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Influence of Steel Manufacturing on J-A Model Parameters
and Magnetic Properties
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The influence that manufacturing processes have on electrical steel properties is investigated. The investigation is carried out by
considering changes in measured electromagnetic quantities and the changes to parameters of a physics-based hysteresis model. The pa-
rameters of an inverse Jiles–Atherton hysteresis model are identified using nonlinear least square method and compared with measured
data from steel samples that have undergone different stages of manufacturing. The results of the study may be used as a first step to
the inclusion of manufacturing effects in models of electromagnetic devices.

Index Terms—Core loss, hysteresis, J-A model, magnetic properties, parameter identification, steel manufacturing.

I. INTRODUCTION

N ON-ORIENTED electrical steels are required for cheap,
reliable and robust production of electrical machines.

Progress to improve modeling of non-oriented electrical steels
has involved fundamental aspects to obtain an accurate relation-
ship between the field intensity and flux density that correctly
accounts for hysteresis and eddy currents. Recently, there
has been a growing interest in understanding the relationship
between secondary manufacturing processes and magnetic
properties, e.g. [1]–[5]. The performance and electromagnetic
properties of non-oriented electrical steels are dependent on
many different levels of structural detail, all related to their
processing. Manufacturing processes such as casting, welding,
cutting and annealing have all been shown to affect the perfor-
mance of electrical steels. Knowledge of the effects of secondary
manufacturing is one step towards being able to account for these
effects during the design of electromagnetic devices. This paper
continues the investigationof the relationshipbetweensecondary
manufacturing and magnetic properties, while investigating the
possibility of including those effects in a hysteresis model.
A number of hysteresis models are widely cited in the liter-

ature. For the work in this paper, considering the physical pro-
cesses and the impact on electromagnetic quantities, a physics-
based hysteresis model is desirable. The Jiles–Atherton (J-A)
model [6] has physical significance and can be modified re-
garding to steel manufacture process and changes in the B-H
curve. Furthermore, the J-A model is relatively simple to imple-
ment, with a known inverse model [7] and requires reasonable
computational effort. Using a parameter identification algorithm
with measured DC hysteresis curves, changes to the J-A model
parameters are be tracked as a function of increased secondary
manufacturing processing.

II. JILES–ATHERTON MODEL

The Jiles–Atherton model [6] describes a hysteretic magne-
tization curve in terms of the anhysteretic magnetization, irre-
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versible magnetization and reversible magnetization. The gov-
erning equations of the J-A model are

(1)

(2)

(3)

(4)

(5)

(6)

In (1)–(6) is magnetization, with the anhysteretic
magnetization, the irreversible magnetization and the
saturation magnetization; denotes field intensity, with the
effective field intensity taking into account domain interactions;
is flux density with the effective flux density. Including
the five parameters specific to the J-A model are the an-

hysteretic behaviour parameter , the main field param-
eter ; the domain flexing constant and the pinning parameter

. The remaining variables in (1)–(6) are the directional
parameter , which is 1 for dH/dt 0, and , the perme-
ability of free space.
The identification of the five J-A model parameters from ex-

perimental measurement is a key point in the J-A model [8], [9].
A number of papers have considered this subject, e.g. [9]–[18].
For the work in this paper, the authors have found that a combi-
nation of nonlinear least squares fitting together with a pattern
search algorithm provides consistent results. [18].

III. STUDY OF SECONDARY MANUFACTURING INFLUENCE

Secondary manufacturing processes can be defined as those
manufacturing processes that steel is subjected to after delivery
to the electric machine manufacturer. i.e. those undergone
during the making of equipment, rather than those that are
undergone in the process of actually making the electrical steel.
For the purposes of this work, the secondary manufacturing
processes that are considered are annealing, welding and inter-
locking.
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TABLE I
SAMPLE LABELING

Fig. 1. Experimental test workbench setup.

