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Modified Preisach Model of Hysteresis in Multi Air
Gap Ferrite Core Medium Frequency Transformer

Michat Michna

Abstract—This article presents the modified Preisach model
of hysteresis for a 3-phase medium frequency transformer in a
100 kW dual active bridge converter. The transformer magnetic
core is assembled out of ferrite I-cores, which results in multi-
ple parasitic air gaps. For this transformer, the hysteresis loops
were measured and the parameters of the Preisach model were
determined. The Preisach distribution function is approximated
with a two-dimensional Gauss function series and the feedback
function is a 3rd-degree polynomial. The optimized identification
of Preisach distribution function parameters was prepared. Two
sets of parameters were determined based on the analysis of major
and minor hysteresis loop. The developed model is used to analyze
the transformer core power loss. A new set of Steinmetz equation
parameters for the multi air gap ferrite core MFT is proposed.

Index Terms—Ferrite core, gapped magnetic core, hysteresis
loop, medium frequency transformer, power loss, Preisach model,
Preisach distribution function.

I. INTRODUCTION

HE medium frequency transformer (MFT) is one of the key
T components of the isolated dc-dc converters. The isolated
dc-dc converter is the enabling technology in modern electrical
power systems and transportation applications where the gal-
vanic separation is required. The isolated dc-dc converter topolo-
gies suitable in high power applications include series resonant
converter [1], LLC dc-dc resonant converter [2], phase-shifted
full bridge [3], single active bridge [4] and dual active bridge
(DAB) [5]. The 3-phase DAB is considered in the applications
where the high power density and high efficiency are required

(61, [71.
The MFT is still quite a novel technology with lots of research
interest. Some designs of high power MFT were reported in
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[8]-[11]. The ferrite core is considered for medium and high
frequency transformers due to its low power loss and low mate-
rial cost compared to amorphous and nanocrystalline [12], [13].
The high power ferrite MFT requires the construction of the
magnetic core using type “I”’ cores which results in multiple
parasitic air gaps [14], [15].

The mathematical model of the transformer as a compo-
nent of power systems was presented in many papers. The
50/60 Hz transformer modeling has been extensively studied
for the electromagnetic transient simulations [16]-[19]. On the
other hand, MFT modeling has to take into account the high
frequency effects on the winding resistance [20], [21], parasitic
capacitances [22], [23], and core loss [24], [25]. A nonlinear
model of a 3-phase MFT was proposed in [26]. The precise
MFT design and modeling should consider a time-dependent
model of the magnetic hysteresis.

The macroscopic models of hysteresis are reviewed in [27]
and they are considered the most suitable in finite element and
equivalent circuit modeling. In the equivalent circuit modeling,
the hysteresis nonlinearity can be involved directly in the func-
tion ¢(O) [28] or indirectly through the coupled equivalent re-
luctance model and the function B(H) [29]. Several macroscopic
hysteresis modes have been developed. These include Tellinen
[30], Stoner-Wolhfart [31], Globus [32], Jiles-Atherton [33], and
Preisach [34]. The Jiles-Atherton model and the Preisach model
have shown very high accuracy. The modifications [35], [36] of
those models are the most accurate. The Jiles-Atherton model
is based on the magnetization reversible and irreversible com-
ponents. It can be used in the analysis of hysteresis phenomena
in several physical domains [37]-[39]. A mathematical form
of the Preisach model (PM) was developed in [40], [41]. This
model is based on a two-dimensional integral of Preisach dis-
tribution function (PDF). The original PM was subject to some
modifications which are reviewed in [36]. The PM modifications
include: generalized PM, moving PM, dynamic PM, vector PM
and feedback PM. The classical PM does not represent precisely
the minor hysteresis loops due to the congruency property [42],
[43]. The feedback Preisach model (FPM) allows removing the
congruency property. This PM modification has been selected
and it is further developed in this article.

