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Abstract—This article aims to study the core losses behavior at
high frequency (MHz range) with superimposed dc bias in ferrite.
Inductive compensation method is employed in the measurement
circuit to reduce sensitivity to phase errors. An addition to the
circuit is proposed in this work to make easier dc bias generation.
Furthermore, a detailed measurement accuracy consideration is
also discussed. The tested MnZn ferrite has a nominal relative
permeability of 1500 and 800, which was tested at frequency from
500 kHz to 3 MHz. The measurement results are explained thor-
oughly with three controlling parameters: excitation frequency,
peak ac flux density, and dc bias. There are several important
findings. First, a higher dc bias creates higher losses at the same fre-
quency and ac flux density. Second, at the same dc bias and ac flux
density, higher frequency generates a lower relative losses increase.
This second point has not been seen in the previous literature and
is elaborated more in Section III-B. Third, the measurement result
shows how dc bias increases the hysteresis loop area and coercivity.
The first and third findings confirm the existing literature findings.
As a final step, an improved Steinmetz Premagnetization Graph
and artificial neural network are used to create core loss prediction
model. The measurement data and the built model can be accessed
online for use by other magnetics designer.

Index Terms—Core losses, core losses measurement, core losses
modeling, dc bias, high frequency.

I. INTRODUCTION

I T IS increasingly necessary to know core losses with reason-
able accuracy in the intended application. This is to avoid

overheating on the one hand and oversizing on the other. There
are two steps in understanding the core losses. The first is
measuring the core losses to know the behavior of the core. The
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second is modeling the core losses to predict what losses are
going to occur under a certain condition. The designer may skip
the first step by relying on the published core losses data from
the manufacturer. However, the intended application may have
different core geometry, excitation waveform, and operating
condition than the published data. This will have an impact on
the core losses prediction accuracy. The modeling stage aims to
predict the core losses based on a set of measurement data. With
accurate measurement and modeling, the designer can find the
optimal point in the magnetic component design.

Magnetism is an inherently quantum mechanical property of
matter [1]. It makes the core losses mechanism in magnetic
material very complex. Design engineers normally acknowledge
two main sources of core losses: hysteresis loss and eddy current
loss [2], [3]. One can calculate hysteresis losses by minimiz-
ing the magnetic energy of a system with magnetocrystalline
anisotropy under the influence of an applied field [1]. However,
the manufacturing process alters the shape and microscopic
structure of a magnetic core [4], thereby influencing the hystere-
sis behavior and complicating the problem significantly. Eddy
current loss can be seen at two levels. First, at the bulk level,
eddy currents will form to counter the magnetic flux through the
core cross section. Second, at the grain level, the nonuniform
magnetization creates eddy current around the domain walls.
The grain-level phenomenon is also called excess eddy current
losses [5], [6].

There are numerous ways to model the magnetic core losses.
They can be classified as the following.

1) Hysteresis Loop Based: The dissipated energy per cycle is
determined from the hysteresis loop area. The Preisach [7],
[8] and Jiles-Atherton models are examples of this. The
approach is accurate but requires many parameters and
accurate hysteresis loop measurement.

2) Steinmetz Equation (SE) [9] Based: Core losses per vol-
ume is modeled by the power equation. From there stems
various models [10], [11], [12], [13], [14], which attempt
to improve the loss prediction accuracy under different
excitation.

3) Loss Map Based: Core losses are obtained by interpolation
of measurement results data. The loss map can accommo-
date different flux density, frequency, etc. The examples
are given in [15], [16]. The approach is practical but relies
heavily on measurement data.

4) Loss Separation Based: The total power losses are con-
structed by calculating separately the hysteresis loss and
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Fig. 1. Magnetic core temperature comparison: without DC bias (left) and
with DC bias (right). The spot temperature is capturing the core temperature,
while the box temperature is showing the current sense resistor temperature.

eddy current loss and summing them. The calculation uses
basic core geometry and material properties, such as con-
ductivity and coercivity. This approach was demonstrated
in [3] and [17]. It is useful when extensive measurement
data are not available.

The SE-based model is the most adopted approach by mag-
netics designer. This is due to the practicality of power formulas.
However, measurement data are necessary for this approach.

Core loss measurement techniques can be classified into
calorimetric and electric method. Calorimetric method works
are based on the energy conservation law. The core losses create
heat. The heat is measured in the form of temperature rise. From
temperature rise and thermal properties, the core losses can
be estimated. This method is well known. A recent work [18]
uses the transient principle to reduce measurement time. The
major drawback of this method is the difficulty to separate
winding loss. The electric method can avoid this drawback. It
works by measuring the induced voltage and excitation current.
The induced voltage measurement automatically excludes the
winding losses. Therefore, this method is chosen in this article.

Methods such as [12], [13], [19] can be used to predict core
losses with any excitation waveform. However, their validity
needs to be reinvestigated. Those models work under the as-
sumption of nonchanging Steinmetz parameters. Unfortunately,
the Steinmetz parameters can change at higher frequency [20],
[21] or in the presence of dc bias [22], [23], [24]. Fig. 1 shows
the change in magnetic core temperature when dc bias flux is
applied. There is also a missing experimental verification for
core losses under square wave excitation at higher frequency.
Recent reports in [18] and [25] measure losses only under
sine wave excitation. The authors in [26], [27], [28], and [29]
measure losses with square wave excitation only up to 500 kHz.
Therefore, this article aims to provide more insight to core losses
by providing comprehensive measurement results and analysis
in the frequency range and magnetic materials, which have not
been presented before.

