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Definition and Application of Magnetic Material
Metrics in Modeling and Optimization

Peter R. WilsonSenior Member, IEEEANd J. Neil Ross

Abstract—The modeling of magnetic components for use I. INTRODUCTION
in electrical circuit simulation requires that the core material . .
be accurately characterized. This paper investigates a method RANSFORMERS and inductors are key components in
of extracting parameters to model the hysteresis behavior of many power applications, but perhaps less well known

magnetic core materials and optimizing them to achieve accurate generally is their role in high-speed digital data transmission
results during circuit simulation. Metrics are defined to measure systems such as high-speed digital subscriber line (HDSL) or

specific features of the behavior of both the core magnetic material T . : . )
and the magnetic component, such as a transformer. This paper asymmetric digital subscriber line (ADSL) where line trans

presents a method of applying these metrics for the purposes of formers are used as the interface between the transceiver and
comparison and optimization and demonstrates the method using the transmission line. Itis critical to ensure that models of mag-
measured results and corresponding simulations. It compares the netic components in both these situations are accurate for sys-
effectiveness of a weighted metrics function with that of a least {ems and circuit simulation.

squares goal function for the purpose of optimization. This paper . . .
suggests modifications to the original Jiles—Atherton model to One of the key aspects of modeling magnetic components is

improve the ability of the model to more accurately represent the the accurate representation of theH hysteresis loop, which

behavior of magnetic materials during saturation. defines the nonlinear behavior of the device. This nonlinear
Index Terms—Circuit simulation, hysteresis, Jiles—Atherton, behavior is crucial in communications system; Where a fun-
magnetic materials, metrics, optimization. damental measure of the system performance is bit-error rate,

which is directly affected by nonlinear distortion. The chosen
method in this case for modeling the hysteresis behavior of

NOMENCLATURE the magnetic material was the Jiles—Atherton approach [1]-[3].
Vv Voltage (V). This model is appropriate for circuit simulation as it is physi-
I Current (A). cally based and allows a direct implementation using a series of
B Flux density (T). differential equations.
H Field strength (At/m). Since the original presentation of the model by Jiles and
N, Transformer primary winding number of turns. ~ Atherton for the simulation of magnetic material hysteresis
N, Transformer secondary winding number of turns. 100ps, there have been a series of modifications and extensions
R; Current monitor resistance (Ohms). to the model to allow parameter definition and optimization in
H.. Field strength at early closure (At/m). comparison with experimental data.
Hoox Maximum field strength. Jileset al.[4] showed how the equations in the Jiles—Atherton
ecrate Rate of early closure (m/At). model could be solved to directly predict the values for the orig-
Hy Field strength scaling after early closure (At/m). inal Jiles—Atherton parameters. Prozygy [5] attacked the issue
EC Hee/Huax (%). of understanding the Jiles—Atherton model parameters from a
L, Effective magnetic path length (m). different perspective and used simple variational techniques
Ae Effective magnetic path area {in to demonstrate the relationship between parameter variations
CH1 Oscilloscope channel 1. and the main effects of the hysteresis loop, e.g., varying the
CH?2 Oscilloscope channel 2. parametett/, was responsible primarily for the loop height.
i Initial permeability. More recently, Schmidt and Guldner [6] used the model as the
JT— Maximum permeability. core of an optimization approach to fit curve data and this was

also used by Lederaat al. [7] to propose modifications to the
original model to handle the variations in parameters between
minor and major loops.

While these methods have proved extremely useful, there still
remain some key issues to be addressed. The firstissue is how to
define the performance of a model in an appropriate way. The
. . . _ , optimization technique used in [6] used a least squares fit ap-
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Digital — calculate the flux and field strength was done in software after
Oscilloscope being transferred to a PC.
CH2 A toroid was used as the core type to remove the effect of
= any air gaps and wound with the number of turns to achieve
saturation with the driving circuit of the signal generator. The
Fig. 1. Hysteresis loop measurement configuration. core used in these tests was a Philips TN10/6/4 toroid made of

3F3. The number of turns on the primary and secondary were
loop area will be crucial. In a line transformer for a high-speetft 10 40 and the primary current monitor resistance was set to
communications application, the key metric may be the accurdf@{?- The signal generator frequency was set to 1 kHz and the
modeling of the peak value of rate of change of flux to correctfymPlitude varied from approximately 1.2 to 10 Vpp.
predict the rise time of the voltage pulse and the resulting har-1N€ field strength was calculated from the voltage measured
monics. This paper will discuss methods to allow metrics to 0SS the primary sense resistor using the expression (1) as the
implemented in the modeling and optimization process. field strgngth is proportional to the applied current in the pri-

