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Abstract — Availability of new high-power semiconductor
devices and the desire for developing power systems with higher
penetrations of distributed generation have sparked significant
research in power electronic converters. The non-sinusoidal
nature of the current and voltage waveforms commonly present in
power electronic converters makes it difficult to accurately
evaluate the copper and core losses of components such as
inductors and transformers operating at high and medium
frequencies. The evaluation of the core losses for three soft
magnetic materials (amorphous, ferrite and nanocrystalline)
under different rectangular-voltage waveforms used in solid-state
transformers, duty cycles and switching frequencies is the main
aim of this work. The test setup comprises a 10 kVA Si IGBT-based
three-level full-bridge converter used to generate the rectangular-
voltage waveforms exciting the cores. The comparison based on the
main material properties establishes criteria for proper core
material selection when designing high-and medium-frequency
transformers.

Keywords—Core loss, nonsinudoidal waveform, soft-magnetic
material.

L. INTRODUCTION

The solid-state transformer (SST), also called power
electronic transformer (PET), is proposed as a replacement to
the conventional 50/60 Hz transformer used in many
applications, especially in those that demand volume and
weight reduction [1], [2]. The two key SST components are the
power semiconductors and the high- or medium-frequency
transformers (HF- or MF-XFMR). As a result of the power
semiconductor’s switching, the voltage applied across the
primary of the transformer (and induced across the secondary
winding) has rectangular shape with either two or three voltage
levels [3]. Soft magnetic materials such as amorphous, ferrite
and nanocrystalline are generally used as the transformer’s core
material for high- and medium-frequency applications due to
advantages like low core losses when compared with hard
magnetic materials such as silicon steel, which is preferred at
frequencies below 1 kHz at any power rating [4].

For high-frequency and low-power applications, ferrite has
become widely accepted as the core material of choice because
it is commercially available in many shapes and sizes, and has
low prices per unit of volume. However, materials such as
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amorphous and nanocrystalline [5], [6] for high-power
applications are considered better options due to their better
properties when compared to ferrite materials [7]. Properties
like high-saturation flux density, high permeability, high Curie
temperature and low loss density make these materials
convenient for high-density high-power applications [6].

A core-loss density comparison between a selected
analytical method and experimental tests for three different core
materials under rectangular-waveform excitation with variable
duty cycle and variable switching frequency (f;, ) is performed
in this work. To this end, this paper is organized as follows: A
summary of conventional methods used to calculate the core
losses is given in section 11, the test setup is described in section
111, the comparison between the method selected to calculate the
losses and experimental measurements is presented in section
IV, considerations for core material selection are discussed in
section V, and conclusions and recommendations for future
work are addressed in section VI.

II. THEORETICAL BACKGROUND

Typically, the time-average power loss per unit of volume
in a transformer P, is calculated by using the well-known
Steinmetz equation (SE) [1]:

P, = kfeB", (1)

where k, @ and [ are constants related to the core material and
typically determined by curve fitting the material loss curve
provided by the manufacturer; B,, is the maximum (peak)
induction flux density generated by a voltage waveform of
frequency f (i.e., fs, ). Equation (1) is valid when the applied
(excitation) voltage waveform is purely sinusoidal [8]-0. In the
case of the SST and many other converters, rectangular
waveforms with different voltage levels are usually applied to
the HF- or MF-XFMR. For more-accurate calculations,
methods like the modified Steinmetz expression (MSE) [8], the
generalized Steinmetz equation (GSE) [9], and the improved
generalized Steinmetz equation (iGSE) [10] must be used to
predict the core losses when factoring in non-sinusoidal
excitations 0. The relevant equations for the above methods are
the following:
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The GSE (3) is proposed as an improved version of the MSE
(2) with reported errors within 5% and 40% [9]. The calculation
of loss density with the GSE is based on the rate of change of
the flux density and its instantaneous value B(t); however,
inaccuracies are encountered in the presence of minor hysteresis
loops since only instantaneous values are being considered [10].
Therefore, the instantaneous values are replaced by peak-to-
peak values of the flux density AB in the iGSE (4) overcoming
the inaccuracies of the GSE [10].

