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ABSTRACT

This paper studies the derivation of a qualitative description for
the magnetization curve of saturable magnetic materials.  From a set
of numerical input-output data, a fuzzy model, which is a collection
of fuzzy IF-THEN rules for describing the studied system, is first
constructed for the magnetization curve.  A procedure consisting of a
fuzzy clustering method and a rule processing algorithm is then
employed for processing the constructed fuzzy modeling rules to
extract the qualitative properties of the curve.  The proposed approach
is objective in that it can yield the system qualitative features without
domain experts’ knowledge.  An example is demonstrated to illustrate
the qualitative modeling procedure of the magnetization curve.

INTRODUCTION

The ferromagnetic material plays an important
role in the energy conversion process of electric power
engineering [1].  Analysis of devices made of ferromag-
netic materials requires a knowledge of the physical
properties of the material used, among which the mag-
netization curve is the most fundamental one and is
characteristic of nonlinearity due to saturation.  Numer-
ous mathematical modeling methods [2-15] have been
devised for the representation of magnetization curves.
However, the issue of deriving a qualitative model for
describing linguistically the nature of magnetization
curves has not been addressed.

Qualitative modeling and reasoning have been
important issues in the area of artificial intelligence
since 1970’s [16-21].  On the other hand, the fuzzy
model, which is a collection of fuzzy IF-THEN rules for
describing the studied system, has been recognized as a
powerful tool for modeling and control of dynamic

systems [22-25].  Recently some studies [26-31] have
been reported concerning the application of fuzzy mod-
els to the study of qualitative modeling.  A fuzzy-
modeling-based qualitative modeling approach [30, 31]
will be employed for this research.

In this paper, we aim to study the modeling of
magnetization curves in a qualitative perspective.  The
point is to suggest a systematic procedure for deriving
a qualitative description for the magnetization curve.
In practice the data of a magnetization curve is obtained
by measuring the magnetic flux density B (output
quantity) corresponding to a given magnetic field inten-
sity H (input quantity).  A fuzzy model is first con-
structed to approximate the given data quantitatively.
Then a qualitative modeling approach [30, 31] is to be
presented for further processing of the identified fuzzy
modeling rules to obtain a qualitative model for the
magnetization curve.  The approach consists of two
parts: a fuzzy clustering method to define fuzzy sets on
the input and output spaces along with a rule processing
algorithm for summarizing the constructed fuzzy mod-
eling rules to derive a set of qualitatively descriptive
rules for describing the given input-output data. The
proposed approach is objective in that it can reveal the
system qualitative features without the need for domain
experts’ knowledge.  A sample example will be shown
to illustrate the proposed procedure.

METHODOLOGY

Based on the concept of fuzzy modeling, a qualita-
tive modeling [30, 31] approach will be discussed in this
section.  Fuzzy modeling is adopted for giving an math-
ematical approximation of the magnetization curve data.
Then a procedure will be presented for processing the
fuzzy modeling rules to arrive at a qualitative model.

1. Fuzzy Modeling

In this study, we consider the single-input-single-
output fuzzy model, composed by m fuzzy rules Ri, i =
1, 2, ..., m, which is of the form
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Ri: IF x is Ai THEN y is Di, (1)

where x and y are the input and output variables,
respectively, and both Ai and Di are fuzzy sets.  The
fuzzy sets Ai’s are assumed to have Gaussian-type mem-
bership functions focused at  x i

*:

   
A i(x) = exp

– (x – x i
*)2

2σ i
2

(2)

and Di’s are assumed to be defined by their respective
centroids   y i

*’s .  The fuzzy rule expressed in (1) can be
interpreted linguistically as

Ri: IF x is close to  x i
* THEN y is close to  y i

*.       (3)

From the system numerical input-output data, the
fuzzy model in the form of (1) can be constructed by
using the mountain method [32, 33] for structure iden-
tification and the back-propagation method [34] for
parameter identification.  The identified fuzzy model,
i.e. the set of fuzzy rules representating the system
behavior, is then to be processed by the procedure
described in the following subsection to acquire a quali-
tative model for the system under study.

2. Qualitative Modeling

Here we present a procedure for deriving a quali-
tative model based on a fuzzy model which is composed
of a set of fuzzy rules in the form of (1).  The main idea
is to reduce the number of modeling rules and to extract
the system qualitative nature simultaneously.  The pro-
cedure comprises two main parts, namely a fuzzy clus-
tering method and a rule processing algorithm.

