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Iron Loss Characteristics Evaluation Using a High-Frequency
GaN Inverter Excitation
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Toyota Technological Institute, Nagoya 4688511, Japan

Recently, novel magnetic materials have been developed for high-efficiency and high power density electric motors. In addition,
next-generation semiconductor devices, like silicon carbide (SiC) or gallium nitride (GaN), have been introduced for power converters
due to their high-frequency operation. Therefore, high-frequency operation of new magnetic materials is possible when they are
driven by GaN or SiC inverters. Nevertheless, iron loss characterization of magnetic materials when they are excited by high-
frequency signals have not been conducted yet. This paper introduces the iron losses characterization of a magnetic material at
high carrier frequency excitation using a GANFET inverter. This characterization was carried out by the experimental evaluation
of iron losses at carrier frequencies from 5 to 500 kHz at different deadtimes. As a result of the measurements, iron losses seem to
have a trend to increase at high carrier frequencies and large deadtimes. In addition, filtering is introduced and it seems to be an

effective technique for reducing iron losses.

Index Terms— Gallium nitride, high frequency, inverter, iron losses, magnetic characteristic, sampling frequency.

I. INTRODUCTION

OWER electronics circuits have been widely used in

power conversion applications like electrical machines
drives for their rapid response, controllability, and high
efficiency [1]-[4]. Moreover, power converters have obtained
remarkable improvements due to the introduction of
next-generation semiconductors like silicon carbide (SiC) or
gallium nitride (GaN). These new materials devices have out-
standing characteristics of high-voltage and high-temperature
operation, low ON-resistance, and fast switching [5]—[8]. With
these semiconductors, high-frequency operation is possible
achieving low switching losses, high power density, and cost
reduction of magnetic components like reactors or transform-
ers [1], [9], [10]. Nevertheless, for high-frequency operation,
accurate loss calculation and measurements must be consid-
ered. Thus, in order to improve the total system efficiency,
not only the semiconductors losses but also the magnetic
material losses must be considered. Then, characterization of
the magnetic components used in power converter circuits
or in electric machines is important at a high-frequency
operation.

Conventionally, in electrical machines, sinusoidal excita-
tion has been used to evaluate magnetic characteristics of
electromagnetic steel sheets. Then, with the introduction of
power inverters, several studies of carrier frequency influence
on magnetic materials have been conducted. Specifically,
these studies approached the effect of carrier frequency and
modulation index on the iron loss change. Nevertheless, most
of these studies were conducted for low carrier frequency
excitation (up to 20 kHz) [11]-[18] and one study that
achieved 190 kHz [19]. Therefore, iron loss characterization

Manuscript received March 10, 2017; revised May 2, 2017; accepted
May 26, 2017. Date of publication June 7, 2017; date of current
version October 24, 2017. Corresponding author: W. Martinez (e-mail:
whmartinezm @unal.edu.co).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMAG.2017.2712683

on steel sheets is required for frequencies higher than 200 kHz
when an inverter with next-generation devices is used.

It is known that iron losses decrease with the increased
modulation index [14]. An increase in the switching frequency
leads to a small reduction in the iron losses, but an increase in
the switching losses in the inverter [19]. Moreover, it is known
that high switching frequencies generate higher ringing noise
(because of the resonance in the circuit) due to the parasitic
components in the inverter that produce transient responses
with large dv/dt in the switching devices. Consequently, ring-
ing noise effect on iron-losses must be considered as well as
filtering techniques to reduce these ringing noises.

The magnetic characterization and the source of iron loss in
magnetic materials is important, because they can help power
electronics and electric machines designers to improve their
designs in order to achieve high efficiency in the total system
(inverter, filter, and motor).

In this paper, iron loss characterization using a GaNFET
inverter controlled by a 32 b DSP is presented. This charac-
terization is conducted varying the carrier switching frequency
from 5 to 500 kHz. Iron losses are evaluated with deadtimes of
100, 200, and 300 ns in the inverter circuit. For this evaluation,
the device under test is a ring core made with steel sheets
(35H300). Moreover, the effect of the ringing phenomenon
on the iron losses is studied. Then, a low-pass (LP) filter is
used for ringing reduction and its influence on the iron loss
characteristics is evaluated as well.

