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Abstract: The current fitting function of the basic magnetization curve does not provide the exact fit nec-
essary for the simulation modeling of electromechanical devices containing conductive materials, includ-
ing polymers. Therefore, an odd polynomial fitting function based on the spectral analysis of the fitting
results of the basic magnetization curve under sinusoidal excitation is proposed, and the effect of the odd
polynomial fitting is studied by comparative analysis. The results show that the odd polynomial provides
a better fit and has a simple expression, and the method of obtaining the fitting function based on the
spectral analysis provides a new idea for the selection of the basic magnetization curve fitting function.

Keywords: basic magnetization curve, fit function, spectral analysis, odd polynomial, conductive poly-
mers.

Podstawowa funkcja dopasowania krzywej namagnesowania oparta na
analizie widmowej

Streszczenie: Obecna funkcja dopasowania podstawowej krzywej namagnesowania nie zapewnia do-
ktadnego dopasowania niezbednego do modelowania symulacyjnego urzadzen elektromechanicznych
zawierajacych materiaty przewodzace, w tym polimery. Dlatego zaproponowano funkcje dopasowania
wielomianu nieparzystego oparta na analizie widmowej wynikdéw dopasowania podstawowej krzywej
namagnesowania przy wzbudzeniu sinusoidalnym, a wptyw dopasowania wielomianu nieparzystego
zbadano za pomoca analizy porownawczej. Wyniki pokazuja, ze wielomian nieparzysty zapewnia lep-
sze dopasowanie i ma proste wyrazenie, a metoda uzyskiwania funkcji dopasowania oparta na analizie
widmowej dostarcza nowego pomystu na wybdr funkcji dopasowania podstawowej krzywej namagne-
sowania.

Stowa kluczowe: podstawowa krzywa namagnesowania, funkcja dopasowania, analiza widmowa,

wielomian nieparzysty, polimery przewodzace.

Soft magnetic materials are widely used in machines,
electrical devices, and electrical automation devices due
to their low coercivity and high permeability [1-5]. As
the variable inductance of the flux-memory machine and
the change characteristics of the magnetic chain, the exci-
tation characteristics of the transformer and the output
characteristics of the magnetoresistance (MR) sensor and
other electromechanical equipment containing soft mag-
netic materials, the response characteristics of soft mag-
netic materials similar to the magnetization characteris-
tics [6-8] are presented, usually described by the basic
magnetization curve [9-13].
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The basic magnetization curve, commonly referred to
as the fundamental magnetization curve, is an important
feature of soft magnetic materials that defines the rela-
tionship between magnetic field advantage and magnetic
flux density during the magnetization procedure. This
curve shows important nonlinear behavior, indicating
the material’s response to changing external magnetic
fields. It is critical for precisely simulating the activity
of soft magnetic materials in electromechanical devices
like transformers, inductors, and magnetoresistance
(MR) sensors. The curve is critical for comprehending
a material’s magnetic properties because it offers infor-
mation about saturation, hysteresis, and permeability, all
of which are required to design effective and accurate
simulation models for these devices.

The basic magnetization curve has prominent nonlin-
ear characteristics, and the simulation modeling contain-
ing soft magnetic materials must accurately describe the
basic magnetization curve. The expression is simple, and
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the good fitting effect of the fitting function is to ensure
the feasibility of the simulation model and the key to
accuracy [14].

The polynomial fitting function is widely used for
various types of curve fitting due to their generaliz-
ability [15-19]. The fitting of polynomials can be further
improved by increasing the order of the fit. Still, an order
that is too high increases the number of solution param-
eters and exacerbates the ill-posedness of the fitting oper-
ation [20]. Based on the geometrical similarity between
the fitted function curves and the basic magnetization
curves, hyperbolic tangent type fitting functions and arc-
tangent type fitting functions are applied to fit the basic
magnetization curves. Sandeep et al. compared the fit-
ting effects of different fitting functions applied to the
nonlinear output characteristics of the magnetization of
a self-excited induction generator, and the results showed
that a hyperbolic tangent type fitting function is the best
fit [21]. Zhao et al. improved the fitting of the basic mag-
netization curve of the permalloy by adding linear and
adjustment terms to the hyperbolic tangent type and
arctangent type fitting functions but, at the same time,
increased the complexity of the expressions [22]. In addi-
tion to the common fitting functions mentioned above,
the fitting functions used for fundamental basic magne-
tization curve fitting include the hyperbolic sine fitting
function [7] and logarithmic polynomial fitting function
[23], among others. Tang et al. compared and analyzed
the fitting effects of 11 basic magnetization curve fitting
functions and found that the best fitting functions are
not the same for different permeabilities and magnetiza-
tion regions [24].

