iririell applied
e sciences

Article

A Dynamic Hysteresis Model for TMR-Current Sensors Based
on Probability Estimation of Hysteresis Operator and Its

Switching Time

Yutao Li !, Liliang Wang !, Hao Yu 2, Jiayi An 1, Yan Pei ! and Zheng Qian 1-*

check for
updates

Citation: Li, Y.; Wang, L.; Yu, H.; An,
J.; Pei, Y.; Qian, Z. A Dynamic
Hysteresis Model for TMR-Current
Sensors Based on Probability
Estimation of Hysteresis Operator
and Its Switching Time. Appl. Sci.
2022, 12,4985. https://doi.org/
10.3390/app12104985

Academic Editor: Francesco
Dell’Olio

Received: 14 April 2022
Accepted: 13 May 2022
Published: 14 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Instrumentation and Optoelectronic Engineering, Beihang University, Beijing 100191, China;
liyutaobd@163.com (Y.L.); wangliliang@buaa.edu.cn (L.W.); anjiayigh@163.com (J.A.);
peiyan@buaa.edu.cn (Y.P.)

High Voltage Research Institute, China Electric Power Research Institute, Beijing 100089, China;
yuhao@epri.sgcc.com.cn

*  Correspondence: gianzheng@buaa.edu.cn; Tel.: +86-010-8233-9267

Abstract: Hysteresis is one of the main factors affecting the measurement accuracy of TMR sensors,
especially in dynamic measurements. The commonly used Preisach hysteresis compensation model
has some problems, such as complex modeling and difficulty in accurately measuring the step time,
resulting in low accuracy in dynamic measurements. In this paper, considering the distribution
characteristics of the conversion time of the hysteresis operator in dynamic measurements, a dynamic
hysteresis model based on the probability estimation of the hysteresis operator and its conversion time
is proposed. Compared with the existing methods, this method only needs to calculate the distribution
of the sensor hysteresis operator to realize the calculation of hysteresis characteristics without a
physical model or fitting algorithm. It has good generalization performance and a corresponding fast
speed. In the test of two typical TMR sensors, compared with the transmission Preisach model, the
maximum error of this method is reduced by 46.7%, the variance can be reduced by 90.2%, and the
average value can be reduced by 65.1%.

Keywords: TMR; dynamic hysteresis; probability; Preisach

1. Introduction

The giant magnetoresistance effect (GMR) was discovered by Fert et al. [1] and Griin-
berg et al. [2] in 1988. Because of its excellent characteristics, it is applied in many fields,
such as medicine [3], aviation [4], nondestructive testing [5], magnetic storage [6], electric
power [7,8], and automobiles [9], etc. Its discoverers also won the 2007 Nobel Prize. There
are four kinds of GMR, namely magnetic tunnel structure, spin valve structure, multilayer
structure, and granular alloy structure. The tunnel magnetoresistive sensor (TMR) has
attracted widespread attention because of its high sensitivity, suppression of temperature
drift, self-compensation, and wide linear range.

One of the limitations of TMR sensors in the high-frequency field is their low accuracy,
and one of the main reasons for the low accuracy is hysteresis. Hysteresis can be divided
into static (quasi-static) hysteresis and dynamic hysteresis. Static hysteresis mainly refers
to the hysteresis that occurs when working at an extremely low frequency regardless of
time. Dynamic hysteresis refers to the hysteresis at a higher frequency, which is related to
frequency or input change rate.

Currently, there are mainly two methods to reduce the influence of hysteresis. One is to
reduce the hysteresis by designing the sensor’s manufacturing process, structure, materials,
or hardware circuit. For example, AlOx barrier [10], spin direction and shape [11], self-
bias sandwich structure [12], external bias structure [13], and so on. However, most of
these methods are complex, expensive, involve high power consumption, and are not easy

to apply.
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Another method is to model the hysteresis characteristics of the sensor and to compen-
sate for the measurement results in order to reduce the influence of hysteresis. Currently,
there are mainly two kinds of models. One is the black-box model, which does not explain
the input-output relationship but directly fits it. It includes the models based on empirical
formulas and those based on machine learning. Empirical formula models mainly include
the use of spline functions [14], rational polynomial [15], arctangent function [16], etc.
However, the scope of the application of empirical formulas models is relatively small. The
machine learning method includes the Recurrent Neural Network Model [17], artificial
neural network [18], NARMAX [19], etc. These methods can solve the problem of model
mapping to a certain extent, but it is difficult to realize and the cost is high.

