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ABSTRACT The Analytical Preisach Model (APM) describes the magnetization characteristics of materials
with high accuracy and good universality, and the corresponding mathematical equations of the model are
analytical expressions, which makes it very easy to solve and calculate. The distribution function parameters
of APM are the main influencing factors on the shape of the hysteresis loop. In this paper, coercive force,
remanence point, vertex magnetic induction intensity, area, rectangular ratio, and inclination of the hysteresis
loop are used as comparative indicators for the shape of the hysteresis loop. The sensitivity analysis of the
influence of distribution function parameter value changes on the hysteresis loop shape is conducted using
the single factor variable method. The parameter values vary within the range of 0.9-1.1 times the baseline
value, and when one parameter changes, the other parameters remain unchanged. By observing and analyzing
the shape of the hysteresis loop before and after parameter changes and comparing the numerical values of
the indicators, the law of the shape of the hysteresis loop changing with parameters can be obtained. The
results show that some parameters have a low sensitivity to changes in the hysteresis loop shape, while others
have a high sensitivity and cause significant variations. Furthermore, the direction of change in the shape
indicator varies depending on the parameter. Some indicators increase with parameter increase, while others
decrease. This information can be used to guide the correction of APM parameter values.

INDEX TERMS Magnetization characteristic, analytical Preisach model, magnetic hysteresis loop,
parametric effect analysis.

I. INTRODUCTION

The Preisach hysteresis model is suitable for simulating the
magnetization characteristics of various magnetic materials
and is widely used for modeling the magnetization charac-
teristics of electromagnetic equipment or power electronic
devices containing magnetic cores [1], [2], [3]. The Classic
Preisach Model (CPM) has high accuracy in simulating
the magnetization characteristics of materials [4]. Still, its
solution process requires storing the distribution function
in advance, resulting in a longer computation time [5],
[6]. The comparison of the calculation times of CPM,
Jiles-Atherton (J-A), and D’Aloia-Di Francesco-De Santis

The associate editor coordinating the review of this manuscript and

approving it for publication was Valerio De Santis

(D-D-D) models in reference [7] also confirms this issue.
Although the CPM calculation time is significantly shorter
than that of the J-A model, it is longer than that of the
D-D-D model. To solve the problem of long computation
time in CPM, reference [8] introduced a special analytical
function to transform the distribution function of CPM into
an analytical function, resulting in the Analytical Preisach
Model (APM). Reference [9] corrected the errors in the
distribution function expression in reference [8] and obtained
a correct and universal APM. While solving the APM,
there is no storage requirement for its distribution function,
resulting in higher computational efficiency. To achieve
the goal of reducing computation time, some scholars
have used known functions to approximate the distribution
function of CPM and obtain a simplified distribution
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function [10], but approximate substitution may bring
errors.

At present, research on the APM mainly focuses on two
aspects: model extension and parameter identification. In [11]
and [12], an extended model was obtained by introducing
the effect of temperature on the magnetization characteristic.
References [13] and [14] considered reversible magnetization
components and obtained an extended model of the APM
accounting for both reversible and irreversible magnetiza-
tion components. Aiming at the problem that the model
parameters of APM are many and complicated to identify,
many scholars have proposed to use optimization algorithms
to determine the values of model parameters, such as the
chimpanzee algorithm [15], particle swarm algorithm [12],
differential Evolution Algorithm [16], and non-uniform ele-
ment discretization method [17] and so on. In addition, some
scholars have proposed non-uniform segmentation methods
to reduce the number of segments in Preisach triangles and
improve solving speed [18]. Currently, there is a lack of
research, both domestically and internationally, on the effects
of APM parameters on the hysteresis loop. The magnetization
processes includes the irreversible magnetization process
and the reversible magnetization process, with irreversible
magnetization process dominating [19], [20]. The APM
parameters can be divided into irreversible magnetization
component characteristic parameters and reversible magne-
tization component characteristic parameters.

