behavior of magnetization and is expressed as

a _ Y _MxH ! M x (MxHy), H _ 9Bt
dt  1+a? eff 1+ a? M eftl> Heff = “sm

(2.1.8.1)

M is the magnetization vector and He is the effective magnetic field. y is the gyromagnetic constant, and o is the damping constant for the
dynamic behavior of the magnetization. The effective magnetic field nert is defined by the partial derivative of the magnetization energy Etot.

Etor = f AV{Eani + Eex + Eext + Esta + Eela} (2.1.8.2)
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Eani, Eex, Eext, Esta, and Eela are the anisotropic energy per unit volume, exchange energy, Zeeman energy due to external magnetic field,
magnetostatic energy, and magnetoelastic energy, respectively. Thermal energy is also added if the behavior at high temperatures is
considered. Although all energies should normally be considered, they may be omitted depending on the analytical model under consideration.
Nowadays, general-purpose software for LLG analysis is available 29,

Maxwell's equations describe electromagnetic phenomena in the space containing the material, and in the case of metallic magnetic
materials, they are expressed as follows

0B
divB = 0, rotE = BT rotH =j, B=puH (2.1.8.3)

where B is the magnetic flux density vector, E is the electric field vector, and j is the current density vector. x is the magnetic permeability.
In general, there is a nonlinear relationship between magnetic flux density and magnetic field, and the magnetic permeability is also nonlinear.
In the case of ferrite and composite materials, which have dielectric properties, the displacement current component must be taken into
account. For transformers, inductors, and motors, Maxwell analysis is now available as general-purpose software that can consider nonlinear
B-H characteristics including hysteresis and coupling with external circuits @9, At present, there is no general-purpose software that enables
simultaneous coupled analysis of LLG and Maxwell, and coupled analysis has been attempted using various methods.

There are not many examples of coupled LLG/Maxwell analysis for soft magnetic materials for transformers and inductors. As shown in
Figure 2.1.8.4, modeling itself is difficult for isotropic materials with a mixture of magnetic wall movement and magnetization rotation.
Based on the guideline that the introduction of the magnetization rotation process by anisotropic induction is effective in reducing high-
frequency losses in metallic magnetic materials, the following is an example of high-frequency loss modeling by coupled LLG/Maxwell

Figure 2.1.8.4 Magnetization characteristics when magnetic wall movement and

analysis assuming magnetization rotation.
(2) Example of LLG/Maxwell Coupled Analysis

a. a previous coupled analysis by Bottauscio et al. 2 and Paakkunainen et al. 3 for anisotropic amorphous thin bands

Bottauscio et al. ?? studied a method for predicting high-frequency magnetic properties by coupling LLG and the diffusion equation of the
electromagnetic field by Maxwell analysis for the case of longitudinal magnetization rotation excitation of a thin amorphous strip with induced
anisotropy in the width direction. The LLG analysis neglects magneto-elastic energy, eddy currents are included in the effective magnetic
field of the LLG analysis, and the LLG analysis and the diffusion equation of the electromagnetic field are analyzed using a one-dimensional
model in the longitudinal direction of the thin strip. Although the results do not reflect the inhomogeneity of local magnetic properties in thin
strips of actual dimensions, they compare the measured energy loss of annealed Co-Fe-B-Si amorphous thin strips annealed in a magnetic
field in the width direction from 0.1 kHz to 1 GHz and find that the analytical results reproduce the trend of the measured values well.
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Figure 2.1.8.5 Model of thin strip winding core
with anisotropy in the width direction,

based on reference (23)
Figure 2.1.8.6 Energy loss of 17- . m-thick widthwise anisotropic Co-

Fe-B-Si amorphous thin band, based on Ref. (23)

Paakkunainen et al. 3 proposed a method that combines longitudinal one-dimensional LLG analysis and two-dimensional electromagnetic
field analysis for thin strip with width-directed anisotropy. Figure 2.1.8.5 shows a model of a thin strip core with anisotropic winding in the
width direction to be analyzed, assuming a 180° magnetic domain structure aligned in the width direction of the thin strip and assuming
that the magnetic walls do not move due to longitudinal excitation of the thin strip and that magnetization reversal occurs only by
magnetization rotation. (22), the eddy current magnetic field is included in the effective magnetic field of the LLG analysis. The longitudinal
one-dimensional LLG analysis is modeled analytically based on the governing equations in Eq. (2.1.8.1), while the finite element method is
used for the two-dimensional electromagnetic field analysis. The results of the one-dimensional LLG analysis are assigned to each mesh of
the two-dimensional finite element method (FEM). Figure 2.1.8.6 plots the energy loss of a 17-um-thick, widthwise anisotropic Co-Fe-B-Si
amorphous thin band, showing the predicted and measured values from the one-dimensional analysis by Bottauscio et al. (23), as well as the
relative error to the measured values. The average magnetic flux density amplitude sm is 3 mT, the damping constant for the dynamic behavior
of magnetization « is 0.04, and the electrical resistivity p is 1.41 pQ-m. Both of them explain the measured values well at frequencies above
1 MHz, where the energy loss is large, and in particular, the two-dimensional FEM/one-dimensional LLG analysis by Paakkunainen et al. In
the actual thin band, energy loss involving magnetic wall movement is included in the low frequency region, and the discrepancy in the
calculated values at frequencies below 1 MHz is estimated to be due to eddy current loss caused by magnetic wall movement. Based on the
report @4 that the damping constant for the dynamic behavior of magnetization depends on the thin-band thickness, the discrepancy in the
measured values is reduced by increasing the value of a from 0.04 to 0.1. have been used.

In the examples of Bottauscio et al. @ and Paakkunainen et al. @, the coupled LLG/Maxwell analysis reproduces the measured values
well because magnetization rotation is dominant at high frequencies where the magnetic walls cannot follow (magnetization rotation is a
reversible magnetization process, and the agreement between the predicted and measured values in the high frequency region is a natural
consequence). However, at frequencies below 1 MHz, there is a large discrepancy with the measured values, and the measured values include
eddy current components due to magnetic wall movement, which is estimated to result in large errors. The influence of the amplitude level
of the magnetic flux density is stated to improve the prediction accuracy by adjusting «. Furthermore, the specific method of giving anisotropic
energy (anisotropic magnetic field) is not clarified, and there are many ambiguous points. It is also necessary to discuss how the intensity of
anisotropy and the dispersion of orientation affect the loss. In addition, both analyses were performed on anisotropic thin strips with a
thickness of 13 to 20 um. Although it is possible to accurately predict high-frequency losses above 1 MHz, it is unlikely that these thin strips
will be used in transformers and inductors at frequencies above 1 MHz. In reality, the main application is expected to be up to several hundred
kHz, so it is desirable to improve the accuracy of loss calculation in the low-frequency range.

b. A case of coupled analysis for anisotropic thin zones by Oishi et al. 29

Qishi et al. @® proposed a coupled LLG/Maxwell analysis for longitudinal magnetization rotation excitation of anisotropic thin strips using
a different method. Since eddy currents depend on the shape and dimensions of soft magnetic materials, the eddy currents vary greatly
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depending on the shape and
dimensions of the magnetic cores
of actual transformers and
inductors. Therefore, we have
studied a method to calculate the
damping loss due to magnetization
rotation by LLG analysis and to
use the resulting dynamic B-H
curve as a parameter of Maxwell
analysis as  material-specific
physical property data. Each
analysis was performed using
general-purpose  software (01
Figure 2.1.8.7 shows an overview
of the LLG/Maxwell pseudo-
coupled analysis for an anisotropic
thin band. In the Maxwell analysis,
eddy current calculations are performed
reflecting the shape and dimensions of the real-
scale material, so the dynamic loss obtained
here is the sum of damping loss due to
magnetization rotation and eddy current loss. A
pseudo-coupled analysis of dynamic B-H
curves for an anisotropic thin band with a
saturation magnetization of 1 T and an
anisotropic magnetic field of 800 A/m is
performed for the case of origin-symmetric AC
excitation. Although not shown here, the
intrinsic resonance frequency of the material of
the target model is about 30 MHz. In the LLG
analysis, the damping loss increases rapidly at
10 MHz, which is close to the resonance
frequency, due to the effect of resonance, and
the dynamic B-H curve becomes nonlinear. The
results of the Maxwell analysis using these

Figure 2.1.8.7 LLG/Maxwell pseudo-coupled analysis for an anisotropic thin band with

saturation magnetization of 1 T and an anisotropic magnetic field of 800 A/m

Figure 2.1.8.8 Frequency response of dynamic loss in anisotropic thin band
simulating transformer operation, based on Ref. (26)

material specific dynamic property parameters are shown in Figure 2.1.8.8, which shows the frequency characteristics of the dynamic loss,
which is the sum of the damping loss and eddy current loss for o; 0.1, and the B-H curve at each frequency. The material-specific magnetization

process shows nonlinear behavior near the resonance frequency, but in the Maxwell analysis, the eddy current braking is dominant, so the

rapid increase in damping loss due to resonance is masked, and the results are in good agreement with the calculated values based on classical

eddy current loss. Since the dynamic loss consists of damping loss and eddy current loss, the effect of nonlinear damping loss becomes

apparent when the eddy current loss becomes relatively small due to the thinning of the thin band. The above analysis can also be performed

for inductor operation in which a DC magnetic field is superimposed in the same direction as the AC magnetic field, and it is possible to

estimate the strength and orientation distribution of the anisotropic magnetic field (anisotropic dispersion) from the measured magnetostatic

properties of magnetic materials using LLG analysis @7, and incorporate these into LLG/Maxwell analysis (27) By incorporating these into

LLG/Maxwell analysis, the actual material properties can be predicted with higher accuracy, and for thin anisotropic bands, loss modeling

with high accuracy at several hundred kHz, which is regarded as the volume zone, is expected to become possible.