The focus of this work is to investigate magnetic core losses
under square wave excitation with dc bias. The frequency of
interest is up to 3 MHz. The dc bias impact will be quantified
and the current core losses model will be extended or modified to
incorporate the impact. Behavior in different core material is also
investigated. Through the end, we will see if the current losses
model still matches experimental measurement. The parameter
shift, if there is any, will also be analyzed.

II. CORE LOSSES MEASUREMENT SETUP

A. Measurement Principle

The main difficulty in measuring core losses with electric
method is that ferrites generally have low losses compared to the
stored energy. This creates the phase angle φ between vDUT and
i (indicated in Fig. 2) close to 90◦, since the impedance of mag-
netizing inductor Lm,DUT is much smaller than the equivalent
core loss resistance RFe,DUT. The relative power error caused
by the phase discrepancy Δφ for sinusoidal excitation is given
by (1), which was derived in [30]. It is virtually impossible to
eliminateΔφ in an actual measurement setup. Therefore, a more
effective solution to limit the power error is to control tan(φ)∣∣∣∣ΔP

P

∣∣∣∣ = |tan(φ)| · |Δφ| . (1)

The mutual inductance neutralization [31] or inductive can-
cellation [26] technique can bring tan(φ) to a more feasible
region. However, this method requires a very accurate compen-
sating inductance or capacitance. This is not easy to design.
A more recent improvement of this cancellation concept [27]
allows a less strict compensation requirement. This is called
partial cancellation concept and is done by introducing the
cancellation factor k, which will be explained below. The same
concept is adopted in this work but with the addition of dc bias
injection.

The core losses measurement circuit is shown in Fig. 2. Rp

and Lp represent the winding resistance and stray inductance,
respectively, on the primary side. On the secondary side, they are
represented by Rs and Ls. Lm is the magnetizing inductance. A
dc blocking capacitance CDC is necessary to avoid saturation
in the magnetic core. Current sensing is done by measuring
voltage across the resistor Rsense. However, due to component
nonideality, a parasitic inductance Lsense will also be present.
Parasitic capacitances from measurement devices are shown by
Cdiff .

Although having low winding resistance and stray inductance
(Rp, Lp, Rs, Ls) is desirable, it should not affect measurement
accuracy, since the electrical method will exclude the voltage
drop on these elements. High winding resistance and stray
inductance on the primary side may limit the circuit operation
due to their voltage drop, rendering a higher input voltage
requirement to get the desired B̂ excitation. On the secondary
side, Rs and Ls will create extra voltage drop if the current
flowing is nonnegligible. Rs in particular will create the error
due to nonzero average power. Therefore, it should be kept as
low as possible. More details are given in the following section.

As the focus of this work is core loss under square wave
excitation with dc bias, a half bridge circuit is used to generate
the excitation. With a symmetric 50% duty cycle in the half
bridge,Vin/2will appear atCDC. Then, a controllable dc current
source (such as [32]) is placed in parallel to CDC to generate
the dc bias. The dc current IDC will flow on top of the ac
component, creating HDC excitation in the magnetic core. It
is important to use an isolated dc current source here because
CDC nodes are floating. In terms of sequence, the dc current
is turned ON after the ac excitation has reached steady state,
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Fig. 2. Electrical circuit of the core losses measurement system. DUT means the magnetic device under test and ref means the reference or compensation
element. Magnetic core losses is represented by RFe,DUT.

in this case 1 ms is the interval between half bridge turn ON

and the dc turn ON. Afterward, 100 ms interval is given before
any measurement is acquired, to make sure the dc bias and ac
excitation have reached steady state. The sequence is repeated
for every measured operating point.

In principle, the compensation element (reference in Fig. 2)
must be chosen to have magnetizing inductance Lm,ref as close
as possible to Lm,DUT, and much lower core losses compared
to the DUT. However, when measuring low losses core, it is
difficult to find a magnetic core with much negligible core losses,
compared to DUT. Therefore, we chose to make the reference
element by air core inductor which does not have core losses,
hence no parallel resistance to Lm,ref . A photo of the real life
implementation is given in Appendix A. Meanwhile, for the
mismatching Lm, the cancellation factor in (3) will compensate
for it when calculating the loss in (2). Therefore, an exact
matching between Lm,ref and Lm,DUT is not necessary.

Based on the measurement circuit, the core losses can be
calculated by (2), where Tsw is the switching period. For a
square wave excitation, the cancellation factor k is calculated
by (3), where Vref,pp is the peak-to-peak value of reference
element induced voltage (vref), and VDUT,pp is the peak-to-peak
value of DUT induced voltage (vDUT). This factor represents
the percentage of cancelled reactive voltage to the total reactive
voltage. Alternatively, it can be seen that the partial cancellation
mechanism creates a virtual voltage vcomp = vDUT − vref/k to
replace the initial vDUT. As a result, the phase shift between
vcomp and measured current (imeas) can be kept minimum, even
when the reference element value Lm,ref has a mismatch with
Lm,DUT. Therefore, the measurement error can be minimized

PFe =
1

Tsw

(∫ Tsw

0

vDUT · imeas dt− 1

k

∫ Tsw

0

vref · imeas dt

)

(2)

k =
Vref,pp

VDUT,pp
. (3)

Fig. 3. Voltage measurement comparison: passive probe (reference) and two
differential probes. About 10 ns time delay is observed while the gradient is
identical.

