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Abstract—This paper presents a novel approach to designing
magnetics for high frequencies by combining the area product
(AP) method with advanced loss modelling techniques. Magnetic
components cannot be arbitrarily scaled down at high frequen-
cies due to increased losses as described by the modified AP
method for transformer designs to leverage constant loss density
under sinusoidal excitation. This study enhances the AP method
by incorporating the improved generalized Steinmetz equation
(iGSE) and Dowell models to determine the optimal sizing of both
transformers and inductors at high switching frequencies. The
approach is validated with 2 transformer designs and 2 inductor
designs. The experimental results demonstrate the proposed
scaling of the transformer designs for a dual-active bridge circuit
(DAB) and the inductor designs for a buck converter circuit.

Index Terms—magnetics, loss modelling, Steinmetz, Dowell

I. INTRODUCTION

The design of high-frequency, high-power magnetic com-
ponents is increasingly important for modern power electronic
designs. As modern power electronic switches allow for larger
switching frequencies, transformers and inductors must be
designed to operate at these larger switching frequencies. The
size of an inductor or transformer has widely been determined
by the area product method.

Higher switching frequencies may mean smaller magnetic
components, but if not designed carefully will also lead to
higher magnetic losses due to efficiency and heat limitations.
[1] analyzes how the selection of core materials will influence
the size of magnetic components for high frequencies. [2]
introduces the scaling of transformers considering heat transfer
and quality factor limitations. [3] presents a revised AP method
to meet constant loss density specifications with sinusoidal
excitation using the OSE for core loss estimation and the Dow-
ell model for winding loss estimation. The previous results
show roughly 99% efficiency across all 5 transformer designs
and a temperature rise between 23-30°C. The experimental
results from [3] match closely to the theoretical model and
provides a modified AP method for designing transformers
with a constant loss density for sinusoidal excitation.

We propose an enhanced AP method for both transformer
and inductor designs with constant loss density for any ex-
citation waveform by using the improved generalized Stein-
metz equation (iGSE) and the Dowell model. The iGSE was
introduced in [4] as a computational tool to more accurately
model core losses in magnetic components with any waveform
of excitation while still only using the OSE parameters. We
will build upon the method outlined in [3] by presenting a

method to design high-frequency transformers and inductors
for any excitation waveform by combining the iGSE and
Dowell model into the AP method.

Many have tried to improve upon the OSE model to provide
core loss estimations for non-sinusoidal inputs, leading to the
modified Steinmetz equation (MSE), generalized Steinmetz
equation (GSE), improved GSE (iGSE) and the improved-
improved GSE (i2GSE) [5]-[7]. The MSE, GSE, and iGSE
are computationally intense methods but still only rely on the
OSE parameters. The i?GSE introduces 5 new parameters in
addition to the OSE parameters to also account for the DC
bias condition and relaxation effects of magnetics.

While other core loss models exist, we chose to use the
iGSE because it is accurate for non-sinusoidal wave-forms
without DC bias, it only requires the Steinmetz parameters
and it is also easily implemented as a MATLAB function [8],
[9]. First we discuss the theory behind core and winding loss
estimations including how to incorporate core and winding
loss density equations into the original AP method, then we
present our chosen inductor and transformer designs, followed
by experimental validation and discussion of results.

II. AREA PRODUCT

As introduced in [10] the product of a transformers window
area and cross-sectional core area, Ap is directly related its
power requirements by
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where Ky is a waveform co-efficient, empirically determined
as 4.0 for a square wave, K, is the window utilization factor
determined by the winding structure of the copper, P, is the
power handling capability of the transformer, B,, is the peak
flux density, J,, is the peak current density, and f is the
switching frequency. The volume and weight of a transformer
is uniquely determined once its area product is known [3].
Similarly, the area product for an inductor with inductance, L,
and RMS current, Ir)sg, is given as
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where k. represents the ratio of peak current to RMS current,
also known as the crest factor. k, represents the winding
utilization factor. The original AP method assumes a constant
magnetic flux density and current density. It is apparent from

Ap = AcoreAwindow =



(1) and (2) that higher operating frequencies generally mean
smaller magnetic components. However, higher switching fre-
quencies come at the cost of higher core and winding loss
densities.