The Langevin function, L(x) = coth(x) - (1/x), is widely
utilized to simulate the nonlinear magnetization of soft
magnetic materials. Silveyra and colleagues showed their
accuracy in describing the anhysteretic magnetization
curves of varied materials, both isotropic and anisotro-
pic, by integrating an internal field that interacts with the
external magnetic field [25, 26].

Their research presented a physically based model
depending on this function, which was executed in the
MagAnalyst toolbox to enable effective curve fitting of
magnetization data [27]. This approach offers a more
accurate alternative to polynomial functions in magne-
tization evaluation.

Conductive polymers are usually characterized by
magnetization curves which help to understand the spin
phenomena occurring in them. Efendiyev et al. [28] com-
pared experimental and computational curves when
studying magnetic nanoparticles — polymer magnetic
microspheres (PMMS) with magnetite nanoparticles pre-
pared using collagen and polystyrene. Filipcsei et al. [29]
conducted an extensive study of magnetically respon-
sive polymer composites, dividing them into ferroflu-
ids, magnetorheological fluids, magnetic gels, and mag-
netic elastomers. In Prasanna et al. work [30], polyaniline/
CoFe, 0O, nanocompounds were obtained, demonstrating

improvement of the magnetic properties of the compos-
ite, especially in terms of saturation magnetization and
coercivity.

In summary, the existing basic magnetization curve
fitting functions make it challenging to balance simple
expressions and accurate fitting results, while the selec-
tion of the fitting function expressions needs to be based
on a lack of comparison and adjustment through tedious.

Aiming at the above problems, this paper analyzes the
spectrum of the output of the basic magnetization curve
fitting results under sinusoidal excitation. Based on the
analysis of the spectral characteristics, a new fitting func-
tion is proposed and analyzed to verify its validity and
reasonableness. The fitting effect and function character-
istics are studied by comparing them with diverse types
of fitting functions. Finally, it is applied to the MR sensor
to verify the fitting effect further.

EXPERIMENTAL PART

Method for obtaining fitting function based on
spectral analysis

Magnetization process

The magnetization process describes how a material
responds to a magnetic field by changing its internal
magnetic structure. When an external magnetic field is
applied, the atomic-scale magnetic moments within the
material align in the field’s direction, resulting in the for-
mation of a net magnetization. In ferromagnetic mate-
rials, this alignment is caused by exchange interactions
between neighboring atoms, which results in spontane-
ous magnetization even in the lack of an external field.
Magnetization behavior differs with material composi-
tion, crystalline structure, and temperature. The basic
magnetization curve depicts the relationship between
magnetization and the applied field, including impor-
tant characteristics like initial magnetization, saturation,
and hysteresis impacts.

As the applied field rises, the material goes through
several stages of magnetization. In the low-field region,
domain wall motion takes precedence, in which pre-
existing magnetic domains grow or shrink in response
to the field. This stage is distinguished by reversible mag-
netization shifts, followed by an intermediate region in
which domain rotation becomes important, resulting
in a rise in magnetization. Beyond a crucial threshold,
referred to as the saturation point, all magnetic moments
align with the field to achieve maximum magnetization.
At this point, increasing the external field has negligible
effect on magnetization. The basic magnetization curve
mathematically represents these transitions, making
it easier to model and analyze magnetic materials for
a variety of applications.

Comprehending the magnetization procedure is essen-
tial for improving the performance of magnetic materials
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Obtaining measurments (x, v,)

Select fitting algorithm and fitting function y =f(x, ¢, c,, ..., c,)

Substituting (x, y) intoy =f(x, ¢, ¢, ..., ¢,) and solve for
Cy Cp s C, based on the fitting algorithm

Substitute ¢, c,, ..., ¢,backinto y =f(x, ¢, c,, ..., c,) to obtain the fitted expression

End

Fig. 1. Basic magnetization curve fitting flow chart

in electromechanical devices, sensors, and transformers.
The selection of an appropriate fitting function for the
basic magnetization curve allows precise simulation and
prediction of magnetic behavior under various operat-
ing conditions. Using spectral analysis methods, an effi-
cient and computationally effective fitting function can
be developed to precisely represent the magnetization
curve. This method not only improves the mathematical
modeling of magnetization procedures but also makes it
easier to create sophisticated materials and devices that
require accurate magnetic properties.