B. Voltage Measurement

Differential voltage probes are used for the voltage mea-
surement because of the floating measurement position. We
chose 25 MHz active differential probe from Testec [33]. An
additional benefit of the differential probe is the low parasitic
capacitance. In this case, it has an equivalent capacitance of
2.75 pF, which is lower compared to 10 pF of common passive
probes. One typical drawback is the measurement delay and
rise time. Therefore, the differential probes are calibrated to
generate identical waveform as measured by a 200 MHz passive
probe, before any measurements are performed. A comparison
of the waveforms is shown in Fig. 3. The postprocessing step
will compensate the time delay based on the calibration data,
hence minimizing the voltage reading error.

Voltage measurements (vref and vDUT) are influenced by
the parasitic capacitances. In the DUT, intra and interwinding
capacitances are minimized by using only 1 turn for primary
and secondary winding, and keeping enough distance between
both windings. This effort is shown in the photos in Appendix
A. Therefore, DUT’s parasitic capacitances can be neglected in
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TABLE I
NOMINAL PARASITIC COMPONENTS VALUE CONSIDERED FOR ERROR

CALCULATION

this work. The reference air core needs more winding turns and
closer distance between primary and secondary. It makes the par-
asitic capacitances nonnegligible. In particular,Cw,ref andCs,ref

will influence the voltage reading. Those capacitances cause
extra current flow, which makes a voltage drop on secondary
Rs,ref . This voltage drop is included in the voltage measurement
and will affect the power calculation.

The work in [27], which introduces the partial cancellation
concept, did not provide a clear derivation and calculation of the
error caused by those parasitic elements. Therefore, this work
also tried to complete the error analysis. The full derivation of
measurement error factor (ΔP/P ) is presented in Appendix B.
To estimate the error, the main and parasitic component values in
Fig. 2 need to be defined. Most of them are tied to the hardware,
therefore will be constant, except RFe,DUT, which changes with
the operating points, since it represents the core losses. This
value can be calculated by (4), where VDUT,rms is the rms voltage
of DUT andPFe is the calculated core losses. The assumed worst
case values of the relevant parameters are listed in Table I. These
values will create an overestimation of the error because they
combine the worst cases, which may not happen at the same time.
For example, RFe,DUT ≈ 250 Ω at 1 MHz 10 mT excitation, and
lower at higher frequency, but the same value is used to calculate
error at 5 MHz. In Table I the values represent the extreme cases,
which may not be touched in this experiment. Nevertheless, it
shows the robustness of this method with regards to parasitic
capacitances

RFe,DUT =
V 2

DUT,rms

PFe
. (4)

The expected error results are given in Figs. 4, 5, 6 for three
different source of parasitic capacitances. When calculating the
effect of one capacitance, the others are kept at their nominal
value, given in Table I. There is a linear relationship between
the capacitance value and the error percentage. It can be seen
that the interwinding capacitance Cw,ref brings the highest error
to measurement. Nevertheless, the expected total error is still
less than 5%.

C. Current Measurement

Current sensing is a critical part of the measurement system.
Shunt resistor is chosen over current probe such as [34] mainly

Fig. 4. Error ofPFe measurement as a function of the probe capacitance (Cdiff).

Fig. 5. Error of PFe measurement as a function of the intra-winding capaci-
tance (Cp and Cs). Symmetry is assumed between primary and secondary.

Fig. 6. Error ofPFe measurement as a function of the interwinding capacitance
(Cw,ref).

due to the dc current measuring capability and bandwidth re-
quirement. The shunt resistor needs to have high precision with
low stray inductance. Metal foil chip resistor from Susumu PRL
series is used in this work. The shunt resistor hasRsense = 0.1 Ω
and Lsense = 1 nH as the nominal values, which is shown in
Fig. 7. In this work’s frequency of interest range (500 kHz–
3 MHz), the deviation of Rsense and Lsense from the nominal
value is less than 10%. The shunt voltage is measured by the
voltage probe, which brings the parasitic capacitance Cprobe.
Its nominal value is 9.5 pF for the RT-ZP10 from Rohde &
Schwarz [35], which is used in this work. Passive probe can
be used because the negative side is connected to ground. In
addition, it provides high enough bandwidth, which is 200 MHz
in this case.
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Fig. 7. Current shunt equivalent resistance and inductance.

Fig. 8. Current measurement comparison: directly measured voltage and
calculated current.

The last step in current measurement is to transform the
measured voltage into current. The stray inductance Lsense

and voltage probe capacitance Cprobe make the transformation
less straightforward. The measured voltage vcurrent needs to be
filtered by transfer function as shown in (5). The difference in
measured voltage and calculated current is shown in Fig. 8. It
can be seen that almost zero current is flowing through Cprobe.
Meanwhile, there is a small phase shift between the voltage
measurement (vcurrent) and the real current (itotal). Hence, this
approach anticipates the phase discrepancy brought by the shunt
stray inductance, if we use the postprocessed itotal in calculating
the core losses.

i(s) = vcurrent(s)

(
1

s · Lsense +Rsense
+ s · Cprobe

)
. (5)

D. Other Accuracy Consideration

Several other sources of error that can affect the measurement
are also listed below.