To use the Preisach hysteresis model in a simulation, it is
necessary to define the PDF and to determine its parameters
[44]-[49]. A variety of functions were used to define PDF,
including a Factorized-Lorentzian, a Gauss, or a Lognormal-
Gauss distribution function [49]. In [50], [51] the Preisach model
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Fig. 1. Feedback Preisach model of a hysteresis block diagram.

was implemented in a circuit simulation of an isolated dc-dc
converter with a single-phase transformer.

This article presents the modified Preisach model of hysteresis
for a 3-phase MFT in a 100 kW DAB converter. The Preisach
distribution function is approximated with a two-dimensional
Gauss function series (2DGFS) and the feedback function is a
3rd-degree polynomial. The developed model is used to analyze
the MFT core power loss. The original contribution of this paper
include:

e demonstration that the feedback Preisach model of hys-
teresis accurately represents the magnetic hysteresis loops
in the multi air gap medium frequency transformers com-
posed of type “I” ferrite cores in the aspect of power loss
calculation,

e analysis of the model accuracy considering separate pa-
rameters of 2DGFS for the major and minor magnetic
hysteresis loops,

e analysis of the model accuracy as the function of the
number of terms in the 2DGFS and the number of feedback
loop iterations,

e determination of Steinmetz equation parameters for calcu-
lating power losses in the multi air gap MFT composed of
type “I” ferrite cores.

The feedback Preisach model is developed in Section II.
Section III presents the measurement of the equivalent B(H)
for the 3-phase MFT prototype involving multiple parasitic air
gaps. Section IV presents the calculation of feedback Preisach
model parameters. Section V analyses the MFT core power loss
using the proposed hysteresis model.

II. FEEDBACK PREISACH MODEL OF HYSTERESIS

The magnetic materials are characterized by the nonlinear
relationship B(H) between the magnetic flux density B and the
magnetic field strength H. The B(H) relationship is history-
dependent. The shape of the B(H) depends on the material
properties and the maximum value of H. The hysteresis has a
significant effect on the analysis of the transformer inrush, mag-
netic core remanence, resonant circuits involving a transformer
and core power loss.

The feedback Preisach model (FPM) block diagram is pre-
sented in Fig. 1. The upper block represents the classical Preisach
model with the two-dimensional integral of the Preisach distri-
bution function (PDF) u(c, 8). The lower block represents the
feedback function Hy (B) where the number of iterations Ny, can
be freely selected.

Fig.2. Medium frequency transformer prototype with three columns A, B, C,
and auxiliary coils AUX1 and AUX2.

The feedback Preisach model (FPM) is defined as:
B o) = [ wlot Hy(B) 5+ Hy (B) v
az

x [H + H; (B)] dadf (1)

where (o, () is the PDF of the classical Preisach Model (PM),
W + Hy (B), B + Hy (B)) is the PDF of the FPM with the
feedback function Hy (B), v, g(H) is the hysteresis operator of
the classical PM with randomly distributed parameters « and 3,
Yo, g(H + Hy (B)) is the hysteresis operator of the FPM.

The PDF 1i(av, 3) and the feedback function H ¢ (B) need to be
defined for the FPM to be implemented. In the presented research
the PDF is approximated by an Ny,-term two-dimensional Gauss
function series and the feedback function is approximated by a
3rd-degree polynomial:

Nys 2
o 1 An —(Oé + /8)
plad) = 50 2 g5, o ( 25,7 )
—(a—p)*
X exp < 25"%”2 ) (2)
Hy(B) = K1 B+ K3 B, 3)

where A,,, Sy 1, Sy,n, K1 and K3 are constants defining the ap-
proximated function, v and 3 are the parameters of the hysteresis
operator 7, g(H). The constants are phenomenological and they
do not have any exact physical meaning.

