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Modeling, Magnetic Design, Simulation Methods,
and Experimental Evaluation of Various Powder
Cores Used in Power Converters Considering Their
DC Superimposition Characteristics

Jun Imaoka
Mostafa Noah

Abstract—Powder cores have been gaining much attention as
one of the attractive magnetic cores used in power converters due
to their superior features such as high saturation flux density and
their capability to suppress fringing flux due to the distributed
airgaps. However, powder cores have a unique feature that the rel-
ative permeability of the magnetic core varies depending on the
magnetic field intensity. The comprehensive modeling of variable
relative permeability, design method of powder cores, and com-
puter simulation methods are not well discussed in the relevant
literature. This paper proposes a novel modeling, magnetic design
method, and simulation technique considering dc superimposition
characteristics of powder cores. The modeling method relies on a
simple novel model equation representing the behavior of the vari-
able relative permeability under the dc current superimposition
condition, which is helpful to evaluate the performance of powder
cores and to properly design various magnetic components. In this
evaluation, five different magnetic powder cores are used to show
the accuracy and properness of the proposed method. Theoretical
analysis has been presented and the effectiveness of the proposed
methods has been evaluated through simulation and experimental
tests.

Index Terms—Circuit simulation, dc-dc converter, dc super-
imposition characteristic, magnetic circuits, magnetic cores, non-
linear inductance, permeability measurement, powder cores.
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1. INTRODUCTION

A. Attractive Features of Powder Cores

ECENTLY, high power density and high efficiency of

power converters have been required for many applica-
tions such as eco-friendly automotive and aircraft applications.
Passive components such as inductors and capacitors are the
main contributor to increase the power converter volume, and
they occupy significant space and weight in entire circuits. In
addition, magnetic components, such as inductors and trans-
formers used in power converters, are one of the causes to in-
crease not only the converter’s volume, but also the cost because
these magnetic materials include base metals and rare metals.

One of the effective ways to downsize the magnetic com-
ponents is driving the power semiconductor devices such as
MOSFETs and IGBTs at high frequency. However, operating at a
high frequency has practical boundaries, as it often leads to elec-
tromagnetic interference noises produced by switching devices.
This imposes certain limits and restrictions with increasing the
switching frequency since additional components shall be in-
stalled on the power circuit to tackle the noise, which increases
the power circuit volume and size [1], [2].

An alternative way to downsize magnetic components of
power converters is utilizing magnetic cores with better mag-
netic properties considering operating frequency and power ca-
pacity of power converters. Therefore, selecting the magnetic
core material is one of the important procedures in designing
magnetic components [3]-[7]. Among the magnetic cores used
in power converters, powder cores have been receiving much
attention due to the following reasons.

1) High saturation flux density: A magnetic core with high
saturation flux property, allows the windings to carry
higher current levels, and hence a smaller magnetic core
can handle higher power. Since powder core usually con-
sists of iron powders, the saturation flux density is usually
high on the basis of the Slater-Pauling curve [8].

2) High Curie temperature: Curie temperature is known as
the temperature at which magnetic cores lose their mag-
netic properties. The Curie temperature of Mn-Zn, Ni-Zn
ferrite cores are usually low and is around 150-300 °C

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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[9]-[13]. Therefore, ferrite cores may be unsuitable for
high-temperature environments. On the other hand, pow-
der cores usually consist of Fe-based magnetic powders,
which have high Curie temperature property. Although
the Curie temperature of powder core differs depending
on alloy composition, Curie temperature is usually in the
range of 400-700 °C [14]-[17].

High flexibility of the magnetic structure: Powder cores
are processed by applying pressure molding using a mold.
If a mold had been prepared, powder cores can be formed
into various shapes. From a magnetic structural perspec-
tive, low profile or planar magnetic shape is effective for
reducing temperature rise because thermal resistance can
be reduced by increasing the surface area of magnetic
components [18], [19]. Therefore, the high flexibility of
the magnetic core shape is one of the attractive features.
Soft-saturation property: Soft-saturation means that the
inductance value gradually drops as the inductor current
value increases. The powder cores have this property. The
inductance variation caused by increasing inductor current
is shown in Fig. 1. In general, in an inductor with high
permeability magnetic core and concentrated airgaps, the
inductance value drops rapidly when the maximum flux
density exceeds the core saturation limit, which is deter-
mined by the core material. The soft saturation property
of the powder core can be considered as an attractive fea-
ture because it has a better reliability while encountering
a sudden overcurrent.

Eliminating the fringing flux: High permeability magnetic
cores such as Mn-Zn ferrite cores require inserting con-
centrated airgaps to the core when dc current flows through
the winding. Although magnetic saturation can be avoided
by inserting the airgap as shown in Fig. 2(a), the concen-
trated airgap produces fringing flux, which is one of the
causes of high-frequency core and winding losses near the
concentrated airgaps. For example, in case of nanocrys-
talline ribbon cores with a concentrated airgap, the eddy
current loss on the core surface produced by the fring-
ing flux dramatically increase as reported in [20], [21]. In
[22]-[24], the fringing loss is restrained by edging the cor-
ner of the core at airgap or by distributing a concentrated
airgap into several airgaps because the expansion range of
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Fig. 2. Magnetic core with concentrated or distributed
(a) Concentrated airgap. (b) Distributed airgap (powder core).

airgaps.

the fringing flux can be suppressed. However, this process
increases the production cost. Conversely, powder cores
are manufactured from very fine particles of magnetic
materials and they do not require inserting concentrated
airgaps in general.

B. Non-Linear Properties of Powder Cores

Although powder cores have many attractive magnetic prop-
erties, the relative permeability of the core is usually very low
(initial permeability p, < 200) compared with other magnetic
materials such as Mn-Zn ferrite cores, because of the distributed
airgaps between metal powders in cores. In addition, powder
core has dc superposition characteristics in which the inductance
value changes non-linearly depending on the instantaneous cur-
rent value. The reason why the inductance value changes non-
linearly according to the dc current value can be interpreted
as follows: For example, in a toroidal metal powder structure
shown in Fig. 2(b), magnetic flux density on the inner mag-
netic path of the toroidal core shape becomes higher than that
on the outer magnetic path. The reason is that the magnetic
reluctance in the inner magnetic path is lower than that in the
outer magnetic path because the inner magnetic path length is
shorter than the outer one. Therefore, the magnetic flux gener-
ated from the magnetomotive force easily flows into the inner
side of the toroidal core and magnetic saturation occurs from the
inner magnetic path. Thus, powder cores with low-permeability
property have the magnetic structural dependency on dc super-
position characteristics. As a matter of fact, the structure of the
insulating layer between the powders shown in Fig. 2(b) also
affects the dc superposition characteristic [25], [26].

In terms of the designing magnetic components, inductor
ripple currents should be designed considering inductance vari-
ation with increasing dc current values. Designing an inductor
considering the maximum value of ripple current at heavy load
is one of the most important parts in the design process be-
cause it affects the power losses and temperature rise in power
semiconductor devices and other passive components. Further-
more, since the relative permeability of powder cores changes
depending on the magnetic field intensity, the dc superposition
characteristic of the powder core affects the number of turns to
obtain the required inductance value.