II. IRON LOSS EVALUATION METHOD
A. Measurement System

Fig. 1 shows the measurement system used in this paper.
This system is intended to excite a ring core made with elec-
tromagnetic steel sheets of the material 35H300 manufactured
by Nippon Steel Company. This ring has two coils wound
with round wire, the primary connected to the inverter, and the
secondary for the voltage measurement. This secondary coil
is used to avoid the voltage drop generated in the primary coil
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Fig. 1. Iron loss measurement circuit.

TABLE I
SPECIFICATIONS OF THE RING

Material 35H300
Outside Diameter d, [mm] 127
Inside Diameter d; [mm] 102
Height # [mm] 7
Number of turns of the primary coil &, 254
Number of turns of the secondary coil N, 254

Fig. 2. Ring setup.

due to the primary current. When a secondary coil is used, the
voltage can be measured without any current generation in the
secondary, because there is no load connected to the secondary
coil. Table I shows the ring specifications, and Fig. 2 shows
the ring prototype.

This ring is excited by a full-bridge inverter constructed with
four GaNFETs installed in two boards designed by Sanken
Electric Corp. These switches are driven by a 32 b DSP man-
ufactured by Texas Instruments. This DSP, with a 150 MHz of
clock frequency, can achieve high-frequency signal generation
suitable for the evaluation of magnetic materials. Table II
shows the inverter parameters, and Fig. 3 shows the inverter
prototype.

The measurement device used for these tests
(A/D converter of Fig. 1) is a National Instruments’
14 b Oscilloscope/Digitizer capable of measuring with a
maximum sampling frequency of 100 MS/s real time. With
this scope, the primary-coil current is measured through a
current probe (Hall effect—clamp type). This probe has a
wide bandwidth from dc to 100 MHz and is capable to
measure a maximum current of 30 A. In addition, the voltage
of the secondary coil is measured using a differential voltage
probe.
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TABLE II
INVERTER PARAMETERS

Fundamental frequency f, [Hz] 50
Carrier frequency f; [kHz] 5-500
Modulation index m 0.5
Deadtime ¢, [ns] 100-300
DC Voltage V. [V] 15-16
Maximum Flux Density in the ring [T] 1

Fig. 3. Inverter setup.

Finally, in order to have a reference and a comparison of
the iron loss evaluation of the selected material, a ring test
under pure sinusoidal excitation of the ring is conducted. This
sinusoidal tests are carried out using a function generator
(TEXIO: FGX - 295) set with a frequency of 50 Hz. This sig-
nal is isolated and amplified with a linear amplifier (Takasago
Works: BWS 120 - 2.5).

B. Experimental Method

The experimental tests are conducted with fixed modulation
indices, as well as small variations of the dc Voltage. These
parameters are determined to obtain a constant magnetic flux
for all the measurements, and thereby have a fair comparison
of the iron losses. In this case, the experimental tests were
set to obtain 1 T of magnetic flux density. On the other
hand, the carrier frequency and the deadtimes are varied from
5 to 500 kHz and from 100 to 300 ns, respectively.

In the case of the inverter, the dc voltage was set with a
minimum voltage of 15 V, and the sinusoidal 50 Hz evaluation
was conducted with a constant dc voltage of 5 V.

Then, the ring current and the secondary coil voltage are
measured during one period of the fundamental frequency
(20 ms). This data are saved using the digitizer and subse-
quently processed to obtain the iron loss value. Moreover, to
have a more accurate measurement, this procedure is repeated
five times for each carrier frequency and deadtime.
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C. Iron Loss Calculation

In pursuance of evaluating the iron loss characteristics of a
material, first, the magnetic flux density B and the magnetic
field intensity H need to be described. In the evaluation system
of Fig. 1, the current / flowing in the primary coil of the ring
core and the induced voltage V generated on the secondary
coil are measured. From the obtained / and V, H and B
waveforms are obtained using (1) and (2) [11], respectively

N1
H=— (1)
MPL
1
B = —/th. )
N> A

MPL and A are the magnetic path length and the cross-
sectional area of the ring core that can be calculated from the
specifications of Table I. Then, the iron losses of the material
Wre can be calculated by integrating H and B as follows:

Wie = E/H dB 3)
p

where p is the density of the electromagnetic steel sheets
(7650 kg/m?).