(3) issue

LLG analysis of soft magnetic materials for transformers and inductors assumes anisotropy-induced hard magnetization axis excitation,

which is very difficult to model for many materials with a mixture of magnetic wall motion and magnetization rotation as shown in Figure

2.1.8.4. Further study is needed before the coupled LLG/Maxwell analysis can be useful for general soft magnetic materials. For example,
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it is necessary to devise various methods such as extracting many material-specific property parameters from multiple measured property
data, compiling a statistical database of local magnetic properties of materials and using it for LLG analysis, etc. In the future, the
introduction of Al approaches using GA, multi-objective optimization, etc. will be essential. In the future, the introduction of Al approaches

using GA and multi-objective optimization will become indispensable. Furthermore, it is desirable to develop general-purpose software that
can be used by inductor and transformer designers.

[Toshiro Sato]
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Section 2 Capacitor

2.1 Using different capacitors for power electronics

Keyword: Energy storage elements, Ripple current, Withstand voltage, Lifetime, Capacitance
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In power electronics applications, capacitors play the role of not only a reactance element expressed as X=1/wC (), but also an energy
storage element expressed as W=1/2CV2(J). In other words, it is necessary to discuss both the behavior of AC circuits as well as DC circuits
simultaneously in power electronics applications. Moreover, the frequency component produced by power electronics circuits is not a single
component in most cases, but has a wide bandwidth from low to high frequency regions, and the bandwidth varies depending on the circuit
and control scheme.

2.1.1 Radar chart

Looking at the power electronics circuit from the capacitor's point of view, it only accepts the current flowing in from the circuit and the
applied voltage without any denial, and the evaluation axes can be classified as follows
®  Ripple current rating (low frequency range)
®  Ripple current rating (high-frequency range)

RERY T )VERER

EEFIE BRER U T IVERER

FHin YHEE

——EBR(RIK) —o—BR(EAR) —e=TJaqIlL —-tT5=vy

®  Withstand voltage
®  Capacitance (reactance wl )
® life span L
®  cost 450V
®  Temperature Characteristics v LS
; i divided ; T ACH!H

The ripple current rating is divided into low-frequency and high-frequency 400vig 450V Z‘SO*“V?&
regions. This is because when the low-frequency (100 or 120 Hz) current J I
generated by a single-phase converter flows in, not only is capacitance required, PRIt T-type NPCA >/ S—A4

but also low loss in the low-frequency region is required. For example,

electrolytic capacitors can be easily increased in capacitance, but their ESR
Figure 2.1.1.2 Application of 450 V solid

increases in the low-frequency range, which is a drawback. Figure 2.1.1.1 .
polymer capacitor to a 400 V

shows a radar chart summarizing the above evaluation axes and the
characteristics of each capacitor.

However, cost is excluded from the radar chart because there are multiple possible evaluation criteria. For example, the radar chart changes
depending on whether it is considered per unit capacitance (JPY/uF) or per unit ripple current rating (JPY/A). It may also be necessary to
consider the cost of capacitors in the power electronics circuit, but this is difficult to evaluate because it depends on the other evaluation axes
mentioned above.

If the performance of the capacitors given in the above evaluation axes evolves, the circuit technology used may (or should) change along
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with it. For example, if a 450 V withstand voltage polymer solid capacitor is realized as shown in Figure 2.1.1.2, it can be applied not only
to 200 V series inverters but also to 400 V series inverters if the circuit configuration is made into an NPC inverter @, If ESR increase in the
low-frequency range is a problem, as is the case with aluminum electrolytic capacitors, a power decoupling circuit can be introduced to
actively reduce the low-frequency ripple current @. Another idea is to connect different types of capacitors in parallel, for example, using
liquid electrolytic capacitors in the low-frequency region where capacitance is required and using solid polymer capacitors to handle the
switching ripple component in the high-frequency region ©,

The above ideas are similar to the fact that the circuit configuration adopted has been reviewed as power semiconductor devices have
evolved, and that there are examples of the adoption of combinations of different types of semiconductors, such as cascode connections,
respectively.

2.1.2 Perspectives of the user and the creator

(1) User

Most power electronics circuit engineers look at capacitors as a black box, with electrical characteristics (current rating, withstand voltage,
and capacitance), physical size, and lifetime. For physical size, power density (W/cm?2), which is the rated power per unit volume, is often
used as an indicator. However, since the actual voltage and current waveforms of power electronics circuits often have a diverse mix of DC,
low-frequency, and high-frequency components, it is difficult to accurately estimate the characteristics (loss, life) in actual use by using
electrical characteristics based on impedance measurement at a single frequency. As a result, a margin is set for selection.

For these reasons, the user really needs data on actual use (e.g., loss characteristics at square wave ripple current inflow). Or, the user side
needs to transmit the method of acquiring data on capacitors in actual use.

(2) Maker
It is possible that the actual use of the capacitor in the power electronics circuit is not clear. For example, it is unclear whether the emphasis
should be on increasing capacitance or reducing losses, and since power electronics circuits have (or appear to have) a wide variety of circuit
configurations, it appears that it is necessary to provide capacitors suitable for each circuit. It would be desirable to have the requirements
from the user side expressed not in terms of application or circuit configuration, but in terms of clear numerical values for how much electrical
stress is applied to the capacitor. Specifically, environmental temperature, ripple current (in the low-frequency range and high-frequency
range, respectively), capacitance, etc. should be mentioned.
[Kazunori Hasegawa]
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2.2 Ceramic Capacitors

Keyword: Multilayer ceramic capacitor (MLCC), Paraelectric, Ferroelectric, Antiferroelectric, Reliability, Electrode material

2.2.1 Classification of dielectrics and their application as multilayer ceramic capacitors

Dielectrics are mainly classified into paraelectric, ferroelectric, and antiferroelectric, depending on the symmetry and polarization
properties of the material. Their characteristics are outlined below.
(1) paramagnetic substance

The dielectric constant does not change with the application of an electric field. Since the relative dielectric constant is generally low (100
to 101), composition design for low loss and high dielectric strength is fundamental. In general, temperature and time variations (aging) of
the relative dielectric constant are extremely small, and materials such as CaZrO3 are used as temperature compensating (Class-1) multilayer
ceramic capacitors. In oxides, cations with stable valence, such as Si, Al, Zr, and Hf, are often selected. 102-class high relative dielectric
constant can be obtained by using a material system that exhibits special paraelectricity, called quantum paraelectricity or precursor-type
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ferroelectricity. However, the temperature variation of the relative permittivity is rather large. Typical examples are rutile TiO2, CaTiO3,
SrTiO3, and KTaO3-(M®@ A material in which Bi in Bi2SiO5 is partially replaced by La has a high permittivity of class 102, but the temperature
change in permittivity is very small® By using a phenomenon called the Maxwell-Wagner-Sillars effect ®, an exceptionally large relative
permittivity of class 104 can be obtained, which has been put to practical use as a grain boundary insulating type capacitor. (In recent years,
the number of such capacitors has been decreasing due to the difficulty of stacking them in the trend toward capacitors with larger capacitance
and smaller size.)

(2) ferroelectric

The dielectric constant decreases with the application of an electric field, and extremely high dielectric constants of 10?to 10° can be
obtained. BaTiOs, a perovskite-type oxide, is used as a representative material for high dielectric constant (Class-11) multilayer ceramic
capacitors. Although the relative dielectric constant has a strong temperature dependence, the temperature change can be weakened by adding
appropriate additive elements. Aging, in which the relative dielectric constant decreases with time, is often observed. Typical ferroelectric
material systems include perovskite-type oxides, layered perovskite-type oxides, and tungsten bronze-type oxides. Many of them contain Ti,
Nb, Pb, Bi, etc. as constituent elements.