The second issue is the Jiles—Atherton model itself. Durifig&"y winding ¢(CH1)/1;)

experimental testing and analysis of data shBeiH loop
curves, it was clear that above a specific field strength the g = Mev(CHL)
B—H loop loses its hysteretic behavior and becomes effectively L R;

an-hysteretic. This effect could be called “early closure” L )
as the loop effectively closes before the maximum applieH"e flux density is derived from the voltage on the secondary

field strength is reached. While the “early closure” effect caffinding using expression (2). The integration was carried out
be modeled by varying several of the Jiles—Atherton mod@pmerlcally using trapezoidal integration of the voltage on the
parameters, there is no direct correlation between any singfFondary windingy(C'H2))

parameter and this behavior. This paper proposes a method of

directly modeling early closure using a simple modification to B
the original Jiles—Atherton approach.

The third mainissue addressed s the ov loop slope. Both the field strength and the flux density were automati-

There are many magnetic materials with very different charac- . .
ally calculated in software from the oscilloscope waveforms

_terlstlcs and, as a r_esult, it has proved difficult to prov_lde a_fle_ “H1 and CH2 after they were transferred to the PC for
ible enough modeling approach to accommodate this variation

in one model. A proposed modification to address the issue%qiggr%(\:/ifz:riiructure of the analvsis software developed
the overall slope of th&—H loop is also presented in this paper. y P

Experimental data has been included in this paper to iIIustré?eShOWn in Fig. 2. The software derives the measured field

how the modeling and optimization process can accurategength. ) and flux (_Jlensn_y ) from the OSC'”O.SCODe
. ) . ' ta, with the test configuration able to be customized. The
model practical materials of different types, and figures a[ﬁl

. . . . des—Atherton model can be calculated using the derived
given to demonstrate the relative merits of the classical ald | cirenath from the measured data or an ideal internall
modified Jiles—Atherton models for different materials. 9 y

generated test waveform (sinusoidal or triangle) and then
compared with the original test results. Metrics can be applied
to both the measured and simulated results to assess the relative
The accurate modeling and simulation of magnetic materigderformance of the model, and an optimization loop allows
requires the correlation of the model with measured results.tihe model parameters to be modified using iteration to achieve
standard material, 3F3, was used to illustrate the process apdimum model performance. The optimization method uses a
concepts in this paper. The test setup was defined as showsteepest descent type of approach.
Fig. 1. The stimulus was a sinusoidal signal generated fromFig. 3 shows the measurét-H loops for the 3F3 material at
a Stanford Systems DS345 Signal Generator, and the watleee different levels of applied field. The low-level signal is a
forms were captured using a Tektronix Digital Oscilloscopgood example of a minor loop. The medium-level signal shows
(TDS220). All the post-processing of the measured data @owvell-defined hysteresis loop exhibiting saturation. Finally, the

1)

- N: " / W(CH?2) dt. @

Il. MEASUREMENT OFMAGNETIC CHARACTERISTICS
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Fig. 5. Basic metric chart with normalization.

the B—H data. These are the initial permeabilityand the max-
imum incremental permeability,,,.. at H. on theB—H loop.

The area enclosed by thig-H loop defines the energy loss

of the material, and a measurement of this is crucial if temper-
H ature effects are to be included dynamically in the model. The

shape of the loop is also important, as can be seen from the vari-

ation in shape of the waveforms in Fig. 3. As the field strength
H increases, the slope of the hysteresis loop as a whole changes,
and the shape changes from an almost elliptical minor loop to
the sigmoid shape of saturation.

For electrical circuit simulation, it is important to ensure that
the magnetic component parameters chosen result in the correct
electrical behavior at the terminals of the device. The metrics
can be used to ensure that the model parameters are optimized so
. . _ _ _ that the electrical behavior is accurately represented by the mag-
high-level signal demonstrates the material driven into stropgic component. This may be achieved by including specific
saturation. These waveforms clearly illustrate the range of i§gctrical metrics such as the response of the magnetic compo-
quired waveshapes any model must provide for accurate simiy to an applied voltage waveform as well as the purely mag-

Fig. 4. Basic magnetic measurement metrics.

lation in a wide variety of applications. netic metrics. This can be applied in the optimization approach
by using the voltage and current waveforms as the goal rather
I1l. M ETRICS FORMAGNETIC MATERIALS than theB—H curve.