For the methods mentioned above, the core losses would be
zero during constant flux state (i.e., excitation voltage equals to
zero). However, [11] demonstrated that even during these
conditions, core losses still occur due to the “relaxation process”
of the core material; thus even (4) does not contemplate the
zero-voltage conditions commonly found in SSTs, losing
accuracy for calculating core losses. Reference [11] proposed
the so-called improved-iGSE (i’GSE) to overcome those
inaccuracies in previous methods. However, the iGSE is still
widely used because it is an improved version of the GSE, can
be applied to arbitrary flux waveforms, and uses the same
Steinmetz parameters as in (1) [10]-{11].

The peak flux density considering the excitation voltage
waveform shown in Fig. 1(a) can be calculated as follows 0:
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where A. is the effective core cross-sectional area, N = N, = N
is the number of winding turns (Np primary winding turns and
Ns secondary winding turns), and D is the duty cycle of the
voltage waveform.

For the same three-level voltage profile of Fig. 1(a), the rate
of change of the flux density can be calculated according to (6).

Then, the core losses per unit volume can be calculated
following a piecewise linear model (PWL) using (4).
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III. TEST BENCH SETUP TO MEASURE CORE LOSSES

In order to compare and evaluate the selected method
(iGSE) for calculating the core losses with the results from
experimental measurements, a three-level full-bridge converter,
whose schematic is illustrated in Fig. 1(b), is prototyped as
shown in Fig. 1(c) to generate the excitation voltage waveform
illustrated in Fig. 1(a) at variable frequencies f,, of 10, 20, 50,
and 100 kHz, and duty cycles D of 12.5, 25, 37.5, and 50%. The
peak flux density is kept constant at 0.1 T by adjusting the
excitation voltage which can be solved from (5). The main
properties of the three tested materials: amorphous Metglas
2605SA1 (AMCC-80) [12], ferrite 3C94 [13], and
nanocrystalline Vitroperm 500F (W630) [14], are listed in
Table L.

Several core loss measurement methods are discussed in
[15]. With the so-called two-winding method, the averaged core
loss power P over one switching period T can be obtained by
measuring/sensing the voltage across the open secondary
winding (sensing winding), v, reflected to the primary winding
using the turns ratio, and the excitation current through the
primary winding (excitation winding) i, 0, [16]. Then, P is
given by [17]:

1
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The main advantage of the two-winding method is that the
copper losses are excluded from the measurements. The voltage
drop across the leakage inductance and resistance of the primary
winding are not measured since the voltage is sensed at the
secondary side as shown in Fig. 1(b). However, the effects of
phase discrepancy limit the use of this method to frequencies
below 1 MHz [15]. A method that reduces the error due to phase
discrepancy at higher frequencies by capacitive cancellation is
proposed in [15].

The instruments used are Tektronix TCP202A current
probes and P5200A differential voltage probes connected to a
Tektronix TDS 3034B oscilloscope. The transformer core
losses are also measured indirectly using a Hioki 3193 Power
HisTESTER. In order to diminish the influence of the error in
the current and voltage phase displacement measurements, the
compensation method suggested in [16] is followed.
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Fig. 1. Three-level full-bridge converter (3L-FB): (a)
excitation waveform, (b) schematic, and (c) prototype

Table I. SOFT-MAGNETIC MATERIALS MAIN PROPERTIES

Amorphous

. Nanocrystalline
Metglas Ferrite g
Parameter 2605SA1 3094 Vltros;g?OSOOF
AMCC-80
Bsat (T) 1.56 0.47 1.2
Curie Temp
o 399 220 600
°C)
Permeability,
i (x10°) 10-150 2.3 15
K 1.3617 17.1 2.3
a 1.51 1.46 1.32
B 1.74 2.75 2.12
A, (cm?) 5.20 2.80 2.74
In(cm) 25.4 12.7 36.1