III. EXPERIMENTAL EVALUATION

Seven carrier frequencies (5, 10, 20, 50, 100, 200, and
500 kHz) and three deadtimes (100, 200, and 300 ns) are eval-
uated as well as the reference measurement of the sinusoidal
case.

From (1)—(3) and the data obtained from each case, it was
possible to calculate the iron loss density of each measure-
ment. As it was mentioned before, several measurements of
the same carrier frequency and deadtime were taken in order to
see the deviation of the collected data. Fig. 4 shows the iron
losses Wy for each carrier frequency f. obtained from the
magnetic evaluation. Each dot in Fig. 4 represents the average
of the five measurements that are collected. Also, the error
bars (minimum and maximum points) of each measurement
are shown. Moreover, the iron losses of the sinusoidal case
are presented as well in Fig. 4 as a reference and point of
comparison to the overall tests. It is important to have in mind
that this value is independent of the carrier frequency, and it
is only valid for 50 Hz.
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As a matter of fact, the iron loss value obtained from
the sinusoidal tests is close to the one presented by Nip-
pon Steel Corporation in the datasheet of the selected
material [20].

Fig. 4 appears to depict the increase of iron losses when
the deadtime is increased. Specially, the higher the carrier
frequency, the higher the difference between the iron losses
at different deadtimes. This is generated by the portion of
the deadtime in comparison to the total cycle, e.g., with a
deadtime of 200 ns at a carrier frequency of 500 kHz and a
duty cycle of 50%, the theoretical on-state will be 1 s minus
the deadtime during turn-ON and turn-OFF transients, and then
the total ON-state will be reduced in a 40%. Consequently, a
peak of current is generated, and therefore, the magnetic field
intensity will be increased during the deadtime operation, and
thereby the iron losses are increased.
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Fig. 9. Ring tests at 5 kHz 100 ns. (a) Waveforms without filter. (b) Waveforms with filter. (c) B — H curve without filter. (d) B — H curve with filter.

Similarly, Fig. 4 shows the carrier frequency effect on the
iron losses, especially at high frequency. When the carrier
frequency increases, a constant deadtime will occupy a bigger
portion of the duty cycle, as shown in Fig. 5.

Then, the effective ON-time of the switching process is
shorter due to the increase of the carrier frequency, and as
it was explained before, the iron losses increase due to the
change of the field intensity because of the change in the
current.

Moreover, in the iron loss characterization, it is important
to consider the effect of the parasitic components. As it
is well known, the parasitic components presented in the
semiconductors, PCB boards, wires, and so on make a bigger
effect on the inverter operation when the switching frequency
is increased. Thus, during the transient responses of the
switching states, ringing noises with large surge voltages
generate current spikes and therefore large changes of the field

intensity A H. Fig. 6 shows the B — H curves of the sinusoidal
case and the inverter with a carrier frequency of 500 kHz. The
difference between the field intensities of both the cases is
evident.

IV. FILTERING EVALUATION

Considering the iron loss increase because of the ringing
noise, a filtering evaluation was conducted to evaluate the
iron loss reduction when ringing is reduced. Therefore, an LP
filter was installed between the inverter and the ring, as shown
in Fig. 7.