(3) antiferroelectric

The dielectric constant increases with the application of an electric field. When the applied electric field is sufficiently small, the dielectric
constant is 10* to 102, which is higher than that of ferroelectric materials. Excluding water-soluble oxides and organic materials, the number
of antiferroelectrics reported today is far fewer than that of ferroelectrics. A perovskite-type oxide, PbZrQs, is known as a representative
antiferroelectric material ©). Recently, a new antiferroelectric material has been reported in titanite-type oxides, which is expected to be a new
material combining high dielectric constant and excellent insulating property under high voltage ©®),

(4) Reliability (life span, dielectric breakdown strength)

The reliability required of multilayer ceramic capacitors varies widely, but from the standpoint of intrinsic reliability, insulation resistance
at high temperatures and high electric fields is important. In general, there is a problem of insulation resistance degradation under high
temperatures and high electric fields, and this problem is particularly apparent in the most advanced compact large-capacity multilayer
ceramic capacitors, which have a thinner layer thickness. The mechanism of insulation resistance degradation is complex and is strongly
affected by defects such as oxygen defects inherent in ceramics and heterogeneity of ceramics, as well as structural defects and heterogeneity
of devices.

It is known that there is a negative correlation between dielectric breakdown strength and dielectric constant, but the correlation between
high temperature load life and dielectric constant is not well understood.

(5) Electrode Material

For both Class-1 and Class-I1l1 multilayer ceramic capacitors, noble metal materials such as Pt, Pd, and Ag-Pd were used for the inner
electrodes when they were first developed. For both Class-1 and Class-11 multilayer ceramic capacitors, noble metal materials such as Pt, Pd,
and Ag-Pd were used for the internal electrodes, but with the development of reduction-resistant dielectrics, base metals such as Ni and Cu
are now mainly used. In PLZT-based multilayer ceramic capacitors, Cu is used as the internal electrode, taking advantage of the technology
cultivated in the manufacture of multilayer piezoelectric actuators.

2.2.2 Trade-off between dielectric constant and reliability

Dielectric response is derived from various polarization phenomena such as electronic polarization, ionic polarization, orientation
polarization, and even interface polarization due to spatial inhomogeneity of electrical properties in a material. Electronic polarization is a
polarization phenomenon that occurs when the electronic state is excited by the application of an external electric field. Therefore, the
dielectric constant due to electronic polarization is proportional to the reciprocal of the energy band gap of the material. In general, the higher
the energy band gap, the higher the insulating property, and thus there is an inverse relationship between the dielectric constant and the
insulating property of a material, resulting in a trade-off between high dielectric constant and good insulating property. Since all polarization
phenomena can be regarded as a kind of excitation phenomena, a similar trade-off between dielectric permittivity and insulating property is
expected to occur for dielectric permittivity caused by other polarization phenomena, as in the case of electronic polarization.

On the other hand, if the applied electric field is significantly large, dielectric breakdown may occur due to the formation of electron
conduction paths as chemical bonds are broken by the local electric field. Since the magnitude of the local electric field in a dielectric is
proportional to the dielectric constant, there is also a tradeoff between dielectric breakdown strength and dielectric constant. However, since
there are various mechanisms of dielectric breakdown, a unified understanding of the relationship between dielectric constant and dielectric
strength has not been established.
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Since insulation is an important factor in material reliability, the tradeoff between dielectric constant and insulation leads to a tradeoff
between dielectric constant and reliability. However, the relationship between dielectric constant and reliability is highly dependent on the
fabrication process, since the reliability of ceramic capacitors is greatly affected by the nature of additives and grain boundaries. In order to
prevent dielectric breakdown in actual multilayer ceramic capacitors, the rated voltage is usually set with a margin of sufficient reliability.
The rated voltage is often set at about 1/10 of the breakdown strength. Since short-circuit failures due to dielectric breakdown of ceramic
capacitors greatly affect the reliability of power electronics devices, the prevention of such failures is an extremely important issue. However,
it is difficult to solve this problem only by developing new materials. Therefore, a multifaceted approach is needed, which combines prior
avoidance by designing electrode patterns and detecting the precursor phenomena of dielectric breakdown.

For consumer electronics applications, there is little need for superior insulation properties as long as the dielectric loss is small to some
extent, but as power electronics applications expand in the future, it is expected that even better insulation properties will be required.
However, as power electronics applications expand in the future, it is expected that even better insulation properties will be required.
[8l

[Hiroki Taniguchi, Manabu Hagiwara, Sakyo Hirose]
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2.3 Film capacitor

Keyword: Film capacitor, Low loss, Temperature characteristics, Reliability, Self-healing, Thin film

A film capacitor is a capacitor that uses a polymer plastic film as a derivative.
(Figure 2.2.3.1 shows the appearance of a film capacitor element.) There are two

types of film capacitor elements: (a) a metal foil type film capacitor in which a metal fol
film and metal foil such as aluminum are superimposed and wound together to \.
form a capacitor, and (b) a vapor-deposited metal type film capacitor in which a
vapor-deposited electrode made of extremely thin metal is wound onto the film. \ _
In recent years, the demand for high security and miniaturization has led to the filrm
mainstream of vapor-deposited metal-type film capacitors with self-healing (a) Metal foil type film capacitor

functions and high energy density.

Polypropylene (PP) film and polyethylene terephthalate (PET) film are the most
commonly used dielectric films in use today, among which PP film is widely used
because of its high reliability and excellent electrical characteristics (low loss,
stable temperature characteristics, etc.). Table 2.2.3.1 shows examples of general
characteristics of PP and PET films.

metalized film

Table 2.2.3.1 General characteristics of dielectric films

. relative dielectric " .
melting (b) Evaporated metal type film capacitor
int density dielectric tan & breakdown
oin
po (g/lcm®) constant (%) strength
© ) (Vium) Figure 2.2.3.1 Film capacitor element
PP 160-170 0.9 2.2 0.02 550
PET 260 14 31 0.3 500
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2.3.1 High temperature characteristics

Figure 2.2.3.2 shows an example of the capacitance change rate (based on 20 °C), loss factor, and insulation resistance of PP and PET
film capacitors, which are used as dielectric materials in film capacitors, with respect to temperature change.
(1) Capacitance change rate

PP film capacitors are characterized by a gradual decrease in capacitance between -40 “C and 100 °C. The rate of change is approximately
5%, showing excellent stability with respect to temperature. On the other hand, PET film capacitors have a stable capacitance change rate
similar to that of PP film capacitors, but the capacitance tends to increase, which is different from the behavior of PP film capacitors.
(2) loss factor

The PP film capacitor shows almost no change with temperature and maintains an extremely low loss factor. On the other hand, the loss
factor of the PET film capacitor is more than one order of magnitude higher than that of the PP film capacitor, with a bottom around 80 °C.

Focusing on the capacitance change rate and loss factor, the temperature characteristics vary depending on the type of dielectric film, so it
is necessary to use them in consideration of their characteristics.
(3) Insulation resistance

The insulation resistance of both PP and PET film capacitors tends to decrease as the temperature rises.

These dielectric films are crystalline organic polymer materials, and as the temperature rises, molecular motion becomes more active, and
eventually the crystalline portions break down and become fluid (melting point).

Increased molecular motion facilitates the movement of electrons and ions in the polymer, leading to a decrease in the film's insulation
resistance, which in turn leads to a decrease in its withstand voltage performance.

In the above, it was shown that the characteristics of film capacitor elements change depending on temperature characteristics (high
temperature characteristics). Equivalent Series Resistance (ESR), which is one of the factors that raise the capacitor temperature, will be
explained in the following sections.

2.3.2 Equivalent Series Resistance

The main causes of temperature rise in capacitors are ambient temperature and self-heating due to losses generated in the capacitor. This
section discusses the losses due to the AC component generated inside the capacitor.

Figure 2.2.3.3 shows the equivalent resistance components. The three resistance components that mainly contribute to the loss are the
resistance component Rq associated with the dielectric polarization delay, the conductor componentrc such as electrodes, and the insulation
resistance component Ry of the dielectric film.

ESR is an important factor that affects the loss due to the AC current component of a capacitor. In Figure 2.2.3.3, the factors that affect
ESR are R4 and Rc, except for Ri, which is the insulation resistance component that has almost no effect on loss due to the AC current
component.

Focusing on R, the circuit is a series circuit of Ra and C (capacitance). When an alternating voltage v (V) of frequency f (Hz) is applied
here, currents with the relationship shown in Figure 2.2.3. 4 flow, where l4 (A) is the magnitude of the current produced by Rq, Ic (A) is the
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(a) Capacitance change rate - temperature characteristics (b) Loss factor - temperature characteristics (c) Insulation resistance - temperature
characteristics
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current flowing in C, and do is called the dielectric loss angle, a value determined by the film's characteristics.
Since v is applied to the series circuit configuration of Rq and C, l¢ and Ic are

L= v
-y (2.2.3.1)
I, = 2mfCV (2.2.32)

which is the tangent of &o. Taking the tangent of &0 in Figure 2.2.3.4, we obtain the following equation

1
b, /R 1
tand, == = —94 =

_ _ (2.2.3.3)
I, 2mfC  2mfCR,

If the power loss due to Rq is Po (W), the product of v and I in Figure 2.2.3.4 is Po.

l¢ can be approximated as sindo ~ tando, since do is usually very small, and is expressed as
Iq = Isin§y = tandy(2.2.3.4)

po is the following.

