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Experimental Investigation of DC-Bias Related Core Losses
in a Boost Inductor

Hiroyuki Kosai', Zafer Turgut', and James Scofield?

LUES Inc., Dayton, OH 45432 USA
2 Air Force Research Laboratory, Wright Patterson AFB, OH 45433 USA

Soft magnetic components in electronic systems are often subjected to dc bias-flux conditions. These dc bias conditions result in dis-
torted hysteresis loops, increased core losses, and have been shown to be independent of core material. The physical origin of these
increased losses is not well understood and there is no simple model that can predict these losses without extensive measurements. Ab-
sence of a widely accepted model coupled with the complete lack of dc loss attributes on core manufacturers’ data sheets result in a
requirement to empirically determine loss values for specific design applications. These deficiencies have motivated our efforts to in-
vestigate dc bias dependent loss phenomenon in a Fe-based Metglas core inductor operating in a dc-dc boost converter. Since dc flux
levels in the core are proportional to the controllable converter load currents, this topology is ideal to study dc-related losses. Inductor
core B — H hysteresis loop characterization was accomplished as a function of switching frequency, input voltage, and load current
operating conditions and parameters. In this paper, the core loss results were presented as a function of the dc bias conditions, and the
results showed that the core losses increased with the pre-magnetized ( B4, ) fields. As a result of our observations, we have proposed a

modification to the conventional Steinmetz loss equation to include the effects of dc pre-magnetization flux in the core.

Index Terms—Hysteresis, inductors, magnetic cores, magnetic losses.

I. INTRODUCTION

WING to their design requirements or unintentional in-
terference, soft magnetic components in electronic sys-

tems are often subjected to dc bias-flux conditions. Inductive
elements in switch mode power supplies and core steel sheets in
permanent magnet machines are representative of components
operating under dc bias-flux conditions. These dc bias condi-
tions result in distorted hysteresis loops and significantly in-
creased core losses, and have been shown to be independent of
core material. The physical origin of these increased losses is
not well understood. Higher local coercivity and increased hys-
teresis [1]-[3] and magneto-mechanical damping and/or mag-
netostriction [4], [5] have been proposed as mechanisms for in-
creased losses under dc bias conditions. Classical theory sep-
arating core loss into hysteresis, eddy current, and anomalous
components has been insufficient to describe these losses, as
have Steinmetz equation predictions [6]. These theoretical defi-
ciencies coupled with the complete lack of dc loss attributes on
core manufacturer’s data sheets result in a requirement to em-
pirically determine loss values for specific design applications.
These deficiencies have motivated our efforts to investigate
dc bias dependent loss phenomenon in a Fe-based Hitachi Met-
glas core inductor operating in a de-dc boost converter and an
H-bridge system. Since dc flux levels in the core are propor-
tional to the controllable converter load currents, the boost con-
verter topology is ideal to study dc-related losses. Inductor core
B — H hysteresis loop characterization was accomplished as
a function of switching frequency, input voltage, and load cur-
rent operating conditions and parameters. In order to compare
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the hysteresis losses under various dc-bias conditions, peak flux
(AB) was controlled as a constant at 17 mT through a judicious
selection of input voltages and switching frequencies from 50
to 150 kHz. For these experiments, the input voltage/frequency
ratio was maintained at 4 x 10~% V-s, while the load resistance
varied in 5 steps (8 €2, 10 €2, 13.3 2,20 €2, and 40 ©?) to achieve
the desired dc current variation at each frequency. Temperature
dependent data can be enabled through the assembly of the con-
verter, with exception of the low temperature Si CMOS gate
control circuit, inside a 200°C capable environmental chamber.
Complementary static field magnetic measurements were taken
to determine the inductor core’s coercivity, saturation magneti-
zation, and permeability. The data is summarized in a discussion
of the correlation between the measured static and ac magnetic
properties with and without the presence of the dc-bias.

II. EXPERIMENTAL SETUP

1) Inductor: An inductor studied for both H-bridge station
and dc-dc boost converter experiments was constructed of two
pairs of Metglas AMCC 20 C cores [7] without gaps as shown
in Fig. 1. The 9:9 E shape inductor has a flux path length of
17 cm and a cross section of 6.6 cm?. Using an HP4514 LCR
meter inductor’s self and leakage inductances were measured to
be 365 iH and 0.2 pH, respectively.

2) H Bridge System Measurement: A 500V, 44 A H-bridge
inductor test station was built and used to analyze inductor
core operating loss characteristics in the absence of pre-mag-
netization bias field. Fig. 2 shows the schematic of the system
for the H-bridge test station unit. Operating frequency and
input voltage values, that were identical to the dc-dc converter
studies shown in Table I, were selected using an external
function generator and a dc power supply. The MOSFETs used
for the converter were IXYS IXFT44N50P (500 V, 44 A).
The inductor shown in Fig. 1 was used to load the converter
in the conventional manner, and the primary current and the
secondary voltage were measured and used for the inductor
core loss calculations. Converter operation without a dc current

0018-9464/$31.00 © 2013 IEEE .
Approved for public release; distribution unlimited.
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Fig. 1. Experimental inductor built using 2 sets of Metglas AMCC20 C cores.
The heavy gauge wires were used for primary and lighter gauge for the sec-
ondary winding. Turns ratio was 9:9.