1) Oscilloscope time resolution limit: A 0.1 ns resolution
means an uncertainty of 0.108◦ at 3 MHz frequency. As-
suming tan(φ) = 1 and using (1), this translates to power
error of 0.19%.

2) Oscilloscope vertical (ADC) resolution: An 8 b ADC is
used in this work. When capturing the waveform, the
vertical scale should be adjusted to make the waveform
cover more than 75% of vertical window (10 divisions),
hence maximizing ADC resolution usage.

Fig. 9. Comparison between datasheet values and measurement results with
sinusoid excitation. Crosses with error bars demonstrate measurement results,
and lines demonstrate datasheet values. Different materials and frequency are
represented by different colors.

3) Core temperature is assumed to be at room temperature
(25 ◦C–30 ◦C). This is ensured by short excitation pe-
riod (100 ms) and enough interval between measurement
points, e.g., 10 s. Hence, core losses variation due to
changing core temperature is avoided.

4) Current shunt resistance drift: The shunt resistor [36] has a
temperature coefficient of ±50 ppm/◦C. This means that a
100 ◦C temperature increase will shift resistance by 5 mΩ,
which translates to 0.5% error for Rsense = 0.1 Ω.

E. Setup Verification

The setup is verified by testing toroid core under sine wave ex-
citation. This is done by replacing the dc source and half-bridge
circuit with a power amplifier, which is controlled by a signal
generator. Then, the measurement results are compared with
datasheet values. The measured cores are PC50 R22.1/13.7/7.9
and PC200 R15.8/8.9/4.7 from TDK. Fig. 9 shows the com-
parison result. The measurement point is given together with
its uncertainty range, which is derived from ten measurement
captures.

Measurement results match the datasheet values up to 1 MHz
for PC50 material. However, for PC200 material, there is a dis-
crepancy and the measurement gives higher losses than datasheet
values. This discrepancy can happen in real practice [37], [38],
especially as the frequency goes higher. There can be two reasons
for this. First, the material production tolerance, such as the
permeability level, can have up to 25% difference which affect
the core loss too. The second is how the datasheet values are
generated. In the industry, the B–H analyzer from [39] is often
used to measure core loss to fulfill IEC620444-3 standard. The
SY-8219 variant of the machine is generally not very precise
for measurement above 1 MHz. Furthermore, this equipment
normally does not have compensation element, like in this arti-
cle, which makes measurement sensitive to phase delay errors.
Nevertheless, the analysis of core loss behavior in the next
sections will be based on the results from the current setup,
not the datasheet value. Hence, having the same zero reference
for the analysis. The discrepancy shown here should not change
the behavior analysis result.
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Fig. 10. Architecture of losses measurement system. Blue lines show com-
mands, while green lines show measurement data flow.

TABLE II
CORE UNDER TEST

F. System Architecture

The final step in setting up the measurement system is to
make the test automation. The benefit of automation is not only
reducing the manual labor, but also ensuring the measurement
repeatability. The measurement system architecture is shown in
Fig. 10. The circuit block in the middle is detailed previously in
Fig. 2. The PC runs a Python program, which controls the mea-
surement sequence. The measured waveforms from oscilloscope
are then sent back to the PC to be processed.

III. EXPERIMENTAL INVESTIGATION

This work aims at measuring and analyzing core losses un-
der square wave excitation from frequency of 500 kHz up to
3 MHz. The frequency range is motivated by state-of-the-art
commercially available MnZn ferrite for power electronics ap-
plication [40], [41], [42]. The measurements were performed
on two magnetic cores with different relative permeability (μr)
level. They are listed in Table II along with their detailed prop-
erties. Ve, Ae, and le mean the magnetic core volume, effective
cross section, and mean magnetic path length, respectively.
The complete measured inductance values are presented in
Appendix A.

The measurement setup was discussed in the previous section
and, in the end (2) and (3) are used to calculate the core losses.
The magnetic flux density (BDUT) is defined in Fig. 11 and can
be calculated using (6) for the ac component and (7)–(8) for the
dc component. Nexc means the number of turns of excitation
winding in the DUT andNs means the number of turns of sensing
winding in the DUT. vDUT(t) is the measured induced voltage
on DUT. Care must be taken when calculating (3), due to the
voltage overshoot at the edge of square wave. The voltage value
at the steady-state (flat) area of square wave should be used

Fig. 11. Sensed DUT voltage (vDUT) and the calculated flux density (BDUT).
This example is taken from core sample B at 1 MHz switching frequency.

Fig. 12. Core losses density (Pv) versus flux density (B̂) measured on test core
A with different DC flux bias (BDC) and frequency. 1 mT of BDC translates to
0.53 A/m of HDC.

to calculate the cancellation factor in (3). The voltage spike in
Fig. 11 is caused by the parasitic capacitance of the sensing
winding and voltage probe. It can influence the measurement
result, but, as shown in Section II-B, the added error should be
minimum.