Once the measurements were taken, performance metric¥he chosen set of metrics was extracted from the measured
were used to characterize the behavior of the core in a medata and the same set of metrics was extracted from the results of
ingful and concise manner. The material’'s basic magnesanulation. Optimization of the model parameters was achieved
characteristics can be defined in terms of the fundamentsl minimizing the difference between either the two sets of met-
points on the hysteresis curve, which are the maximum fietits or the least squares error (LSE).
strength H,,,.x) and flux density B...x), the remanenceX,.) In order to visualize the convergence of the algorithm, the
and the coercive forced,.), all of which are shown in Fig. 4. two sets of metrics are first normalized to the measured metrics

Although these metrics are useful, they do not provide a comnd then plotted on a polar diagram, as shown in Fig. 5. The
plete set for optimization. Fig. 3 shows one such situation, whareasured metrics are all normalized and spaced equally around
the material has saturated to such an extent at high field strengtiesunit circle (e.g., for four metrics the results are spacéd 90
that the hysteresis loop “closes up” prior to the maximum apgpart). The normalized metrics of the simulated results are then
plied field strength being reached. This “early closure” of thglotted on the same graph, equally spaced as before, with the
loops requires a new parameter to be defined, which is the apagnitude set to the normalized value of the metric. It can be
plied field at which early closure takes placg.). The mea- clearly seen which metrics of the simulated waveforms after
surement of where the loop has effectively closed requires thptimization are above or below the measured values and by
specification of the loop being closed (e.g., to within 1%).  how much relative to each other. The unit circle indicated is

The permeability of the material is also a significant paranintended as a visual aid that becomes more useful for a larger
eter, and there are two key metrics which can be extracted frommmber of metrics.
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IV. MODELING THE MAGNETIC MATERIAL -0.05
The magnetic material was modeled using PSPICE, although -0.1
the techniques are generally applicable for most circuit or 015 - j
system simulators. The magnetic model used for the hysteresis 40 -30 20 10 0 10 20 30 40
characteristic was a modified form of the Jiles—Atherton H (At/m)

approach. The original Jiles—Atherton model provides a good

model, in general, for sigmoid form hysteresis loops of thg. 7. Minor loop optimization results.

form shown in Fig. 3 (the midrange hysteresis measured data).

Unfortunately, the model does not handle the problem of eafiyie optimizer allows the specification of the breadth and depth

closure as shown in the higher field strength levels, as shoyarameters in a univariate search method, so different types of
previously in Fig. 3. optimization approach could be implemented. With a breadth

The model was therefore modified with two extra parametetype search the parameters are varied, but each parameter has
The applied field strength level was limited by the valuefbf a low number of iterations before moving onto the next param-
at the early closure value(..). A hard limit function on the eter. The breadth type search allows local minima to be gener-
applied field was added, modifying this to allow a small slopglly avoided by searching widely across the solution area. The
(ecrate) after limit to avoid complete loop closure and to redugepth first search allows each parameter to be tuned in turn to
the discontinuity at the transition to the early closure regiothe best advantage and is useful where optimization is nearly
With the limit in place, the model now correctly modeled theonverged. The optimizer also allows the specification of which
early closure, but the slope of the function after closure was tparameters are to be allowed to vary, therefore allowing control
flat. A function was therefore added to the final equation for the be anywhere from completely manual (varying one parameter
flux density (B) to allow the slope to be varied to give a moreat a time) to automatic (varying every parameter). The optimizer
realistic hysteresis loop. The structure of the modified modelégso allows variable step sizes to ensure that different parameter
shown in Fig. 6. sensitivities are catered for in the software.

The difficulty with simply changing the slope from a practical The optimizer was run on the experimental data given in
simulation point of view is that a discontinuity is introduced teig. 2 for 3F3 with the original Jiles—Atherton model and the
the first derivative of the effective field strength. The functiomnodified Jiles—Atherton model. The number of outer iterations
was therefore modified to have a softer limit by changing th@readth) was set to 20 and the number of inner iterations
linear change to an exponential change of the form given in (3lepth) was set to 5. The LSE calculation was started after
when the applied fieldd is greater than the early closure fieldthe initial magnetization of the model had taken place and
H.. a fourth-order Runga—Kautta Integration method was used to

calculate the Jiles—Atherton model.

H |H| < |He
H' = { Hec+ Hy [1 — emecratel H—Heel] H> H,. A. Minor Loop (35 At/m) Optimization Results
—H,. — Ho [1 _ e—ecrate-|—H0c—H|:| H < —H... The 35-At/m field strength measured data was opti-

mized using the defined parameters and with the original
While (3) is not continuous in the first derivative generally, ifiles—Atherton Model obtained a LSE of 1.8 mT. This corre-
(4) is used to define the value &f, then the function becomessponds to an rms error of 3.8 mT over the range of Bhel

continuous through the early closure transitions curve. When the modified Jiles—Atherton model was used for
the optimization, with the same parameters a LSE of 1.5 mT
o — 1 4 was reached (rms error of 3.4 mT). The resulting measured
0~ ecrate ) and simulated (for the modified modeéB-H curves are shown
in Fig. 7.