MOSFET
DC

—

Fig. 2. H-bridge test station system schematic.

TABLE 1
DC-DC CONVERTER AND H-BRIDGE OPERATING CONDITION SUMMARY

Applied dc | Inductor AB(mT) | Load Ha(A/m)

voltage (V) | frequency (kHz) resistance (L)

60 150 16.02 8 1455.9
16.49 10 1183.2
16.86 13.3 888.9
17.05 20 613.6
17.18 40 318.2
18.14 NA 0

40 100 16.57 8 982.1
16.80 10 797.8
16.78 13.3 603.0
16.93 20 410.3
16.97 40 210.7
17.69 NA 0

20 50 16.37 8 495.5
16.53 10 397.6
16.59 13.3 302.8
16.70 20 204.9
16.81 40 104.3
17.85 NA 0

component through the inductor was achieved by utilizing a
MOSFET switching duty cycle of 0.5.

3) dc-dc Converter Measurement: In order to generate data
consisting of an ac re-magnetization current superimposed on a
dc pre-magnetization level in the primary inductor winding, a
dc-dc boost converter was used. Fig. 3 shows the schematic of
the dc-dc converter that consists of three primary components.
Six paralleled SiC diodes (Cree CSD20030) and six SiC JFETs
(SemiSouth E120R125) in parallel were used for this experi-
ment to achieve a current rating of 30 A. The same inductor,
which was used in the ac-only excitation H-bridge test measure-
ment, was again employed for this evaluation. The output ripple
filter consisted of two AVX 300 V, 30 uF capacitors. Since the
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Fig. 3. dc-dc Boost Converter circuit.
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experimental setup operated in an environmental test chamber,
a 2 m long high temperature coaxial cable was used to access
the inductor winding voltage signal. Thus, one end of a 2 m long
coaxial cable was connected directly to the secondary winding
of the inductor, and the other end of the coaxial cable was con-
nected to an oscilloscope voltage probe (LeCroy PP007). An
APO15 LeCroy current probe was used to monitor the primary
winding inductor current outside the environmental chamber,
which was located 1 m from the inductor.

As a result of these measurement setups, the probe delays
due to the cable lengths were characterized and used to adjust
the measurement waveforms. For these dc-dc boost converter
studies, the JFETs’ duty cycle was again chosen to be 0.5. Thus,
the magnetic flux density inside the core (B) was determined by
the inductor secondary voltage (V'), operating frequency (f),
primary winding turns (V) and core cross section (A) using
Faraday’s Law as shown in (1);

B:ﬁ/th—l—BdC )
Further the magnetizing field (H) is a function of inductor pri-
mary current (), number of winding turns, and inductor’s av-
erage flux path length (L) through Ampere’s Law as shown in

(2);

% Hdl=IN 2)
For the dc-dc converter study, in order to keep the same AB,.
field during the course of the experiment, input voltage/period
ratio was maintained to be constant. To vary I values, load cur-
rent was varied via resistance selection (8 €2, 102, 13.3 2,202
and 40 €2). Table I summarizes the experimental conditions. All
the experimental measurements were recorded using a LeCroy
WaveRunner 104MXi.

4) Signal Delay: Since the inductor power loss measure-
ments are very sensitive to the phase shift between secondary
voltage and primary current signals, a measurement system
error correction was performed. Impedance temporal effects
due to the coaxial cable lengths with voltage and current probes,
spatially located away from the inductor, results in external
delays for which compensation must be included. In order to
remove these measurement system delays, the probe signals
were calibrated using a low inductance 5 2 resistor (Multicomp
MCTR100T1-5R00JB).

The calibration resistor’s resistance and inductance directly
measured by HP4514 LCR meter were 4.83 {2 and 2.28 nH for

Approved for public release; distribution unlimited.
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Fig. 4. Experimental time delay calibration setup.

TABLE 11
CURRENT SIGNAL DELAY WITH RESPECT TO THE VOLTAGE PROBE SIGNAL
FOR THE CALIBRATION SYSTEM

Frequency | Scope Current probe time delay wrt Voltage
(kHz) measurement probe (ns)
time resolution Sine Square pulse Triangular
(ns) wave pulse
50 5 15 ~18 (at mid point) 15
100 2 18 ~18 (at mid point) 20
150 1 20 ~15 (at mid point) 20