III. METHODS
A. Winding Loss Modeling

The eddy-current losses in the windings due to the skin and
proximity effect are described by the Dowell model [11]. The
resistance factor, F,.(f) = % and winding loss density per
unit volume of wire with resistivity, p, gives the winding loss

density as
Py = JoF(f)p. 3)

The winding of a transformer or inductor can make use
of regular copper wire or Litz wire. In the case of regular
copper wire, eddy current losses from the skin effect and the
proximity effect must be considered. Many modern power
electronic designs make use of Litz wire, in which many
individual cables are twisted such that each isolated strand
occupies every possible position in the wire. While Litz is
not a panacea for eliminating winding loss, it reduces skin
effect losses compared to traditional round conductors because
a single conductors radius within a Litz wire is smaller than its
overall skin-depth [12]. The equivalent resistance as a function
of frequency for Litz wire was developed in [13] and is given
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where H is the resistance ratio of individual strands when
isolated, GG is the eddy-current basis factor, f is the switching
frequency, D; is the diameter of an individual Litz strand, D,
is the outer diameter of the finished cable and K is an empirical
constant.

With the resistance factor defined, the winding loss per unit
volume of the Litz is then defined in (3). To model a unit
winding loss density transformer or inductor with Litz wire,
(3) is re-arranged to obtain the following expression for current
density,

PwindingO
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where P,indingo is a reference winding loss density and F is
found from (4). This dynamic expression for current density,
(6), is then subsituted into AP equation (1) and (2) to yield a
magnetic design with a constant winding loss density.

Jw(f) = (6)

B. Core Loss Modeling

The classic core loss model for sinusoidal excitation is given
by the original Steinmetz equation (OSE),

P, = kBj f°, (7)

where , (3, and « are curve-fit parameters, B,, is the peak
magnetic flux density at a frequency, f, equating to P,, the
average loss per unit volume.

The iGSE is a core loss model for any excitation waveform
using only the original Steinmetz parameters. Further, for
excitation waveforms that are piece wise linear with no minor
loops, the iGSE has a simple calculation given in terms of the
winding voltages, V; during each time period j of length At;
shown in [7] and given as
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where NN is the number of turns, A, is the cross-sectional area
of the core, AB is the peak-to-peak flux of the loop under
consideration. The constant, k; employs the OSE parameters
and was numerically curve fit to within 0.15% accuracy.

The iGSE equation in (8) is re-arranged to find the peak
magnetic flux density versus frequency giving
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where P, is a reference core loss density chosen by the
designer. Assuming symmetry, the peak flux density (B,,)
value used in (1) or (2) is assumed to be half of the peak-
to-peak value expressed in (8). This is a consequence of
assuming there is no DC bias or relaxation effect This dynamic
expression for B, is then substituted into AP equation (1) and
(2) to design magnetics for constant core loss density.

IV. RESULTS
A. Analytical Model

The chosen transformer and inductor designs use 3F36 core
material which has a saturation flux density of 420 mT at
100°C. Additionally, the designs use AWG 44 Litz wire,
consisting of 2625 individual strands twisted together. The
design points, chosen somewhat arbitrarily, for the inductor
are: a 180 kHz switching frequency, a flux density of 60
mT, and an RMS current of 16 A. The transformer design
points are: a 100 kHz switching frequency, a flux density of
350 mT, and a peak current of 30 A. These design points
give a reference core and winding loss density, which is then
used in the enhanced area product method to size a range of
transformer and inductor designs that maintain this constant
loss density. Fig. 1 compares the analytical current density and
flux density for the enhanced AP, modified AP, and original
AP methods. Fig. 2 shows the calculated area product for the
enhanced, modified, and original methods.

The enhanced AP method dynamically models the core flux
density and winding current density to preserve a constant



loss density design for very high switching frequencies. In
the case of the 3F36 core material and AWG 44 Litz the
AP of the design must be increased at the 100 kHz range.
We’ve also shown that for switching frequencies below 100
kHz, the original AP method suggests a larger design than
necessary. The exact switching frequency at which the size
must be increased will change depending on the chosen test
point and the materials parameters. The test point is a specified
switching frequency that achieves a desired test flux density
and test current density. The test point will depend on the
overall requirements of the converter including the switches
and capacitors.