V. OPTIMIZATION OF THE MODEL TO MEASURED RESULTS B. Medium Field Strength (70 At/m) Optimization Results

An optimization engine was built into the analysis software to With the field strength of 70 At/m, the same optimization
allow optimization of theB—H hysteresis loop using a LSE cal-experiment was carried out giving the LSE for the standard
culation or minimizing the error between the measured and sidiles—Atherton model of 6.2 mT (rms error of 7.04 mT) and
ulated metrics. The optimization engine has univariate searetith the modified model 2.6 mT (rms error of 4.56 mT). The re-
simulated annealing, and a genetic algorithm method impkulting measured and simulated (for the modified modelH
mented, but the univariate method was applied in this papeurves are shown in Fig. 8. There is some discrepancy for the
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C. Major Loop (140 At/m) Optimization Results

_The 140'At/m fie'd strength measured d_ata was Opﬁ"—'i .10. Comparison of the original and modified Jiles—Atherton model loops.
mized using the defined parameters and with the orlglnaF

Jiles—Atherton Model obtained a LSE of 381 mT. This corre- . .
sponds to an rms error of 17.4 mT over the range off8kdl values derived across the range of operation of the model from
curve. When the modified Jiles—Atherton model was used fi
the optimization, with the same parameters a LSE of 246 n?:]'
was reached (rms error of 14.0 mT). The resulting measured

and simulated (for the modified moddB-H curves are shown  Itis the view of the authors that although the LSE function is
in Fig. 9. the best general method for optimizing curves of this kind, it is

often essential to ensure that a particular facet o2h&f loop
characteristic is modeled extremely accurately. This leads to the

use of the previously defined metrics as a method of ensuring

The result of thg.opt'lmlzatmn process W!th and without .thf%at specific features of the behavior are optimized for directly,
early closure modification are summarized in Table I. The fm?r#stead of the more general least squares approach

parameter values after opt_imization are given _and also t_he error, implement this in software requires a simple modification
S(?]uarcil(qj for edaclh casei_ Fclig. %I? sh(tj)ws_trt}hettilrf;ferenﬁe '? re%'&he error calculation so that instead of calculating the error
when the modet IS applied with and without the €arly ¢ osurl?sing least squares, the error is the normalized deviation from

modification for the 140—At/m field strength loop. It can be[he defined metrics, with appropriate weighting factors for each
clearly seen that the loop tips are modeled more accurately USRS ic This is defined in )

the modified model.

These results indicate that while the Jiles—Atherton model can 5
achieve a good fit to measured data, with or without modifi- Error — Z W, - <Ms - M,,,,) )
cations, there are still considerable variations in the parameter Metrics M,

g}jnor to major loops.

Proposed Modification to the Optimization Goal Function

D. Summary of the Optimized Model Parameters
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TABLE I 0.5
COMPARISON OFLEAST SQUARES AND METRIC OPTIMIZATION
Parameter Least Metric
Squares
Least Squares Error [mT] 9.8 9 o083 e e R i
Metric Error [mT] 11 0.001 €
a [A/m] 49.766 49.766 s
k [A/m] 24.28 210 02 e R
c 0.605 0.321
a 10 S5u
M, [A/m] 468k 467.4k N O S NI
AB,/B; -1.3% 0.4% '
ABax/Bmax 1.0% -0.2%
AH/H. -1.7% 0.0%
AHpaxHmax 0.0% 0.0% 150
H (At/m)
where E Measured Metric - - . -Least Squaresj
M, metric of the simulated curve;
M,, metric of the measured curve; Fig. 11. Comparison of metric and least squares optimized curves.

W, individual weighting for the metric.