III. EQUIVALENT B(H) MEASUREMENT

In order to calculate the FPM parameters A, Sz n, Sy, n, K1, K3
as well as Ny, and Np, first, a measurement of the ®(©) or B(H)
is required. The ®(O) is useful in equivalent circuit simulations
and B(H) is useful in finite element method (FEM) simulations.
The MFT prototype presented in Fig. 2 and detailed in [52] was
used for the measurement and parameters estimation. Ferrite
I-cores are used for the MFT magnetic core as shown in Fig. 3.
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Fig. 3. Medium frequency transformer core assembly with multiple parasitic
air gaps.
MFT |
| |
3T
| A |
1% | 4 |
=
| AUXIE Y uy,
power | | u uo! | B |
supply | 2 5 |
|—| | |
|
I
I
|
I
|
—
Fig. 4. Equivalent static B(H ) measurement setup circuit diagram.

The dimensions of I-cores vary from one sample to another
causing the non-uniform parasitic air gaps in the core. These
parasitic air gaps have unpredictable dimensions which leads to
lower accuracy of the model. However, the homogenization of
core material properties [53]-[55] can be applied. The authors
proposed in [15] an empirical scaling function allowing an
estimation of the average air gap length in the multi air gap
ferrite core MFT. The effective magnetic permeability of gapped
magnetic cores is discussed in [15], [56].

Based on the method proposed in [57] and detailed by the
authors in [15] a static equivalent B(H) measurement setup was
developed. The circuit diagram is presented in Fig. 4 and the test
bench implementation in Fig. 5.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 37, NO. 1, FEBRUARY 2022

Fig. 5. Equivalent static B(H ) measurement setup implementation.
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Fig. 6. Measured waveforms: supply voltage u,, excitation currents i1 and iz,

auxiliary coil voltage u 4, and remaining winding voltage uq.

The transformer windings were connected in such way as
to achieve a high magnetomotive force. The measurement of
the magnetic flux in the core was achieved by placing two
additional auxiliary coils on the yoke. In order to minimize the
effect of eddy currents and residual losses, and to achieve good
performance of the available power supply, the frequency of
the power supply was set to 100 Hz. The measurement was
performed at a constant core temperature 25 °C. The measured
waveforms are shown in Fig. 6. The supply voltage is close to
sinusoidal and the currents in two excitation windings are equal.
The nonsinusoidal character of the currents is indicating the core
saturation. The voltage amplitude of the central column winding
(up) is relatively low. Based on the transformer dimensions,
the magnetic field strength H and the magnetic flux density
B can be calculated considering some simplifications. These
simplifications include: constant core cross section, constant dis-
tribution of the magnetic flux density, average magnetic circuit
length, neglecting the fringing effect, neglecting the magnetic
flux coupling in the air and neglecting the magnetic flux in the
central column (®g).
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Fig. 7. Measured equivalent static B(H) at 25 °C with different excitation
current amplitudes: plot up to 1900 A/m (a) and plot up to 300 A/m (b).

A series of measurements were performed with different
excitation current amplitudes corresponding to the magnetic
field strength amplitude from 35 A/m to 1900 A/m. It was found
that above 800 A/m the width of the hysteresis loop does not
change significantly. The selected measured static hysteresis
loops are presented in Fig. 7 for positive values of magnetic
field strength. The coercive field H. and remanent flux density
B, can be captured, which are 15 A/m and 20 mT, respectively.
These values are consistent with the material datasheet [58]
considering that the datasheet was realized according to IEC
62044 [59]. The datasheet B(H) was measured on a ring core
without any air gaps at 10 kHz. The influence of the temperature
on the B(H) is not analyzed in this article. The major loop and the
minor loops of hysteresis were used to identify Preisach model
parameters.