All the samples testing in this paper are nominally the same
grade, 35X250, and are all from a single steel supplier. The
samples under consideration are toroid samples, to enable the
effects of welding to be investigated. The samples for testing
are divided into two groups, those that are stress-relief annealed
(SRA) and those that are not (non-SRA). The SRA process is
carried out after the laminations have been punched but prior to
welding or interlocking.
The toroid samples in the test have primary and secondary

coils that are wound with a number of different taps, to enable
measurements to be taken at a wide range of flux densities and
frequencies. The samples are constructed with one of 0, 2, 4 or
6 interlocks or 0, 2, 4, or 6 welds, with 2 different weld depths
considered. The interlocks are constructed such that each inter-
lock has a length 1.8% of the mean flux path length and width
equal to 35% of the flux path width.Weld depth 1 is 8.75% of the
width of the flux path; weld depth 2 is 17.5% of the width of the
flux path. The inside diameter of the toroid core is 0.85 of the
outside diameter. For the purposes of identification in the fol-
lowing sections, the samples are labelled as defined in Table I.
Testing is carried out in accordance with standards ASTM

A773-M and ASTM A927-M. The toroid test facility is shown
in Fig. 1.
The test facility consists of a local computer with user

interface; networked to a NI-PXI chassis running a LabView
real-time system. The real-time system generates the excita-
tion voltage waveforms, which are amplified using a linear
amplifier with 100 V, 20 A peak output capability. Primary
current and secondary voltage signals are recorded using an
Agilent MSO 2004x oscilloscope. Tests on the toroid samples
are conducted under quasi-static conditions (a 0.1 Hz triangular
primary current waveform) to enable identification of the J-A
waveform parameters and allow evaluation of the ability of
the J-A model to accurately predict the waveform shape for

TABLE II
NON-SRA, J-A MODEL PARAMETERS

all samples. In addition tests are carried out at the following
frequencies: 50 Hz, 60 Hz, 100 Hz, 200 Hz, 300 Hz, 400 Hz,
1 kHz, 2 kHz and 5 kHz. Coreloss data for a sample of these
data points is presented

IV. J-A PARAMETER IDENTIFICATION AND DC RESULTS

The parameter identification method described in [21] is ap-
plied to the quasi-static magnetization curve measurements. Re-
sults in this section are grouped by whether or not the sample is
annealed.

A. Non-SRA Samples

The variation of the J-A parameters for the non-SRA samples,
as identified by the automated algorithm with nonlinear least
squares and pattern search is presented in Table II. Considering
the physical interpretation of the J-A model parameters, ,
and control the shape of the anhysteretic magnetization curve;
is related to domain wall bulging and reversiblemagnetization,
while is related to irreversible magnetization due to domain
wall movement past pinning sites. In [6] both and can be
argued to be functions of pinning site density.
Considering first the interlocking process, additional

punching is applied to the lamination to create the inter-
lock. As a result additional residual stresses are to be expected
in the region of the interlock, due to both the punching process
and the assembly process. Observing the J-A parameters, one
sees a progressive increase in the values of the parameters
associated with the anhysteretic magnetization curve. This
result is consistent with the demagnetizing effect of additional
residual stresses in the sample. Considering the parameters that
predict reversible and irreversible magnetization, the trend with
increased secondary manufacturing is not consistent.
The measured BH loops for samples N0 and NI-6 are plotted

in Fig. 2 together with those predicted by an inverse J-A model
[7], [8]. In both the inverse model and the measurement, the ini-
tial magnetization and one full cycle at 1.5 T are presented. For
case N0, the area enclosed by a full cycle of the prediction is
85% of the area enclosed by the measured loop. For case NI-6,
the area enclosed by the prediction is 98% of the area enclosed
by the measured loop. Considering the cases when welding is
applied, the J-A parameters indicate that the anhysteretic curve
is largely unchanged by the welding process. However, there are
significant reductions in both and . These results imply that
the welding process may impact pinning site density, possibly
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Fig. 2. Measured and predicted BH loops for example non-SRA samples.
(a) Sample N0. (b) Sample NI-6.