2.1. Fuzzy clustering

Based on the fuzzy c-means method [35, 36], the
below-described fuzzy clustering method is presented
for defining fuzzy sets and linguistic labels on the input
space and the output space.  These fuzzy sets and
linguistic labels form the basis for the processing of
identified fuzzy modeling rules.  Denote the given set of
system input-output data as {(xi, yi)}.  The proposed
fuzzy clustering method is summarized as:
1. Specify the required number of fuzzy clusters, i.e. the

number of fuzzy sets (linguistic labels), for the input
space x and the output space y.  Then perform fuzzy
clustering on the input data {xi} and the output data
{yi} using the fuzzy c-means method to obtained the
desired fuzzy sets.  The fuzzy sets thus formed have
discrete membership grades, which can be depicted
as the point line in Fig. 1(a).

2. Let µik be the membership value of the kth data point
in the ith fuzzy set.  Approximate all the membership
values using the following criterion:

µik ← 1.0,  if  µik ≥ 0.95,

µik ← 0.0,  if  µik ≤ 0.05,

µik ← µik,       otherwise.

After the above approximation, we can obtain for
each fuzzy set the parameters b and c which are the
maximum and minimum data respectively achieving
the membership value of 1.0, as shown in Fig. 1(a).

3. For each fuzzy set, perform linear regression analysis
on those data with approximated membership values
less than b and those data having approximated mem-
bership grades greater than c to get the parameters a
and d shwon in Fig. 1(b).

4. Finally the discrete membership grade distribution of
each fuzzy set is approximated by a trapezoidal mem-
bership function with parameters (a, b, c, d) as shown
in Fig. 1.  We can then denote each fuzzy set by an
appropriate linguistic label, e.g. NL(Negative Large).

In summary, we aim to define on the input and
output spaces some linguistic labels stemming from
fuzzy sets equipped with trapezoidal membership
functions.  These linguistic labels will be the basis for
transforming a set of fuzzy modeling rules into the
system qualitative description.

Fig. 1. (a) Membership grade values by fuzzy c-means method. (b) Ap-
proximated trapezoidal membership function.
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2.2. Rules processing

After defining the fuzzy sets (linguistic labels) on
the input space and the output space, the set of identified
fuzzy model rules is to be processed by the following
steps to derive the qualitative model.  The key point is
to reduce the number of and to summarize the fuzzy
rules by first converting them into linguistic rules and
then combining the linguistic rules.
Step 1 The fuzzy rules are sorted in the ascending

order of   x i
*’s  values.  This makes the fuzzy

model an orderly description of the system and
will make the processing of modeling rules
more efficient.

Step 2 For each fuzzy rule Ri, find the respective
lingusitic labels in which  x i

* and  y i
* attains their

maximum membership values.  Substitute the
linguistic labels for the corresponding Ai and Bi.
In this way, we arrive at a set of linguistic rules
from the original fuzzy rules.  That is, we give
a linguistic interpretation for each fuzzy model-
ing rule.

Step 3 Combine those adjacent linguistic rules of which
both the premises and the consequents are the
same.  That is, we use a single rule to represent
a group of linguistically identical rules.  This
will achieve a reduction in the number of rules.

Step 4 For those adjacent linguistic rules having the
same label in the premise, express them by a
single rule which has the same premise and of
which the consequent gives a description of the
system dynamic behavior by integrating the
original consequents.  In this way, we obtain
only one model rule for each linguistic label of
the input space.

By using the above four steps, we finally arrive at
a qualitative model, a set of linguistic rules describing
the system dynamic behaviors qualitatively.  It is worth
emphasizing that for a single-input-single-output system,
the number of modeling rules should be equal to the
number of linguistic labels in the input space.

EXAMPLE

In this section, the proposed approach will be
applied to the qualitative modeling study of a sample
input-output data set of a magnetization curve.  The data
set is taken from a magnetization curve plot in [1, p. 18]
and there are forty data points in the magnetic flux
density-magnetic field intensity (B-H) plane and is shown
as Fig. 2 in which both the regular and the semi-loga-
rithmic plots are given.