Furthermore, it should be acknowledged that (7) may not hold
true at all condition. This is due to the hysteretic properties of
magnetic materials [43], which makes BDC(HDC) also depend
on B̂. However, if it is assumed that the material in this work
operates in the linear region, (7) can still be used. Whenever in
doubt, the B to H conversion factor is given in all figures so
readers can compare directly in HDC

BDUT(t) =
1

Ns ·Ae

∫ t

0

vDUT(t) dt (6)

BDC = μ0 · μr ·HDC (7)

HDC =
Nexc · IDC

le
. (8)

A. DC Bias Impact on Loss Curve

The first step to understand the effect of dc bias is to look at
the loss curve. Figs. 12 and 13 show the losses density against
peak ac flux density (B̂) for core A and B, while Figs. 14 and 15
show the losses density against switching frequency (fsw). The
diamond points in the figures are measurement points while the
line is the result of regression.
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Fig. 13. Core losses (Pv) versus flux density (B̂) measured on test core B with
different DC flux bias (BDC) and frequency. 1 mT ofBDC translates to 0.99 A/m
of HDC.

Fig. 14. Core losses (Pv) versus operating (switching) frequency (fsw) mea-
sured on test core A with different DC flux bias (BDC) and AC peak flux density
(B̂). 1 mT of BDC translates to 0.53 A/m of HDC.

Fig. 15. Core losses (Pv) versus operating (switching) frequency (fsw) mea-
sured on test core B with different DC flux bias (BDC) and AC peak flux density
(B̂). 1 mT of BDC translates to 0.99 A/m of HDC.

The influence of dc bias (BDC) on Pv versus B̂ can be seen in
Figs. 12 and 13. At low dc bias, the losses increase is relatively
small. However, after the dc bias reaches a certain value, the
losses increase starts to be significant. For example, at 500 kHz
and B̂ = 50 mT in core A, the losses increase at 33 mT bias is
only 5.3%, but at 62 mT bias, the increase becomes 20% and at
94 mT 51.4%. For core B at 1 MHz and B̂ = 50 mT, the trend

Fig. 16. Relative core losses (Pv,rel) versus peak total flux density (B̂ +BDC)
at different DC bias and frequency for test core A. 1 mT of BDC translates to
0.53 A/m of HDC.

is similar but at a different level. With 25 mT bias, the increase
is 15.1%, but with 79 mT it becomes 75%.

At a single frequency, the measured losses points still follow
a straight regression line in logarithmic scale, even after dc bias
is applied. This suggests that Pv ∝ B̂β relation still hold with dc
bias. It is also observed that there is a slight shift in the regression
line slope. This may suggest a shift in the β parameter. We also
see this slope shift is less pronounced in core B, compared to
core A. A more detailed modeling is presented in Section IV.

Figs. 14 and 15 show the influence of dc bias (BDC) on Pv

versus fsw curve. A similar observation can be found where,
again, as the dc bias increases, the loss density also increases.
For test core A, the dc bias seems to offset the loss density curve,
as can be seen in Fig. 14. Although not very obvious, we can also
observe the Pv ∝ fα

sw relation. The shift in α parameter is not
likely for core A, since the curve gradient stays almost the same.
Meanwhile for core B, the measurement result suggest a shift in
the α parameter. The reason is that the dc bias not only offsets
the curve, but also changes the regression line slope in Fig. 15.
At fsw > 2 MHz, the dc bias effect becomes less predictable in
core B. At 3 MHz, the loss increase is almost unnoticeable. This
can be caused by the newfound characteristic of the magnetic
core, which will be elaborated in the following section.

B. Relative Core Losses Increase

This section will try to answer when the dc bias starts to have
significant effect to the core losses. It is also chosen to quantify
the dc bias using B field instead of H field. This selection
enables magnetic core performance comparison across different
permeability value. Although, at the beginning of this section it
was noted that throughout this section, the relative core losses
increase (Pv,rel) is calculated by dividing the losses at a certain
dc bias with the losses at no bias condition, as shown in the
following:

Pv,rel =
PFe,DC

PFe,0
=

EFe,DC(fsw, B̂, BDC) · fsw
EFe,0(fsw, B̂) · fsw

. (9)

Fig. 16 shows for core A when the dc bias impact becomes
significant. The sum of ac and dc component of B field is taken
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Fig. 17. Relative core losses (Pv,rel) versus peak AC flux density (B̂) at
different DC bias and frequency for test core A. 1 mT of BDC translates to
0.53 A/m of HDC.

Fig. 18. Relative core losses (Pv,rel) versus peak total flux density (B̂ +BDC)
at different DC bias and frequency for test core B. 1 mT of BDC translates to
0.99 A/m of HDC.

as the X axis to show if there is a relation between peak flux
density and the relative losses increase. The increase starts to
become significant, i.e., more than 20%, when the total B is
above 100 mT. This can be seen by looking at the measurement
points upper envelope. However, for BDC < 50 mT, the increase
stays low even when the sum is above 100 mT. It means the dc
bias magnitude still plays a role in determining the increase.