The other is the white-box model. A series of models based on the Preisach model
is the most representative. For example, the JA model [20] and KP model [21]. However,
the accuracy of these models is not high, and the measurement is complex, which cannot
effectively solve the hysteresis problem. Therefore, studying the hysteresis problem further
is necessary to obtain a more efficient and easy-to-implement modeling method.

In the previous study of this research group, we thought that the change of the first-
order rotation curve of TMR has a strong correlation with the probability distribution of
the hysteresis operator. We analyzed the probability distribution characteristics of the
hysteresis operator. Then, we regarded the output of the sensor as the ratio of the hysteresis
operator satisfying certain conditions of all hysteresis operators. Moreover, we obtained the
fast and accurate calculation of the static hysteresis characteristics of the TMR sensor [22].
We consider that dynamic hysteresis in dynamic measurements is related to the transition
time of the hysteresis operator. Therefore, we introduced the conversion time distribution
characteristics of the hysteresis operator into the static model. Then, we constructed a
dynamic hysteresis model based on the probability estimation of the conversion time of the
hysteresis operator.

The innovations of this paper are as follows: (1) The dynamic hysteresis characteristics
of TMR are studied and applied to dynamic measurements; (2) the time distribution char-
acteristic is introduced into the static probabilistic hysteresis model, and the probabilistic
model is applied to the dynamic hysteresis model; (3) compared with the Preisach model,
the maximum error of this method can be reduced by 46.7%, variance can be reduced by
77.8%, and the average value can be reduced by 65.1%.

The structure of this paper is as follow. The first part introduces the background. The
second part introduces related work. The third part briefly introduces the probability-
based quasi-static hysteresis model, and then it explains the construction method of the
probability-based dynamic hysteresis model. The fourth part mainly introduces contents
related to the experiment, including experimental structure, experimental process, and data
processing process. The fifth part shows and analyzes the verification results of the two
sensors. The sixth part is the conclusion.

2. Related Works

Hysteresis affects the linear range of magnetic sensors and is the main factor for
measurement accuracy. The research body on this problem is mainly divided into two
categories. One category aims to achieve the purpose by improving the sensor’s material
structure or hardware circuit, and the other is to model and compensate for hysteresis in
order to reduce hysteresis.

Negulescu, B. et al. used IrMn pinning as a detection layer and a reference layer to
adjust the sensitivity and linear range of the sensor [23]. Wanjun Ku and others reduced
hysteresis, increased linear range, and improved sensitivity by integrating a biased mag-
netic field in the detector [24]. The above methods changed the sensor’s structure, which
requires a significant investment and is only suitable for manufacturers. Shu Hsien Liao
et al. applied AC-modulated magnetic field in the sensitive direction of TMR to reduce
the hysteresis of TMR, and the AC-modulated magnetic field can be adjusted as needed
to meet specific applications [25]. Fei Xie et al. used a single coil and produced a pulsed
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magnetic field that was much larger than the measured magnetic field to make the sensor
function in the main hysteresis loop as much as possible in order to reduce hysteresis [26].
Both methods caused the sensor to function near the main hysteresis loop as much as
possible. Gabriele Grandi et al. placed the sensitive element in the middle of a coil. Then,
the current of the coil was controlled in a closed-loop to offset the applied magnetic field.
This method kept the measurement near the zero point of the sensitive element to avoid the
problem of hysteresis and obtained better linearity [27]. Reference [28] used the design of
an anti-magnetic field to achieve the same goal and used MCU and the automatic scaling
function to optimize performance. Reference [29] designed a GMR sensor with a bias coil to
capture a large current from DC to low frequency. Moreover, reference [30] used automatic
calibration and adjustments of mixed hardware and software to make the sensor work
near point 0 to avoid the problem of hysteresis. These methods all reduce hysteresis and
improve performance by adding a bias magnetic field to make the sensitive element work
near the main hysteresis loop or 0 points. However, these methods require additional
hardware equipment to generate the bias magnetic field. This will increase cost and power
consumption. Moreover, the hardware’s generation of the bias magnetic field is limited, so
its implementation is challenging.