C. Literature Review of Modeling Methods of Non-Linear
Relative Permeability for Designing Inductor

In order to design an inductor considering the dc superpo-
sition characteristic, modeling techniques including non-linear
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relative permeability are important to be considered and they
have been previously discussed. For instance, in order to
simulate a magnetic component, the Preisach, Jiles—Atherton,
Stoner—Wohlfarth models are well known as physics-based
macroscopic models of hysteresis [27]. In addition, the modeling
method based on the Preisach model and the permeance-based
circuit theory was proposed for simulating magnetic devices
in power converter systems [28]. These modeling methods can
implement non-linear magnetic properties into circuit simula-
tors and can achieve good accuracy for simulating magnetic
components and may be suitable for system-level evaluation.
From the magnetic components design perspective, various
inductor design methods considering non-linear relative perme-
ability or non-linear inductance had been reported in [29]-[41].
For designing inductor used in power converter applications,
a non-linear relative permeability measured from the single-
valued B-H curve (SVBHC) shown in Fig. 3 is often used.
SVBHC means the centerline of the major B-H loop and mi-
nor B-H Loop [29]. By using non-linear relative permeability
measured from SVBHC or non-linear inductance, the ripple cur-
rent in dc—dc converter under discontinue current mode (DCM)
and continues current mode (CCM) conditions can be estimated
approximately, as presented in [29]-[31]. As another applica-
tion of using SVBHC, an inductor design method using cores
with different permeability has been proposed in [32] and [33].
A proposal of coupled multilayer chip inductors has been pre-
sented in [34], and high power density inductor used for point
of load applications has been proposed in [35]-[38]. In the
literature, non-linear permeability measured from SVBHC is
modeled relying on measured experimental data or data sheets.
In order to propose simple design methods of non-linear mag-
netic components and implement non-linear characteristics into
circuit simulator, establishing a mathematical modeling method
is important. Li et al. [36], [39]-[41] proposed a mathematical
fitting function using coefficients, which shows the dependency
of non-linear relative permeability on magnetic field intensity.
However, these coefficients used in the modeling equations are
used for fitting experimental parameters only. Therefore, mag-
netic material properties cannot be intuitively understood from
the coefficients. Therefore, this paper proposes new modeling
equations representing non-linear relative permeability. Estab-
lishing simple modeling techniques to extract the magnetic
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material properties is essential to accurately model the behav-
ior of various magnetic devices operated in circuit simulators
and expanding of design approaches for magnetic components.
Furthermore, simple coefficients used in model equations are
helpful to simplify the communication between circuit or mag-
netic device designers and material developers.

In fact, power semiconductor device models operate on LT
Spice, PLECS are available online in recent years [42]-[44] and
circuit designer can use power semiconductor device models.
By expanding this idea to passive components, there is a further
possibility that designing the power converter can be very easy
by connecting with artificial intelligence, which has a function
of selecting optimal devices from big data related to compo-
nents on the internet. Therefore, modeling passive components
is significantly important for the future. Therefore, this paper
proposes modeling and design methods focusing on the non-
linear relative permeability of powder cores. Experimental tests
had been conducted to evaluate the proposed model.

D. Contents of This Paper

As mentioned above, this paper proposes comprehensive
analysis considering the non-linearity of relative permeability
modeling of powder core materials. Furthermore, the proposed
modeling and magnetic design method rely on a simple mathe-
matical function, considering dc superimposition characteristics
for powder cores used in power converters. The contributions
and contents of this paper are as follows.

1) Anovel mathematical function representing the non-linear
relative permeability is proposed. As an attractive feature
of the proposed mathematical function, this function has
only three coefficients, and each coefficient can be under-
stood intuitively. In addition, these coefficients are auto-
matically parameterized by using experimental data and
computer calculation.

2) Various powder core inductors had been constructed from
different alloy composition and are compared to evaluate
magnetic properties related to relative permeability un-
der dc current superimposed condition. This evaluation
is helpful for selecting magnetic materials as one of the
references.

3) A magnetic design method considering dc-superim-
position characteristics is introduced using a proposed
model equation representing the non-linear relative per-
meability. By utilizing the numerical calculation, a de-
sired inductance can be easily designed considering dc
current superimposition and square wave voltage mag-
netizing condition. In addition, the estimation method of
magnetic flux density is also proposed.

4) A simulation model using a multi-domain circuit simu-
lator is introduced. The simulator can conduct a coupled
analysis of magnetic and electrical circuits. Simulation
waveforms and experimental waveforms are compared
side by side to evaluate the proposed magnetic device
model. The simulation waveforms are highly consistent
with experimental waveforms. Therefore, the proposed
model has been proven effective.
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This paper is an extended discussion of [45]. The new con-
tents include developing the literature review, important points
for measuring non-linear relative permeability, proposing a cal-
culation method of ripple current using numerical analysis based
on piecewise linear calculation, and additional experimental
results are added to show the effectiveness of the theoretical
discussion.

This paper is divided into six sections. Section II discusses
the model equation, which shows that the relative permeability
is dependent on magnetic field intensity. A newly developed
equation with only three coefficients is proposed. The three co-
efficients can be extracted from experimental tests. The meaning
of the proposed model equation and the three coefficients are de-
scribed in Section II. In Section II1, by using the proposed model
equation, a magnetic design method of an inductor using a pow-
der core to obtain the desired inductance value is also proposed.
Furthermore, an implementation method for the model equa-
tion into a circuit simulator is also proposed in Section IV. In
Section V, the proposed magnetic design method is validated by
conducting experimental tests. Furthermore, the experimental
waveforms are side by side compared with simulation wave-
forms. Finally, conclusions are presented in Section VI.

II. MODELING OF RELATIVE PERMEABILITY DEPENDING
ON MAGNETIC FIELD INTENSITY

A. Experimental Measurement Method for Non-Linear
Relative Permeability of Powder Cores

First, a measurement method for non-linear relative perme-
ability is introduced in this section. The magnetic core structure
and magnetic circuit model of an inductor are shown in Fig. 4.
where Ni; is the magnetomotive force expressed by the prod-
uct of the number of turns N and the inductor current 7. [ ore
is the average magnetic path length, A.,. is the sectional area
of the core. R,,, means the magnetic reluctance of the closed
magnetic path of the toroidal core. It is worth mentioning that
the core reluctance is a variable parameter depending on the
value of winding current. From this magnetic circuit model, the
inductance Lgqj¢ can be expressed as

N N?- iy Acore
Lself—R_NQ.Rn_( Mol:u > > (1)

where 1 is the space permeability, and it equals 47 x 10~ H/m.
P,, means the permeance of the core. Besides, the inductance

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 9, SEPTEMBER 2019

DC cut capacitance

(Low impedance) /YY)
chr . ) L cut
(High impedance than DUT)
LcR | Hpot Powder core
Meter
(Hioki: ]
IM3523) [ DC current source
LDUT
Lpot
Fig. 5. Measurement system for relative permeability of powder core under

dc superimposition condition.

Loi¢ varies as the function of the inductor current 77. It can
be deduced from (1) that the variable parameter, which has the
dependency on the inductor current, is the relative permeabil-
ity because N, 119, Acore, and l.ore are constant parameters, at a
fixed inductance value. Therefore, in order to design an inductor
considering dc superimposition characteristic, a precise model-
ing of relative permeability under dc excitations condition is
necessary.

Fig. 5 shows a measurement system for the relative perme-
ability of powder cores under dc superimposition condition [46].
This system consists of LCR meter (HIOKI, model number:
IM3523), two resistors, and two capacitors to block the dc com-
ponent, and two capacitors have low impedance at the measured
frequency. These resistors and capacitors are utilized to protect
the LCR meter. The ripple cut inductor L..; has a large induc-
tance value to minimize the ac components, and it is connected
in series with the dc current source to prevent flowing out of the
small signal of the LCR meter to the dc current source side. In
order to measure the relative permeability of powder cores, first
of all, an optional number of turns is wounded to a powder core
Lpyt [device under test (DUT)]. Under this condition, induc-
tance value Lpy is measured while changing dc current value
of the dc current source. Then, by using (1), the relative perme-
ability of the cores can be calculated from measured inductance
values. However, when selecting a low value of L., the mea-
sured value of Lpyt may include an error. If an accurate value of
L. is comprehended in advance, a better accuracy of LpyT can
be calculated by LDUT = (Lcut'measurcd)/(Lcut *measurcd)’
where Ly, casurea are measured inductance value of LCR meters.