Basic magnetization curve fitting process

The process of fitting the basic magnetization curve
is shown in Fig. 1. First, the magnetization measure-
ment data of the magnetic material or the input/
output measurement data of the MR sensor (x, v)
are acquired, where i = 1, 2, ..., m is the measurement
data’ serial number; The appropriate basic magne-
tization curve fitting algorithm and fitting function
y=fc,c,c, ..., c)are then determined, where c, c,
c, .-+ C, are the n coefficients of the fitting function; Then
the measurement data (x, y,) is substituted into the fitting
functiony =f (x, ¢, c,, c,, ..., ¢,) and the coefficients c, c,,
C, .-+ C, is solved using the fitting algorithm; Finally, the
obtained coefficients ¢, ¢, c,, ..., ¢, is substituted back
into the fitting function y = f(x, ¢, ¢, c,, ..., ¢,) to get the
fitted expression for the basic magnetization curve.

Typical basic magnetization curve fitting functions
include polynomial fitting functions, hyperbolic tangent
type fitting functions, and arctangent type fitting func-
tions [21, 24].

The general formula for the polynomial fitting func-
tion is presented in Equation 1:

Y=pytpxtp +L+p " =po+ Y px (1)
i=1

where p, p,, P, --- p, are the coefficients of the polyno-
mial fitting function.

Hyperbolic tangent type fitting functions and arctan-
gent type fitting functions again include the basic form
and deformed forms. The basic form of a hyperbolic tan-
gent type fitting function is presented in Equation 2:

y = hytanh (h, x) )

Where h, and &, are the coefficients of the hyperbolic tan-
gent type fitting function.

The basic form of an arctangent type fitting function is
depicted in Equation 3:

y = ayarctan(a,x) @)

where a and a, are the coefficients of the arctangent type
fitting function.

The basic magnetization curve has prominent nonlin-
ear characteristics, and the selection of the widely used
nonlinear least squares (NLS) method as the fitting algo-
rithm can ensure the fitting results” accuracy while reduc-
ing the fitting process’s complexity [34]. The basic princi-
ple of NLS is to determine the optimal parameters of the
model by minimizing the sum of squares of the residu-
als between the observed data and the predicted values
of the nonlinear model. Implementing the NLS method
begins with determining the form of the nonlinear model
used for fitting. Then, for a given set of observations, the
difference between the model predictions and the actual
observations is calculated for each data point; this differ-
ence is called the residual. Next, the optimal parameters
of the model are determined by minimizing the sum of
squares of the residuals. Since nonlinear models usually
have complex parameter spaces, it is not possible to solve
the least squares problem directly by analytical methods.
Therefore, the gradient descent method is used to search
for the optimal parameters. Finally, the quality of the fit-
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Fig. 2. Schematic diagram of TMR input/output data measurement device

ting results is assessed, and the accuracy and reliability
of the fit are comprehensively evaluated by residual anal-
ysis, comparison of the fitted curves with the observed
data, and confidence intervals for the parameters.

In this study, standard magnetization measurement
methods were used to collect experimental data for curve
fitting. The magnetization measurements of the soft mag-
netic material or MR sensor input/output were carried
out under controlled laboratory conditions, with differ-
ing magnetic field strengths applied and the correspond-
ing magnetic responses measured. These data were then
utilized to fit the basic magnetization curve with nonlin-
ear least squares (NLS) and other fitting functions.