all 50, 100 and 150 kHz., and their corresponding time delay and
phase shift were 2.28 ns (50, 100 and 150 kHz) and 7.16 E-04
rad (50 kHz), 1.43 E-03 rad (100 kHz) and 2.15 E-03 rad (150
kHz). With the resistor at the inductor position, the same coaxial
cables with the function generator, the experimental time delays
were measured. Fig. 4 shows the schematic of this time delay
calibration system. Square pulses, sine waves, and triangular
waves were generated for these calibration studies for various
frequencies. The relative time delays between the current probe
and the voltage probe and scope’s time resolutions were sum-
marized in Table II. It should be noted that the negative delays
for 20 kHz results were possibly caused by 10 ns scope time res-
olution setting. Except for the lower frequency (20 kHz) mea-
surement results, the observed relative delay times between the
voltage and current measurement probes was much greater than
the scope’s temporal resolution and found to be in the 15-20 ns
range. When measured waveform data was analyzed, the sec-
ondary voltage signals and primary current signals were shifted
using these two sets of calibration delays to correct for the hard-
ware induced phase shift.

III. EXPERIMENTAL RESULTS

Fig. 5 shows the B-H curve and permeability for the
AMCC20 core material obtained using a B-H analyzer. Since
the dc-dc converter measurements only provided relative B
field information, static field measurements were necessary to
determine absolute B-H curve and permeability information
which were used to fit the power loss relations to an expression.

During post data processing, the recorded voltage signal data
from the dc-dc converter measurements were shifted to correct
for the parasitic cabling impedance shift with respect to the cur-
rent signal’s time. Fig. 6 illustrates the effect on core power loss
calculations of a varying I-V phase shift for the 150 kHz 60 V
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Fig. 5. Measured static magnetic field density, I3, and permeability, s, as a
function of magnetic field, /7, for the Hitachi Metglas cores.
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Fig. 6. Core loss (W) was obtained after delaying voltage signals by steps of
4 ns (x-axis in (ns)) with respect to the current signal. The calibrated delay was
found to be ~16 ns for this particular data set (150 kHz, 60 V).

H-bridge waveform signal data. The cable-configuration cali-
bration data for this frequency-voltage product was previously
measured to possess a phase shift of 16 ns and is an included
data point in Fig. 6 with the remaining points included to illus-
trate the loss dependence on I-V phase shift.

IV. DISCUSSION

The Steinmetz equation is given as (3), where P, A, f, and
B are power loss density (W/kg), fitting coefficient, frequency
(kHz), and flux density (7"), respectively.

P=AfB" ©)

For this particular core material, the manufacturer’s data sheet
[7] indicates that A, «, and 3 are 6.5, 1.51, 1.74, respectively.
Experimental power loss data with no pre-magnetized (Bgc)
fields was used to calculate the Steinmetz frequency coefficient.
Fig. 7 shows the power losses versus the operating frequency re-
lation while B fields were kept constant. For the experimental
data in this figure, the fitted exponential factor, «, was found to
be 1.41, rather than the 1.51 value listed in the manufacturers
data sheet.

Although these experimental results fit very well with the
Steinmetz equation, if there is no pre-magnetization condition
in the core, it has been demonstrated® ! that the presence of a

Approved for public release; distribution unlimited.
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Fig. 7. Experimental core loss values and predicted Steinmetz power loss den-
sity curve showing divergence of prediction when Hd¢ # 0.
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Fig. 8. Power loss density vs. premagnetization fields (H. fields) for 150 kHz,
100 kHz, and 50 kHz experimental data.

pre-magnetization field increases core loss values even at iden-
tical frequency and AB,,x conditions, as seen in Fig. 7 for the
Hg. # 0 data. Furthermore, an exponential increase in the pre-
dicted loss error is observed with increasing frequency, which
can also be seen in Fig. 7. Fig. 8 shows observed core loss vari-
ations with respect to increasing Hpc. In order to account for
the effect of DC field conditions, we have proposed a modified
Steinmetz equation that includes a pre-magnetized field strength
factor as shown in (4). It was determined mathematically that
an exponential factor with a pre-magnetization field dependent
permeability agreed well with the experimental data.

P= if”Bﬂ exp |:(L (l—t) ’Y] , 4)
exp(a) tHo

where, 1. 110, &, and y are the pre-magnetized permeability, dc
permeability, coefficient factor and power factor, respectively.
Finally, to obtain correspondence between (3) and (4) when
Hpc = 0, a normalization condition is achieved by dividing by
e“. Fig. 9 shows experimental power loss points plotted against
the predicted power losses of (4). In Fig. 9, v was chosen to be
—1, and fitted parameter, a, was found to be 0.202, 0.172 and
0.141 for 150, 100, and 50 kHz frequency data, respectively.
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V. CONCLUSION

DC bias dependent loss phenomenon in a Fe-based Metglas
core inductor was investigated using a dc-dc boost converter.
For this study, AB was maintained constant while Hp was
varied by changing the converter’s load resistance. Results show
that a pre-magnetization field increases core losses, and an em-
pirical relationship was suggested and demonstrated to provide
a good fit to experimental loss data. It was also shown that clas-
sical Steinmetz prediction error increases with frequency under
Hpc conditions, and is thus a critical design consideration for
components operating >100 kHz.
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