While measuring the relative permeability, an optimal number
of turns can be selected considering the following.

1) The influence of the parasitic capacitance between the

winding of DUT.

2) The magnetic field intensity level that is required to be

measured.

In the DUT with a large number of turns: In order to measure
the relative permeability up to the high magnetic field inten-
sity level with low dc current, the large number of turns are
effective. However, the parasitic capacitance between windings
of DUT would increase. The parasitic capacitance [known as
equivalent parallel capacitance (EPC)] negatively affects the
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measurement obtained from the LCR meter. This is because the
measured inductance value of LCR meter is a converted value
from the magnitude of impedance (|Z|), phase (#), and speci-
fied circuit models (for example, series L and series resistance
R). If the measured frequency reached the parallel resonant fre-
quency [known as self-resonant frequency (SRF)] decided by
Ly and EPC of DUT, the inductance value cannot be mea-
sured accurately. Therefore, the measured frequency should be
set at a lower frequency with a margin from SRF. One more
thing shall be considered is the winding arrangement of DUT.
In case of the uneven winding are wounded to DUT, as shown
in Fig. 6(a), the leakage flux flows not only through the core, but
also through the external side of the core. Therefore, in order to
accurately measure inductance value, the optional winding shall
be uniformly wounded as shown in Fig. 6(b).

In the DUT with a low number of turns: if lower winding turns
are selected, although the effect of parasitic capacitance can
be reduced, dc current source, which can deliver high current
is needed to produce high magnetic field intently level that
needed to be measured. It is worth mentioning that a single turn
may be not suitable for an accurate measurement because the
leakage flux may flow through space outside of DUT as shown
in Fig. 6(c). This leakage flux affects the accurate measurement.
By considering the above conditions, an optimal number of turns
is selected, as discussed in Section II-C.

B. Conventional Model Equations and Proposed Model
Equation Representing Relative Permeability

Relative permeability of powder cores can be measured by
applying the above procedure. However, such many measure-
ment data obtained from the experiments are difficult to process
mathematically in designing magnetic components or in imple-
menting dc superimposition characteristics to a circuit simulator.

A review of the model equations showing the relative per-
meability obtained from the measured relative permeability is
conducted. From the related literature, some modeling equa-
tions have been proposed. For instance, Brauer’s model was
proposed in 1975 [40], [41]. In addition, the generalized model
of the non-linear relative permeability to adapt the positive and
negative value of flux density B is proposed and is shown by the
following equation [41]:

1

» (B) =
H ( ) kl'(1+2sz2)esz2+k3
where k1, ko, and k3 are the Brauer’s model constants for each

magnetic material and these constant parameters is obtained by

2)
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fitting the measured B-H curves. As another model, the fol-
lowing equation is proposed in [36] to show the relationship
between flux density and magnetic field intensity, and a similar
equation proposed in [39]

+b-H4c-H*\"
a c ) 3)

B(H)=0.1-
(H)=0 (1+d~H+e~H2

where a, b, c, d, e, and x are the constant parameters to fit the
measured B-H curve data. H is the magnetic field intensity and
given by

N -ip,

lcore

H = 4)

These equations shown in (2) and (3) have many coefficients
for fitting measured SVBHC curves. Furthermore, these coeffi-
cients do not have any physical meanings. Therefore, non-linear
magnetic permeability cannot be understood intuitively from
these coefficients.

In order to simplify the model equation and coefficients, this
paper proposes a novel model equation and is shown by

p
L+ (IH]/q)

where p, ¢, and r are the coefficients representing the relationship
between the inductor current and the relative permeability.

For the intuitive interpretation of the proposed model equa-
tion, the conceptual diagram using (5) is illustrated in Fig. 7(a).
As seen in Fig. 7(a), p is a parameter related to initial relative
permeability at zero dc current condition. In addition, the initial
relative permeability is shown by p + 1. ¢ means the magnetic
field intensity where the initial relative permeability reaches
its half value. The first term on right-hand side in (5) means
the relative permeability of the core when complete magnetic
saturation occurs. Therefore, (5) converges to 1 if H becomes
infinite, as shown in Fig. 7(b). r is the coefficient related to
the negative slope of the relative permeability. The variation of
relative permeability when the coefficients r change is shown
in Fig. 7(c). As seen in Fig. 7(c), when r has a high value, the
relative permeability tends to rapidly decrease at around the g.
In addition, the slope of the relative permeability at g can be ex-
pressed as —pr/4q. Therefore, the model equation shown in (5)
is helpful because the meaning of each coefficient can be intu-
itively understood. Furthermore, these coefficients are helpful to
evaluate dc superimposition characteristics of various magnetic
materials. The proposed equation is derived on the basis of the
Fermi—Dirac distribution function because the function is sim-
ilar to the change behavior of relative permeability of powder
cores.

for (H):1+ ©)

C. Evaluating the Proposed Model Equation for Various
Powder Cores With Different Magnetic Properties

The experimental tests and mathematical analysis are con-
ducted to validate whether the proposed model equation can ac-
tually accurately fit the measured values of relative permeability
or not. Five different magnetic materials have been evaluated in
this discussion. Table I shows the magnetic materials and their
core size used in this evaluation, and the magnetic cores are
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TABLE I
MAGNETIC MATERIALS AND SIZE OF THE TOROIDAL CORES

Type Magnetic material Model number Chemical ) Outer ) Inner Thickness Sectional Average magnetic
P & component Diameter (OD) Diameter (ID) (TH) area Acore path length /eore
A Ferrosilicon powder BCW155-08150 Fe-Si 27.3mm 14.5mm 11.2mm 71.6mm?* 65.7mm
B Permalloy powder BCH15-02800 Fe-Ni 27.2mm 14.6mm 11.6mm 73.0mm?* 65.7mm
C Supermalloy powder BCM15-02800 Ni-Fe-Mo 27.2mm 14.6mm 11.8mm 74.3mm? 65.7mm
D Sendust powder BCS15-02750 Fe-Si-Al 27.4mm 14.3mm 11.7mm 76.6mm?* 65.5mm
E Amorphous powder GLT114D Fe-P-C-B-Si 27.4mm 14.7mm 11.9mm 75.6mm> 66.1mm
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Fig. 8. Prototypes of the inductors using toroidal core shown in Table II. The
number of turns in each core is 65 turns.

shown in Fig. 8. The magnetic cores have almost the same
structure to guarantee a fair comparison and to eliminate any
dependency of the relative permeability on the core dimensions,
as mentioned in Section I.

The experimental conditions for this evaluation are as follows:
the measured frequency is 50 kHz, the small signal voltage of
LCR meter is 1 V. The number of turns in each DUT is 65 turns,
and dc current range is from O to 18 A in order to change the dc
magnetic field intensity. In addition, 65 turns are selected consid-
ering SRF. SRF is checked in advance whether it is much higher

than the measured frequency (50 kHz) or not. The measured
results of SRF in each core with 65 turns is shown in Fig. 19
in Appendix A and are over | MHz. The measured results of
the relative permeability in each magnetic core are shown in
Fig. 9(a) and (b). In Fig. 9(a), the dots mean the experimen-
tally measured results, and the solid lines show the approximate
lines obtained from the proposed model equation shown in (5).
As seen in Fig. 9(a), the experimental results and the calcu-
lated results from our proposed equation (5) are consistent with
each other. On the other hand, Fig. 9(b) shows the measured
results and approximated lines using the least-squares method
relying on a sixth-order polynomial expression (1, = ky HS +
koH? +ksH* +kyH? + ks H? + k¢ H + k7). In this case, a
high-order polynomial expression is applied to measured results
to fit them. In case of using polynomial expressions of first to
fifth order, the error between the calculated and measured results
was relatively high. As seen in Fig. 9(b), the approximation line
using the polynomial expression of sixth order is actually fitting
with measured results up to the measured result at the highest
magnetic field intensity (almost H = 18000 A/m). However, as
seen in Fig. 9(b), the relative permeability of the least-squares
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equation. (b) Least-squares method using sixth-order polynomial expression.

method using the polynomial expression does not converge to 1
at high magnetic field condition. In the case of the Permalloy (B)
and the Supermalloy cores (C), the relative permeability using
polynomial expression increase between H = 18 000 A/m and
20 000 A/m. Therefore, if the polynomial expression is applied
for making approximation line, many measured results at values
of the high magnetic field are necessary to converge to 1.