The distribution function parameters of APM are charac-
teristic parameters that describe irreversible magnetization
components and are also the main factors affecting the shape
of hysteresis loops. Therefore, this article mainly studies the
influence of the characteristic parameters of the irreversible
magnetization component of APM on the shape of the
hysteresis loop.

Therefore, to address the problem of unclear laws regard-
ing the effect of parameter changes in the APM on the
hysteresis loop, this paper adopts a univariate control method
to analyze the influence of the irreversible magnetization
component characteristic parameters of APM on the shape
of the hysteresis loop. Through quantitative analysis, the
trend and pattern of hysteresis loop shape changing with
parameters are revealed. In some cases, although the initial
values of parameters determined by parameter identification
can simulate the approximate hysteresis loop, there is still
a certain degree of error compared with experimental data.
Therefore, it is hoped that the research results of this article
will play a role in correcting the parameter values of APM.

Il. ANALYTICAL PREISACH MODEL AND SHAPE
PARAMETERS OF HYSTERESIS LOOP

There have been three major revisions in the evolution
from CPM to APM. First, the Everett integral function
was introduced to reduce the storage requirements of the
distribution function in the CPM solution process. Secondly,
a special analytical function was introduced to obtain the
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analytical Everett function, which solved the problem of
pre-storage in the solution process and obtained the APM
based on the analytical Everett function. Then, the reversible
magnetization component during the magnetization process
was added to the APM based on the analytical Everett
function, resulting in the APM considering both reversible
and irreversible magnetization components. This model is the
APM investigated in this paper.

A. PREISACH MODEL BASED ON EVERETT FUNCTION

The CPM is the earliest proposed macroscopic hysteresis
model based on the assumption of the hysteresis operator. The
Preisach theory assumes that the magnetization properties
of magnetic materials consist of many bistable hysteresis
units, and that the macroscopic expression of their hysteresis
properties consists of the linear superposition of hysteresis
basic units. The input of the CPM is the magnetic field
strength H, and the output is the magnetic flux density B, and
the expression of the CPM is shown in (1) [1].

B(t)=//M(hl,hz)y[huhz,H(t)]dhldfn ey
S

where w(hi, hp) is the distribution function of the basic
unit of magnetization, y[hy, hy, H(t)] is the basic unit of
magnetization, and the state quantities of each unit of
magnetization are only two state quantities, “+1” and “—17,
h1 and hy are the positive and negative flipping thresholds
of the magnetization basic unit, respectively, and S is the
range of values of the Preisach distribution function. The
magnetization characteristics of the magnetization unit and
the Preisach distribution function are shown in Figure 1.
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FIGURE 1. Basic magnetization unit and domain of Preisach distribution
function.

To solve the CPM, the distribution function has to be
stored on the whole preisach plane, and some scholars have
introduced the Everett integral function which effectively
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reduces the storage requirement in the solution process and
the computational cost. Reference [8] optimized the CPM by
introducing the Everett function as shown in (2). The Preisach
model is obtained on the basis of the Everett function as in (3).

E(x’y) = // l“L(hl’ h2)dh]dh2 = f; '/‘22 M(hl, h2)dh]dh2
T
= [3 [}, 1, h)dhodhy @

where the integration domain 7T is the right triangle ABC
in the distribution diagram in Figurel(b), and the current
working point C(x, y) is the right angle vertex.

E[H(t),—-H()], H,=0,B,=0
B(t) { Bn —2E[Hn, H(®)], H < Hp 3
=By +2E[H(1), Hyl, H > —Hy

where H,, is the maximum magnetic field strength and By, is
the maximum magnetic flux density.

B. PREISACH MODEL BASED ON ANALYTIC EVERETT
FUNCTION

Although the Preisach model based on the Everett function
dramatically reduces the storage requirement, it still requires
the Preisach graph distribution function to be stored in
advance. To address the problem of the pre-storage require-
ment, some scholars [8] obtain the analytic Everett function
and then the analytic Preisach function by introducing a
special analytic function. The expression of the analytic
Everett function is presented as follows:

n a2
i=1
Py _ B g irtePyief) o (tyieP)ikehit)
-2 (I4+yiePi¥)(yi+eP) ;

(1 = y2) (i + e + yief)

)
in (4),
Bi=1/ci
vi= ebi/ci (5)
o = ael/i

where aj, b;j and c¢; are parameters of the distribution
function and also characteristic parameters of irreversible
magnetization components. The introduction of the Everett
function enables the CPM based on the Everett function to be
solved analytically and makes the model more convenient to
use.