As mentioned in the previous section, we are to
identify a fuzzy model for the given data.  According to

(1) and (3), the i-th fuzzy rule for describing the magne-
tization curve is of the following form

Ri: IF H is Ai, THEN B is Di, (4)

where H and B denote magnetic field intensity (the input
variable) and magnetic flux density (the output variable),
respectively.  Assume that Ai has a Gaussian-type mem-
bership function focused at  x i

*, as in (2), and Di is
defined by its centroid  y i

*, then the rule in (4) can be
interpreted as

Ri: IF H is close to  x i
* THEN B is close to  y i

*.      (5)

The fuzzy modeling rules for the magnetization
curve can be identified and are summarized as Table 1.
Note that there are totally twenty four rules with a mean
square modeling error 3.7966 × 10-5.

After figuring out the fuzzy model, we are going to
process and summarize these rules for acquiring quali-
tative information.  First of all, cluster analysis is per-
formed on the original data set using the modified fuzzy
c-means clustering method.  The number of fuzzy clus-
ters is set to be three for each of the input and output
domains.  The resultant fuzzy partitions for the input
and output spaces are shown in Figure 3.

Fuzzy rules listed in Table 1 are to be processed by
the proposed rule processing algorithm.  The following
steps and Tables 1-4 summarize the procedure of rule
processing.
Step 1 The fuzzy rules in Table 1 have been sorted in

the ascending order of   x i
*’s  values.

Step 2 With the fuzzy partitions shown in Fig. 3  the
fuzzy model rules listed in Table 1 can be trans-

Fig. 2.  Magnetization curve.
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formed into linguistic rules listed in Table 2.
Step 3 The number of rules of the linguistic rules listed

in Table 2 can be reduced by combining rules
having the same linguistic descriptions and the
resultant new set of linguistic rules are tabulated
as Table 3.

Step 4 Based on Table 3, we are finally in a position to
derive a qualitative model for the system under
study by integrating rules having the same
premise.  Table 4 shows the final three qualita-
tive rules for the system.

According to Table 4 we have the following three-
rule qualitative model for the magnetization curve shown
in Fig. 2.

Q1: IF H is SMALL THEN B is increased from
SMALL to MEDIUM and then to LARGE.

Q2: IF H is MEDIUM THEN B is LARGE.
Q3: IF H is LARGE  THEN B is LARGE.

Note that since the input space is partitioned into
three fuzzy regions, there will be three qualitative de-
scriptive rules, i.e. Q1, Q2 and Q3, one for each fuzzy

region.  Investigation of the final qualitative model and
Fig. 2 reveals that the acquired model {Q1, Q2, Q3} does
provide a qualitative description for the saturation phe-
nomenon of the magnetization curve.

Table 1. Fuzzy model rules.  The rules have been sorted in the
ascending order of  x i

* value, as in Step 1.

Rule  x i
*

 y i
*

R1 5.29 -0.082
R2 10.99 1.130
R3 19.07 1.362
R4 29.65 1.482
R5 40.00 1.540
R6 60.00 1.600
R7 80.00 1.620
R8 90.00 1.643
R9 125.00 1.670
R10 150.00 1.690
R11 175.00 1.700
R12 200.00 1.720
R13 225.00 1.730
R14 250.00 1.735
R15 275.00 1.740
R16 300.00 1.750
R17 325.00 1.755
R18 350.00 1.760
R19 375.00 1.770
R20 400.00 1.780
R21 425.00 1.785
R22 450.00 1.790
R23 475.00 1.795
R24 500.00 1.800

Fig. 3. Fuzzy partitions for input and output spaces.  Both the input and
output spaces are partitioned into S(Small), M(Medium), and L
(Large).

Table 2.  Linguistic rules obtained by Step 2.

Rule X Y

R1 S S
R2 S M
R3 S M
R4 S L
R5 S L
R6 S L
R7 S L
R8 S L
R9 S L
R10 M L
R11 M L
R12 M L
R13 M L
R14 M L
R15 M L
R16 M L
R17 L L
R18 L L
R19 L L
R20 L L
R21 L L
R22 L L
R23 L L
R24 L L
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CONCLUSION

In this paper, we have proposed an approach for
the qualitative modeling of magnetization curves.  Given
the numerical input-output data, a set of fuzzy modeling
rules is identified for approximating the magnetization
curve.  Then the qualitative model is derived by defin-
ing fuzzy sets and linguistic labels on the input and
output spaces and by processing the fuzzy rules of the
identified fuzzy model. The proposed modeling ap-
proach has been tested and validated by a sample
example.
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