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In this paper, the method for calculating losses in magnetic cores operating in a DC/DC power con-
verter is experimentally verified for selected samples. The chosen method of calculating magnetic losses
based on loss measurements under sinusoidal excitation is described, and the measurement process is
discussed. The results of power loss measurements with a direct current bias for three different magnetic
core materials, e.g., ferrite, nickel-iron—molybdenum alloy powder, and nanocrystalline, are presented.
A quantitative determination of the deviations for the tested method is proposed, including the fre-
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quency dependence of the deviation distribution.
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1. Introduction

The key components of power electronic con-
verters are magnetic cores. Their miniaturization
is achieved by increasing the switching frequency,
which results in higher losses in the magnetic
core [1]. The value of these losses depends primar-
ily on the type of core material [2]. The operation
of the DC/DC power electronic converter causes
the magnetic core of the inductor to operate under
non-sinusoidal excitation conditions. In the ana-
lyzed case, the magnetic flux density has a triangu-
lar waveform, which, in addition to the frequency
and amplitude, is characterized by the presence of
a direct current (DC) component Bpc. The oc-
currence of the DC part of magnetic flux density
B is related to the flow of unidirectional current
through the inductor’s windings, which causes the
core to be magnetized with the DC component of
the magnetic field strength Hpc. In the case of some
magnetic materials, DC pre-magnetization has a
significant impact on the loss level and cannot be ne-
glected [3, 4]. The commonly used Steinmetz equa-
tion, as well as its modifications, e.g., those de-
scribed in [5], do not allow one to take into account
the influence of the constant component of the mag-
netic field strength on losses. The method based on
the Steinmetz pre-magnetization graph (SPG) pro-
posed in [3] requires many measurements in the con-
verter operating conditions and adjustment of the
coefficients for the improved generalized Steinmetz
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equation (IGSE) to the results obtained for sub-
sequent Hpc values. Therefore, there is a need to
develop, verify, and improve methods for estimat-
ing power losses of magnetic cores operating under
such conditions. The article presents the results of
experimental verification of the method for calculat-
ing losses in magnetic cores operating in a DC/DC
converter based on sinusoidal losses for magnetic
cores other than those in the original studies [6, 7].

2. Method description

The approach analyzed in this article was pre-
sented in [6] and [7]. This method uses sinusoidal
losses with equivalent frequency to model losses
with non-sinusoidal excitations. The equation for
the energy density lost during one complete mag-
netization cycle with sinusoidal excitation was also
analyzed [6]

Qv = PVf(T)

= Co fTOBYD (¢, 72—y THey),
(1)
where C,,, x, y are parameters characterizing the
magnetic material; 7 — core operating tempera-
ture, f — core magnetization frequency; Py —
power losses related to the core volume; ¢y, ¢,
¢y — coefficients of the polynomial taking into ac-
count the influence of temperature. This formula
is based on the Steinmetz equation, however, it
is expressed for energy losses and supplemented
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with a polynomial taking into account the influence
of temperature. The energy losses depend on the
derivative of the magnetic flux density dB/dt. As-
suming that B = dB/dt, the arbitrary shape of the
magnetic flux density can be represented using a
linear-segmental description containing a weighting
factor. This approach may also be useful in cases
other than a DC/DC converter. The formula for
the equivalent frequency of a sinusoidal signal in [7]
takes the form
=
th—tp—1’

9 K
feq(sin) = ﬁ Z <
k=1

where K — the number of consecutive k-th seg-
ments of the linear-segmental magnetic flux density
course. For a rectangular voltage waveform mag-
netizing the inductor core operating in a DC/DC
converter, the magnetic flux density waveform in
the core is triangular. If this waveform is symmetri-
cal, then the frequency of the equivalent sinusoidal
waveform can be expressed as [6]
8

ﬁ frecta
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(3)

where fiocy is the frequency of the magnetic flux
density waveform (excited by a rectangular volt-
age waveform) in the inductor core operating in a
DC/DC converter. In [7], the authors proposed to
include the equivalent frequency into the IGSE [§],
obtaining a formula expressing the energy loss.
Thereby, when the converter operates with a duty
cycle of D = 0.5, which corresponds to a symmet-
rical triangular course of magnetic flux density, the
equation for the energy lost in the core is simplified
to the following form [7]