The methods of modeling compensation can be roughly divided into two categories.
One is the black-box model, which does not explain the input-output relationship but
directly fits it. It includes models based on empirical formulas and models based on
machine learning. Reference [31] divided the B-H curve into several segments, and each
segment was approximated by linear interpolation. J. Rivas [32] approximated the B-H
curve using rational polynomials. Rohan Lucas [33] adopted non-integer exponential
polynomials in order to avoid the limitation of rational polynomials and power series
when permeability increases. Jend Takacs [34] proposed a T(x) model based on the tangent
function to solve the reversible problem. Istvan Jedlicska [35] replaced the tangent function
in a T(x) model with a rational polynomial and implemented it in DSP. John R. Brauer [36]
used a power series model to fit the BH characteristic curve. Because the hysteresis
characteristics are strongly nonlinear and frequency-dependent, the black model based on
empirical formula has difficulty in fully expressing the mapping relationship between input
and output. Moreover, it usually has good results only in a specific range. Reference [37]
used the least mean square-based system to determine the parameters of the hysteresis
model. Reference [38] used improved particle swarm optimization to determine the model.
These models are more applicable than empirical formulas, but they are difficult to realize
and the cost is high.

The other is the white-box model. A series of models based on the Preisach model is
the most representative. Preisach believed that the magnetoresistive element is composed
of a hysteresis operator and proposed the Preisach model [39]. Mayergoyz [40] added the
output differential term to the weight function of the Preisach model to solve the problem
of dynamic hysteresis. Then, the first two terms of the full Taylor formula expansion of
the weight function were taken. The solution of the output was calculated. Moreover, the
form of the output solution is similar to the relaxation process. The weight function can be
determined by measuring the relaxation time of the relaxation process. This method has
relatively straightforward explanatory significance, but the accuracy of the measurement
relaxation process is relatively low. It is easily affected by interference, so the model is
challenging to realize, and accuracy is not high.

All research studies are summarized in Table 1.
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Table 1. Summary of the literature.
Method Literatures Shortcoming
. Cost highest.
Structure her [10-12,23,24] Difficulty applying.
Cost higher.
outside [13,25-30] Power comsumption.
Difficulty applying.
. Specific range.
Black-box Empirical formulas [14-16,31-36] Accuracy low.
Model Machine learnin [17-19,37,38] Cost high.
& Y Difficulty applying.
White-box [20-22,39,40] Accuracy low.
3. Methods

3.1. The Brief Introduction of the Static Model

This part briefly introduces the quasi-static hysteresis model based on probability, and
the details can be found in reference [22]. The magnetoresistive element is regarded as a
finite number of hysteresis operators. The graph of the hysteresis operator is shown in
Figure 1.

N

M

Figure 1. Preisach operator [22].

In the figure, the H-axis is the strength of the applied magnetic field, and the M-axis
is the value of the hysteresis operator, with only two values of 0 and 1. If the initial value
of the hysteresis operator is 0 and the applied magnetic field gradually increases to be
greater than or equal to &, then the value of the hysteresis operator becomes 1. Suppose
that the initial value of the hysteresis operator is 1 and the applied magnetic field gradually
decreases to less than or equal to 3; the value of the hysteresis operator becomes 0. The
expression is shown in Equation (1):

1 H>a
Y'ap = { Nochange Others 1
0 H<b

where vy’ represents the hysteresis operator, and H is the strength of the applied magnetic
field. The output of the magneto resistive sensor can be expressed as follows:

f(u(v) = [f,_, (e B)y/apU(t)dadp @)
where u(e, ) is the weight function, v’ is the hysteresis operator, U(t) is the input, and

f(u(t)) is the output of the sensor. Since the value of the hysteresis operator is only 0 and 1,
the hysteresis operator with the value of 0 can be ignored during integration, and only the



Appl. Sci. 2022,12, 4985

50f19

hysteresis operator with the value of 1 can be integrated. This is equivalent to the number
of hysteresis operators with the value of 1. Accordingly, when the intensity of the applied
magnetic field is greater than or equal to the positive saturated magnetic field, the value of
all hysteresis operators is 1. Divide the output of the sensor by that at positive saturation to
obtain the proportion of the hysteresis operator with value 1. This is also the probability of
the hysteresis operator satisfying this condition. Moreover, the probabilistic sensor output
is as follows:
f(u(t))

g(t) = F(+Hsat) 3)

where f(u(t)) is the output of the sensor under input u(t), f(+Hsat) represents the output
of the sensor under the positive saturated magnetic field, and g(T) is the probabilistic
sensor output.