Furthermore, different operating frequency brings different
impact. The higher frequency seems to create lower relative
increase, as can be seen by comparing 1 MHz and 500 kHz
points in Fig. 16. This behavior indicates that EFe,0 and EFe,DC

in (9) are a function of frequency too. If it is not, Pv,rel would
show the same value at different frequency. This is in line with
the well-known Steinmetz equation, where the loss Pv ∝ fα

sw
and α > 1. On the other hand, explaining the physical origin of
this behavior would require deep analysis into micromagnetism
topic, which is beyond the scope of this article.

A similar observation can be found in Fig. 17, where data
points are plotted only against the ac component B̂. It also shows
that the relative increase (Pv,rel) becomes higher as B̂ increases,
which can be caused by bigger hysteresis loop area increase at
higher B̂.

In test core B, the trend and relationship are less straight-
forward. Fig. 18 shows the relation between total B field and

Fig. 19. Relative core losses (Pv,rel) versus peak AC flux density (B̂) at
different DC bias and frequency for test core B. 1 mT of BDC translates to
0.99 A/m of HDC.

Fig. 20. Relative core losses (Pv,rel) versus flux density ratio (B̂/BDC) at
different DC bias and frequency for test core B. 1 mT of BDC translates to
0.99 A/m of HDC.

the relative losses increase. The measurement points are more
widespread than core A. Contrary to core A behavior, the relative
loss increase is lower as the total flux increases, for a certainBDC

and fsw. This trend applies to all tested frequency and dc bias
for core B. The dc bias magnitude also determines the relative
increase and here the loss gain is more pronounced, e.g., at
1 MHz thePv,rel is close to two when B̂ +BDC is around 100 mT
and BDC = 78 mT. This is a steep increase and designers should
take care of it when designing the magnetic components.

Meanwhile, the impact of frequency is quite similar to core
A. The higher frequency creates a lower relative loss increase.
When data points are plotted only against the ac component B̂,
Fig. 19 is obtained. It also shows that the relative increase (Pv,rel)
becomes lower as B̂ increases. This behavior is different from
core A.

The same data in Fig. 18 can also be presented in a different
way as in Fig. 20. TheB ratio of ac and dc components (B̂/BDC)
is plotted against loss increase. This is done to check if a different
characteristics of the core losses can be seen. Nevertheless, a
similar observation is found. The BDC is the main controlling
factor for Pv,rel. The B̂/BDC ratio plays a smaller role, although
it still has an impact, i.e., higher ratio makes lower loss increase.
This observation reflects a complex physics behind the core
losses phenomenon.
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Fig. 21. B–H loop at different frequency for test core A. No DC bias applied.

Fig. 22. B–H loop at different frequency for test core B. No DC bias applied.

C. Impact on B–H Curve

Apart from measuring core losses, we can also measure the
magnetic material B–H loop using the same setup. TheB field is
calculated using (6) from voltage measurement andH field using
(8), but with instantaneous current instead of dc current. The
B–H loop area reflects the hysteresis loss components of a mag-
netic core. The area equals to the lost energy per magnetization
cycle. Although possible, it is hard to calculate the hysteresis
losses accurately, given the delays and parasitic in the setup.
Hence, the analysis in this section is more of a qualitative nature.

First, we look at the classical behavior of B–H loop for
different material at changing frequency. Figs. 21 and 22 present
the loop for core A and B, respectively. From literature and
previous works [22], [29], [44], it is expected that the B–H loop
area increases as frequency increases. This is seen in both core
A and B. In core A, the major area increase appears near the
peak B point, both at positive and negative. This is when the
reversal of magnetic domain magnetization begins. As switching
frequency increases, the delay in magnetization reversal makes

Fig. 23. B–H loop at different DC bias for test core A. Only the AC component
is plotted.

Fig. 24. B–H loop at different DC bias for test core B. Only the AC component
is plotted.

the B value falls slower [1], compared to the switching period.
In core B, the situation is similar except with a slightly different
B–H loop shape. The area increase also appears in core B. On
the other hand, core B exhibits lower coercivity when frequency
increases. It is a different case compared to core A, where the
coercivity stays almost the same at both frequencies. Coercivity
can be seen near B ≈ 0. Hence, it shows a different behavior of
magnetic material with different relative permeability level.

Second, we look at the dc bias impact on B–H loop. Figs. 23
and 24 present the curve change for core A and B, respectively.
The first effect is the shift of μr, as can be seen by the B–H curve
slope. For test core A, increasing dc bias makes μr value lower.
Meanwhile, for core B, increasing dc bias brings the opposite
effect. The second effect is the B–H loop area increase, which
leads to the loss increase found in the previous section. The
area increase can be observed in two places. One place is near
the magnetization reversal or peak B point. The second place
is found by looking at the coercivity (Hc). In both Figs. 23
and 24, we can see the increase in Hc (equals to ΔH when
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B = 0). This behavior can be explained by the minor loop behav-
ior of magnetic materials [45]. Unfortunately, there is not enough
literature, which can bridge the magnetism behavior from the
micro to macro level to explain this thoroughly. Nevertheless,
the observation on B–H loop agrees with the loss increase finding
due to added dc bias.

IV. MODELING DC BIAS ON CORE LOSS

This section does not try to propose a whole new model to
predict core losses. Instead, we will see if the available models
can still accurately predict core losses from the measurement
results generated in this work, particularly this means incorpo-
rating the impact of dc bias in core losses prediction. Out of
many previously proposed core losses modeling [8], [10], [13],
[24], [28], the method in [24] and one similar to [46] will be
used in the following analysis. The two methods represent two
different nature of modeling approach. The first one is based
more on a traditional formula method with multiple parameters,
while the latter is based more on machine learning approach.