due to localized heating. However, the cause behind this obser-
vation is the subject of ongoing research.
1) SRA Samples: Automated identification of suitable J-A

model parameters for the SRA samples is more difficult than for
the non-SRA samples. Specifically, for sample S0, with SRA
applied to a high-permeability low-loss steel, it is difficult to
obtain J-A model parameters that are capable of accurately re-
flecting the sharp saturation knee observed in the measured data.
Plots of the measured and best-fit inverse J-A model curves are
shown in Fig. 3, with scale adjusted to show detail at low field
intensity. It appears that the Langevin sigmoid function used
to describe the anhysteretic magnetization is not capable of re-
producing the rectangular hysteresis function with low coercive
force that is observed in these measurements. The area enclosed
by the best fit J-A curve is only 48% of the measured loop.
The quality of the J-A parameter fit to other SRA samples im-

proves as the material is subject to secondary manufacturing and
the hysteresis loop becomes less rectangular. Table III presents
the J-A parameters identified for the SRA samples. In compar-
ison with Table II, the J-A parameters , are smaller than
the SRA samples, indicating that the anhysteretic curve has a
sharper saturation knee. Unlike the non-SRA samples, the both
the interlocked and welded samples show a progressive increase
in and with increased secondary manufacturing.

Fig. 3. Measured and predicted BH loops for SRA sample with no secondary
manufacturing.

TABLE III
SRA, J-A MODEL PARAMETERS

V. IMPACT ON AC CORE LOSSES

As described earlier, the samples were tested to obtain values
for AC core loss density. Data from these measurements is pre-
sented in Fig. 4, Fig. 5, and Fig. 6 for the interlocks, weld depth
1 and weld depth 2 respectively and frequencies from 60 Hz to
400 Hz. To enable side-side comparison across the frequency
range, losses are presented in terms of % change relative to
sample N0 at each frequency. In almost all cases, as one would
expect, the SRA samples have lower measured loss than the cor-
responding non-SRA samples. However, the variation in losses
due to secondary manufacturing is lower for the non-SRA sam-
ples. Considering the losses for the interlock samples in Fig. 4,
the non-SRA samples show increasing loss with the number of
interlocks. For SRA samples this trend is less clear; the 6-in-
terlock sample exhibits lower loss than the 4-interlock sample.
Considering Fig. 5 and Fig. 6, the results indicate that welding
does not significantly impact the non-SRA losses, but does does
significantly impact the losses in the SRA samples. Comparing
the variations in losses with the J-A parameters in Table II and
Table III, the trend of variations in losses with secondary man-
ufacturing is most closely matched by variations in and .
Specifically: 1) the non-SRA samples show little variation in
these parameters with welding, and there is little observed vari-
ation in losses; 2) the SRA samples show an increase in these
parameters with welding and there is an observed increase in
losses; 3) both SRA and non-SRA show increases to and
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Fig. 4. Influence of interlocks on core loss at 1.5 T: % change in iron loss
relative to the sample that has not been annealed and has no welds or interlocks.

Fig. 5. Influence of welds at depth 1 on core loss at 1.5 T: % change in iron loss
relative to the sample that has not been annealed and has no welds or interlocks.

Fig. 6. Influence of welds at depth 2 on core loss at 1.5 T: % change in iron loss
relative to the sample that has not been annealed and has no welds or interlocks.

with interlocking, and there is an observed increase in loss.
There does not appear to be a similar trend with or .

VI. CONCLUSION

The influence that secondary manufacturing processes have
on measured DC hysteresis magnetization loops and AC core
losses are presented. The measured hysteresis loops are used
with a parameter identification algorithm to investigate the
ability of an inverse J-A model to reflect the influence of
manufacturing. Automated identification of parameters results
in a high quality fit between measured and predicted curves
for non-SRA samples, but some difficulties were encountered

with the high permeability rectangular magnetization loop of
the SRA samples. Comparison of loss measurements with J-A
model parameters indicates that the parameters that describe
the anhysteretic curve have most correlation with measured loss
variations. These results imply that further work is required to
develop an inverse model with the anhysteretic curve described
in terms that have physical interpretations that can be linked to
manufacturing processes.
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