C. ANALYTICAL PREISACH MODEL

The reversible magnetization component is not considered in
the Preisach model based on analytic everett function, and the
slope at the hysteresis loop slewing point is 0. References [8],
[9], and [21] adds the reversible magnetization component
to the slewing process of the model, and obtains the APM

VOLUME 12, 2024

which includes the reversible magnetization component, and
its expression is

E[H(t), —H(t)] + Brev, H, =0,B,, =0
B(t) { B — 2E[Hy, H(t)] + Brev, H < H,, (6)
=By +2E[H(t), Hyu] + Brev, H > —Hy

in (6),

H(t)
Brev =d\H(t) 4+ d> tanh(d—) @)
3

where d, dp and d3 are the coefficients to be determined.

By substituting (4) and (5) into (6), the APM expression
that takes into account the reversible magnetization compo-
nent can be obtained as (8), as shown at the bottom of the next
page, where L1, L, L3, are

(1 + ebi/cie=HO/ciyebilci 4 HD)/ci

n (1 +ebi/ci€H(t)/Ci)(Cbi/ci +e—H(t)/C[)
a1+ ebi/CieH(l)/Ci)(ebi/Ci + eHm/Ci)

L, =In 9)
(1 + eftm/ciy(ebilci 4 eH®)/ci)

1+ ebi/CieHm/Ci)(ebi/Ci + eH(t)/Ci)

(1 4 eHO/ciy(ebi/ci 4 efm/ci)

The APM shown in (8) is the object of study in this
paper, and its parameters a;, b;i and c; are used to control
the irreversible magnetization part of the hysteresis loop,
and the parameters d;, d» and d3 are used to control the
reversible magnetization part of the hysteresis loop. The
irreversible magnetization parameters a;j, b; and c; are not a
fixed number of parameters, and the number of parameters
varies with the value of n. The APM employed in this
study provides a computational simulation of the static
hysteresis loop. The shape and area of the static hysteresis
loop are predominantly determined by the irreversible mag-
netization component, while the influence of the reversible
magnetization component is relatively small. Consequently,
this investigation primarily focuses on the influence of the
irreversible magnetization parameter on the hysteresis loop.

1=

L; =1In

D. SHAPE PARAMETERS OF HYSTERESIS LOOP

To investigate the influence of irreversible magnetization
parameters of APM on the hysteresis loop shape, the paper
uses coercivity Hc(unit A/m), remanence point By(unit T),
magnetic induction intensity at the vertex of loop Bp, (unit
T), loop area Shp (unit TeA/m), slope factor K., = H/B;, and
rectangular ratio Ky, = Bp/B; as shape parameters, which are
marked in Figure 2.

In Figure 2, H. characterizes the width of the hysteresis
loop; By characterizes the height of the hysteresis loop;
use the change of B, to characterize the change in the
inflection point of the loop, and an increase in B; indicates
an increase in the height of the inflection point of the loop;
the change in K, represents the degree of rightward slope
of the loop, and an increase in K., indicates an increase in
the degree of rightward slope of the loop; Sy, can describe
the overall variation of the hysteresis loop; Kp, represents
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FIGURE 2. Schematic diagram of hysteresis loop shape parameters.

the degree of rectangular hysteresis loop. In this paper,
the single factor variable method is used to compare and
analyze the changes in H, By, B}, Shp, Kcr and Kpr when the
reversible magnetization parameters aj, b; and c; are changed
respectively. By quantitatively analyzing the above shape
indicators, the effect of parameter changes on the hysteresis
loop is demonstrated from different perspectives.