The intention of this LP filter is to attenuate the
high-frequency components, and thereby to reduce the ring-
ing during the transients of the switching operation in the
GaNFETs. In this case, it was decided to use the internal resis-
tance of the primary coil (R in Fig. 7) with a value of 0.56 Q
as well as a 220 nF ceramic capacitor. Consequently, the
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Fig. 10. Ring tests at 100 kHz 100 ns. (a) Waveforms without filter. (b) Waveforms with filter. (¢c) B — H curve without filter. (d) B — H curve with filter.

procedure explained in Section II was repeated, testing three
deadtimes (100, 200, and 300 ns) and nine carrier frequencies
(5, 10, 20, 50, 100, 200, 300, 400, and 500 kHz). Again, each
case was measured five times for accuracy purposes. Thus,
Fig. 8 shows the iron losses when the LP filter is installed
in the circuit. Table IIT shows the reduction in each case of
carrier frequency and deadtime.

Figs. 9-11 show the waveforms and B — H curves of three
cases (5, 100, and 500 kHz of carrier frequency) when the
ring is excited by the inverter with and without filter. These
figures depict the influence of the ringing reduction on the
shape of the B — H curve. In addition, the AH reduction
is evident in each figure: 3.2 times at 5 kHz, 2.83 times at
100 kHz, and 2.3 times at 500 kHz. Moreover, it is possible
to observe the increase of AH when the carrier frequency
is increased (with and without filter), as it was mentioned in
Section III.

TABLE III
IRON LOSS REDUCTION [%]

£, [kHz] 5 10 20 50 100 500 500
4=100ns 093 237 411 409 904 171 263
£=200ns 086 121 153 439 995 178 268
4=300ns 083 122 175 501 105 180 280

Conclusively, the effect of ringing in the iron losses and
the effectiveness of the LP filter for reducing the ringing and
the iron losses in the magnetic material are evident. The tests
seem to show a reduction up to 28% at high carrier frequencies
(see Table III).

Nevertheless, it is important to highlight that the loss
reduction mentioned above is only produced in the ring core.
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In fact, the installation of a LP filter introduces losses to the
total system due to the parasitic components of the filter itself.
As shown in Fig. 7, the filter’s capacitor has its own parasitic
components; especially, the equivalent series resistance (ESR)
is a critical factor that affects the total efficiency. Fig. 12 shows
the capacitance in parallel and the resistance in series of the
220 nF capacitor measured by an impedance analyzer.

Consequently, as the filter’s capacitor is installed in parallel
to the ring and the capacitor’s ESR becomes quite smaller
at high frequencies, the total impedance of the circuit’s load
becomes smaller, and therefore higher power is consumed
from the source. Therefore, although the installation of an LP
filter is effective for iron loss reduction, it compromises the
total circuit efficiency.

V. CONCLUSION

In this paper, the influence of the carrier frequency and the
deadtime on the iron loss characteristics of a ring core, made
with steel sheets excited with a GaNFET inverter operated at
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Ring tests at 500 kHz 100 ns. (a) Waveforms without filter. (b) Waveforms with filter. (c) B — H curve without filter. (d) B — H curve with filter.

high frequency switching, was studied and compared with the
pure sinusoidal case.

As the deadtime and the carrier frequency f, are increased,
the effective ON-state voltage is reduced, and therefore current
spikes are produced. This current change produces an increase
in the change of the magnetic field intensity. Thus, iron
losses are increased. In addition, due to these voltage and
current spikes, and the ringing noise produced by the parasitic
components presented in the circuit, iron losses are increased
as well. Therefore, an LP filter was installed in the circuit
for reducing the ringing voltage and attenuating the high-
frequency components of the signals. Consequently, an iron
loss reduction seems to be observable up to 28% at 500 kHz
of carrier frequency and 300 ns of deadtime. Then, the circuit
filtering is a good approach for reducing iron losses, especially
at high carrier frequencies, but it might increase the total
system losses. Thereby, an optimal design of the filter or
the installation of a complex high-efficiency filter must be
conducted to not compromise the total losses.
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Fig. 12.  Capacitor characteristics.

Finally, it is significant to mention the importance of the
measurement equipment when a high-frequency procedure is
conducted. Specifically, the A/D converter must have a high
sampling frequency and the voltage and current detectors
must have wide bandgap with good magnitude and phase
characteristics.
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