Let A(a) and B(b) represent the random variables of the upper and lower threshold of
the hysteresis operator, respectively. P(A) and P(B), respectively, represent the probability
that the upper threshold of the hysteresis operator is less than a and the lower threshold is
less than B. It has the following formula:

P(A=a)=g"(a) €9

P(B=b) =g (b) ®)

where g™ (a) and g~ (b) are the limit rising curve and limit falling curve, respectively [22,40].

The model satisfies the wipe-out property and the equal vertical chords property. The
wipe-out property is that the model will preserve the influence of the input extreme value.
Still, the new extreme value will eliminate the impact of the old extreme value, for which
its absolute value is smaller than the new extreme value [22].

The equal vertical chords constitute all minor loops resulting from back-and-forth
input variations between the same two consecutive extrema possessing equal vertical
chords (output increments) for the same input values [22].

3.2. Introduction to Dynamic Hysteresis Model

The probability-based dynamic hysteresis model is constructed by introducing time-
dependent random variables based on the static hysteresis model. Without losing generality,
we will discuss the first-order rotation curve. As shown in Figure 2.

v A(a)
g(a)
g(a,b1)
g(a,b2)
g(abs) 1
—Heat b3 b2 bl a H

Figure 2. Schematic diagram of the first-order rotation curve.
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In the figure, A(a) is the turning point, and B;(b1), B2(b2), and B3(b3) are a series
of equidistant points on the first-order rotation curve called standard sampling points;
g(a, b1), ga, by), and g(a, bs) are the corresponding outputs. When this curve is a
static (quasi-static) curve, g(A, Bm) represents the probability that the upper threshold
of the hysteresis operators is less than a, and the lower threshold is less than by,. Then,
Km =g(A, Bm) — g(A, By,_1) represents the probability of the operators for which their
upper thresholds are less than a and the lower threshold is between by, and by,_1.

When the frequency is high, the first-order descending curve of different frequencies
is shown in Figure 3.

\Y
gii(a,bm_2) ﬂ/
gf2(a,bm-_2 3
—Hasat bm bm-1 bm= a H

Figure 3. Schematic diagram of the first-order curve at various frequencies.

In the figure, by, by—1, and by,_» are different inputs, while the three curves are
the first-order descent curves at three different frequencies, fi, f, and f3, and g¢,(a,bm)
is the corresponding output of the sensor at different frequencies. It can be seen that
the amount of change between the same input By, and By, is different. This is due to
the conversion speed of the operator is inconsistent, so it is necessary to introduce time-
dependent variables. The hysteresis operator in which its upper threshold is less than or
equal to a is recorded, and the lower threshold is between by, and by, as in K(m). The
time distribution of the hysteresis operator at a specific frequency is shown in Figure 4.

In the figure, a represents the rotation point of the first-order curve. by,_», by_1,
and by, represents the point on the first-order curve. ty,_; represents the time when
bm_p reaches by,_1, and ty, represents the time when b,,_; obtains by. K(m—1) means
the hysteresis operators with the upper threshold less than or equal to a, and the lower
threshold is between by,_, and by,_1. K(m) represents the hysteresis operator with the
upper threshold less than or equal to a and the lower threshold between by,_; and bp,.
There are many similar hysteresis operators in addition to the drawn hysteresis operators.
The left side of K(m) in the figure represents the threshold condition; that is, after the input
meets the threshold condition, the value of this hysteresis operator begins to change. The
length of K(m) represents the time required for all hysteresis operators contained in K(m)
to complete the conversion. The graph of K(m) is shown in Figure 5.
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Figure 4. Schematic diagram of the time distribution of the hysteresis operator.

\Y

tm tm+1 tm+2

ecscccscscscccsccdumCecctens -.Z-.. .

K1) K(h,3) K(m)

bmbm+1bm+2

Figure 5. Schematic diagram of K(m).