From Figure 2, it can be seen that on the hysteresis loop,
when H = 0, B = B;. Substituting the point (0, B;) into (8)
gives the calculation expression for By, which includes
parameters aj, bj, and ¢ and is a complex function composed
of several exponential polynomials. Even under the condition
of a single parameter change and constant values of other
parameters, it is very difficult to determine theoretically
the relationship between B; and parameter changes from its
expression. Similarly, in the case where the magnetic field
strength at the loop vertex is H, = constant, although the
expression for By, can be from (8), it is difficult to determine
the relationship between Bj, and parameter changes directly
from the Bp expression.

On the lower branch of the hysteresis loop, when H = H,
B = 0. Substituting the point (H,, 0) into (8) gives an equation
containing H., which includes the parameters a;, b;, and ¢;. H
appears in the exponent of the equation and is distributed over
several polynomials. It is not possible to obtain an expression
for H, represented by the parameters a;, bj, and c;. Therefore,

the relationship between Sy, and parameter changes based on
the expression. Therefore, in this article, the parameter values
of the APM are changed using an example of a magnetically
conductive material to investigate the influence of model
parameter changes on the shape of the hysteresis loop.

IIl. INFLUENCE OF PARAMETER VARIATION IN APM

A. MODEL PARAMETER VALUES

From (8), it can be seen that the APM consists of polynomial
functions, the larger the value of n is, the higher the
computational accuracy of the model is, but when n is
increased to a certain degree, the increase in accuracy is
relatively limited. Considering the computational cost and
accuracy, it is more appropriate to take n = 3 [8], and in this
paper, the value of n is taken as 3 during the analysis of the
influence of parameter changes. Due to the fact that there are
many parameters to be determined in the APM, in order to
identify the influence of specific parameters on the hysteresis
loop while avoiding the influence of other parameters, this
paper uses the one-factor-variable method to investigate the
influence of the irreversible magnetization parameter on of
the APM on the hysteresis loop.

Reference [9] obtained the parameter values of the APM
through parameter identification, as shown in Table 1,
including the irreversible magnetization parameters a;, bj, ¢;
and reversible magnetization parameter dj, and the reliability
of the model parameters is verified by comparing the
hysteresis loop calculated by simulation and measured ones.
In this paper, the values of the irreversible magnetization
parameters in Table 1 are taken as the base values, and the
magnitude of the parameter values is changed to analyze the
effect of parameter changes on the hysteresis loop. Since
the effect of the reversible magnetization parameter d; is not
taken into account, the parameter values d; in Table 1 are kept
constant.

TABLE 1. Parameters of APM for a sample of silicon steel [21].

the tendency of H. to vary with the parameters cannot be i ai bi ci d;
obtained directly from the formulas. 1 0113 56468 6.035 9.512%10°
The calculation expression for the hysteresis loop area is 5 2.224x10° 10.197 284.54 0214
Snb = S BdH. Due to the complexity of the B expression 3 L812%102 $6.148 38.842 362.86

in (8), it is difficult to convert the integral expression of Spp
into an analytical expression, making it impossible to predict
n e~HW/ci _ (HD/ci 4 (ebi/Cr‘+eH<’>/ll’i)S;/e£i/"ie*H“)/”f) L

Z (aicie?/<i)? .

i=1

(1 — e2bi/ciy(ebilci 4 eHW/ci)(1 4 ebi/cie—HD)/ci)

+ Brev, H, =0,B, =0

I O/ci _ pHm/ci 4 (¢

bi/"'i+eH'"/ci)(]+cbi/”ie’H(t)/"i) ) Lz

n

B(t) = _ cabilciy2 | 1—e?ilci 8

® Bun Zz(a’c’e ) (1 — e2bifeiy(ebilci 4 eHm/ci)(1 4 ebi/cieH®)/ci) +Brev. H < Hy ®
1=

X . bi/ci 4 H(t)/c; bi/ci ,Hm/ci
— e i/t . > —
mt 2(‘1’0’6 N TS byl & el 4 ifeighnlary T BV H = —Hu
=
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B. EFFECT OF PARAMETER a;j VARIATION ON HYSTERESIS
LOOP SHAPE