IV. EXPERIMENTAL RESULTS

The comparison between the core losses for the amorphous,
ferrite, and nanocrystalline materials as a function of the duty
cycle for different frequencies using the iGSE [10] and
experimental data from the measurement approach described in
section 111 is presented in Figs. 2, 3, and 4, respectively. Results
in figures (a) are for 10 kHz, in figures (b) for 20 kHz, in figures
(c) for 50 kHz and in figures (d) for 100 kHz. The authors in
[11] proposed an improved method which considers the
relaxation process of the magnetic material. Their results
showed that the iGSE has more inaccuracies at lower duty
cycles (with longer time intervals where the excitation voltage
equals to zero) which agrees with the analysis presented in [11].
However, the duty cycle for the considered SST application will
be modulated around 50%; so the iGSE method was selected
since the authors demonstrated in [10] that their proposed
method yields the most accurate results for the SST potential
duty cycles.

For the three materials the losses decrease by increasing the
duty cycles closer to 50%. It can be noticed form Fig. 5 that the
material with lower losses is the nanocrystalline, followed by
the ferrite and finally the amorphous. At D=50% and f =100
kHz the nanocrystalline material (Vitroperm 500F) has
approximately 8 times lower losses than the ferrite (3C94), and
the latter has approximately 1.5 times lower losses than the
amorphous (Metglas 2605SA1). Ferrite cores with lower losses
are commercially available. In [18] a comparison between
nanocrystalline Vitroperm 500F and ferrite N87 is presented. In
this case the ferrite core shows 2.5 more losses than the
nanocrystalline.

V. CONSIDERATIONS FOR CORE MATERIAL SELECTION

The core material selection is a critical aspect in a
transformer design [20], especially in high-frequency
transformers because, as shown in Fig. 5, increasing the
operating frequency has a considerable impact in the
transformer efficiency and thermal management requirements.
In order to properly select the core material four main material
parameters, given in Table I, could be considered: core loss
density, saturation flux density, permeability, and Curie
temperature [6]. The experimental results show that the ferrite
core present lower losses than the amorphous core; however, its
low saturation flux density results in larger core sizes, thus it is
not well suitable in applications where reduced size and volume
are desired. In addition, they have the lowest Curie temperature
among the selected materials, another limitation in high-power
applications. The amorphous core has the highest loss per unit
volume. However, it has high Curie temperature, high
permeability and high saturation flux density, which leads to
high-power density in high-power applications. The
nanocrystalline core has the lowest loss density compared to
ferrite and amorphous; in addition it has high saturation flux
density. These characteristics promise high efficiencies and
high power densities. Moreover, this material has the highest
Curie temperature among the selected materials, which allows
operation at high temperatures. However, if the transformer
design is based on cost, the amorphous core would be the best
option since the cost of the nanocrystalline core is relatively
high [6].
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Fig. 2. Amorphous core losses for f = 10 kHz (a), f = 20 kHz (b), f = 50 kHz (¢)
and f = 100 kHz (d) at different duty cycles
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Fig. 3. Ferrite core losses for f = 10 kHz (a), f = 20 kHz (b),
f = 50kHz(c)and f = 100 kHz (d) at different duty cycles
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VI.  CONCLUSIONS AND FUTURE WORK

The comparison between the core losses of three soft
magnetic materials commonly used for HF- or MF-XFMR
under non-sinusoidal excitation conditions with variable
frequencies and duty cycles was given in this paper. The iGSE
was used to calculate the core losses and the results were

compared with the experimental results. As stated in [11] the
iGSE shows more deviation from the experimental results at
low duty cycles because of not considering the relaxation
process in magnetic materials. The i>’GSE could be used to
improve the accuracy of the calculations.

Transformer design considerations based on four main
material parameters (core loss density, saturation flux density,
Curie temperature, and permeability) were analyzed. The
nanocrystalline core showed the lower losses among the other
core materials, followed by the ferrite, and the amorphous. The
amorphous and nanocrystalline materials have high saturation
flux density, high permeability, and they can operate at higher
temperatures, thus these materials are suitable for high-
frequency high-power applications.
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