In the figure, K(m) is the set of the hysteresis operators of segment m, tr, is the time
from by, 1 to by. K(m,1) is the hysteresis operator that completes the conversion in the
first time segment of the hysteresis operator K(m). K(m,2) is the hysteresis operator that
completes the conversion in the second time segment of K(m). K(m,3) is the hysteresis
operator that completes the conversion in the third time segment of K(m) and so on.
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At this frequency, the change My, of the first-order rotation curve from by,_1 to bn, is
the sum of the hysteresis operators in this period from K(1) to K(m) in Figure 4. It can be
expressed as Equation (6):

Mpn = g'(A, Bm) - g'(A, Bmfl) (6)

where g’ represents the probability at high frequency, and My, is the variable from B,_1 to
Bm. Let f represent the frequency, m represents the coding of the variation, and n rep-resents
the nth time stage after meeting the conditions of the variation m. Then, K¢(m,n) represents
the number of the hysteresis operator in variation m with the conversion time in the nth
time stage. Then, at high frequencies, any variation M ;,, can be expressed as follows.

Mf,m = Kf(m,l) + Kf(mfl,Z) + Kf(m—2,3) + ... (7)

If we can find the items on the right, the problem can be solved. However, it is almost
impossible to solve the problem due to too many variables. Therefore, the issue needs to be
simplified. In order to simplify processing, the following conditions are set. Firstly, time t
between the points is assumed to be the same. Since the distance between the points has
been considered the same, the input slope between the points is the same. This means
that the input waveform is a triangular wave. Secondly, it is assumed that the operators
complete conversions within 2 t. Then, the following is obtained.

Mf,m = Kf(m,l) + Kf(m—1,2) (8)

M¢/2 m = Ke(m,1) + K¢(m,2) )

Therefore, all frequencies can be set to adopt frequency doubling, with a minimum of
1 Hz. Here, the lowest frequency 1 Hz can be regarded as quasi-static. According to the
conditions set above, let s represent the order of frequency; then, we have the following.

fs=2fs 1 (10)
For a particular point By, on a specific frequency s, we have the following.
Mg m = Ks(m,1) + Ks(m—1,2) (11)
Ms_1,m = Kg(m,1) + Kg(m,2) (12)
When s =1, i.e, the frequency is 1 Hz, it is regarded as quasi-static.
Mi,m = g1(A,Bm) — 81(A,Bm_1) (13)

When s =2, i.e., the frequency is 2 Hz for B, and its variation should contain two parts:
the down-stage and up-stage. The down-stage is the stage in which the input decreases
from A to By. It contains the operators with lower thresholds between B; and A for which
the conversion time is less than t. The up-stage is the stage where the input increases from
B; to A. It has operators with upper thresholds between B1 and A for which the conversion
time is between t and 2 t. However, the current input does not meet the up-stage threshold
conditions anymore, so it is considered 0.

M1 =Ky(1,1) (14)
According to Equation (12), we have the following.

Ml,l = Kz(l,l) + K2(1,2) (15)
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Then, we have the following.
Ko(1,2) =M1 — Mp, (16)
For B2, there is the following equation.
Moo =Kz(2,1) + K2(1,2) 17)
M, =Ka(2,1) + Ka(2,2) (18)
The following is obtained.
Ko(2,1) =Mpp — Kp(1,2)=Mpp — (My1 — M2)1) (19)
K2(2,2) =Mpp - Ky (%/ 1) =Mip — Mo+ (My1 —My) (20)
= Zp:l (Ml,p - M2,p)
Similarly, for B3, we have the following.
2
Ka(3,1) = M3 —Ka(2,2) =Mp3 =} (M1p —Mpp) (21)
Ka(3,2) = M3 —Ka(3,1) =Mz — Moz + Yo (M1p —Myy) =
3 (22)
Yo—1(M1p —Mpp)
Suppose at some point Bn—1, the following is satisfied.
-2
Ko(m —1,1) = Mam-1 =} 71 (M1p — Map) (23)
-1
Kp(m—1,2) = )" (Mip — Map) (24)
Then, for By, we have the following.
-1
Ky(m,1) = My — Ko(m —1,2) = My — 2;‘:1 (Mip —Mpp) (25)
Ko(m,2) =Mym —Ka(m, 1) = My — My + Zg!f(Ml,p —Myp) (26)

= 231:1 (Ml,p - MZ,p)

By analogy, all parameters of frequency 2 can be obtained.
Suppose that, for a certain frequency s—1, parameters K;_1(m,1) and K¢_1(m,2) of any
point By, satisfy the following.