In order to analyze the effect of parameter a; variation, while
keeping the values of bj, ¢; and d; in Table 1 unchanged,
this paper takes the values of a; in Table 1 as the reference
values and multiplies the values of a; ~ a3 by the same
multiple to achieve an increase or decrease in a;. The values
of a; ~ a3 in Table 1 are represented by a;p and multiplied
by 0.90, 0.95, 1.05, 1.10 times to obtain four groups of
parameter values of a; respectively. Substituting the four sets
of different parameter values into the APM shown in (8). The
hysteresis loops corresponding to the different a; parameter
values are obtained by programming as shown in Figure 3,
and the values of H, By, By, K¢, Shp and K, are listed
in Table 2.

Comparison of Hysteresis Loops

-80  -60 -40 -20 0 40 60 80 100 120

20
H(A/m)
FIGURE 3. Hysteresis loops under different a;.

The hysteresis loops corresponding to different a; values
are shown in Figure 3. Figure 3 shows that By, B; and Spy, are
affected by the change in g;, and their trends are positively
correlated with that of a;; the change in g; has almost no effect
on the H, of the hysteresis loop.

TABLE 2. Variation of shape parameters under different a;.

a BT A‘/’;n) BT f;"/m) Ke o A/If;‘/T)
0.90ai0 0509 56269 0480 111463  1.060 117.204
095a0 0567 56269 0535 124192  1.060 105.196

L.0ao 0629 56269 0593  137.609  1.060 94.937
1.05a0 0693 56269 0654 151713  1.060 85.999
1.10an 0761 56269 0717 166506  1.061 78:468

As shown in Table 2, as a; increases, Bp, By, and Shp
all increase by the same proportions, K reduces in equal
proportions, while H. and Kp; remain almost unchanged.
When a; increases by 5%, By, By, and Spp increase by
about 10.5%; K. decreases by about 10%; K, increases by
about 0.08%; and H. remains unchanged. According to the
variation data of the hysteresis loop index,it can be seen that
for the same variation of g;, the variation of By, By, K and
Shb 18 significantly higher than that of other indicators.

VOLUME 12, 2024

C. EFFECT OF PARAMETER b; VARIATION ON HYSTERESIS
LOOP SHAPE

The variation rules of b; are the same as those of g;. Change
the value of parameter b; in Table 1, multiply the value of
b1 ~ b3 as the reference value by the same time at the same
multiplier to realize the increase or decrease of the value of
b, and keep the value of g;, b; and ¢; in Table 1 unchanged.
Take the values of b; ~ b3 in Table 1 as the base value b;y and
multiply them by 0.90, 0.95, 1.05, 1.10 times respectively to
get four groups of b; parameter values, and substituting the
four groups of different parameter values into the APM shown
in (8). The graphs of the hysteresis loops corresponding to the
different b; parameter values are obtained by programming as
shown in Figure 4, and the values of He, By, Bp, Kcr, Shp and
K, are listed in Table 3.

The different lines in Figure 4 represent the hysteresis
loops at different values of b;. Figure 4 shows that the
variation of b; has some effect on the H, By, By, Kcr, Shp and
K, but the variation trends are different. He, K¢ and Sy, are
positively correlated with those of the trends of b;, while the
trends of By, Bp, and K,y are opposite to them.

Comparison of Hysteresis Loops

0.9] T *'
0.8 To- 3;3*8;
— >k
0.7f e Dol
0.6/
= 0.5
0.4f
0.3
0.2f
0.1
0 80 120
FIGURE 4. Hysteresis loops under different b;.
TABLE 3. Variation of shape parameters under different b;.
H. Shb Ko
b BT Ay BT (teamy B amm)
090bio 0653 50.131 0.609  130.511  1.073 82.344
095bio 0641 54223 0601  134.173  1.067 90.207
LObo 0629 56269 0593  137.609  1.060 94.937
1.05bio 0616 58316 0.584  140.841  1.055 99.907
1.10bio 0603 62408 0.575 143.886  1.049  108.611