Qrect = Qeq(sin) (ABrect7 Hpc, feq(sin)) y (4)

where AB is peak-to-peak magnetic flux density in
the core; Qrect and Qeq(sin) — energy lost in the
magnetic core under rectangular and sinusoidal ex-
citation, respectively. As follows from (4), the en-
ergy lost in the core of the inductor operating in a
DC/DC converter can be determined on the basis of
sinusoidal losses for the equivalent frequency while
maintaining the same value of the constant com-
ponent of the magnetic field strength Hpc and the
peak-to-peak magnetic flux density in the core, AB.
Hence, to determine the losses corresponding to the
operating conditions of the DC/DC converter, nec-
essary measurements must be carried out.

feq(sin) =

3. Measurement process

The measurements results presented in [6, 7] con-
firmed the usefulness of the equivalent frequency
method in loss modeling, however, the results ob-
tained only concerned cores made of ferrite mate-
rial 3C85 (Philips) [7] and iron powder material SK-
08KSTB (TOHO ZINC) [6]. For this reason, the aim
of this research is to verify the applicability of (4)
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TABLE I

Magnetic cores selected for measurements (A — in-
ductance coefficient value for the number of turns
N =1) [9-11].

. Core model Arp
Core material
name [nH]
N87 (ferrite core) B64290L0038X087 900
MP (nickel, iron,
molybdenum alloy MP-065205-2 123
powder material)
VITROPERM 500F
. T60004-L2063-W627-52 {18000
(nanocrystalline core)

in the loss calculation for magnetic cores made of
other materials. It was assumed that the method
verification would be carried out for the duty cy-
cle D = 0.5, which corresponds to the symmetrical,
triangular shape of the magnetic flux density wave-
form in a core. Three magnetic cores made of differ-
ent materials were selected for testing, as presented
in Table T (see also [9-11]).

Inductors with powder or ferrite cores are often
found in DC/DC converters. If a ferrite core is used,
a core with a discrete air gap should be used to en-
able the inductor to operate at a higher DC. In
the case of powder material, the material struc-
ture ensures the so-called distributed air gap in the
core. In this research, all tested samples were with-
out discrete air gaps to avoid the additional fring-
ing effect associated with these core types [12, 13].
This phenomenon introduces unnecessary compli-
cations related to the loss measurements [14, 15],
which is not desirable for the verification of the an-
alyzed method. The nanocrystalline material VIT-
ROPERM 500F is generally used in the area of
electromagnetic compatibility (EMC) applications
(e.g., common mode chokes [11]). However, it was
included in the research due to its different internal
structure compared to the other samples. In order
to verify the correctness of the analyzed method,
measurements were carried out first in the operat-
ing conditions of a DC/DC converter and then with
sinusoidal excitation at the equivalent frequency
Jeq(sin) in accordance with the assumptions result-
ing from (4), i.e., with the same Hpc and AB val-
ues. The Brockhaus MPG 200 measurement system
was used to measure the magnetic losses of selected
cores. The system accuracy is < 0.2% and concerns
the measurement of power losses under sinusoidal
excitation conditions. In order to obtain core op-
erating conditions corresponding to operation in a
DC/DC converter, the “Free Curves”’ option was
used to generate a custom waveform shape of the
magnetic flux density by the measuring device. The
accuracy of the measurement system for this op-
tion is < 1.5%. The base clock accuracy of the
data acquisition card in the measurement system
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Fig. 1. Energy core losses versus frequency at
AB=0.1T.

is £0.01%. An additional limitation during mea-
surements is the maximum number of points from
which the measurement system can generate a cus-
tom waveform. For the maximum frequency of the
triangular signal during measurements (rectangular
voltage waveform), the fiecy frequency is 125 kHz,
and this waveform is generated from only 20 points.
At the lowest excitation frequency, fiect = 10 kHz,
the waveform is generated from 100 points. The re-
sults are presented in the form of energy losses @
(per one complete sinewave cycle) related to the
core volume, as presented in [6]. Since the accuracy
of the measurement system is better with sinusoidal
excitations, the energy loss measured for such exci-
tations was taken as a reference point. Due to the
fact that formula (3) can be transformed to deter-
mine the frequency in the conditions of a DC/DC
converter based on the frequency of sinusoidal exci-
tation, the following formula was proposed to assess
the accuracy of the analyzed method

_ |Qrect - Qeq(sin)|

Oz
ch(sin)

(0]

-100%.