A. Empirical Formula: IGSE With SPG

The main advantage of using analytical formula in modeling
core losses is getting the insight into the physics behind the
losses mechanism. The explicit formula shows the user which
parameters are affecting the core losses. Hence, giving some
understanding of the core losses behavior.

Since in power electronics the flux (B) waveform is com-
monly not sinusoidal, the established improved generalized
Steinmetz Equation (iGSE) method [13] can be adopted to
calculate the core losses. However, this modeling does not
include dc bias effect. Therefore, it needs to be modified with
other techniques. The Steinmetz Premagnetization Graph (SPG)
method [24] can incorporate the dc bias effect without changing
the original equation so, it is used in this work. The iGSE formula
when applied to triangular flux waveform is reduced to the form
in (10). Then, with SPG method, α, β, and ki will be modified
following (11), which incorporates the dependence on dc bias
(BDC).

The appropriate coefficients of SPG matrix [first term of right
hand side in (11)] needs to be found in order to extract the
dependence. This is done by solving a curve fitting problem.
A least square error algorithm has been implemented that fits
the calculated curve with measured data by minimizing the
relative error. Despite the fourth-order polynomial used here, the
order can be varied if the curve fitting result does not generate a
good prediction accuracy. In this work, the fourth-order proves
to be sufficient. The coefficients in (12) can also be found by
curve fitting, but more measurement data, especially at different
frequency, will be needed. This is because in SPGi method (ex-
plained below), theαparameter, which determines the frequency
influence, also changes withBDC. Common computing software
such as MATLAB or Octave has some built-in application to
perform the curve fitting task

Pv,iGSE,tri = ki · (2f)α · (ΔB)β (10)

Fig. 25. Steinmetz premagnetization Graph for test core A. The ki value
is scaled down by 104 to increase graph readability. The data points are
measurement result and the line is curve-fitting result.

Fig. 26. Steinmetz premagnetization Graph for test core B. The ki value
is scaled down by 104 to increase graph readability. The data points are
measurement result and the line is curve-fitting result.
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Following the mentioned procedure, the SPG dependence
graph can be obtained. This is shown in Figs. 25 and 26 for
core A and B, respectively. The data points are measurement
result and the line is curve-fitting result. For core A, the α and
β parameters stay relatively constant over the whole BDC range.
Meanwhile, ki fluctuates smoothly at low BDC and increases
quite steeply after BDC > 50 mT. This observation aligns with
the analysis in Section III-B, where the relative losses gain rises
quickly after a certain BDC values.

For core B, the ki increases steadily from low BDC and shows
an almost linear relation to BDC. The β parameters has a slight
decline from low to mid BDC, while α shows a decreasing
trend toward higher BDC. The conventional SPG prediction
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Fig. 27. Structure of ANN for core losses estimation with three inputs, one
output, one hidden layer, and one output layer.

Fig. 28. Core loss density (Pv) estimation of test core A. The scatter points
are measurement data while the curves are prediction result from SPG method
(solid lines) and ANN method (dashed lines).

Fig. 29. Core loss density (Pv) estimation of test core B. The scatter points
are measurement data while the curves are prediction result from SPG method
(solid lines) and ANN method (dashed lines).

cannot capture the α shift because (11) assumes a constant α
value. This assumption may not hold true anymore after seeing
the measurement result in Figs. 18 and 20. Therefore, a new
formulation of SPG matrix can be built by replacing the zeros in
(11) with pαi. The new formula is given in (12). With this new
modification, a better fitting for core B will be achieved. This
new modification is denoted as SPGi in Fig. 26 and proven to
give more accurate loss prediction.

After having the SPG coefficients matrix, (10) is used to
calculate the core losses in the presence of dc bias. The results
are shown in Figs. 28 and 29 for core A and B, respectively, with

several different B̂ and fsw values. The measurement points are
also shown to compare the loss prediction and measurement. The
iGSE + SPG method appears to be reasonably accurate in the
whole BDC range for core A. The accuracy at low B̂ (30 mT) is
better than at high B̂ (60 mT) in core A. For core B, this method
loses accuracy at high B̂ and high fsw, as can be seen in Fig. 29.
However, with the proposed SPGi modification, the accuracy is
improved. The maximum error at 2 MHz is reduced from 14%
to 6.7%, while the maximum overall error is down from 25% to
20%. It is worth to note that this maximum error happens at low
B̂ and fsw value, where a small deviation means higher error
percentage. Meanwhile for core A, the overall maximum error
is only 8.8%.

B. Machine Learning: ANN

Artificial neural network (ANN) is the most popular imple-
mentation of supervised machine learning methods. It has the
ability to predict values (regression) or categories (classification)
from labeled training data (input–output pairs). In power elec-
tronic systems, ANN has been used for control strategies [47],
[48], fault diagnosis [49], and also component design [38]. Here,
ANN will be used to create a core loss prediction model. The
core loss is nonlinearly correlated to the excitation frequency,
amplitude, and dc bias, which can be hardly captured by the
traditional equation-based methods. Hence, the ANN is expected
to help in this case.