IV. HYSTERESIS MODEL PARAMETERS

An analysis was carried out to determine the optimal number
of terms of the approximating PDF series Ny, and a number

mRSS1 (%] WRSS2 (%]

4.082%

2.0%

0.0%
Ny
Nis

Fig. 8. Relative residual sum of squares (RSS) of Preisach hysteresis model
for parameters determined based on the major hysteresis loop in function of the
number of terms of the series Nys and the number of feedback iterations Ny:
RSS1 is the error between simulation and measurement of the major hysteresis
loop (blue) and RSS2 is the error between simulation and measurement of the
minor hysteresis loop (red).

of feedback loops Np,. In order to calculate the parameters A,,,
Sz,n> Sy,n, K1 and K3 the trust-region reflective least-squares
optimization algorithm with constraints [60] was used. The same
set of initial parameters was used to identify the parameters of
all PDF functions. The relative residual sum of squares (RSS)
was used to compare results and defined as:

2
RSS = Z (fszm - fmeas)

max (fmeas)

; “

where: fs;,,— simulation results, f,,.q,s— measurement results.

The values of the hysteresis model parameters determined
based on the major loop are presented in Table I. RSS1 is calcu-
lated to estimate the error between simulation and measurements
of the major hysteresis loop, and RSS2 is calculated for the
simulated minor hysteresis loop. The relative RSS1 and RSS2
errors as a function of Ny, and Ny, are also shown in Fig. 8.

The values of the hysteresis model parameters determined
based on the selected minor loop are presented in Table II.

For the major loop, the best fit is obtained for the PDF
described by parameters Ny, = 3 and Ny, = 1 (Fig. 9(a)), which
means using three terms of the Gauss series and one feedback
loop iteration. However, it can be seen that slightly worse ac-
curacy is also obtained for the PDF described by two elements
of series, which is faster and less computer time-consuming.
It is possible to use parameters determined based on a major
hysteresis loop to simulate minor loops (Fig. 9(b)). In this case,
the major hysteresis loop will be mapped accurately, and in the
case of a minor loop, the RSS will increase by an average of
about 8 times.

To increase the accuracy of the simulation of the minor
hysteresis loop, the parameters of the PDF were determined
based on the measurement of this loop (Table II). In this case,
the lowest RSS value is obtained for the Ny, = 2 and Np, = 2.
Using these parameters ensures a very good accuracy of fitting
of the minor hysteresis loop (Fig. 10(b)). On the other hand,
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TABLE I
FEEDBACK PREISACH MODEL PARAMETERS DETERMINED BASED ON THE MAJOR LOOP FOR DIFFERENT NUMBER OF TERMS OF THE SERIES N¢g, AND
NUMBER OF FEEDBACK ITERATIONS Ny,

Ne Np Seq Sez Suz Sy Sy Sys Ay Ay As K, K; RSS1 RSS2
0 539.5 38.37 1.60 1.936% 2.764%
1 569.8 10.63 1.61 3131 -29889  1.304% 4.082%
1 2 503.3 42.76 1.62 832 -5232.8 0.649% 0.653%
3 560.9 15.27 1.61 2674 28285  1357% 2.572%
0 1623.3  443.0 3290 38.71 032 134 0.020% 1.444%
1 1667.6  450.9 2950  34.68 031 135 316 -2032  0.017% 0.948%
2 2 1665.7  450.6 2847 34.83 0.31 1.35 30.0 -182.3  0.017% 0.952%
3 16656 450.6 2848 3484 031 135 300 -1821  0.017% 0.952%
0 818.2 4168 30179 5503 3628 534 034 1.15 0.21 0.004% 1.477%
1 8204 4148 31433 2216 4081 9.14 036 113 022 -179 2134  0.002% 1.278%
3 2 840.1 4183 3140.0 27.60 3949 6.63 034 1.15 0.21 1.16 153.3  0.003% 1.277%
3 853.0 421.1 3071.6 2859 3888 959 032 1.17 021 370 1162  0.003% 1.254%
TABLE II

FEEDBACK PREISACH MODEL PARAMETERS DETERMINED BASED ON THE MINOR LOOP FOR DIFFERENT NUMBER OF TERMS OF THE SERIES Ngs, AND
NUMBER OF FEEDBACK ITERATIONS Nfp,