As an extracting method of each coefficient in both methods,
the coefficients showing relative permeability used in proposed
model equations and the least-squares method using polynomial
expression are automatically parametrized by using computer
calculation. In this case, Mathematica (Wolfram Research) is
used to calculate the coefficients.

The calculated coefficients p, g, and r in each core are sum-
marized in Table II. In order to compare the coefficients between
proposed and polynomial expressions, the coefficients of sixth-
order polynomial expression are also shown in Table II. As seen
in Table II, the meaning coefficients in the proposed model equa-
tion can be intuitively understood. Furthermore, the proposed
equation has only three coefficients.

On the other hand, although the coefficients k7 of the least-
squares method using sixth-order polynomial expression means
the initial relative permeability, the other parameters k; ~kg can-
not be intuitively understood.

Furthermore, the slope of du, /dH at g in both methods is
compared and the results are also shown in Table II. The values
of the slope of du, /dH at g are almost matched, and the cal-
culated results of the proposed model equation are consistent
with the measured results, with high accuracy. Therefore, the
effectiveness of the proposed modeling method is confirmed.
The validity of r values parametrized by computer calculation
is verified in Appendix B.

III. MAGNETIC DESIGN METHOD FOR POWDER CORES
A. Calculating the Number of Turns

In this section, a design method of powder cores used in
power converter is introduced by using the proposed model
equation shown in (5). As a case study, the proposed magnetic
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Fig. 10. Circuit diagram and current waveforms of the boost converter.
(a) Circuit configuration. (b) Inductor current waveform.

design method is applied to an inductor used in a boost converter
shown in Fig. 10(a).

Since the coefficients used in (5) are already measured by the
experiments, they express the relative permeability of each pow-
der core material. Therefore, these coefficients are used for the
magnetic design considering dc superimposition characteristics.
Using (1), (4), and (5), an expression for the self-inductance Lg¢
can be obtained, as a function of the variable inductor current,
as follows:

NQ'NO’AcorO) < p )
Lot = | ——H0 Leore ) (g 4 , ).
self ( lcore 1 + (N 'ZL/q'lcore)

(6)

Therefore, once the designed inductance value is decided, the
number of turns can be derived by substituting the geometrical
parameters of the powder core and the coefficients related to
relative permeability into (6). Nonetheless, (6) is difficult to be
solved with respect to the number of turns N. In this case, a
numerical analysis using computer calculation is used to decide
the number of turns N. By conducting a numerical analysis, the
designed number of turns can be automatically calculated. The
circuit parameters for evaluating the proposed magnetic design
method are listed in Table III. In general, the inductor ripple
current is designed at a maximum power rating of converter
because the power losses and temperature rise in active/passive
components should be considered in advance. Since most of
the high-power converters operating in CCM are often used,
therefore, in this evaluation, the inductor is designed considering
CCM operation.
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TABLE II
COEFFICIENTS SHOWING THE RELATIVE PERMEABILITY

Proposed model equation (u=1+p/(1+(|H|/q)"))

Tud/dH at
Type I g [A/m] as! oriagy
Ferrosilicon powder (A) 43.9 14300 1.94 —1.5m/kA
Permalloy powder (B) 51.9 13100 2.33 —2.3m/kA
Supermalloy powder (C) 50.1 8260 2.47 —3.7m/kA
Sendust powder (D) 68.0 5020 1.91 —6.5m/kA
Amorphous powder (E) 58.1 6020 1.24 —3.0m/kA
The least-squares method (u=kiHo+loH +lsH +ka H + s HP+ keHk7), ki~k7 are the coefficients. du/dH at q is calculated by 6kiq*+5kaq*+4ksq> +3kaq*+2ksq+ke
Type ky k ks ka ks ks kr i/ Igﬁlhl f (t:r(i
Ferrosilicon powder (A) -5.160-107% 2804107 5.891-10°° 6.543-107" 4.552:107 -1.730-10% 44.9 ~1.5 mkA
Permalloy powder (B) 8.986-10% -5.015-107 1.046-10° -9.01810 1326107 4395 10% 53.0 2.4 m/kA
Supermalloy powder (C) 9.949:10% 5341107 9.507:10"° 41831071 -3.767-107 2.636'10% 511 3.8 mKkA
Sendust powder (D) 2925107 1.915-10° -4.909-10°1% 6.043:10"° -3.225:10° 6.921-10% 69.0 6.7 m/kA
Amorphous powder (E) -1.583°10% 9.727:10" 2295107 2498107 -9.810-107 4.159-10° 59.1 3.2 mkA
TABLE IIT As shown in Fig. 11, the number of turns in each magnetic
CIRCUIT PARAMETERS . p p
core differs even though magnetic core sizes are almost the
Topat voltage 7 oV same. Therefore, the demgned numper of turns varies greatly
Output voltage Vo 100V depending on the magnetic properties of each core. In other
Output power Po S00W words, the number of turns depends on the values of coefficients
Duty ratio d 0.5 d
Switching frequency Sfow 50kHz D, g, andr. . . . .
Switching period T, 20us It should be noted here that the magnetic materials having high
gldL!Ct"fda"elmge ;‘}”dem (méXi“ll“m power rating) ih 150: q are effective for reducing the number of turns because these
esigned value of inductor ripple current Lop . . . o .
Tnductance at =1 0A Lo | T00uH mate?l.als have h.lgh relative permeablhty. under the k'ngh current
condition. In this case, core A shown in Table I is designed
500 with 45 turns. Similarly, B is 40 turns, C is 50 turns, D is 70
Ferrosilicon powder(A) — Number of turns - turns, and E is 53 turns. The aforementioned number of turns
T o0l Permalloy powder(B) | Ferrosilicon powder:3 were calculated to realize the designed inductance of 100 pH at
= 400 Supermalloy pow: der(C) Permalloy powder:40 .
— P Y P Supermalloy powder:50 IL ave — 10 A condition.
el Sendust powder(D) Sendust powder:70 I h d . h d . d b h . d 1
300 fremees Amorphous powder(E) | Amorphous powder:53 n the design method mentioned above, the inductance value
§ / Le1r and the number of turns N are designed approximately at
g 200 the operating point of I1,.. because powder cores have soft
—é  100uH %’—— saturation property without a dramatic change of relative per-
= 100 /// meability, and this paper focuses on powder cores. However,
olL— 49 43_552 33 70 this approximate Qes1gn meth(?d at the operating point Qf I Lave
0 20 40 60 %0 100 may not be valid in a magnetic core with strong non-linearity,
Number of turns sucb as saturable ferrlte. cor<.3s. For this re;ason, we a.lso present
an inductor current estimation method in Appendix C and a
Flg 11. Relationship between the number of turns and inductance using Way to des]gn the number Of turns using the proposed mode]

toroidal core shown in Table I.