TMR input/output data acquisition

The tunneling magnetoresistive sensor (TMR)
TMR2905 input/output data are measured using the
device shown in Fig. 2, which consists of five parts: the
host computer, the AMH-IM-S magnetic characteristic
test system, the power supply, the TMR, and the exci-
tation coil. The internal AMH-1IM-S includes five parts:
signal generator, power amplifier, sampling resistor,
integration amplification circuit, and data acquisition
system. The host computer controls the signal genera-
tor in AMH-IM-S to produce an excitation signal with
adjustable amplitude, which is processed by the power
amplifier and then transmitted to the excitation coil
through the sampling resistor, which collects the excita-
tion current 7 of the excitation coil and sends it to the data
acquisition system. The excitation coil is an N-turn screw-
wound ring with an average radius of r and an opening,
and a TMR is placed at the opening position of the screw-
wound ring. The direction of the TMR sensitivity axis is
aligned with the direction of the excitation magnetic field
in the excitation coil. The power supply provides 5 V DC
power for the TMR, and the differential output voltage
U of the TMR is processed by an integrating amplifier
circuit and transmitted to the data acquisition system.
The data acquisition system collects the excitation signal
from the excitation coil and the TMR measurement signal

and uploads them to the host computer for further pro-
cessing. The length of the closed magnetic circuit inside
the excitation coil is 27mtr, and the TMR input magnetic
field strength H = Ni/2mtr can be obtained according to
the Ampere loop theorem.

RESULTS AND DISCUSSION
Spectral analysis of the basic magnetization curve

Define the numbering of the 4" order polynomial fitting
function and the basic forms of the hyperbolic tangent type
fitting functions and the arctangent type fitting functions
as P1, H1, and Al, respectively. P1, H1, and Al are selected
as the fitting functions for the fundamental magnetization
curve utilizing the NLS technique, utilizing DC magneti-
zation data of DT4 pure iron, a soft magnetic material with
low coercivity and high permeability [35]. The results of the
titted expressions based on the P1, H1, and Al are shown
in Table 1. The curve fitting results of the fitted expressions
based on the P1, H1, and Al are shown in Fig. 3. Fig. 3 shows
that the 4™ order polynomial fitting function P1 is the worst
fit due to its low order, and the fitting effect of the arctan-
gent type fitting function basic form A1l is slightly better
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Fig. 3. Curve fitting outcomes for P1, H1, and A1l
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T a b 1e 1. Fitting expression results based on P1, H1, and A1
Number Fitting expression results
P1 y=-0114 +2.276x + 0.119x? — 0.462x* — 0.02521x*
H1 y =-1.696 tanh(-6.235 - 10~x)
Al y =1.225 arctan(0.001073x)
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Fig. 4. Spectral analysis of the P1 (a), H1 (b) and A1 (c) outputs with sinusoidal excitation

than that of the hyperbolic tangent type fitting function
basic form H1. Although there are significant differences in
the curve fitting results of the P1, H1, and Al three fitting
functions, they all reflect the trend of the DT4 magnetiza-
tion measurement data and the nonlinear characteristics of
the basic magnetization curves.

Further comparison of the differences in the transmis-
sion properties of P1, H1, and Al results. A sinusoidal
excitation signal x = A sin(27tft) with amplitude A and
frequency f is applied to the three fitted expressions in
Table 1, and the outputs of the P1, H1, and Al three fitted
expressions are analyzed spectrally.

Fig. 4 shows the spectral analysis results of the output
of the fitted expressions of P1, H1, and Al for sinusoi-
dal excitation. The P1 output spectrum is significant in
fundamental, 3™ harmonic, and 5" harmonic amplitudes;
the H1 output spectrum is significant in fundamental, 3™
harmonic, 5 harmonic, and 7" harmonic amplitudes; and
the Al output spectrum is significant in fundamental, 3¢
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Fig. 5. Curve fitting outcomes for O1 and E1

harmonic, 5" harmonic, 7™ harmonic and 9* harmonic
amplitudes. The fitted expressions and the output spec-
tral results for 1, H1, and Al are all different but reflect
the common feature of significant fundamental and odd
harmonic amplitudes. If the basic magnetization curve of
DT4 is equated to a polynomial fitting function of infinite
order, based on the distinctive characteristics of the fun-
damental and odd harmonic amplitudes, consider that the
odd terms of this polynomial come into effect. Therefore,
the even terms in the polynomial fitting function are
eliminated from the polynomial fitting function, and the
odd polynomial fitting function is proposed (Eq. 4).

n
_ 3 2n-1 _ 2i-1
y=o0,+0,x+0,x +L+o0,x —00+Zoix 4
i=1

where 0, 0,, 0,, ..., 0_ is the coefficient of the odd poly-
nomial.