Py = vl = vItan§, (2.2.3.5)
Let ESRo (€2) be the equivalent series resistance that causes dielectric losses, and assume that a current | flows through this esro
IZESRO = PO (2.2.3.6)

We can think of the equation (2.2.3.6) as Substituting equation (2. 2.3. 5) into equation (2. 2.3.6) and solving, we obtain equation (2.2.3.7).

Py, VItan§, tang, 1
= —== = = 2-2-3'7
ESRo =13 12 2nfC ~ (2mfC)?Ry ( )

This is the ESR associated with the polarization delay of the dielectric film.

Next, the ESR component is also obtained for the conductor component Rc. As in the case of ESRo, focusing on Rc in Figure 2.2.3.3, the
model is only Re with no C present. Let | be the magnitude of the total current flowing when v is applied to it and le be the current flowing
in Re

I, =1 (2.2.3.8)
and if the power loss due to Rc is Pc (W), then
P. = R.le? = R¢I? (2.2.3.9) -
will be. o I AA AMA— o
|

If the equivalent series resistance that causes conductor losses is ESR1
(Q), then when a current | flows through this ESR1

Ry
I2ESR, = P, (2.2.3.10)
We can think of the equation (2.2.3.10) as Substituting equation (2. 2.3. 9) C (F): Capacitance
into equation (2. 2_3_10) and solving, we obtain equation (2_2.3.11). ra (Q): Resistance component due to dielectric loss of the film
Rc (©): Conductor resistance component of deposited metal,
pc RcIZ drawer electrode, etc.
ESR; = (il R, (2.2.3.11)

RI (Q): Insulation resistance component of film

Therefore, the overall capacitor resistance component, ESR (Q), is

tané I
ESR = ESR, + ESR, = anCO +R, (22.3.12) Py

It is obtained by
Since there are various possible components of R, the ESR components ) /
of each component are summed up in the ESR design of film capacitors. D\D/

Iy

Figure 2.2.3.4 Relationship between
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2.3.3 Future of Dielectric Materials, Limitations of Thin Film TR : S

In recent years, all products have become smaller and denser, and film
capacitors continue to be required to be smaller and denser. i T ANVDER d
Capacitance is one of the electrical characteristics required of a
capacitor, and the body size of a capacitor varies greatly depending on the ST (LA
required capacitance size.

The capacitance of a film capacitor varies with the film thickness and

electrode area, and is expressed by the following equation. Figure 2.2.3.5 Figure 2.2.3.5 Image of a capacitor
shows an image of a film capacitor.
C=goxesxS/d (2.2.3.13)
7 A VLR HA LR,
C(F): Capacitance | | ' % , /./ i
€0 (F/m): Dielectric constant in vacuum | |
¢s : relative permittivity PN
S( m?): Electrode area
d (m): Film thickness | 55 53 C R PTHE R AR
In order to increase the capacitance per unit volume, it is necessary to reduce IRIESRALHD /KE/I\E
the size of the film capacitor. — T 7 i
(1) Reduce film thickness d i ' ' ]
(2) Increase the dielectric constant of the dielectric PEN

Itis necessary to Figure 2.2.3.7 Schematic diagram of self-healing

So far, miniaturization of vapor-deposited metal type film capacitors has
been achieved by making the PP film, which is mainly used in the market, thinner (reducing the film thickness d).

Figure 2.2.3.6 shows the PP film size (film thickness) transition with a typical example of a smoothing capacitor for electric railways
(1650 V class) and a smoothing capacitor for automotive use (450 V class).

Progress in capacitor technology to use thinner materials through optimization of film forming technology, deposition patterns, and
processing has improved withstand voltage performance per unit thickness,
resulting in thinner film while maintaining the same operating voltage.

Considering the dielectric breakdown strength of PP film as shown in Table
2.2.3.1, 550 V/um (room temperature: instantaneous withstand voltage), it can

be seen that the voltage PP film used in film capacitors is approaching the limit

- O
of its withstand voltage performance. a0

volume ratio

The thinnest PP film currently on the market is 2 um, which is approaching 20
the limit of thickness in terms of productivity. S e o e s
[year]
Another approach to increase the dielectric constant of the dielectric is to (a) 1650 V class smoothing capacitor for electric railway
increase the dielectric constant of the dielectric, but it is difficult to exceed PP 120
film in terms of electrical characteristics and cost. Some film capacitor 100

80

manufacturers are beginning to market film capacitors that can withstand 125 °

60

volume ratio

C, but it will take some time before they can replace PP film capacitors,

40

including in terms of cost.

20

1995 2000 2005 2010 2015 2020 2025

2.3.4 Reliability tyea]

Film capacitors are characterized by their high reliability. This high reliability (b) 450V class automotive smoothing capacitor

is achieved through the self-healing properties of the vapor-deposited electrode Figure 2.2.3.6 Body Size (Film Thickness) Transition
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type film capacitor and the fuse operation mechanism provided by the vapor-deposited pattern formation.

Therefore, it is common to calculate the expected life of vapor-deposited electrode type film capacitors by assuming a capacitance decrease
as the failure mode. The capacitance decrease is often defined as a decrease of 5 to 10% of the initial capacitance.

The following sections describe the self-healing and fuse operation mechanisms related to security.

First, a schematic diagram of self-healing is shown in Figure 2.2.3.7. In a vapor-deposited electrode type film capacitor, a very thin metal
film is formed on a dielectric film to serve as the electrode. If the dielectric film has an insulation defect or other area where the voltage
holding capability is degraded (film weak point), local dielectric breakdown occurs at the weak point when current is passed through the film.
At that time, the energy stored in the surrounding area flows into the breakdown point, instantly vaporizing and dispersing the evaporation
electrodes near the breakdown point, securing the necessary insulation distance from the breakdown point, and restoring insulation. This is
generally called self-healing.

Next, Figure 2.2.3.8 shows a schematic diagram of the fuse
operation mechanism. In a vapor-deposited electrode type film
capacitor, a pattern shape consisting of a vapor-deposited electrode
and a nonvapor-deposited metal part can be formed arbitrarily to
some extent on the vapor-deposited metal surface. This is called a
deposition pattern. In a vapor-deposited film with a fuse operation
mechanism, the vapor-deposited pattern is divided into groups of
small electrodes, and each group of small electrodes is fused. The
effect of the fuse is that when a large local dielectric breakdown
that cannot be suppressed by self-healing occurs at a weak point in
the film, the current flowing into the breakdown point causes the
fuse to melt, separating the small electrode and maintaining the
capacitor function. Figure 2.2.4.1 Various types of aluminum

Finally, an example of the security of film capacitors is
presented. Figure 2.2.3.9 shows the rate of capacitance change when a DC voltage is applied to the capacitor for a fixed time in steps with

the capacitor temperature set at 105 °C. As the applied voltage to the capacitor M AT BT ASEA b o— R
is increased, the capacitance decreases from a certain voltage region. This ~ — \
decrease in capacitance is the result of the small electrodes that have undergone l % % % % %
local dielectric breakdown being gradually disconnected from the capacitor
electrodes by the self-healing and fusing mechanisms. Continued application of N s S
voltage will cause the fuses attached to all the small electrodes to operate,
eventually leading to an open state. Q
The self-healing and fuse operation mechanisms demonstrate excellent b o XSl
performance when PP film is used as the dielectric. However, since the __—
performance of self-healing and fuse operation changes when the dielectric film gl % %
type is changed, it is necessary to design the deposition pattern with security in @
mind when changing the dielectric film. \
[Ryuhei Koyama.] AN A e EPaaa

oL

. . Figure 2.2.3.8 Schematic diagram of fuse operation
2.4 Electrolytic capacitor :

Keyword: Aluminum electrolytic capacitor, Electrode foil, Etching, Conversion

(anode oxidation), Electrolyte, Characteristic comparison radar chart

2.4.1 Electrolytic Capacitor Overview

Among capacitors that are passive components, electrolytic capacitors are
0 200 100 600 800 000 1200 1400 600
characterized by their high capacitance per volume. It is no exaggeration to oltage[VDC]
say that this feature of the electrolytic capacitor is obtained by the surface

treatment technology of the metal used for the electrode. In fact, electrolytic

Figure 2.2.3.9 Capacitance change rate - voltage
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capacitors are classified according to the type of metal used for the electrode (e.g., "aluminum electrolytic capacitor” if Al is used,
"tantalum electrolytic capacitor” if Ta is used). Among them, aluminum electrolytic capacitors using Al electrodes are available from
various companies in various sizes, shapes, and characteristics as shown in Figure2.2.4.1, in order to meet various applications in a wide
range of fields.