Based on Faraday’s law, the inductor ripple current I7,,, can
be obtained from Fig. 10(b) and defined as

Vi

i @
Lsertl;, -1,

1 Lpp ~
where T is the switching period in the main switch S shown in
Fig. 10(a). d is the duty ratio of S. The inductor ripples current
changes non-linearly due to the non-linear behavior of relative
permeability. In this design, the designed self-inductance value
can be obtained using (7) and approximated at the operating
point of the inductor average current I7,... In this case, the
designed inductance value is 100 ;tH, and as a result, the number
of turns can be calculated.

Using (6), the relationship between inductance value and the
number of turns in each magnetic core is shown in Fig. 11.

equation. The design method shown in Appendix C is based
on applying piecewise linear calculation. Magnetic design and
ripple current estimation for strong non-linear magnetic cores
can be conducted using numerical analysis.

The inductor current waveforms in case of using different
powder core materials with the designed number of turns under
I1ave = 10 A condition are shown in Fig. 12. These waveforms
are obtained based on piece-wise linear calculation. As seen
in Fig. 12, the validity of the designed number of turns has
been proven theoretically effective, because the inductor ripple
current is almost SA.

B. Inductance Variation

The inductance variation based on the dc current value is
investigated in this section. The inductance variation depend-
ing on the dc current value can be investigated according to
(6), considering the calculated number of turns. The inductance
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Fig. 12. Inductor ripple current estimation using piecewise linear calculation shown in Appendix C. (a) Ferrosilicon powder (A). (b) Permalloy powder (B).

(c) Supermalloy powder (C). (d) Sendust powder (D). (¢) Amorphous powder (E).
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Fig. 13.  Relationship between inductance value and inductor average current

when using the determined number of turns.

variation for each inductor is shown in Fig. 13. As shown in
Fig. 13, inductors utilizing cores C, D, and E can realize a
higher inductance value than that of cores A and B within a
light load range. A core with high initial permeability would
have a high value of p [1 + p means the initial permeability as
shown in Fig. 7(a)], this core material tends to realize a high in-
ductance value within light load range. Therefore, this property
can improve the inductance value in the range of light loads,
and it contributes to reducing conduction losses in power de-
vices and passive components because inductor ripple current
can be reduced [33].

Using non-linear inductors instead of linear inductors is pop-
ular in many industrial applications, some advantages have been
reported in [47] and [48]. For instance, in passive power factor
correction converters, the non-linear inductors such as powder
cores can suppress generation of harmonics in input currents
while downsizing magnetic components in comparison with
gapped inductors using ferrite cores [47]. In dc-dc converter
with maximum power point tracking for photovoltaic, the range
of operation can be extended for low sun-radiation levels or
partially shaded solar panels by utilizing non-linear inductor
[48]. Therefore, using a non-linear inductor allows the circuit
to realize a self-adaptation within a wide range of solar input
power.
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Fig. 14. Single-valued non-linear B-H curves for each core materials
using (11).

C. DC Magnetic Flux Density in Cores

By using the coefficients related to the relative permeability,
the dc magnetic flux density can be approximately predicted.
Note that the dc magnetic flux is calculated on the basis of
SVBHC. Relative permeability i, is defined as the rate of a
change of a magnetic flux density over the rate of a change of a
magnetic field intensity H and divided by the space permeability.
Therefore, the relative permeability can be expressed by

1 0B

C(H) = — - .
fr (H) ]

From (8), the magnetic flux density B (H) on SVBHC in cores
can be calculated by integrating the magnetic field intensity H
which can be calculated as

®)

H
B = [ e () - a. ©)

0
By applying (9), the instantaneous value of flux density B
(H) at an instantaneous value of magnetic field intently H can
be calculated. In addition, the magnetic field intensity H is a
function of time because inductor currents change time by time;
the dc magnetic flux density By. can be calculated by time
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averaging for one period as follows:

T,
BdC:Ti / B(H) - dt. (10)
0

S

On the other hand, since applying (9) and (10) is computation-
ally complicated, a simple calculation method of the dc magnetic
flux density Bpc is also proposed as one of the approximated
calculation methods. Approximated dc magnetic flux density is
calculated by integrating from O to the average magnetic field
intenSity Hve (: Nl ave /lcore) as follows:

Have
BdC|Huvc ~ A Juss (H) s o - dH

- /oH (1 " ﬁ

By solving (11), the B-H curves in each material are shown in
Fig. 14. As aresult, the dc flux density caused by the dc average
current I, can be predicted approximately. The maximum
flux density By, .x including half of the ac flux, which occurs by
the applied voltage, is calculated as follows:

>.HO-dH. (11)

1 f
Yiar

Bmax = Bdc + m N

12)

By using (12), the maximum flux density can be calculated
approximately.

However, note that the dc magnetic flux density Bg., which
is calculated from (11), is an approximated value. This approx-
imated estimation method of the flux density value using (11)
also may not be valid when it is applied on cores with strong
nonlinearity, such as saturable ferrite cores. The reason why
this approximated method cannot be applied is explained in Ap-
pendix D. Furthermore, a more accurate estimation method is
presented in Appendix D.
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IV. IMPLEMENTATION OF THE PROPOSED MODEL EQUATION
TO A CIRCUIT SIMULATOR

This section introduces an implementation method of dc su-
perimposition characteristics of the powder core to a circuit
simulator. In general, power electronics engineers use a circuit
simulator in order to evaluate the whole circuits including con-
trol, power stage, and active/passive components. On the other
hand, suppliers of magnetic components use electromagnetic
field simulators to evaluate temperature rise, iron losses, and
inductance variation of magnetic components. However, since
these characteristics are related and affect each other, a compre-
hensive analysis method on simulators is necessary to evaluate
both of power electronics circuits and magnetic components
simultaneously. Certainly, there are some software that can con-
duct a coupled analysis of an electromagnetic field in magnetic
components and circuit state; however, a highly functional com-
puter is needed, and much time is required to calculate the elec-
tromagnetic field and circuit state simultaneously. One of the
effective ways to evaluate magnetic components used in power
electronics circuits is to implement magnetic core properties
to a circuit simulation. In addition, accurate modeling of mag-
netic devices in simulation models is helpful to estimates the
loss, size, and steady-state and dynamic characteristics before
manufacturing the prototype.

A. Literature Review

In general, there are many implementation methods of dc
superimposition characteristics to circuit simulators. For exam-
ple, using the lookup table that utilizes the measured inductance
can be implemented easily and the implementation procedure
is simple. However, circuit designers need to carefully type the
inductance values into the table in a simulator, and this work
may lead to inaccuracy and it wastes a lot of time. In addition,
when the number of turns is changed to adjust inductance val-
ues, the inductance has to be measured again and retyped into
the simulator table.
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Another method to express the dc superimposition character-
istics is utilizing an equivalent circuit model using ideal passive
components and current-controlled voltage source (CCVS) to
reflect the current dependency, this method had been previously
proposed in [49]. One of the attractive features of this method is
that it allows the dc superimposition characteristics to be imple-
mented in general circuit simulators such as SPICE by using the
function of CCVS. However, this method cannot describe the
physical meaning of CCVS in the equivalent circuit since induc-
tors do not have CCVS. Furthermore, in case of a variation in the
inductor specifications such as number of turns, adjusting the
parameters of the circuit model is needed to coincide with the
measured inductance value. Therefore, it is difficult to reflect
the dc superimposition characteristics in the circuit simulator
while expressing the physical meaning of variable permeability
depending on inductor currents using the electrical equivalent
circuit model only.

In [28], [50], and [51], equivalent circuits using electrical and
magnetic circuits were proposed. To implement dc superimpo-
sition characteristic on circuit simulators, non-linear magnetic
reluctances, which have current dependency, had been used. The
physical meaning of inductance reduction can be reflected in the
equivalent circuit by using variable magnetic reluctances.