The selected ANN structure is shown in Fig. 27, which can
be classified as multilayer perceptron (MLP) type. The ANN
features a two-layer feed-forward network with sigmoid hidden
neurons (in the hidden layer) and linear output neurons (in the
output layer). Since the only output variable in this problem
is the core losses (Pv), only one neuron is in the output layer.
Meanwhile, the number of neurons in the hidden layer can be
tuned. A too low number will make value prediction not accurate,
while a too high number can lead to overfitting [50]. In this work,
ten hidden layer neurons prove to be sufficient. The network
will be trained with Levenberg–Marquardt backpropagation al-
gorithm [51], [52] in MATLAB platform. The ANN for core A
and B are trained separately, with 777 measurement samples for
core A and 918 samples for core B. The splitting between the
training set and the test set is 80% and 20% in all cases.

After the ANN is built and trained, it is tested to predict core
losses with arbitrary inputs. The result is plotted in Figs. 28 and
29 as a curve. The real measurement points are also plotted to
compare it with the ANN prediction. The test core A prediction
by ANN shows a good performance as can be seen in Fig. 28. At
60 mT and 500 kHz, it even gives a better matching than SPG
method. For core B, the result is less satisfactory. Although the
ANN gives better prediction at 60 mT and 2 MHz, it displays
an overfitting behavior at 60 mT/1 MHz and 30 mT/2 MHz
condition. Nevertheless, the deviation still falls in the reasonable
range. The overall maximum error for core A and B are 27%
and 37%, respectively. Again, these maximum errors happen at
low Pv range, where it is sensitive to small deviation. If the
30 mT/500 kHz and 30 mT/1 MHz series are excluded, the
overall maximum errors become 11.6% and 10.9% for core A
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and B. The average errors when the trained model is tested with
dataset in Figs. 28 and 29 are 7.2% for core A and 6.7% for core
B. The ANN shows a rather simple yet powerful approach to
core losses modeling.

V. CONCLUSION

This article investigates magnetic core losses under square
wave excitation with superimposed dc bias. The frequency of
interest is from 500 kHz up to 3 MHz and the tested material
is MnZn ferrite with nominal relative permeability (μr) of 1500
and 800, which are the state-of-the-art for power electronics
application. Section II describes the core losses measurement
setup. The mutual inductance neutralization method is used to
minimize the measurement error. The measurement results are
presented in Section III. The dc bias essentially generates an
offset to the loss curve, creating higher losses. It was also seen
that there is a shift in Steinmetz parameter, especially β, after
bias is applied. Nevertheless, the proportionality Pv ∝ B̂β and
Pv ∝ fα

sw still hold. Section IV attempts to model the core losses
behavior by using two different approach: Steinmetz Premag-
netization Graph (SPG) and artificial neural network (ANN).
The SPG method modifies the Steinmetz parameter using a
polynomial function of the dc bias and the model has a maximum
error percentage of 25% in our test. With the proposed SPGi
modification, this error is brought down to 20%. Meanwhile,
the ANN method relies on neurons, which were trained by the
measurement data beforehand. The ANN model has a maximum
error percentage of 37% in our test. In a nutshell, this article
clarifies ferrite core losses behavior in the mentioned frequency
range and quantitatively analyzes the possible models. As a
further step, the models and measurement data can be expanded,
as in [46] and [53], and shared to be used with other magnetic
designers.

APPENDIX A
MEASUREMENT SETUP AND DUT IMPLEMENTATION

The real life setup of the measurement system is shown in
Fig. 30. A high-frequency GaNFET half-bridge is used as the
square-wave generator. The circuit is able to generate up to 100 V
amplitude at 5-MHz switching frequency. IDC is implemented
using a current controlled dc e-load.

Meanwhile, the DUTs for measurement are shown in Fig. 31.
Single turn windings are used to minimize the parasitic ca-
pacitance. The magnetizing and leakage inductance values are
given in Figs. 32 and 33, along with the reference/compensation
element’s values. This shows the range of inductance used in
this work and justifies the parameters used in error calculation in
Section II-B. The shaded area represents the range of frequency,
where the DUT is tested.

APPENDIX B
ERROR DUE TO CAPACITANCES

The derivation of errors due to the parasitic capacitances are
given below. The considered circuit is shown in Fig. 34, which
is then simplified to Fig. 35 with part of the equivalent circuit in

Fig. 30. Implemented core loss measurement setup.

Fig. 31. Photos of DUTs: core A (a) and core B (b). The specifications are
given in Table II.

Fig. 32. Measured magnetizing and stray inductance of DUT core A.

Fig. 33. Measured magnetizing and stray inductance of DUT core B.
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Fig. 34. Considered circuit for calculating the error caused by the parasitic
capacitance elements.

Fig. 35. Considered circuit after the simplification of the reference elements.
Dashed blue boxes show the equivalent impedance definition.

Fig. 36. Equivalent circuit of the elements in dashed orange box.

Fig. 36. The error is calculated by finding the value of ΔP . It is
based on Pact and Pmeas calculation

ΔP =
Pmeas − Pact

Pact
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1
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The required phasor variables are derived in the following.

VDUT =
1/jωCdiff

1/jωCdiff + jωLs,DUT +Rs,DUT
·VFe
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