-1
stl(mrl) = Msfl,m - 221:1 (Ml,p - MZ,p) (27)

Ks-1(m2) =) 7 (Myp — May) (28)

Then, when calculating frequency s, and these equations are halved.

Ms,l = Ks(lf 1) (29)
Msfl,l = Ks(lr 1) + Ks(l,Z) (30)
Ms2 = Ks(2,1) +Ks(1,2) 31)
Msfl,z =Ks (21 1) + Ks (2/2) (32)

We can obtain parameters Ks(m,1) and Ks(m,2) of each point B, with the
following equations.
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Ks(1,1) = Mg, (33)

Ke(1,2) = My_11 — M1 (34)
Ks(2,1) =Msp — (Ms—1,1 — Ms 1) (35)
Ks(2,2) =Y (Mso1p — Msp) (36)

Then, according to previous reasoning, the relevant parameters of any point By, on
frequency S can be calculated as follows.

Ks(m,1) = Mgm — Z;“Zl (Myp — M) (37)

Ks (m,Z) = 2?:1 (Ml,p - MZ,p) (38)

Arrang Ks (m,1) corresponding to My, in time. Calculate the ratio of Ks(m,1) to the
change of the corresponding static model K;(m,1). Then the time probability distribution
of the hysteresis operator corresponding to the lower threshold between By,,_1 and By, can
be obtained. According to the static hysteresis model and this probability distribution,
the different outputs corresponding to the inputs of different rates can be calculated to
complete hysteresis modeling.

Because the accumulation method will cause the accumulation of errors, it is necessary
to correct the data. In this paper, the outputs of the equal extreme value of each cycle
should be equal and it is used to correct the data.

4. Experiment
4.1. Experimental Structure

In order to eliminate the interference of the magnetic field generator, this paper adopts
the method of electrifying straight wires to generate a magnetic field. This method has
the best high-frequency performance and the best consistency between magnetic fields
and currents. However, the magnetic field generated in this manner is relatively small, so
we use a power amplifier. The generated magnetic field can basically reach the saturation
region of the sensor. The problem of an uneven magnetic field caused by this magnetic
field can also be avoided by using the method of tightly fixing the sensor plate.

The experiment adopts the structure shown in Figure 6. The triangular wave signal
is generated by the signal generator Agilent 33250 A. Moreover, it is amplified by the
power amplifier Matasusada DOS60-5. A sampling resistance was connected to the power
amplifier by a straight wire. An oscilloscope Fluke MDO3054 measures the output of
resistance. The sensor measures the magnetic field of the straight wire. The computer is
used to control the entire acquisition process.

Signal Power | | Sampling TMR
generator amplifier resistor | sensor
] !_1
Computer Oscilloscope

Figure 6. Experimental structure.
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4.2. Experimental Process

The sampling flow chart is shown in Figure 7. First, the output target waveform
of the signal generator is set. Then, the voltage on the sampling resistance is collected
with an oscilloscope and we evaluate whether it meets the required value. If not, the
output of the signal generator is adjusted until the required voltage value is reached.
Otherwise, the voltage waveform of the sampling resistance and the output waveform
of the sensor are collected.Then process the next point until all points for this frequency
are processed.. Then, we proceed to the subsequent frequency until all frequencies are
completed. Due to the performance limitation of the power amplifier, when the frequency
reaches 16,384 Hz, the waveform is distorted and is no longer a triangular wave. Thus,
8192 Hz is the maximum frequency.

Start
Set Signal
—> 8 — Record data
generator

Measure the
voltage on the

N .
sampling
resistor
Y
Y
reach the
End

target
value?

Figure 7. Experimental process.