B. Implementation Non-Linear Properties Into a
Circuit Simulator

Recently, advanced multi-domain circuit simulators are be-
coming more popular. These multi-domain circuit simulators
allow the user to simultaneously analyze not only electrical
circuit, but also thermal and magnetic circuits. In this paper,
PLECS (Plexim GmbH) is utilized as a software simulation
tool, because it can conduct a coupled analysis of both electrical
and magnetic circuits [52].

Fig. 15(a) and (b) shows the simulation algorithm flowchart
for the electrical and magnetic coupled analysis and a simula-
tion circuit model. This simulation method is easy to implement
since it only changes the variable permeance while correspond-
ing to the magnetic field intensity. Regarding the calculation
algorithm inside the simulation, refer to reference [51]. In the
next section, we compare the current waveforms obtained from
the experimental and simulation tests, to show the validity of
our proposed implementation method into the simulator.

V. EXPERIMENTAL AND SIMULATED EVALUATIONS

In this section, the experimental, theoretical, and simulation
evaluations are conducted with three objectives. The first objec-
tive is to show the validity of the magnetic design method using
the proposed model equation, which can fulfill the designed
inductor ripple current. The second objective is to show the
effectiveness of the implementation method of the dc superim-
position characteristics of the powder cores into the simulator.
Specifically, the non-linear inductor current waveforms obtained
from simulation and experiment tests, which are compared side
by side. The third objective is to provide efficiency compari-
son between various powder cores with the different magnetic
properties and coefficients such as p, ¢, and r.
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Fig. 16.  Comparison of inductor current waveforms in the experiment (left
side) and simulation (right side) under the condition that inductor average current
is 10 A. (a) Ferrosilicon powder core (A). (b) Permalloy powder core (B).
(c) Supermalloy powder core (C). (d) Sendust powder core (D). (¢) Amorphous
powder core (E).

A. Evaluating the Simulation Results

In order to investigate the inductance variation characteristics
in each powder core, the inductor average current is intention-
ally changed from 10 (maximum power rating) to 6 (half load),
and 3 A (light load). The comparison results of the inductor
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TABLE IV
INDUCTOR RIPPLE CURRENT COMPARISON

Inductor average current 3A Inductor average current 6A Inductor average current 10A
Experi- Simula- Theory % Experi- Simula- Theory " Experi- Simula- Theory «
ment tion (15) Error ment tion (15) Error ment tion (15) Error
Ferrosilicon powder (A) 4.04A 4.10A 4.12A -1.46% 4.20A 437A 4.38A -3.89% 4.72A 4.96A 4.97A -4.84%
Permalloy powder (B) 4.24A 4.26A 4.28A -0.47% 4.52A 4.45A 4.45A 1.57% 4.92A 4.94A 4.95A -0.40%
Supermalloy powder (C) 3.04A 2.88A 2.88A 5.55% 3.48A 3.40A 3.40A 2.35% 4.76A 5.00A 5.00A -4.80%
Sendust powder (D) 1.60A 1.43A 1.43A 11.89% 2.80A 2.60A 2.57TA 7.69% 5.08A 5.01A 5.01A 1.39%
Amorphous powder (E) 2.96A 2.76A 2.76A 7.24% 3.80A 3.64A 3.64A 4.40% 4.96A 4.97A 4.97A -0.20%
*“The error percentages are calculated by (experimental value—simulation value)/simulation value.
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Fig. 17.

Magnetic flux waveform when using the sendust powder cores. The simulation condition is that inductor average current is 10 A. (a) Simulation results.

(b) Theoretical analysis results using piecewise linear calculation according to (9), (10), and (15).

ripple currents in the experiment and simulation are summarized
in Table IV. As shown in Table IV, the experimental results are
consistent with the simulation results. In addition to this, theo-
retical values using (15) shown in Appendix C are also listed in
Table IV, and these values are consistent with the experimental
and simulation results. Therefore, it has been proven that the
proposed modeling method is accurate and effective.

B. Ripple Current Waveform Comparison Under DC Current
Superimposed Condition and Validation of the Design Method

Fig. 16 shows the experimental results when the cores A—E
have the designed number of turns. These experimental results
are measured while setting the dc offset of minus 10 A to show
the ripple currents clearly. As shown in Fig. 16, the designed
ripple current of 5 A and the measured inductor ripple currents
are almost identical with each other. It can be noticed that the
experimental inductor current waveform when using the sendust
cores (D) changes non-linearly rather than linear triangular wave
current, and this waveform is accurately reproduced by circuit
simulation.

C. Validation of Magnetic Flux Density Waveform
on Simulation

The above discussions were only focused on the current
behavior under the dc superimposition condition. Then, the
magnetic flux densities in powder cores are evaluated through
simulation tests. The advantage of a coupled analysis of elec-
trical and magnetic circuits also includes the simultaneous ob-
servation of electrical and magnetic behaviors. The point for

discussion in this section is whether the theoretical value calcu-
lated by (11) and (12) and the simulation values are consistent
or not. In addition to this, theoretical value using (9), (10), and
(15) on the basis of piecewise linear calculation shown in Ap-
pendix C is compared. Fig. 17(a) and (b) shows the simulation
magnetic flux waveform and theoretical waveforms using (9),
(10), and (15) when using the sendust powder cores (D). The
pre-condition for the inductor average current is 10 A. Table V
shows magnetic flux density comparison results among the sim-
ulation and approximated theoretical values using (11) and (12)
and theoretical values using (9), (10), and (15). As seen in Ta-
ble V, the theoretical values and simulation values are almost
identical with each other.

D. Evaluation of Power Conversion Efficiency

Finally, power conversion efficiencies when the load changes
between light to heavy load were obtained. The measured power
conversion efficiencies are shown in Fig. 18. It can be deduced
that the core E inductor has a better power conversion efficiency
in the light load range because of its low-iron loss characteristics.
On the other hand, at heavy load condition around 10 A, Core B
has the highest power conversion efficiency because it has few
winding turns, which minimizes the copper loss compared with
other inductors.

VI. CONCLUSION

This paper proposed the modeling, design, and simulation
methods for powder cores with non-linear inductance character-
istics. An accurate model of the non-linear relative permeability
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TABLE V
FLUX DENSITY COMPARISON BETWEEN SIMULATION AND THEORY
Condition: Inductor average current 10A
Average flux density By Maximum flux density By
Theory FE:S?BI Theory —I[ﬂl}::i(:?,
Simulation [ll\opr}_rloxirzllafi)(]m ©)-(1 O)Zba nd Error* Simulation [ip]}r{oxix?flti)c]m ©-(1 O)zn d Error*
Y aye, (15)] Y {Taye, (15)]
Ferrosilicon powder (A) 0.358T 0.359T 0.358T 0.279% 0.436T 0.437T 0.436T 0.229%
Permalloy powder (B) 0.385T 0.387T 0.385T 0.519% 0.471T 0.472T 0.471T 0.212%
Supermalloy powder (C) 0.407T 0.411T 0.408T 0.982% 0.474T 0.478T 0.475T 0.844%
Sendust powder (D) 0.497 T 0.499T 0.497T 0.402% 0.543T 0.546T 0.543T 0.552%
Amorphous powder (E) 0.392T 0.393T 0.392T 0.255% 0.454T 0.456T 0.454T 0.440%
*The error percentages are calculated by Theoretical value [Approximation by H, ., (11)]—Simulation value/Simulation value.
§' % ; i) 1 Each core has‘65 turns
— 085 |- —— g 100000 - " :/\(“
g N\ < 10000 . e X
Q 98 ﬁ ./n/i’ * -y
s} 3 1000
% 97.5 P g 100 i
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E —o—o— Amorphous powder (E) * 4&{3 -
Fig. 18. Power conversion efficiency from light to heavy loads. A~ -100
0 500 1000 1500 2000
Frequency [kHz]
had been proposed. The proposed model equation showing the
relative permeability has on]y three coefficients and they can Fig. 19. Impedance characteristics of DUT when measuring the relative

be extracted through a simple experimental test. Furthermore,
the design for powder core and implementation methods into
circuit simulator has been reported. The proposed analysis has
been evaluated through the simulation and experimental tests,
and the proposed model has been proven accurate and effective.
As future works, the proposed magnetic device model will be
applied into resonant converters such as LLC resonant convert-
ers or the integrated magnetics [53] using non-linear magnetic
models used for interleaved boost converters.