Odd polynomial functions

To verify the validity of the odd polynomial fitting
function applied to the basic magnetization curve fitting,
as well as the rationality of eliminating the even terms in
the polynomial fitting function, a 5*-order odd polyno-
mial O1 and a 6*-order even polynomial E1 are chosen as
the fitting functions to fit the basic magnetization curves
based on the NLS method to the DC magnetization mea-
surement data of DT4. O1 and E1 are respectively (Eq. 5
and 6):

= 3 5
Y=0,+%0x+0,x°+0,x ®)

— 2 4 6
y=e,+ex*+e,xt+ex ©6)

where ¢, e, e, e, is the coefficient of the 6™ order even
polynomial fitting function.
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The results of curve fitting based on both Ol and E1
are shown in Fig. 5. Ol fits significantly better than EI,
and O1 better reflects the trend of the DT4 magnetiza-
tion measurement data and the nonlinear characteristics
of the basic magnetization curve. The validity of the odd
polynomial applied to the basic magnetization curve is
illustrated, as well as the justification for the elimination
of the even terms in the polynomial fitting function.

Compared to O, the E1 fit is extremely poor and does
not reflect the trend of the DT4 pure iron magnetization
measurement data as well as the nonlinear characteristics
of the underlying basic magnetization curve. Combining
the Equation 5 and 6 as well as Fig. 4, it is easy to see
that, without considering the constant term o, the odd
and even polynomial fitting functions are odd and even
functions, respectively. The curve fitting results corre-
sponding to the odd polynomial fitting function exhibit
centrosymmetric features, while the curve fitting results
corresponding to the even polynomial fitting function
exhibit axisymmetric features. The basic magnetiza-
tion curve exhibits a centrosymmetric character, and its
expression can also be approximated as an odd function.
Thus, the similarity in functional properties between the
odd polynomial and the expression of the basic magneti-
zation curve justifies the application of the odd polyno-
mial to the fitting of the basic magnetization curve.

Comparative analysis of odd polynomial

Comparison of fitting effects of odd polynomial

To more comprehensively analyze the fitting effect of
odd polynomial, polynomial fitting functions of differ-

ent orders and odd polynomial fitting functions, as well

T able 2. Comparison of fitting functions

as a variety of hyperbolic tangent type fitting functions
and arctangent type fitting functions, are chosen to fit
the DC magnetization data of DT4 pure iron based on the
NLS method. The types and numbers of the selected fit-
ting functions are shown in Table 2, and the curve fitting
results are shown in Fig. 5.

The degree of fit of the curve fitting results to the mag-
netization measurement data is quantitatively evaluated
using the coefficient of determination R? [36], expressed
in Equation 7:

B - (yi—y )’
= (v — )

where y, are the magnetization measurement data; §j;, are

R*=1 @)

the curve fitting results; ¥: = Z % is the average value
i=1

of the magnetization measurement data; and n and i are

the total number of data points and the serial number,

respectively. The value of R? ranges from 0 to 1. When R?

equals 1 or close to 1, the curve fitting result has the high-

est reliability and the best fitting effect.

Defining x € [-6000, 6000] as the overall inter-
val; x € [-2000, 2000] as the linear interval, and
x € [-6000, 6000] U [-2000, 2000] as the nonlinear inter-
val, the R? of the chosen fitting function for the different
intervals is shown in Table 2. The mean values of R? for
the 15 fitted functions are 0.943, 0.96, and 0.91 for the over-
all, linear, and nonlinear intervals, respectively, and the
results that are greater than the respective mean values
of R? for each interval are shown in boldface type, while
those that have the maximum value of the respective
R? for each interval are shown in italics. It can be seen
through Table 2 that R*=0.992 is the largest for O3 among