As shown in Table 3, as b; increases, H., K and Spp
increase, and Bp, By, and K, decrease. As b; increases by
5%, H. increases by about 5.5%, K. increases by about
5.0~9.5%, Shp increases by about 2.4%, B, decreases by
about 2.1%, B; decreases by about 1.5%, and Ky, decreases by
about 0.5%. Based on the results of the quantitative analysis
above, it can be concluded that for the same variation in b;, the
variation of K and H, is higher than that of other indicators.
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D. EFFECT OF PARAMETER c; VARIATION ON HYSTERESIS
LOOP SHAPE

The variation rules of ¢; are also the same as those of g;.
Change the value of parameter ¢; in Table 1, multiply the
value of ¢ ~ c¢3 as the base value by the same multiplier
at the same time to realize the increase or decrease of the
value of c¢j, and leave the value of a;, b; and b; in Table 1
unchanged. Taking the values of ¢; ~ c¢3 in Table 1 as
the base value cjp and multiplying them by 0.90, 0.95,
1.05, 1.10 times respectively to obtain four groups of c;.
The four sets of different parameter values are substituted
into APM in (8). The hysteresis loops corresponding to the
different ¢; parameter values are obtained by programming
as shown in Figure 5, and the values of the coercivity
H., remanent magnetization point B;, saturation magnetic
induction strength B, loop area Shp, slope factor K. and
rectangular ratio K, are given in Table 4.

Comparison of Hysteresis Loops

0.9,

80 -60 -40 -20 0 20 40 60 80 100 120
H(A/m)

FIGURE 5. Hysteresis loops under different c;.

The different lines in Figure 5 represent the hysteresis
loops at different values of ¢j. From Figure 4, it can be seen
that the variation of ¢;. has some effect on the By, B, Ky,
K. and Spp, while it has almost no effect on H.. ¢; has
significant positive correlations with By, By, and Shp, negative
correlations with K, and positive correlations with Kp;.

TABLE 4. Variation of shape parameters under different c;.

o BT A%) BIT _S;;m) Kn o A/’;“;T)
0.90cip 0.520 56.269 0.493 115.083 1.055 114.067
0.95¢io0  0.573 56.269 0.542 126.129 1.058 103.799
1.0cio 0.629 56.269 0.593 137.609 1.060 94.937
1.05¢i0  0.686 56.269 0.645 149.514 1.063 87.212
1.10cio  0.745 56.269 0.610 161.837 1.065 80.442

As shown in Table 4, when c; for every 5% increase, the
increase in By, By, Shy and Kpy is approximately 9.2%, 9.0%,
8.8%, and 0.2%, respectively. K decreases by about 7 ~ 9%.
H, remains essentially unchanged. According to the analysis
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of the data in Table 4, under the same variation in cj, the
changes in By, B;, K. and Spp are similar and higher than
those in K, and H..

E. EFFECT OF IRREVERSIBLE MAGNETIZATION
PARAMETERS ON HYSTERESIS LOOP SHAPE

Changing the irreversible magnetization parameters of the
APM affects the coercivity H., remanent magnetization
point By, magnetic induction intensity at the vertex of loop
By, loop area Sy, slope factor K. and rectangular ratio
Kpr. According to the computational and analytical results
presented in Figures 3-5 and Tables 2-4, the variation rules
and trends of the hysteresis loops are calculated and obtained
as shown in Table 5, when the irreversible magnetization
parameters aj, bi and c;j are varied respectively. In Table 5,
“4” indicates increasing, “—"’ indicates no or little change,
and ““}” indicates decreasing.

TABLE 5. Variation law of hysteresis loop shape when model parameters
change.

H. Sho Ko
BT amy BT (eam) K (A
aiy t - t 1 - !
by t l 1 ! 1
cir t - t 1 1 !

From Figures 2-4 and Tables 2-5, the parameter a; mainly
affects Bp, Br Swp and K., and with the growth of a;, the
By, B; and Spp grow with the same rate, K., decreases; the
parameter b; affects He, Bp, By, Shp, K¢r and K, where H,
has the greatest variation and K, has the smallest variation;
with the increase of b, H, K¢r, and Sy, increase, and By, B,
Snp and K, decrease; the parameter c¢; has a more significant
effect on K¢ and Kpy compared with the parameter b;. As c;
increases, Bp, Br, Snp and K, increases, K¢ decreases.