4.3. Data Processing

Data processing mainly processes the collected results to obtain the K value of each
frequency, and the results are arranged according to time. The flow chart is shown in
Figure 8. Firstly, the measured data are preprocessed. Preprocessing is the average pro-
cessing of multi-cycle data. Then, the values of standard sampling points are extracted.
The next step is divided into two parts. One is obtaining the static model using the lowest
frequency data. The other is obtaining Ks(m,1). First, K;(m,1) was calculated. Second,
Ky(m,1) and K;(m,2) are calculated. Then, the subsequent frequency is calculated until
the data of all frequencies are processed. Then, all Ks(m,1) are arranged according to
time, input, and rotation point. The probability distribution of conversion times can be
obtained by parabolizing Ks(m,1) relative to the change of the static model at each standard
sampling point.
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When estimating the output, the flow chart is shown in Figure 9. Firstly, the output
variation of the static model is calculated according to the input. Then, according to the
slope of the input data, the corresponding time of the standard sampling point is calculated.
The probability is obtained according to the rotation point, standard sampling point, and
time corresponding to the standard sampling point. Finally, the probability is used to
modify the output variation of the static model; then, the output of the dynamic model

was obtained.

data preprocessing

I

Extract data from standard
sampling points

Select 1 frequency

Get the lowest of data (from low to |4
frequency data high)

y y

ObtaTin first-order —» GetkS (n, 1)
gyration curve data

; !

Find the output
change of the static | Get KS (n, 2)
model T N

Finish this
frequency?

Finish all
requencies ?

Figure 8. Data process.
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Calculate the output
variation of the static |4
model

y

Calculate the time
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Figure 9. Estimation process.

5. Results and Analysis

We use two sensors to verify the proposed method. The results of 3 kHz are shown in
Figures 10 and 11.

In the figures, the X-axis denotes time, and the Y-axis denotes the probabilistic output
of the sensor. The blue curve represents the measured data. The red curve represents
the data of the Preisach model. The yellow curve represents the data of the probability
model. The purple curve represents the data of the modified probability model. It can be
observed that the probability model is closer to the measured data compared to the Preisach
model. However, the data of the uncorrected probability model will gradually deviate. The
corrected probability model data will remain stable. This proves the effectiveness of the
method. The errors of the results are shown in Figures 12 and 13, respectively.
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Figure 13. Errors of sensor 2 at 3 kHz.

In the figures, blue is the error of the Preisach model, red is the error of the probability
model, and yellow is the error of the modified probability model. It can be observed that
the error of the probability model is much smaller than that of the Preisach model. Still, the
error caused by accumulation induces a linear shift in the results of the probability model.
The modified model solves this problem well. The error data of the two sensors are shown
in Table 2.
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Table 2. The errors at 3 kHz.

Maximum Variance Average Value
Preisach model 0.0375 6.8488 x 10~° 0.0184
Sensor 1 Modified probability model 0.0147 6.6941 x 10~° 8.4390 x 104
Improvement effect 60.8% 90.2% 95.4%
Preisach model 0.0436 5.3854 x 107° 0.0301
Sensor 2 Modified probability model 0.0232 2.7935 x 1076 0.0105
Improvement effect 46.7% 94.8% 65.1%
It can be obesrved that, for sensor 1, the maximum error of the Preisach model is
0.0375, the variance of the error is 6.8488 x 107, and the average value is 0.0184. The
maximum error of the modified probability model is 0.0147, the variance is 6.6941 x 10~°,
and the average value is 8.4390 x 10~%. Compared with the Preisach model, the maximum
error of the probability model was reduced by 60.8%, the variance was reduced by 90.2%,
and the average value was reduced by 95.4%. For sensor 2, the maximum error of the
Preisach model is 0.0436, the error variance is 5.3854 x 107>, and the average value is
0.0301. The maximum error of the modified probability model is 0.0232, the variance is
2.7935 x 107, and the average value is 0.0105. Compared with the Preisach model, the
maximum error of the probability model is reduced by 46.7%, the variance is reduced by
94.8%, and the average value is reduced by 65.1%. We can see that the errors are greatly
reduced especially the variances. This shows the effectiveness of the probability model.
Moreover, the errors of 1 kHz and 5 kHz are shown in Table 3.
Table 3. The errors at 1 kHz and 5 kHz.
Sensor 1 Sensor 2
Frequency Metrics Preisach Probability I Preisach Probability I
Model Model mprove Model Model mprove
Maximum 0.0323 0.0134 58.5% 0.0205 0.006 70.7%
1kHz Variance 649 x107° 144 x10°° 77.8% 463 x107°  142x10°° 96.9%
Average value —0.0176 —0.0059 66.5% —0.0095 0.0018 81.1%
Maximum 0.0296 0.0115 61.1% 0.0204 0.0066 67.6%
5 kHz Variance 638 x107° 799 x107° 87.5% 524 x107°  345x10°° 93.4%
Average value —0.0135 7.69 x 1075 99.4% —0.0088 0.0019 78.4%