RZ
. . . Number of
Type Designation Expression coefficients Overall Linear Nonlinear
interval interval interval
P1 Y=pytpXx+pX*+L+pxt 5 0.827 0.864 0.752
P2 Y=p,tpx+px*+L+px° 6 0.925 0.955 0.878
P3 y=p,tpx+px*+L+px° 7 0.955 0.989 0.905
Polynomial
P4 Y=p,tpx+p,X>+L+px’ 8 0.984 0.995 0.944
P5 Y=potp X +p, >+ L+px® 9 0.987 0.996 0.95
P6 Y=p,tpx+p 2 +L+px° 10 0.992 0.996 0.966
H1 y =h, tanh(h,x) 2 0.901 0.944 0.896
Hyperbolic -
tangent type H2 y=h,tanh(hx +h,) +hx+h, [32] 5 0.951 0.993 0.892
H3 y = h, tanh(h x) + h, tanh(h,x) + h x [22] 5 0.967 0.905 0.995
Al y = a, arctan(a, x) 2 0921 0.951 091
gf;éangem A2 y = a, arctan(a,x) +a, arctan(a,y) +a,x [22] 5 0.857 0.867 0.832
A3 y = a, arctan(a,x) + a,x [33] 3 0.958 0.985 0.893
o1 y=0,+0,x+0,x°+0,x° 4 0.951 0.975 0915
Odd . 02 y=0,+t0x+0x3+L+ o7 5 0.985 0.995 0.954
polynomial o 2 4
03 y=0,+0x+0,x>+L+0x" 6 0.992 0.997 0.964
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Fig. 6. Curve fitting results: a) polynomial functions P1~P6, b) hyperbolic tangent type functions H1~H3, P1~P6, H1~H3, c) arctan-

gent type functions A1~A3, d) odd polynomial functions O1~O3

the odd polynomials in the overall interval; Within the
linear interval, again the R?= 0.997 for O3 is the largest;
The range of nonlinear interval is then the largest for the
R?=0.997 for H3 in the hyperbolic tangent type. One and
only one of the diverse types of fitted functions has R?
above the meaning for all the fitted functions in the odd
polynomial over a range of various intervals.

Fig. 6 shows that the polynomial P1 and P2 fit signifi-
cantly worse; the hyperbolic tangent type fitting func-
tion H1 is considerably worse; the arctangent type fitting
function Al and A2 are significantly worse; and the odd
polynomial O1 fits relatively poorly, but is substantially
better than P1, P2, H1, Al, and A2.

In summary, the odd polynomial fitting is significantly
better overall than the other types of fitting functions,
and O3 fits best in the overall and linear intervals.

Characterization of odd polynomial fitting function
From Fig. 6a it can be concluded that the fitting effect

of the polynomial fitting function increases with the
increase in the order of the fit. As evident from Fig. 6d,

the effect of fitting the odd polynomial fitting function
increases as the order of the fit increases. Observing
Table 2 shows that the polynomial fitting function R?
increases with the order of the fit. Similarly, the odd
polynomial fitting function R? increases with the order
of the fit.

The R? and the number of coefficients of the fitted func-
tions for polynomials of the same order P2, P4, P6, and
odd polynomials O1, O2, and O3 in different intervals
are compared, respectively. As can be seen from Table 2,
only O1 has a significantly larger R? than P2 within dif-
ferent intervals, while the difference in R? between P4
and O2 and between P6 and O3 within different intervals
is not significant. The number of coefficients of the poly-
nomial fitting functions P2, P4, and P6 are 6, 8, and 10,
respectively, while the number of coefficients of the odd
polynomial O1, O2, and O3 are 4, 5, and 6, respectively.
Therefore, compared to the polynomial fitting function
of the same order, the odd

Polynomial has a smaller number of coefficients to be
solved and a more straightforward functional form while
at the same time not fitting poorly.
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T able 3. Fitting expressions and determination coefficient results for O3, P6, H3, and A3

Number Fitting expression results R?
o3 y =-0.01388 + 0.05407x — 2.056 - 10~*x° + 4.84 - 107x% - 5.369 - 101°x” + 2.205 - 103x? 0.966
P6 y=-0.0226 + 0.0491x + 0.0001196x* — 0.0001289x° — 2.556 - 107x* + 1.886 - 107x> + 0953