Ns__ Np Skt Sx2 Sz Sy1 Sy2 Sys A A, A Ky K RSS1 RSS2
0 444 24.15 1.42 39%  0.156%
1 463 27.35 1.48 107.2 -3914.4 22%  0.089%
1 2 462 27.44 1.48 104.2 -4012.9 20%  0.090%
3 462 27.45 1.48 1054 -4025.7 21%  0.089%
0 1 695 344 0.03  40.90 1.90 0.72 440%  0.073%
1 1993 382 091 38.16 1.54  0.94 45.8 -2745.1 201%  0.067%
2 2 3591 458 26.85 27.73 0.01 147 85.5 -3677.3 21%  0.090%
3 2331 363 0.93  41.03 2.07 0.86 395%  0.065%
0 9707 421 2035 2971 3472 1079 0.01 1.11 1.05 102%  0.338%
1 21536 451 1924 3002 30.66 1081 005 1.15 1.05 27.04 -3334 148%  0.273%
3 2 22355 374 1965 30.00 3182 595 0.01 086 1.73 26.60 -299.6 377%  0.096%
3 22373 352 1965 30.00 3547 459 0.00 075 2.08 26.41 -299.6 608%  0.081%

parameter sets developed based on minor loop measurements are
not suitable for simulating a major hysteresis loop (Fig. 10(a)).
If the precision of the model based on the major loop parameters
is not sufficient then the parameters should be changed between
the major or minor hysteresis loops.

V. ANALYSIS OF CORE POWER LOSS

The proposed feedback Preisach model can be further imple-
mented in an equivalent circuit simulation allowing to evaluate
the hysteresis power loss in transient and steady-state simula-
tions, and to represent precisely the magnetizing current wave-
forms. In [50], [51], [61] the Preisach model was implemented
in the circuit simulation of a single-phase transformer. In this
section, the developed FPM is used in the analysis of core power
loss and the circuit implementation of the hysteresis model for
the 3-phase transformer will be reported in the future.

The core power loss P. includes 3 components: hysteresis
power loss Py, eddy current effect power loss P, and residual
(or anomalous) power loss P,. The eddy current effect power
loss is neglected here because the ferrite conductivity is very
low [58]. The authors have verified that at 20 kHz P, accounts

for approximately 1-2% of the total core power loss. In [62] the
P. is claimed below 10% at 100 kHz. The residual power loss
is neglected as well. According to [62] at a fixed frequency the
residual power loss P, is proportional to hysteresis loss Pj. The
ratio P,/Py, is a linear function of frequency. At high frequency,
the P,.can be a few times higher than P;,. However, at 20 kHz the
ferrite residual power loss is expected to be low. The hysteresis
power loss can be calculated for the operating frequency f and
core volume V, by measuring the surface of the B(H) loop Apx:

P, =Apg fVe )

The hysteresis power loss Py, was calculated for the measured
B(H) from Fig. 7 and using (5). Moreover, for each B(H) from
Fig. 7 the separate hysteresis model parameters were calculated
according to Section IV. Then, using (5) the corresponding hys-
teresis power losses Py, were calculated. In Fig. 11 the hysteresis
power loss is plotted in the function of magnetic flux density.
The hysteresis power losses calculated based on measured and
simulated B(H) are compared. Power losses calculated using the
separate hysteresis model parameters show a good fit to the mea-
surement. Power losses calculated using the hysteresis model
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Fig. 9. Simulated and measured trajectories of the major hysteresis loops (a)
and the minor hysteresis loops (b) for PDF model fitted to major loop with
parameters Ngs = 3 and Ny, = 1.

parameters of the major loop show difference what is consistent
with the results of the previous section. At low magnetic flux
density, the hysteresis model overestimates the power loss. This
is also observed in Fig. 9(b) where the simulated minor loop is
wider than the measured loop.