In Table 3, at 1 kHz, the maximum error of the Preisach model is 0.0323 for sensor 1, the
variance of the error is 6.49 x 1072, and the average value is —0.0176. The maximum error
of the modified probability model is 0.0134, the variance is 1.44 x 107>, and the average
value is —0.0059. Compared with the Preisach model, the maximum error of the probability
model was reduced by 58.5%, variance was reduced by 77.8%, and the average value was
reduced by 66.5%. For sensor 2, the maximum error of the Preisach model is 0.0205, the
error variance is 4.63 x 107>, and the average value is —0.0095. The maximum error of the
modified probability model is 0.006, the variance is 1.42 x 10, and the average value is
0.0018. Compared with the Preisach model, the maximum error of the probability model
was reduced by 70.7%, the variance was reduced by 96.9%, and the average value was
reduced by 81.1%.

At 5 KHz, for sensor 1, the maximum error of the Preisach model is 0.0296, the variance
of the error is 6.38 x 102, and the average value is —0.0135. The maximum error of the
modified probability model is 0.0115, the variance is 7.99 x 10%, and the average value
is 7.69 x 107°. Compared with the Preisach model, the maximum error of the probability
model was reduced by 61.1%, variance was reduced by 87.5%, and the average value was
reduced by 99.4%. For sensor 2, the maximum error of the Preisach model is 0.0204, the
error variance is 5.24 x 107, and the average value is —0.0088. The maximum error of the
modified probability model is 0.0066, the variance is 3.45 x 1075, and the average value is



Appl. Sci. 2022,12, 4985

17 of 19

0.0019. Compared with the Preisach model, the maximum error of the probability model
was reduced by 67.6%, variance was reduced by 93.4%, and the average value was reduced
by 78.4%.

We can see that the errors are greatly reduced, especially the variances. This shows
the effectiveness of the probability model.

6. Conclusions

Dynamic hysteresis is the primary research area affecting the accuracy of TMR sensors.
However, there are varieties of related research, but it is still a research focus.

Based on the quasi-static probability model, this paper further regards the variation
of the same input amplitude with different frequencies as the time distribution of the
hysteresis operator. Then, the calculation method of the time distribution is deduced by
adding some limiting conditions. Finally, the dynamic hysteresis model is constructed by
using the static model and time distribution modeling. However, deviation propogation
causes a shift in the results. Therefore, a cured method using the characteristic of equal
periodic extremum output was proposed. Two sensors are used to verify the model at
1 kHz, 3 kHz, and 5 KHz, respectively. The results show that the maximum error can
be reduced by 46.7%, the variance can be reduced by 77.8%, and the average value can
be reduced by 65.1%. This shows that the model can effectively reduce errors caused by
hysteresis and proves its effectiveness. The performance improvement of this model may
be due to the following reasons. First, this model adopts a high-frequency triangular wave
signal, while the Preisach model adopts a measuring step relaxation time constant. Second,
the model can calculate more detailed time distributions, which helps reduce errors. In
addition, this model mainly regards the sensor as a set of hysteresis operators and then
calculates the probability and time distribution of hysteresis operators, which has little to
do with the specific sensor type; therefore, it should have better generalization abilities.
Interpolation is mainly used in the solution process after the model is established. The
algorithm is relatively simple, and the calculation speed is swift. This model is relatively
simple, easy to implement, and is irreversible. Still, suppose that the appropriate hysteresis
operator is selected. In that case, it may also be used to model the inverse problem directly
in order to solve the reversible problem, which will be the next attempt.

The innovations of this paper are as follows: (1) The dynamic hysteresis characteristics
of TMR are studied and applied to dynamic measurements; (2) the time distribution char-
acteristic is introduced into the static probabilistic hysteresis model, and the probabilistic
model is applied to the dynamic hysteresis model; (3) compared with the Preisach model,
the maximum error of this method can be reduced by 46.7%, the variance can be reduced
by 77.8%, and the average value can be reduced by 65.1%.
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