The original AP method assumes a constant magnetizing
flux density and constant current density across all switching
frequencies. While this assumption could be used with designs
that operate below the 100 kHz range, we see higher switching
frequencies have different effects. With sinusoidal excitation
there is a single harmonic at the operating frequency so the
losses are easily extracted with the original Steinmetz equa-
tion. Non-sinusoidal wave-forms have higher order harmonics
that increase both core and winding losses. If the original AP
were to be used for very high switching frequency magnetic
designs, we would see saturation and high losses in both the
core and the windings.

For the 3F36 material at operating frequencies higher than
around 100 kHz (the chosen test point) the volume of the
magnetics needs to be increased to preserve a constant loss
density. When the input waveform is non-sinusoidal the core
loss density is even higher due to higher-order harmonics,
requiring magnetics to be increased in size even more than
predicted by the modified AP method.

Using the results of the enhanced AP method in Fig. 2,
two transformers and two inductors of varying size were
built. Photos of the assembled designs are shown in Fig. 3.
The corresponding analytical switching frequencies, size, flux
density, current density, and efficiency of these designs are
shown in Table I.

Transformer design 1 is two EE43/21/20-3F36 cores in
parallel. The cores in parallel double the cross-sectional area
of the transformer while keeping the window area the same.
The effect is that the area product of two EE cores in parallel
is double that of a single EE core. Design 2 is a PQ50/50-3F36
core with a much larger window and cross-sectional area due
to the nature of the PQ shape, increasing its AP.

Inductor design 1 is two EE42/21/20-3F36 cores with a 6.3
mm air-gap and 12 turns. A variant of inductor design 1 has
the same core volume and airgap but has parallel Litz wire
and thus 6 turns instead of 12. This design has the same core
volume (area product) but now the winding loss density is
greatly reduced by using parallel wires.

B. Experimental Validation

A modern transformer application is the dual-active half-
bridge circuit. The transformer plays a vital role in this
circuit to provide electrical isolation between the primary and
secondary sides. The core under test (CUT) shown in Fig. 4a
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Fig. 1. Comparison of area product design with original AP method, modified
AP method and enhanced AP method for (a) transformer and (b) inductor as
a function of frequency.

Transformer
Core: 3F36 Ferrite EE Core: 3F36 Ferrite EE
Winding: Litz AWG 44

Winding: Litz AWG 44

Area Product (cm*)
Area Product (cm*)

© Design |
@ Design | paralle wire;

0 200 400 600 800 1000
Frequency (kHz)

(2) (b)

Fig. 2. Comparison of area product design with original AP method, modified
AP method and enhanced AP method for (a) transformer and (b) inductor as
a function of frequency.
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Fig. 4. Experimental set up to measure core losses of (a) transformer and (b)
inductor.
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is connected between two half-bridges and connected to the
same DC-link. This allows power to circulate from the primary



TABLE I
ANALYTICAL RESULTS OF MAGNETIC DESIGNS

Transformer
F (kHz) | AP (cm?) | Bm(mT) | Jw (A/mm?) | 1 (%)
Design 1 210 4.1 12 1.7 99
Design 2 240 5.9 7 1.6 99
Inductor
F (kHz) [ AP (cm*®) | Bm(mT) | Jw(A/mm?) | n(%)
Design 1 120 1.8 187 4.4 98
Design 1 par. wire 240 1.8 187 22 99
side of the transformer to the secondary side. The average total ~ Primary Leakage Current
. . . . . 10A/div
loss of the transformer in this configuration is found by taking  primary Voltage | \ ; ;
. . . i |
the difference between the input and output power averaged — sovidiv ‘ | \
over one switching period, expressed as " } ~ \ ‘ / /
T - ! “ ’ 4 A SR |
1 i i Secondary Leakage Current —* o = e
P, =L / oo (B)in(t) — v (Oin()dt.  (12) T
T 0 Secondary Voltage | v
. . . . Idiv d
Similarly when the inductor under test (IUT) is connected to a o L \ ‘
buck converter circuit as shown in Fig. 4b the average power = ‘
Instantaneous Output Power
losses are calculated from the product of the measured current — gq | - 1 Y o A )
e Py | e ~
and voltage averaged over one switching period, expressed as, SPout : e et & S
g g gp p L// » /// [ o ¥
1 2us/div