As shown in Figure 2.2.4.2, an aluminum electrolytic capacitor is a wound element consisting of a layered anode foil, separator, and
cathode foil, impregnated with liquid or solid electrolyte, and sealed with an aluminum case and sealing material.

The structure of the anode and cathode foil is as follows. The surfaces of both the anode and cathode foils are porous, and Al20z is formed
as a dielectric oxide film on the surface of the porous layer of the anode foil. In other words, inside the aluminum electrolytic capacitor, the
metal part of the anode foil functions as the anode, the aizo03 on the surface of the anode foil as the dielectric oxide film, and the electrolyte,
separator and cathode foil as the cathode.

The capacitance C of the capacitor is proportional to the electrode area S and inversely proportional to the distance d between electrodes
as shown in the following equation (2.2.4.1).

S
C= Sosra (224.1)

Here, £, is the dielectric constant of vacuum (8. 854x10-12 F/m) and ¢, is the relative dielectric constant of the dielectric oxide film. It is
not large compared to other capacitors. However, the surface area of the anode foil can be enlarged by electrochemical treatment to form a
very thin dielectric oxide film, which allows aluminum electrolytic capacitors to have a larger capacity per volume than other capacitors.

2.4.2 Electrode Foil

(1) Outline of electrode foil for electrolytic capacitors

As mentioned in 2.4.1, the electrode foil in an electrolytic capacitor is an extremely important material that controls the capacitance per
volume, which is its most important feature. Furthermore, the dielectric oxide film on the surface of the anode foil also controls its withstand
voltage and loss. Based on the above, the physical properties and functions required for electrode foils are listed below.

() The surface area must be large. Equation (2.2.4.1) shows that higher capacitance in capacitors can be achieved by increasing the
electrode area, but simply increasing the electrode area will increase the product volume. Therefore, to increase the capacitance per product
volume, it is necessary to increase the surface area of the electrode foil by making its surface more porous. Physical etching, chemical etching,
electrochemical etching, fine particle deposition, and fine powder sintering are some of the methods used to make the electrode foil surface
porous, but electrochemical etching (hereinafter referred to as "etching™) is the most common because it can control the amount and speed of
dissolution with the amount of electricity, temperature, and other factors, and has industrial advantages compared to other methods.
Electrochemical etching (hereinafter referred to as "etching") is the most common.
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Figure 2.2.4.2 Element structure and basic model of an aluminum electrolytic capacitor

(a) The dielectric oxide film must have a high dielectric constant and a thin film thickness. The dielectric oxide film of the anode foil must
be etched to form a porous
The film thickness is obtained by anodic oxidation (a process in which anodic current is applied in an aqueous solution) of an Al foil that has
been anodized. The film thickness increases in proportion to the voltage at the time of anodic oxidation (hereinafter referred to as "anodizing
voltage™), and this proportionality constant (anodizing ratio, k (nm/V)) has a specific value for each type of dielectric oxide film. Table 2.2.4.1
shows the relative permittivity €. and k of dielectric oxide films obtained by anodic oxidation of various metals. Using this k, equation
(2.2.4.2) can be expressed as

S
C= EOSrm (2242)

where Vf is the voltage of the capacitor. The voltage must be set higher than the rated voltage of the capacitor and cannot be set arbitrarily.
Therefore, from equation (2.2.4.2), it can be seen that higher capacitance of the capacitor can also be achieved by increasing the value of
e./k. However, with a few exceptions, €. and k are basically in a trade-off relationship and they cannot be changed independently They
cannot be varied independently. Another point of interest in Table 2.2.4.1 is that Al2Os3 has the lowest ¢./k value among the dielectric oxide
films listed here. Therefore, it is possible to increase the e./k values of dielectric oxide films on Al foils by forming composite oxide films
containing Al203 and some of the other dielectric oxide films. Attempts to form (Ti, Ta, Nb, Si, Zr) -Al composite oxide films by Pore-filling
(), sol-gel coating/anodic oxidation @-(12, MOCVD/anodic ox idation 3, and liquid phase deposition/anodic oxidation ) have been reported.
Al composite oxide film by liquid phase deposition/anodic oxidation (14).

(c) The dielectric oxide film must have a higher withstand voltage. In order to realize a capacitor with a higher rated voltage, anode
oxidation should be performed up to a higher voltage with an anode foil to grow a thicker dielectric oxide film. In order to perform anode
oxidation up to higher voltages, the anion species in the electrolyte used for anode oxidation must be appropriately selected, and the specific
resistance must be increased by lowering the concentration 1%, However, the limit of the formation voltage of aqueous boric acid solutions
generally used for anode oxidation up to high voltages is 1180 V even if the specific resistance is increased by lowering the concentration to
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the utmost limit ®, which is one of the reasons why the upper limit of the rated voltage of aluminum electrolytic capacitors is currently
limited to about 700 V. In order to overcome this problem, the anode capacitor is used as the capacitor. To overcome this problem, new
electrolytes for anode oxidation @78 and new pretreatment methods 99 for base materials have been studied, and in these studies, the
formation of dielectric oxide film at a conversion voltage of 1500 V or higher has been attempted.

Table 2.2.4.1 Dielectric permittivity of dielectric oxide films obtained by anodic oxidation on various metals &, and film thickness per

conversion voltage k

Relative dielectric constant, ep Anodizing ratio, k ik
O (nm/V) (V/nm)
sioz (a) 35 0.4 8.9
Al203 9.8 14 7.0
(a)

HfO2 (c) 21 1.9 1.1
Zr02 (c) 23 2.0 115
Ta205 (8) 27.6 1.7 16.2
Nb205 () 41.4 25 16.6
wos () 41.7 1.8 23.2
Tio2 (C) 90 3.0 30.0

(a) amorphous oxide film, (b) crystalline oxide film

(d) The loss in the dielectric oxide film must be small. The loss W generated inside the capacitor when the ripple current is superimposed
on the DC voltage is expressed by the following equation (2.2.4.3).

W = Vpcl, + Iz*ESR (2.2.4.3)

where Vpc is the DC voltage, I. is the leakage current, Ir is the ripple current, and ESR is the equivalent series resistance. The leakage
current I and equivalent series resistance ESR in equation (2.2.4.3) vary greatly depending on the structure of the dielectric oxide film.
However, in the actual use environment of electrolytic capacitors, the leakage current is often very small and IL < Ir, so most of the internal
loss of the capacitor can be considered as heat generation due to ripple current.

W ~ I°ESR (2.2.4.9)

Furthermore, the ESR can be decomposed into the frequency-independent electrolyte resistance Rs and the frequency-dependent loss
resistance Rox of the dielectric oxide film 9,

2.2.45
2nfC ( )

ESR = Rg + Rpx = Rs + DFyxXc = Rs +

where DFox is the dielectric tangent of the dielectric oxide film, xc is the capacitive reactance, and C is the capacitance. Therefore, in the
low frequency region where Rs < Rox, ESR increases with decreasing frequency. Since the effect of Rox is often larger near the frequency
of commercial power supplies, it is necessary to develop dielectric oxide films with small Rox to reduce the internal loss of the capacitor and
increase the allowable ripple current.

(e) The chemical stability of the dielectric oxide film must be high. If the chemical stability of Al.Os formed on the surface of the porous
layer of the anode foil as the dielectric oxide film is low, Al.O3z may react with moisture in the air in the storage condition in the electrode foil
and with moisture in the liquid electrolyte inside the capacitor, transforming Al.Os into hydrated oxide, or react with substances in the liquid
or solid electrolytes, causing Al20s may dissolve. If these reactions proceed, the insulating properties of Al2Oz will be greatly reduced,
resulting in a decrease in the withstand voltage and an increase in leakage current in the capacitor.

(F) High mechanical strength is required. In the winding process of manufacturing aluminum electrolytic capacitors, the electrode foil is
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subjected to large bending stresses, so it must have the mechanical strength to withstand such stresses. As mentioned earlier, the formation of
a porous layer is essential to increase the surface area of the electrode foil in order to increase the capacitance of the aluminum electrolytic
capacitor. However, if the proportion of hard dielectric oxide film in the porous layer increases as the surface area expands, the flexibility of
the electrode foil decreases, making it difficult to fabricate a wound device. To solve this problem, a technique was developed to improve the
flexibility of the electrode foil by creating multiple cracks in the porous layer of the electrode foil as shown in Figure 2.2.4.3?2-@"_ Figure
2.2.4.4 shows an example where the application of this technology suppressed the generation of new cracks due to bending stress in the
winding process and enabled the fabrication of a device with smoothly wound electrode foil. As a result, not only the defect rate in the winding
process is reduced, but also the capacitance volume efficiency of the wound electrolytic capacitor is improved.