APPENDIX

A. Measurement Results of SRF in Each DUT (65 Turns)

The self-resonant frequencies in each core are measured to
investigate the influence of parasitic capacitance between wind-
ings in advance when measuring the relative permeability as pre-
viously explained in Section II-C. The measurements had been
obtained by using impedance analyzer (KEYSIGHT TECH-
NOLOGIES, Model: E4990A). Fig. 19 shows the magnitude
of impedance |Z| and the phase ¢ in each DUT. As seen in
Fig. 19, the self-resonant frequencies in each core are almost
in the range between 1 and 1.5 MHz. In addition, the measured
frequency while obtaining dc superimposition characteristics is
50 kHz. Therefore, the influence of parasitic capacitance on the
measurement accuracy is low because the measured frequency
(50 kHz) is 20 times lower than the SRF. Therefore, the influ-
ence of parasitic capacitance on the measurement can be ne-
glected. On the other hand, when measuring dc superimposition

permeability. Note that dc current zero condition.

characteristics, self-inductance gradually decreases in accor-
dance with increasing dc current value. In this case, SRF in-
creases because the measured self-inductance gradually de-
creases in accordance with increasing dc current value. Thus,
even during dc superimposed measurement, the parasitic capac-
itance has no effect on the accurate measurements.

B. Confirmation of the Validity of the Coefficient r in Each Core

In this section, the validities of the coefficient of r value shown
in Table II are confirmed. To confirm the validity of the  values
obtained by computer calculation, the behavior of approximated
lines is illustrated by the proposed model equation when r value
is varied. Fig. 20(a) shows the comparison results when r values
are slightly varied in the case of the sendust core (D). The
r value is varied within £10% from the specified value (r =
1.91). It can be noticed that when the r value is changed from
the specified value (r = 1.91), the errors between the measured
results and theoretical values increase. To clarify the relative
error value between measured and theoretical values, Fig. 20(b)
shows the relative error. The relative error is calculated by using
the following equation:

Relative E | Theoretical value — Measured value|
elative Error = .

Measured value
(13)
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Comparison results and relative error of the measured and theoretical value when r values are varied [Sendust cores (D)]. (a) Comparison results when

varying r value under the condition that the p and q are fixed. (b) Relative error from measured results.

TABLE VI
AVERAGE RELATIVE ERROR PERCENTAGE WHEN R VALUE IS CHANGED

r is varied between 90%~110%

Average error percentage [%] 7 (90%) 7 (95%) 7 (specified value) 7 (105%) 7 (110%)
Ferrosilicon powder (A) (p=43.9, ¢=14300) 1.74% (=1.75) 0.98% (=1.84) 0.51% (=1.94) 0.79% (=2.04) 1.40% (1=2.13)
Permalloy powder (B) (p=51.9, ¢—13100) 2.39% (1=2.10) 1.48% (=2.21) 0.84% (—2.33) 0.97% (=2.45) 1.59% (—2.56)
Supermalloy powder (C) (p=50.1, ¢=8260) 5.05% (1=2.23) 2.79% (1=2.35) 1.16% (=2.47) 2.71% (=2.59) 4.92% (=2.71)
Sendust powder (D) (p=68, g=5020) 931% (=1.71) 4.42% (=1.81) 1.02% (=1.91) 4.50% (1=2.01) 8.45% (=2.11)
Amorphous powder (E) (p=58.1, ¢=6020) 436% (=1.12) 2.28% (i=1.18) 1.17% (i=1.24) 2.31% (=1.30) 3.85% (1=1.36)

As seen in Fig. 20(b), the relative errors increase in accor-
dance with the great change in the r value, from the specified
values. The average relative error becomes large when the r
value is greatly changed from the specified value (r = 1.91).
Table VI shows the averaged relative error when r values in
each core is changed from the specified value. As seen in Ta-
ble VI, the specified value has good accuracy. Therefore, the
validity of the specified value of r can be confirmed.

C. Theoretical Method for Estimating Strong Non-Linear
Current by Piecewise Linear Calculation

If the relative permeability p, is dramatically changed in one
period in a core with strong non-linear characteristics such as
saturable ferrite core, there is a possibility that actual inductor
ripple current does not match with calculated results using both
(6) and (7). In this section, the theoretical estimation method for
strong non-linear current is introduced using the proposed model
equation. In general, inductor ripple current is a function of time
according to Faraday’s law (V}, = Lges - di/dt). On the other
hand, the non-linear inductance or the relative permeability is a
function of instantaneous inductor current value L(iy, ) as shown
in (6). To solve this case, inductor current can be estimated by
piecewise linear calculation. Fig. 21(a) shows the concept of
the piecewise linear calculation, where the schematic diagram
of the non-linear inductor current is presented. / is the initial
value of the current at time #; and is assumed as the bottom of
the inductor current. The inductance value is calculated by L
and its value is calculated by (6) using /. The inductor current
I, at 1 after time step Ar from 7 is calculated by the sum
of initial value /j and ripple current during Az on the basis of
the Faraday’s law. In the same way, inductor currents I, and /3

are also calculated. By calculating up to on-period of S shown
in Fig. 10(a), inductor ripple current with strong nonlinearity
are estimated. The above concept can be summarized by the
following equation:

IO |t:t0 = IO

‘[1|t:t1 :I() + LoviL . (tl —t()):I() + # At

"L:IU 'L:IU
% %
12|t:t2 211+TLL:11(t2 —tl):Il_FTf:IlAt
v v
L, =1+ ﬁ (t3 —ta) =L + ﬁ

Iy Iy

- At
(14)

where V7, is the applied voltage of inductor. In case of the boost
converter as shown in Fig. 10(a), V; equal input voltage V;
during on-state of main switch S. During off-state, V7, is equal
the difference of input and output voltage (V;, =V; — V,). The
generalized equation of (14) is shown by the following equation:

IO |t:tn = IO

- At

- tn71> =

(o oo (225)

Tnave = 7= [} 1 (t)dt

_ Vi Vi
In |t:t,, - Infl + T, (tn n—1 +L,,,,1
N2 ig-Acore

leore

Ln—l =

ILpp = I max — IO

n=1,22345:
(15)



IMAOKA et al.: MODELING, MAGNETIC DESIGN, SIMULATION METHODS, AND EXPERIMENTAL EVALUATION OF VARIOUS POWDER CORES

9047

The number of calculations for one period 7

Circuit, material, core size condition ta calculate inductor current

!
(At=0.1ns)
(At=1ns)
(A=10ns)
(A=100ns)

20000¢
20000
2000
200
Sim

‘Time stef] A

‘Core paramete 45000, 75, A_,~100mn? L, ~0.1m, N=50 turns
Cireuit parameters: V=50V, /,~100V./“50kl1z, 72204, d=0.5

Fig. 21.
theoretical analysis and simulation.