T
Ploss = 7 / on (£)ix (£)dt. (13)
0

The transformer designs are tested with a 400 V input voltage,
a duty cycle of 0.5 using single-phase-shift (SPS) control
in a dual-active half-bridge circuit. As described in [14]
the output power of a DAB circuit varies with switching
frequency and phase-shift. Each transformer design has a
different operating frequency operating point, per its design.
To maintain a constant output power of 1kW, the phase-shift
is varied accordingly.

The inductor designs are tested with a 400V input voltage
and duty cycle of 0.5 in the circuit shown in Fig. 4b. The
switching frequency of each design was chosen according to
results in Fig. 2.

The input voltage for both the inductor and transformer
designs is a PWM signal with fixed duty cycle. The induced
current through the transformer and inductor is thus a triangle
wave centered around zero.

The goal of the experimental validation approach is to
show that each magnetic design has the same efficiency. By
measuring the average loss of each design with the same
output power, the efficiency is easily extracted.

When measuring loss experimentally, it is important that the
probes and equipment are as accurate as possible. It is nec-
essary to ensure that the measurement devices are deskewed
so that there is no delay between the voltage and current
measurements, which would affect the measured efficiency.
It is also essential to ensure that average power is measured
over an integer number of switching events.

C. Discussion

Fig. 5 and 6 show the measured voltage and current of the
two transformer designs. The difference of the primary and

Fig. 5. Experimental results of transformer design 1.
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Fig. 6. Experimental results of transformer design 2.
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Fig. 7. Experimental results of inductor design 1.
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Fig. 8. Experimental results of inductor design 1 with parallel Litz.

secondary side voltage and current is the instantaneous loss.
The average loss is the periodic average of the instantaneous
loss. The average of the instantaneous output power in con-
junction with the average loss is used to calculate the overall
efficiency.

Fig. 7 and 8 show the measured voltage and current of
the two inductor designs. The instantaneous output power is
the product of the measured output voltage and current. The
product of the voltage and current through the inductor, gives
the instantaneous loss. The efficiency is calculated with the
average loss and output power. The results are summarized in
Table II

Both transformer designs use the same type of Litz wire,
but transformer design 2 has a higher switcher frequency.
According to the analytical enhanced AP model, the current
density must decrease to maintain constant winding loss
density. However, due to the higher switching frequency and
the same wire type, the winding loss density is increased.
This results in a lower efficiency in transformer design 2.
Each design should use a different wire type in order to
achieve the desired current density from the analytical model
and to maintain a constant loss density. The inductor design
with parallel Litz wire results in lower winding loss density.
However, there is higher core loss density due to the lower
inductance that results from the parallel Litz wire.

These experimental results show that there is an optimum
balance between core volume, higher switching frequency, and
paralleled wire. We have presented the tools necessary for
finding this optimum design based on the requirements of the
circuit and of the magnetics, for any excitation waveform.

TABLE 11
EXPERIMENTAL RESULTS OF MAGNETIC DESIGNS
Transformer
Predicted 1 (%) | Measured 1 (%)
Design 1 99 96
Design 2 99 86
Inductor
Predictedn (%) Measured 1(%)
Design 1 98 97
Design 1 par. wire 99 98

V. CONCLUSION

We have introduced an enhanced AP design method by
combining the iGSE and the Dowell model to size both
transformers and inductors for high switching frequencies with
non-sinusoidal excitation. We also demonstrated an experi-
mental validation approach to measure loss density of both
inductor and transformers. Future work includes incorporating
the relaxation effect into the model. The iGSE does incorporate
the relaxation effect into core loss estimation. The i?GSE does
incorporate the relaxation effect but requires more parameters
than the original Steinmetz coefficients. Future work could
show how to improve the core loss accuracy of the magnetic
designs in the modified AP equation with the i?GSE.
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