The core power loss P, was measured in a no load test at
25 °C. In this test, the MFT was supplied from a voltage source
converter (VSC) operating at 20 kHz [26]. The power loss
was measured with the precision power analyzer ZES Zimmer
LMGG670. The core power loss P, measured in the VSC no
load test is plotted in Fig. 12. It is compared with the hysteresis
power loss Py, calculated based on simulated B(H) with separate
hysteresis model parameters and a good fit is observed. The
small difference can be explained by different excitation voltages
(square voltage in the VSC no load test and sinusoidal voltage in
the simulation), neglected eddy current and residual power loss
in simulation and uncertainty in the power loss measurement
with a square voltage waveform at 20 kHz.
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Fig. 10. Simulated and measured trajectories of the major hysteresis loops
(a) and the minor hysteresis loops (b) for PDF model fitted to minor loop with
parameters Ngs = 2 and Ny, = 2.
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loop surface with major hysteresis loop parameters (blue).
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The core power loss was calculated with the improved gener-
alized Steinmetz equation (IGSE) [25] and the ferrite material
coefficients [63]. The authors highlight that the ferrite material
is characterized according to IEC 62044 [59], using a ring core
without any air gaps. In Fig. 13 the core power loss P, is plotted
in the function of the magnetic flux density at 20 kHz and at
25 °C. A significant difference is observed above 0.2 T compared
to the hysteresis power loss P}, calculated based on simulated
B(H). This difference can be explained by the influence of
parasitic air gaps [64], neglected eddy current and residual power
loss in simulation and accuracy of the ferrite material coefficients
at 20 kHz.

Considering that the hysteresis power loss P}, calculated based
on simulated B(H) is accurate, then the new set of Steinmetz
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TABLE III
COMPARISON OF STEINMETZ EQUATION PARAMETERS

Ferrite datasheet Multi air gap ferrite

[62] core
k 32 0.60
o 1.46 1.46
B 2.75 2.10

equation parameters is proposed. The new Steinmetz equation
parameters for the multi air gap ferrite core are presented in
Table III. The corresponding core power loss P, is plotted in
Fig. 13.

VI. CONCLUSION

The modified Preisach model of hysteresis for a 3-phase
medium frequency transformer in a 100 kW DAB converter was
presented. The Preisach distribution function is approximated
with a two-dimensional Gauss function series and the feedback
function is a 3rd-degree polynomial. The measurement of major
and minor hysteresis loops was used to determined PDF pa-
rameters as well as the number of terms of the Gauss function
series, and the number of feedback iterations. The modified
Preisach model of hysteresis accurately represents magnetic
hysteresis loops in the multi air gap medium frequency trans-
formers composed of type “I” ferrite cores. It has been shown
that to accurately model both hysteresis loops (major and minor),
parameters for each of them should be determined separately.
The assessment of the accuracy of the hysteresis loop model was
determined by the relative residual sum of squares, which in both
cases is below 0.1%. In the case of a major hysteresis loop, the
highest accuracy is obtained for three terms of the Gauss series
and one feedback loop. For the correct mapping of a minor loop,
only two terms of the Gauss series are significant. In this case,
increasing the number of feedback loops improves accuracy. It
can be assumed that the first two terms of the Gaussian series
are significant for the correct mapping of the hysteresis loop to
the saturation point. It is possible to use parameters determined
for a major loop to model minor hysteresis loop. The mapping
accuracy is acceptable and it is about 1%.

The hysteresis model was used to calculate the core power
loss. The power loss calculated based on the hysteresis model
was proven accurate compared with the power loss measure-
ment in the transformer no load test. It was shown that in the
considered operating conditions, the hysteresis power loss has a
major contribution in the overall core power loss. The proposed
hysteresis model was used to calculate a new set of Steinmetz
equation parameters for the multi air gap ferrite core MFT.

The hysteresis model will be further developed for tran-
sient and steady-state circuit simulation of the 3-phase medium
frequency transformer. The proposed model could be further
extended taking into account a variable number of parasitic air
gaps. The influence of the temperature on the hysteresis model
parameters should be addressed.
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