(5)

4. Results and discussion

Energy losses measured in core operating under
conditions corresponding to a DC/DC converter
(values indicated by the square marker) and under
sinusoidal excitation conditions (at the equivalent
frequency and maintaining the same Hpc and AB
values — indicated by the round marker) are pre-
sented in the figures below. The curves (solid or
dashed) presented in the figures approximate the
results based on a power function. Measurements
were carried out for two different values of the DC
component of the magnetic field strength. In the
figures, the lower horizontal axis indicates the fre-
quency of the rectangular voltage excitation, while
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Fig. 3. Energy core losses versus frequency at
AB = 0.2 T (MP-065205-2 powder core).

the upper horizontal axis indicates the correspond-
ing value of the equivalent frequency of the sinu-
soidal excitation. The vertical axis indicates the
energy lost according to the approach presented
in [7].

Figures 1 and 2 present the energy loss mea-
surements and the method deviation for ferrite
core N8&7.

As expected, the measured energy losses in-
creased with magnetization frequency. Moreover,
the energy loss level was also noticeably dependent
on the value of the DC component of magnetic
field strength. In the case of the N87 ferrite core,
the method provided an acceptable convergence of
the measured and calculated values of core losses
(Fig. 2). It should also be noted that in the case of
the ferrite core, the approximation deviations were
about two times higher for the larger DC compo-
nent of Hpc =20 A/m.

The results obtained for the MP powder core
are depicted in Figs. 3 and 4. Generally, the in-
crease in energy losses in the function of frequency
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Fig. 5. Energy core losses versus frequency at

AB = 0.2 T (VITROPERM 500F nanocrystalline
core).
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is more dynamic than in the case of the N87 fer-
rite core. On the contrary to the ferrite core, only a
very small increase in energy loss depending on the
Hpc value was observed. This is a favorable fea-
ture of the MP powder core, especially for applica-
tions in DC/DC converters, because the losses are
almost independent of the converter load current
for a specific operating frequency. Due to the lim-
itations of our measurement system, this core was
measured in a lower frequency range (up to 50 kHz).
As shown in Fig. 4, the method deviation does not
exceed 12%.

Finally, Figs. 5 and 6 present the results for the
last core made of VITROPERM 500F nanocrys-
talline material. Similarly to the other measured
cores, energy losses strongly depended on the
core magnetization frequency. For the nanocrys-
talline core, energy losses determined by the ver-
ified method provided small deviations in almost
the entire frequency range, and the obtained devi-
ation values indicated a weak dependence on the
Hpc values.

5. Conclusions

In this paper, the method of estimating losses
of inductor cores operating in the conditions of
a DC/DC converter was presented. The analyzed
method, based on losses measured at sinusoidal ex-
citations, was verified for three different types of
core material. Energy loss values provided by mag-
netic core manufacturers are usually determined
for sinusoidal excitation conditions. Additionally,
these losses are not obtained from measurements
under DC bias conditions. For this reason, core
losses cannot be easily estimated based directly
on (3)—(4) without additional measurements. The
verified method for loss estimation provided satis-
factory results for the core made of nanocrystalline
alloy. The maximum deviation of the loss estimation
did not exceed 8%, and in a wide frequency range
up to 110 kHz, the deviation was lower than 3.2%.
For the constant component Hpc = 10 A/m, the
method gave similar deviation values for both the
nanocrystalline and ferrite cores. Slightly larger de-
viations (for Hpc = 10 A/m) occur for the pow-
der core. However, for a higher value of the Hpc
component, the method deviation in the case of the
ferrite core increased noticeably in contrast to the
nanocrystalline core. Due to the limitations of the
measurement system, the frequency range for the
MP powder core was limited (from 10 to 50 kHz).
It is worth noting that in the original paper [7], the
method for loss calculation was verified for another
powder core (SK-08KSTB) for a frequency range
limited to approximately 20 to 50 kHz. The results
presented in this paper for the MP powder core are
within acceptable limits appropriate for practical
application.
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Concluding, the analyzed method provided sat-
isfactory results for calculating losses in the case
of a symmetric triangular waveform of mag-
netic flux density in nanocrystalline (VITROP-
ERM 500F) and ferrite (N87) inductor cores oper-
ating in DC/DC converters and acceptable results
for nickel-iron—molybdenum alloy powder material
(MP) in limited frequency range. Verification of the
correctness of the analyzed method for other mag-
netic materials in extended frequency ranges, mag-
netic flux density, and duty cycle will be the subject
of further research that would allow us to determine
the limits of its applicability.
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