+2.139 - 1071946 — 1.248 - 1071%x” — 6.043 - 10 x® + 3 - 10 1x? '
H3 y = 0.4551 tanh(0.1309x) — 0.02954 tanh(156.4x) 0.927
A3 y = 0.5218 arctan(0.1085x) — 0.007625x 0.936
2.0 . . o . .
-~ tions in Table 2, are chosen as the fitting functions to fit
* Measuremens .
1.5 - o3 et the TMR input/output data measurement data based on
-—=- 6 the NLS method. The results of the fitted expressions and
.04 .- H3 coefficients of determination for O3, P6, H3, and A3 are
0.5 - A3 shown in Table 3, and results with R? values over 0.95
' are shown in bold font, while results with the largest R?
Z 04 values are shown in italics. The curve fitting results for
O3, P6, H3, and A3 are shown in Fig. 7.
—0.5
10- Comparison of fitting results for odd polynomial fitting
: function
154~
e T Fig. 7 shows that all four fitting functions O3, P6, H3,
-2.0

-3000 -2000 -1000 0  -1000 -2000 3000
Magnetic field intensity, A/m

Fig. 7. Curve fitting results for O3, P6, H3, and A3, demonstrating
the relationship between the applied magnetic field strength
and the output voltage

In summary, similar to the polynomial, the odd poly-
nomial can also improve the fitting effect by increasing
the fitting order, and compared with the polynomial of
the same order, the odd polynomial has less number of
coefficients to solve and a simpler solution process under
the premise of guaranteeing the fitting effect.

Fitting experiment of output characteristic curve of
MR sensor

Experiments are designed to investigate the effective-
ness of the basic magnetization curve fitting method
based on spectral analysis applied to the output charac-
teristic curve of an MR sensor.

TMR input/output data acquisition

The TMR input/output data measurement data can be
obtained by changing the excitation signal amplitude and
measuring the root-mean-square values of the excitation cur-
rent i and the differential output voltage U simultaneously.

TMR output characteristic curve fitting

Odd polynomial fitting function O3, polynomial fit-
ting function P6, hyperbolic tangent type fitting function
H3, and arctangent type fitting function A3, which have
the best fitting effect among the types of fitting func-

and A3 can reflect the trend of the TMR input/output
measurement data as well as the nonlinear characteristics
of the MR sensor, among which O3 and P6 have better
fitting effects. Combined with Table 3, it is observed that
the coefficients of determination for the four fitted func-
tions O3, P6, H3, and A3 are 0.966, 0.953, 0.927, and 0.936,
respectively, where odd polynomial fitting function O3
has the largest coefficient of determination, R*= 0.966,
and the best fitting effect.

Table 3 shows that the number of coefficients to be
solved for the four fitted functions O3, P6, H3, and A3
is 6, 10, 4, and 3, respectively, where hyperbolic tangent
type fitting function H3 and arctangent type fitting func-
tion A3 have fewer coefficients to be solved but the math-
ematical operations of trigonometric functions are more
complicated than exponential functions. Compared to
the polynomial fitting function P6, the odd polynomial
fitting function O3 is simpler in form and has fewer solu-
tion parameters.

In summary, the odd polynomial fitting function
obtained based on spectral analysis is also suitable for
fitting the output characteristic curve of MR sensors. The
odd polynomial fitting function not only has a simple
function expression but also has a better fitting effect.

CONCLUSIONS

In this paper, the output of the basic magnetization
curve fitting results under sinusoidal excitation is ana-
lyzed spectrally. The odd polynomial fitting function is
proposed based on significant odd harmonic amplitude
characteristics. The application and effect of the odd poly-
nomial on the basic magnetization curve and the fitting
of the output characteristics of the MR sensor are investi-
gated through comparative experiments. The odd polyno-
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mial fitting function obtained based on spectral analysis
can effectively fit the basic magnetization curve as well as
the output characteristic curve of the MR sensor. Also, the
odd polynomial fitting function has a better fitting effect
on the basic magnetization curve, which can be further
improved by increasing the fitting order. While compared
to a polynomial fitting function of the same order, the odd
polynomial fitting function has a smaller number of coef-
ficients and simpler function expressions.

The reasonableness and effectiveness of applying the
odd polynomial fitting function obtained based on spec-
tral analysis to the basic magnetization curve fitting
have been preliminarily verified. However, the applica-
tion and effectiveness of the curve fitting results based
on the odd polynomial need to be further investigated.
Curve fitting with centrosymmetric features can also be
considered to use odd polynomial fitting functions. The
idea of constructing a fitting function from the results of
spectral analysis provides a reasonable basis for the selec-
tion of the fitting function, and the idea can be general-
ized to other types of curve fitting.
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