! A ! 30
e ' L L <05
o E AR
§ __Eilliir_ge_m_eft* ! % L 3 : %20
5 1 1
e R L ! §15
3 S J 3
- 13 4 L, 15
é ~ e VB [, | =10
[ —— 33 Ll
= Time _ 1 At At A A 5
1 period (T,) 1 b P P 7 t;l 0
OFF . 1 0 1 2 3 4 1
ON Tlme; :____________Tirr_le _________ :
(a)

0.00001
Time [s]

0.00002

(b)

Estimating nonlinear current by discretization. (a) Calculation method using numerical analysis and discretization calculation. (b) Comparison between

20
‘ Inductor current [A] 10 T
0 10 20 30 40 _18 Gate-source signal v,
Magnetic field intensity H [A/m] -
0 5000 10000 15000 20000 30 17.74A  27.74A
06 06 2 J_w%
— z 10
S Small Error (0.015T) o5z & 0 bt a0
> 0.55 Bic hppftiave) — 55 <3 e ux density 5 3
= 517 \pproximatign yalue by 7, i 0.5117 ; 05 ! iy
g s : 05 & 04 R 04521
M ~0[502 ! I 0.402 a 15 led 13870A/m
= | g 10 Magnetic field intensity H
L 045 Frrrmminmmnnbin e I SR - S 045 Z 03 5000A/m
£ 01432 B ! 02 & 00 05 10 15 20 25 30 35 xleS
3, DC_true ' = Ti
S 04 : 04 = ime [s]
0 5u 10p  15p  20p : 1 0
Time [s] : 0 €0
! — 058
— ! = -
Condition \ "m—l? 1.00-{ 5u Z 0. 56.0.352 I
Core parameters: \1.,,M:2,7 T4A) - 2z 054
p=80, g=5000, =5 ~—e lop 5 Z2 052
Aore=100mm? , L. =0.1m pr: 8871 . @ K] o 50.0_503 I
N=50 turns Iy 77408 ' = %
Circuit parameters: H;="704508 151 = 048
V=50, f=50kHz, T=20ps, d=0.5 | Hnin 5000 (4= 14.09A) g 046,
Calculation condition: (Iax t10A) < ! 20 5 044 04521
A= 10ns (this value shorter than 0 5000 10000 15000 20000| § 042
2000 times of switching period 7;) Magnetic field intensity H [A/m] 0'40 SOIlOA 'm .6334A/m 1387(.)A’m
‘ 0 10 20 30 40 ‘ 04 05 06 07 08 09 10 11 12 13 14 xlet
Inductor current [A] Magnetic field intensity / [A/m]
(a) (b)

Fig. 22.

Comparison between a calculation method non-linear current by numerical analysis and discretization and simulation using proposed magnetic device

model. (a) Theoretical derived B-H curve using (9), (10), and (15). (b) Simulated waveform and B-H curve.

TABLE VII
COMPARISON BETWEEN THEORETICAL ANALYSIS AND SIMULATION UNDER THE STRONGER NON-LINEAR CORES
Theoretical analysis (using calculation method using (15)) Simulation
Inductor ripple current 17.74 A 17.74A
. . Calculation by B-H curve
Average flux density Bac Calculation by Hawe (Using eq. (11)) (Using eq. (9)-(10), (15)) 0.502T
0.517T 0.502T

where I7,ye 1s the inductor average current and it can be ob-
tained by time averaging for one period. Iy, is calculated by
the difference between maximum inductor current [y, for
one period and /y. By using the above equation and selecting
the fairly shorter time step Ar than switching period Ty, the
estimation of the behavior of non-linear current is possible even
in case of a core with a strong non-linearity. As an approxi-
mated calculation method for inductor ripple current including
strong non-linear behavior, Capua et al.’s study [31] is one of
the interesting ones. The purpose of the calculation method pro-
posed in [31] is to estimate the inductor ripple current based
on dividing the operations region into weak saturation, roll-off,

deep saturation regions, in the case of ferrite cores including
saturation operation. However, to estimate ripple current value
in saturable ferrite inductors, some coefficients have to be ob-
tained from the inductance versus current map, which divides
operation region into weak saturation, roll-off, deep saturation
regions. Nonetheless, the advantage of the proposed calcula-
tion method using (15) is that it can be directly applied using
the model equation shown in (5). It is worth mentioning that
the ripple current can be calculated directly from the mate-
rial parameters (p, g, r) and it helps in designing the num-
ber of turns. From the magnetic material selection perspective,
the proposed ripple current estimation method is helpful to se-
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Fig. 23.  Comparison of inductor current waveforms in the experiment (left
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lect the proper magnetic material from several types of powder
cores.

To evaluate the calculation method based on piecewise linear
calculation, the current waveforms are compared with the sim-
ulation waveform. Fig. 21(b) shows the comparison results of
calculated values using (15) and simulation. As a precondition
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to illustrate non-linear inductor current, the material, circuit, and
calculation parameters shown in Fig. 21(b) are used, and [, used
in (15) is set as 10 A. The core material is assumed that it has
strong non-linearity in comparison with powder cores used in
this paper because slope of r is much higher than that of the ma-
terials shown in Table II. As seen in Fig. 21(b), when selecting
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the time step At of 100 ns for (15), high error between simu-
lation waveform and theoretical analysis is expected. However,
when selecting the shorter time step Az, theoretical analysis and
simulation results are consistent with each other. Therefore, just
by creating a design tool on the basis of (15), ripple current and
number of winding turns can be estimated and designed by uti-
lizing numerical analysis even in case of using magnetic cores
with strong non-linearity.

D. Calculation Method of DC Flux Density Bq. of Strong
Non-Linear Core and Error Due to Approximated
Value of H e

In this section, a calculation method of dc flux density
Bq. when using a core with strong non-linearity is proposed.
Moreover, the cause of error due to approximated values of
H,,. is presented as a case study. In this paper, the dc flux
density in the presented mathematical analysis was calculated
and approximated by using “average” magnetic field intensity
Have (= N - ILave/lcore) @s shown in (11). However, in case of
a core with strong non-linear characteristics such as saturable
ferrite core, the calculated dc flux density using (11) would have
a small error. To explain the reason behind this error, Fig. 22(a)
shows a B-H curve derived theoretically using (9), (10), and
(15). As a precondition to illustrate a B-H curve, the material,
circuit, and calculation parameters shown in Fig. 22(a) are used,
and Ij used in (15) is set as 10 A. The core material is assumed
that it has strong non-linearity in comparison with powder cores
used in this paper because r value is much higher than that of
the materials shown in Table II. The calculation procedure is as
follow: First, inductor current is calculated by using (15), then,
the magnetic field intensity is calculated by (4). Finally, mag-
netic flux density B (H) based on SVBHC is calculated using
(9). As seen in this Fig. 22(a), the amplitude of inductor ripple
currentis 17.74 A and the inductor ripple current includes strong
non-linear behavior. In this case, the “average” magnetic field
intensity H,ye is 7045.08 A/m (I .y = 14.09 A) and the cal-
culated dc magnetic flux density Byc_app(Have) Using (11)is 0.517
T. However, by alloctaing the actual average flux density Bgc_rye
on this B-H curve shown in Fig. 22(a), the value is estimated as
0.502 T. Therefore, there is the small error between actual value
and approximated value using H,.. That error of dc flux density
occurs because it was calculated by “average magnetic intensity
H,..” and the inductor ripple current has strong non-linearity.
However, when using the proposed magnetic device model used
in simulation, dc flux density can be predicted on the simulation.
Fig. 22(b) shows the simulation results using the material and
circuit parameters shown in Fig. 22(a). As seen in Fig. 22(b),
when investigating actual dc magnetic flux density Bgc_yye ON
the simulation result, it is 0.502T, and this value matches with
the theoretically derived value using (9), (10), and (15).

The conclusion of this section is that the estimation of dc flux
density By. by H,y. introduces errors when the nonlinearity of
cores is strong. The comparison results are shown in Table VII.
In this case, while determining average flux density, using (9),
(10), and (15) is recommended instead of using (11) and (12).
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E. Measurement Results of Ripple Current Under the Low and
Middle DC Current Condition

The simulation and experimental waveforms under the con-
ditions that inductor average currents are 6 and 3 A are shown
in Figs. 23 and 24, respectively.
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