In particular, when the parameters a;, b;, and ¢;j are changed
in the decreasing direction, the trend of the hysteresis loop
shape characteristic parameters is opposite to that shown in
Table 5.

IV. APPLICATION OF LAW OF HYSTERESIS LOOP SHAPE
CHANGING WITH PARAMETERS

The APM shown in (8) has 12 parameters. Due to the
large number of model parameters, it is very difficult to
accurately determine the parameter values. The preliminary
parameter values obtained through parameter identification
often cannot meet the accuracy requirements of the hysteresis
loop calculation. For example, in Figure 6(a), there is a
significant deviation between the simulated hysteresis loop
(red line) and the measured hysteresis loop (black line),
indicating that the model parameter values are not accurate
enough. In this case, based on the influence of the previous
parameter changes on the shape of the hysteresis loop, the
corresponding parameter values can be continuously adjusted
according to the characteristics of the deviation between the

VOLUME 12, 2024
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simulated loop and the measured loop. Finally, the required
parameter values can be obtained, so that the simulated loop
matches the measured loop.

—— measured hysteresis
oo

— simulated hysteresis
loop

—— measured hysteresis
Too

—— simulated hysteresis
Toop

H(Am)

(a)

20
160

8 40 0 0 % 10 160
H(A/m)

(b)

BT

—— measured hysteresis. —— measured hysteresis
looy looy

—— simulated hysteresis 15 —— simulated hysteresis
Toop loop

160 120 80 40 40 50 120 160 160 120 80 40 W00 s 120160

0 0
H(Am) H(A/m)

(c) (d)

FIGURE 6. Adjust model parameters based on the impact of parameter
changes.

The simulated loop in Figure 6(a) has a higher coercivity
than the measured one. According to the law in Table 5, the
first step is to reduce b; to achieve a reduction in coercivity
until it approaches the coercivity of the measured loop.
Finally, the red loop in Figure 6(b) is obtained.

The magnetic flux density at the turning point of the
simulated loop in Figure 6(b) is lower than that measured.
According to the influence law in Table 5, the second step is
to increase a; and ¢j to increase the magnetic flux density at
the turning point of the loop until it approaches the magnetic
flux density of the measured loop. Finally, the red loop in
Figure 6(c) is obtained.

The coercivity, inclination, and rectangular ratio of the
simulated loop in Figure 6(c) are all greater than those
measured. According to the influence law in Table 5, the
third step can be to first reduce b; and then increase a;
or c¢i. By continuously adjusting the parameter values, the
simulated loop in Figure 6(d) can be obtained which matches
the measured loop.

The above application cases, based on the influence of
parameters on the hysteresis loop, adjust the parameter values
to achieve consistency between the simulated loop and the
measured loop, demonstrating the applicability of the law
obtained in this study.

V. CONCLUSION

In this paper, the variation of the irreversible magnetization
parameters aj, b;, and c; of the APM on the coercivity H,
remanence point By, magnetic induction intensity at the loop
vertex Bp, loop area Spy, slope factor K¢ and rectangular ratio
K, of the hysteresis loop are investigated by the one-factor-
variable method, and the trends and laws of the hysteresis
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loop shape a;, bi, and c; are summarized based on the analysis
of the data of the effects of the parameter variations on the
hysteresis loop shape.

The variation of parameter a; affects only Bp, By Spy and
Kr, and has no effects on H. and Kp;. When the parameter a;
changes, B, B; and Sy, change in the same proportion.

The variation of parameter b; affects He, Bp, B, Shp, Ker
and Kp;, with the greatest effect on H.. The parameter b; is
the determining factor H..

The variation of parameter c; effects By, By, Shp, Kpr and
K¢, and has no effects on H.. The parameter c; has a more
obvious influence on Kp; than the parameter b;, and the
parameter ¢; is the main influencing factor of K.
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