Figure 2.2.4.3 Improved flexibility of electrode foil by crack introduction technique

Figure 2.2.4.4 Improved Winding Performance in Aluminum Electrolytic Capacitor Wound Elements Using Crack Introduction Technology

(2) Etching Technology

For anode and cathode foils for aluminum electrolytic capacitors, a sponge-like or tunnel-like porous layer is formed on the front and back
surfaces of Al foil by etching high-purity (99.9 to 99.99%) Al foil. In etching, the Al foil is immersed in an acidic solution containing halogens,
and AC or DC anodic current is applied to dissolve the Al foil surface to obtain the porous layer. Spongy and tunnel-like structures are
generally used depending on the rated voltage of the capacitor. For low voltage applications (rated voltage of 100 V or less), a sponge-like
structure consisting of fine cubic pits of 0.1 to 0.5 um per side connected together is used, and for medium to high voltage applications (rated
voltage of 160 V or more), a tunnel-like structure consisting of columnar pits of 1 to 2 um in diameter growing vertically from the electrode
foil surface is used. For medium and high voltages (rated voltages of 160 V and above), a tunnel-like structure is adopted in which columnar
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pits of 1 to 2 um in diameter are grown vertically from the surface of the electrode foil.

Figure 2.2.4.5 shows a cross-section of a low-voltage anode foil and an SEM image of the detailed structure obtained by the oxide replica
method @8- The sponge-like structure is obtained by a process in which an alternating current is applied to the Al foil in an agueous solution
containing mainly hydrochloric acid (AC etching). The mechanism by which the spongy structure is obtained by AC etching is generally
explained by the etch-pit propagation model proposed by Dyer and Alwitt @®- In order to obtain a porous layer with a larger surface area by
AC etching, it is desirable to grow a finer, more uniform spongy structure with a thicker thickness. To achieve the goal of increasing the
surface area of the electrode foil according to this guideline, research and development focusing on the effects of the electrolyte ®® and current
waveform @ used in AC etching on the growth process and propagation behavior of etch pits is still being conducted.

S0pm 100nm

Figure 2.2.4.5 SEM image of cross section and detailed structure (oxide replica) of anode foil for low voltage

Figure 2.2.4.6 shows SEM images of the cross-section (oxide replica method) and surface (surface polished to a depth of about 10 um by
electropolishing) of an anode foil for medium and high voltages. The tunnel-like structure is obtained by a process in which a DC anodic
current is applied to the Al foil in an aqueous solution containing mainly hydrochloric acid (DC etching). The columnar pits are approximately
1 um in diameter and 50 pm long, with a number density of about 107 cm2. Since the columnar pits grow along the <100> orientation, the
columnar pits grow perpendicular to the surface of the Al foil G2-G% py DC etching of Al foil crystals aligned in the (100) plane by heat
treatment. To obtain a porous layer with a larger surface area by DC etching, it is desirable to generate columnar pits on the surface of the Al
foil with higher density and more uniform surface distribution, and to grow them with more uniform length. One of the ideal forms is a tunnel-
like structure with columnar pits of uniform length grown in a hexagonally close packing on the surface of the Al foil. A method to realize
this ideal structure on a laboratory scale has already been devised ¢%-(9 and research and development for its mass production is still ongoing
“1- If a tunnel-like structure with uniformly long columnar pits with hexagonal close packing is realized on both sides of the Al foil, it is
expected to have approximately four times the capacity at a deposition voltage of 215 V, approximately three times the capacity at a deposition
voltage of 335V, and approximately twice the capacity at a deposition voltage of 650 V or higher compared with the current anode foil for
medium and high voltages.
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(@ (b)
Figure 2.2.4.6 SEM images of tunnel-like structure of anode foil for medium and high voltage (a) cross section (oxide replica), (b) surface (10

um electropolished depth)

(3) Chemical conversion technology

In an anode foil for aluminum electrolytic capacitors, a dielectric oxide film is formed on the top surface of the porous layer by anodic
oxidation of an Al foil with a porous layer formed by etching or other means. This dielectric oxide film is obtained by applying a DC anodic
current to the Al foil immersed in a halogen-free neutral solution to oxidize the top surface of the Al foil. The dielectric oxide film obtained
can be classified into amorphous oxide film and crystalline oxide film by changing the pretreatment method of anodic oxidation as
appropriate. Table 2.2.4.2 shows the characteristics of amorphous and crystalline oxide films 2. Amorphous oxide film has lower leakage
current and dielectric loss than crystalline oxide film, so it is used when low loss is a priority for electrolytic capacitors. The crystalline oxide
film has a higher relative permittivity and thinner film thickness than the amorphous oxide film, so it is used when high capacitance of the
electrolytic capacitor is a priority.

Table 2.2.4.2 Comparison of properties between amorphous and crystalline oxide films obtained by anodic oxidation on aluminum

Amorphous Crystalline
Relative dielectric constant (-) 8.1 8.4
Anodizing ratio (nm/V) 13 0.9
Dissipation factor (-) 0.3-0.7% (0.3 - 0.7%) 1.0-14
Density (g/cm?) 3.1 3.6
Dissolution rate (relative) 100 1

When an amorphous oxide film is formed as a dielectric oxide film, a porous oxide film is formed by anodic oxidation in an acidic solution
containing no halogen, followed by anodic oxidation in a neutral solution to fill the pores of the porous oxide film (pore-filing method).
“3)(449), Figure 2.2.4.7 shows a TEM image of an amorphous oxide film obtained by anodic oxidation of a medium- to high-voltage anode
foil in an aqueous oxalic acid solution to form a porous oxide film, followed by anodic oxidation ina 94 °C boric acid solution to 500 V to
fill the pores of the porous oxide film ©2, Generally, it is said that an amorphous oxide film can be grown by removing oil and oxide film
adhered to the surface of Al foil during rolling by chemical polishing or electropolishing, and then anodic oxidation is performed at a low
temperature of about 20 “C. However, when anodic oxidation is actually performed at a voltage exceeding 200V, crystallization in the interior
of the amorphous oxide film and the accompanying void formation during its growth are observed. However, when anodic oxidation is
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performed at voltages exceeding 200 V, crystallization of the amorphous oxide film and accompanying void formation are likely to occur
during the growth of the film, and it is not easy to obtain a dense amorphous oxide film. On the other hand, the amorphous oxide film in
Figure 2.2.4.7 formed by the pore-filing method is confirmed to be dense with very few voids.

Figure 2.2.4.7 TEM image of amorphous oxide film formed in columnar pit of anode foil for medium and high voltage (500 V conversion

voltage)

To form a crystalline oxide film as a dielectric oxide film, the Al foil is immersed in boiling distilled water to form a hydrated oxide
(pseudo-behmite) film on the Al foil surface before anodic oxidation, and then anodic oxidation is performed in a neutral solution to change
the hydrated oxide film to a crystalline oxide film (y-Alz Os film) by anodic oxidation in a neutral solution “3*4, Figure 2.2.4.8 shows a
TEM image of a crystalline oxide film obtained by anodic oxidation of a medium- to high-voltage anode foil in boiling distilled water for 20
minutes to form a hydrated oxide film and then anodic oxidation in a 94 °C boric acid solution up to 500 V “2., The hydrated oxide film
consists of two layers, a porous layer and a dense layer, and gradually transforms into a crystalline oxide film as the conversion voltage
increases. The hydrated oxide film formed before anodic oxidation is dehydrated at the hydrated oxide film/dielectric oxide film interface
during anodic oxidation and transformed into a crystalline oxide, which is simultaneously incorporated into an amorphous oxide film formed
at the same location. The amorphous oxide film adjacent to the crystalline oxide is gradually crystallized under the influence of an electric
field, and eventually crystallization progresses to the entire dielectric oxide film. Furthermore, it is observed that voids generated during the
transformation from the low-density hydrated oxide film or amorphous oxide film to the high-density crystalline oxide film remain in the
interior of the crystalline oxide film.

@) o) ()
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Figure 2.2.4.8 TEM image of crystalline oxide film formed in a columnar pit of anode foil for medium and high voltage

(a) Hydrated oxide film, (b) 50 V conversion voltage, (c) 500 V conversion voltage

The difference in the amount of voids remaining in the dielectric oxide film is an important cause of the difference in leakage current and
dielectric loss between amorphous oxide film and crystalline oxide film, but this alone does not explain everything. As an example, Figure
2.2.4.9 shows the change in dielectric withstand voltage and prox of dielectric oxide film caused by heat treatment of Al foil after dielectric
oxide film formation.