The advantage of this method is that the optimization of the

material characteristic can be tailored for the end r:lpplicatio?P“mlzatlon process. This does reduce the risk of convergence

. 10 a poor solution in the optimization process, but does not
For example, a communications pulse transformer may need €x-

) ) necessarily give the flexibility to achieve an excellent fit of the
cellent modeling of the minor loop slope, whereas a power tra

former mav need more emphasis on the area of3h& 100 rﬁ_—H curve. Carpenter [8] has proposed a modification to the
Y P P Jiles—Atherton model to address the issue of minor loops, and

for energy calculations. The error function for different applice%-hiS approach has been implemented by Dallagal. [9] for

tions can be easily defined using the weighting factors in (5). Fi%re modeling of high frequency transformers. This approach

example, in the characterization of the 3F3 material thus far in . : . . .
. would certainly provide an improvement in the generality of
this paper, the method used has been a least squares approac

. . , . T aoara'meters and could be easily implemented as the core model
If the metrics previously defined are applied for an optimiz % the optimization method
tion run of a major loop with a LSE of 0.098 T (rms error of P '

8.85 mT) then although the error is quite small for the whol% The comparison in Table I of the two goal functlons_us_ed n
. : e optimization procedure and the resultiBgH curves indi-
curve, the normalized error for the remanence is 7.2% and t

normalized error for the coercive force is 7.7%. céate that, in general, the least squares approach gives a good ap-

When the optimization is repeated, but this time using t erOX|mat|on to the overall shape of tli&-H curve under test,

goal function defined by the remanence, coercive force a Ht that the metric approach gives an near exact match of the

maximumB andH, the LSE increases to 0.195 T (rms error O[%ey features of the model. This allows the designer to select the
12.49 mT) but the’normalized arror for thr-,; remanence reduc(()%(thimization method to achieve the match that is required for
: ] c? application. It is also clear that the least squares fit can be

t0 0.4% and the coercive force reduced to 0%. The normalizc(?onsidered as another metric, and could simply be added to the
errors on the maximun® reduced from 0.9% to 0.17%. The ’ Py

L -list of metrics used by the optimizer. This would allow the mag-
full set of model parameters after optimization and the relativé .. . " ;

) ; néetics designer to trade off the exact fitting of key features with
errors are given in Table Il.

The B—H curves for the metric and least squares opt'f-h e bestfit of the overalB—t curve shape.

mized parameters are shown in Fig. 11 (using the modified
Jiles—Atherton model). It can be seen that although the resulting VI. SUMMARY
curves are similar, the metric optimized—H curves have

improved accuracy at the key crossing poifitsand .. This paper has presented methods for optimizing models

of magnetic materials using the Jiles—Atherton approach,
investigating the issue of characterizing materials and applying
metrics.

The optimization of theB—H curves at different field Modifications to the Jiles—Atherton model for the accurate
strengths, as summarized in Table |, clearly shows the diffepresentation of the early closure effect when heavily saturated
culty in assigning a single parameter set to the Jiles—Athertbave been presented and a resulting improvement demonstrated
model for all values of field strength. There are significarit the optimization of the model parameters.
differences in the optimized parameters highlighted betweenFinally, a method of providing application oriented opti-
minor and major loops, and Lederer al. [7] have addressed mization using a metric-based error function was presented
this problem by setting the values &f; andk to fixed values and demonstrated to give better parameter based optimization
and tightly constraining the values af ¢ and « during the results than a standard least squares approach.

F. Notes on the Optimization Procedure
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Itis clear, however, that the parameters optimized for a single[2] ——, “Theory of ferromagnetic hysteresis (invited),"Appl. Phys.vol.

set of loop data are only valid for a limited range of the applied __ 55 pp. 2115-2120, Mar. 1984. ,
. .. L . . . [3] —, “Theory of ferromagnetic hysteresisl."Magn. Magn. Matervol.
fields. This is a basic limitation of the original Jiles—Atherton 61, pp. 48-60, 1986.
model. [4] D. C.Jiles, J. B. Thoelke, and M. K. Devine, “Numerical determination
of hysteresis parameters for the modeling of magnetic properties using
the theory of ferromagnetic hysteresilEEE Trans. Magn.vol. 28, pp.
VII. CONCLUSION 27-35, Jan. 1992.

e . : : . [5] S. Prigozy, “PSPICE computer modeling of hysteresis effed¢BEZE
The difficulty of accurately modeling magnetic materials in Trans. Edug.vol. 36, pp. 2-5, Feb. 1993.

heavy saturation using the Jiles—Atherton model has been ads] N.Schmidtand H. Gildner, “Simple method to determine dynamic hys-
dressed and a possible solution presented. Comparable opti- teresisloops of soft magnetic materiaEEE Trans. Magn.vol. 32, pp.
mization simulations have shown a significant improvement in - 489496, Mar. 1996,

. . o D. Lederer, H. Igarashi, A. Kost, and T. Honma, “On the parameter iden-
accuracy by adding these extensions to the model. The specifiC * tification and application of the Jiles—Atherton hysteresis model for nu-
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represent the material over a wide range of operation. This is
clearly demonstrated in Table I, where the parameter values for
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The problem of how to assess the quality of an optimized _ , , _ _ _
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