Figure 2.2.4.9 (a) shows the curve of time variation of voltage values measured by applying a constant current of 4 Am to an anode foil
immersed in a boric acid solution at 85 “C (formation voltage of 640 V). For an anode foil without heat treatment after dielectric oxide film
formation, the voltage increases slowly and linearly with time from 640 V. On the other hand, for an anode foil immersed in a boric acid
solution, the voltage increases slowly and linearly with time from 640 V to 640 V. On the other hand, for the anode foil that underwent heat
treatment after the dielectric oxide film formation, the voltage transiently rises to 695 V, then decreases with time to a minimum, and finally
rises along the same straight line as for the anode foil that did not undergo heat treatment. The linear voltage increase measured for the anode
foil without heat treatment is explained by the growth of dielectric oxide film due to the application of constant current. On the other hand,
the transient voltage increase measured in the anode foil with heat treatment is considered to be caused by a decrease in ionic conductivity
due to the transition of interstitial mobile ions, which are carriers of ionic conduction in the dielectric oxide film, to vacancies at lattice points
due to heat treatment “-G2), In the case of constant current application after heat treatment, ions that have transitioned to the lattice points
due to heat treatment are excited to the interstitial positions again due to the electric field, and the ion conductivity is considered to increase,
resulting in a decrease in voltage. Furthermore, if the constant current application is continued for a long time, the number of newly excited
mobile ions will eventually decrease and the voltage drop will stop, and the voltage rise will occur due to the growth of the dielectric oxide
film.

Figure 2.2.4.9 (b) shows the variation of DFox with electric field strength for a smooth Al foil with an amorphous oxide film of 670 to 700
nm formed as the dielectric oxide film @3, For smooth Al foils that were not heat-treated after the formation of the dielectric oxide film, DFox
shows a value of 1.4-1.5%, independent of field strength. On the other hand, for the smooth Al foil that underwent heat treatment after
dielectric oxide film formation, DFox decreases significantly in the low field strength region, and at the same time, DFox becomes field
strength dependent. Furthermore, when a constant current is applied after heat treatment to grow the dielectric oxide film to some extent,
DFox shows almost the same behavior as in the case where no heat treatment is performed. This difference in DFox due to the thermal history
can be related to the change in the concentration of mobile ions in the dielectric oxide film introduced in the explanation of the behavior in
Figure 2.2.4.9 (a) as shown below. In other words, when the concentration of mobile ions is high after the formation of the dielectric oxide
film, brox is high and independent of the electric field strength, but when the concentration of mobile ions decreases due to heat treatment,
prox decreases significantly in the low electric field strength region and becomes strongly dependent on the electric field strength. Therefore,
in the future development of anode foils with low dielectric loss, it is expected that an approach to significantly reduce the concentration of
mobile ions inside the dielectric oxide film will be important.
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Figure 2.2.4.9 Change in Dielectric Withstanding Voltage and Dielectric Dissipation Factor (DFox) of Anode Foil due to Heat Treatment after
Dielectric Oxide Film Formation

(a) Time variation curve of voltage when constant current is applied (4 Am™), (b) DC electric field dependence of DFox
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2.4.3 Electrolyte

(1) Outline of Electrolytes for Electrolytic Capacitors

Electrolyte is an important constituent material that greatly affects the frequency characteristics, temperature characteristics, withstand
voltage, heat resistance, life span, price, etc. of electrolytic capacitors. The properties and functions required for electrolytes are listed below.

(a) The electrolyte must be conductive (ionic or electronic conductive and able to carry an electric charge). The more conductive the
electrolyte is, the lower the ESR of the electrolytic capacitor. However, the higher the conductivity of the electrolyte, the lower the voltage
holding capability tends to be. As will be discussed later, in general, electron conductive materials have higher conductivity than ion
conductive materials and provide electrolytic capacitors with lower ESR. However, they are applicable only in low voltage bands.

(a) The capacitor must be chemically stable to the anode foil, cathode foil and other constituent materials. In the case of aluminum
electrolytic capacitors, the capacitor must be chemically stable to the anode foil and cathode foil, which are aluminum (chemically stable
here means that no chemical reaction occurs with aluminum). The material must be chemically stable not only at room temperature, but also
at high temperatures (up to 150 “C) and for long periods of time (up to several thousand hours). As you know, aluminum is an amphoteric
metal, which means that it is prone to chemical reactions in both acidic and alkaline environments, and it is also susceptible to halogenated
compounds, which greatly restricts the choice of electrolytes. It must also be chemically stable with respect to materials other than the
electrode foil, such as sealing rubber, separators, tabs, and tape.

(c) Anodic oxidation or insulation protection of defective or broken parts of dielectric oxide film is required to reduce leakage current.
Dielectric oxide film has defects ®3 such as defects caused by impurities, defects caused by hydrated oxide film, void defects, etc., which
induce leakage current. The electrolyte must have a function to protect the defects in the dielectric oxide film. The first function is to repair
defects in the dielectric oxide film by anodic oxidation (chemical conversion), and the second function is to prevent leakage current from the
defects by locally insulating the electrolyte itself &4, Liquid electrolytes are mainly the former, while solid electrolytes are mainly the latter.

(d) The electrolyte must be able to maintain conductivity at low temperatures (up to -55 °C). The electrolyte itself must be thermally stable
and maintain conductivity for a long period of time at high temperatures (up to 150 °C). In addition, although limited to liquid electrolytes,
the electrolyte should be resistant to evaporation outside the capacitor system. The electrolytic capacitor must be stable at the temperature of
the substrate environment where the capacitor is installed, as well as at the temperature of self-heating due to the ripple load.

(e) The dielectric oxide film must be infiltrated and filled inside the pores of the dielectric oxide film. As described in the previous section,
the dielectric oxide film is porous to increase the capacitance, and if it is not sufficiently filled into the porous material, it will not function as
an electrolyte and the capacitor characteristics will deteriorate. In the case of solid electrolytes, filling the porous media is particularly
important because it determines the capacitor characteristics. Selection of materials that can be easily filled into the porous media and the
filling process are being devised.

(F) The electrolyte should have high wettability and filling ability to the separator. Only when the electrolyte is wetted with the separator
and sufficiently impregnated and filled with the electrolyte, the electrolyte will function sufficiently as an electrolyte. Similarly to (e), this
also significantly affects capacitor characteristics in the case of a solid electrolyte. In particular, it has a significant effect on ESR in the high-
frequency range, so it is important to select a material with high wettability and filling ability to the separator.

(2) Liquid electrolyte

The liquid electrolyte is then described in detail. Liquid electrolytes are mainly composed of a supporting electrolyte dissolved in an organic
solvent. Historically, liquid electrolytes were first used, followed by solid electrolytes. Glycerin was used in the past, and ethylene glycol 9,
y-butyrolactone ©9, and sulfolane &7 have been used in recent years as organic solvents. Some are used alone, while others are used in
mixtures. In addition to organic solvents alone, the addition of a large amount of water has also been studied 8. Water has a high dielectric
constant and increases the dissociation of the supporting electrolyte, so adding water to the liquid electrolyte improves conductivity, but it
also tends to cause a hydration reaction in the electrode foil, leading to early degradation. As the supporting electrolyte, boric acid or organic
carboxylic acid compounds are often used as the anion and ammonium compounds as the cation. The choice of compounds is made in
accordance with (a) through (f) described above in (1). For example, (a) select a solvent with high dielectric constant and low viscosity and
a support electrolyte with high dissociation to increase conductivity, (b) adjust the support electrolyte to a pH range that does not dissolve the
electrode foil, (c) select a solvent and support electrolyte that easily repair dielectric oxide film defects (high chemical compatibility), (d)
select a thermally stable (e) selection of a solvent and supporting electrolyte that are thermally stable, (f) selection of a solvent with low
viscosity that can be easily impregnated into the porous dielectric oxide film, and (g) selection of a compound that can easily wet the separator.
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In some cases, in addition to the solvent and the supporting electrolyte, various compounds may be added in minute quantities as "hanagusuri*
(this is the know-how of each electrolytic capacitor manufacturer and is not well publicized). Since charge transfer in liquid electrolytes is
by ionic conduction, the temperature dependence of conductivity is larger than that of solid electrolytes, which will be discussed later. In
particular, the decrease in conductivity at low temperatures is particularly pronounced. Therefore, electrolytic capacitors using liquid
electrolytes have a weak point in low-temperature characteristics, such as an increase in ESR or a decrease in capacitance at low temperatures.
In addition, the life of the capacitor depends on the evaporation (dry-up) of the liquid electrolyte.

In the case of liquid electrolytes, it is known empirically that the conductivity of the electrolyte is inversely proportional to the capacitor
withstand voltage 9, and liquid electrolytes with low conductivity are used when designing capacitors with high withstand voltage.
Therefore, electrolytic capacitors with higher voltages tend to have higher ESR.

(3) Solid electrolyte

The first use of solid materials as electrolytes in capacitors is believed to have been in the 1950s. Tantalum electrolytic capacitors were
commercialized using manganese dioxide as the solid electrolyte. The solid manganese dioxide electrolyte had a conductivity one order of
magnitude higher than the liquid electrolyte, resulting in a low ESR product. Products with this configuration are still manufactured and sold
today. In the case of aluminum electrolytic capacitors, products using an organic semiconductor called TCNQ (7,7,8,8-
tetracyanoquinodimethane) as a solid electrolyte were marketed by SANYO in the 1980s. 961 Because TCNQ has conductivity one to two
orders of magnitude higher than liquid electrolytes and has excellent thermal stability, it has been used in the development of Aluminum
electrolytic capacitors using TCNQ as a solid electrolyte had low ESR, high heat resistance, and long life. Subsequently, electrolytic capacitors
(conductive polymer aluminum solid electrolytic capacitors) using conductive polymers such as polypyrrole 62-65 and poly(3,4-
ethylenedioxythiophene) [PEDOT] ©9-®9 as solid electrolytes with one to two orders of magnitude higher conductivity than TCNQ were
introduced to the market in the late 1980s and 1990s. (conductive polymer aluminum solid electrolytic capacitors) were launched in the late
1980s and 1990s and are now widely used.

Electrolytic capacitors using solid electrolyte are characterized by low ESR, high heat resistance, and long life, but on the other hand, their
capacitance per volume is smaller than that of liquid electrolyte products. The reason for this is that the function of (c) mentioned in (2)
above is lower than that of liquid electrolyte, and the anode foil is designed with a higher conversion voltage than the rated voltage of the
product (as described in 2.4.1, the capacitance of a capacitor is inversely proportional to the conversion voltage of the anode foil, so a higher
conversion voltage results in a lower capacitance). (higher conversion voltage results in a decrease in capacitance). The liquid electrolyte has
the ability to repair defects in the dielectric oxide film, minimizing leakage current from the defects. On the other hand, in the case of solid
electrolytes, the solid electrolyte itself has no function to repair the defects in the dielectric oxide film, and only a small amount of moisture
adsorbed on the solid electrolyte contributes to the repair. The solid electrolyte itself is said to be locally insulated by Joule heat due to leakage
current, thereby suppressing current leakage 4. Therefore, it is designed to have a margin by increasing the anode foil conversion voltage
relative to the rated voltage of the product, resulting in a smaller capacity for the same volume than a liquid electrolyte.

Another drawback of using solid electrolytes is that it is difficult to apply them to products with high withstand voltages. The upper limit
for products on the market is a rated voltage of several tens of volts. One of the reasons for this is the low ability to repair the dielectric oxide
film defects mentioned above. Another reason is that when solid electrolytes are used, the failure mode becomes a short circuit when the
voltage is increased. In the case of aluminum electrolytic capacitors using conductive polymers, the conductive polymers that have become
insulators due to leakage current near the defects in the dielectric oxide film are considered to conduct current when a high voltage is applied,
resulting in a short circuit failure mechanism.

(4) Hybrid Electrolyte

A capacitor that uses both the liquid and solid electrolytes described above is called a hybrid electrolytic capacitor. Aluminum electrolytic
capacitors using conductive polymers as the solid electrolyte and organic electrolyte as the liquid electrolyte have been on the market since
the early 2010s under the product name "conductive polymer hybrid aluminum electrolytic capacitor” 9, The solid electrolyte provides low
ESR and high heat resistance, while the liquid electrolyte ensures withstand voltage and leakage current characteristics, thus compensating
for the shortcomings of the two. Simply combining both electrolytes does not bring out the best; it is necessary to select a liquid electrolyte
that does not interfere with the electrical conductivity of the solid electrolyte, and it is also necessary to formulate a liquid electrolyte that can
easily penetrate into the solid electrolyte. Each capacitor manufacturer has its own combination of solid and liquid electrolytes. As a result,
electrolytic capacitors with higher withstand voltage than solid electrolytes while maintaining the same ESR as solid electrolytes are being
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developed. The leakage current is not equivalent to that of
liquid electrolytes, but it is greatly improved compared to solid
electrolytes, and the failure mode is also open. Low-
temperature characteristics are also good because the solid
electrolyte part guarantees the low-temperature characteristics.
The capacitance per volume is located between the solid
electrolyte and the liquid electrolyte. The liquid electrolyte
contributes to the repair of defects in the dielectric oxide film,
but it is not sufficient, and the anode foil is designed to have a
slightly higher conversion voltage. The life time depends on
the dry-up time of the liquid electrolyte and is basically not
much different from that of the liquid electrolyte. However,
since the low ESR suppresses ripple heating, the life time
including ripple superposition is longer than that of the liquid
electrolyte.

2.4.4 Comparison of electrolytic capacitor characteristics
using different electrolytes
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Figure 2.2.4.10 Frequency dependence of ESR and impedance of

aluminum electrolytic capacitors with various electrolytes.
Data measured at 20°C  product specifications: ®6.3 x 5.8 L,
35 V/47 pF for liquid electrolyte and hybrid types , 25 V/47
uF for solid electrolyte types)

The frequency characteristics of ESR and impedance of aluminum electrolytic capacitors with the three types of electrolytes described in
2.4.3 were compared ( Figure 2.2.4.10). It can be seen that the liquid electrolyte type has higher ESR and impedance in the high frequency

range from 10 kHz onward, while the solid electrolyte and
hybrid types have lower ESR and impedance. It can also be
seen that there is almost no difference between the solid
electrolyte and hybrid types. Next, the durability data at 125 °C
is shown in Figure 2.2.4.11. For the liquid electrolyte type, the
capacitance drop and ESR increase are noticeable after 2000 h
due to evaporation and dry-up of the liquid electrolyte. On the
other hand, the solid electrolyte type and hybrid type have high
thermal stability of the electrolyte, and both capacitance and
ESR are stable over 4000 h, indicating a long life. Compared
to the solid electrolyte type, the hybrid type shows a slight
decrease in capacitance, but this is due to the effect of the liquid
electrolyte. The temperature characteristics were then
compared ( Figure 2.2.4.12 ). It can be seen that the ESR of
the liquid electrolyte type significantly increases at low
temperatures below -20 °C. On the other hand, the solid
electrolyte type and the hybrid type are very stable down to -
55 °C, showing good temperature characteristics.

The various properties of aluminum electrolytic capacitors
using various electrolytes are compared in a radar chart
( Figure 2.2.4.13). The solid electrolyte type is represented by
the performance of products using conductive polymers, and
the hybrid type is represented by the performance of products
using conductive polymers and liquid electrolytes. As a
relative comparison of the three types, a five-point scale was
used. Among the characteristics that are highly dependent on
the electrolyte, those that are assumed to be highly important
for power electronics applications are shown. The liquid
electrolyte type has the largest capacitance, followed by the

AESR (100 kHz) vs 20 °C [%]

2000%

1500%

1000%

500%

0%

-500%

= =B — . RAEREL(T
,\ - &= ERERE@EEEEIT)IF4MT
\ ——  NATYYRBAT
L\
\
\'\
=~ S
-a—=e- - —— e A _i
-60 -40 -20 0 20 40 60 80 100 120 140
BE [°C]
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hybrid type, and the solid electrolyte type has the smallest

capacitance. The liquid electrolyte type, which has a high

dielectric oxide film repair function, has the highest

withstand voltage, followed by the hybrid type, and the

solid electrolyte type has the lowest withstand voltage. On

the other hand, the high-frequency ripple resistance of the

liquid electrolyte type is low (due to its high ESR), while

the solid electrolyte type and hybrid type are good (due to

their low ESR). Temperature characteristics are also poor

for the liquid electrolyte type and good for the solid

electrolyte and hybrid types. The solid electrolyte type,

which does not dry up, has the longest life, followed by the

hybrid type, and the liquid electrolyte type has the shortest

life. The price is basically the lowest for the liquid

electrolyte type, which uses an inexpensive solvent and Figure 2.2.4.13 Radar chart comparing the characteristics of aluminum
supporting electrolyte, followed by the solid electrolyte electrolytic capacitors using various electrolytes
type, which uses a relatively expensive conductive

polymer, and the hybrid type, which uses both, which is the most expensive. It can be considered that the characteristics required for capacitors
in power electronics applications differ from each other, and it is useful to select the most appropriate electrolyte type. In recent years, life
cycle assessment has begun to be conducted for electronic components as well, and although it may depend on how they are used, some have
estimated that solid electrolyte type and hybrid type aluminum electrolytic capacitors have a smaller environmental impact than liquid
electrolyte type capacitors ™), and there are high expectations for a carbon neutral society in the future. 71), and there are high expectations
for a carbon-neutral society in the future.

[Kenji Machida]
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