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Abstract The output performance of residence times difference (RTD) fluxgate may vary under different
driving conditions (driving currents and frequencies) and core materials. To optimize the RTD fluxgate and
simplify its design process, an analytical model is employed to select the parameters and identify the effective
factors that dominate the performance. The dynamic permeability parameters (P;), which reflect the changes in
the magnetization curve, are mathematically analyzed in detail. The linear variation functions of P; in different
driving conditions are fitted by using the dynamic arctangent hysteresis model. Consequently, the selection of
driving conditions and core materials, which are assessed by comparing the experiment and simulation results,

has an important role in achieving the optimal output performance of the RTD fluxgate.
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1 Introduction

The output performance of a fluxgate is related to magnetic hysteresis because an RTD fluxgate sensor
works in the two-way over-saturation state of the magnetic flux density [1-3]. The hysteresis features may
demonstrate various behaviors under different driving conditions and core materials [4-7]. As a result,
the fluxgate output can only be optimized if suitable ranges of driving conditions and core materials are
obtained before designing the fluxgate sensor [8-12].

Diverse approaches have been proposed to optimize the output performance of magnetic sensors [13-18].
One conventional approach analyzes the fluxgate output via the number of experiments, while another
approach utilizes a straightforward output expression of the fluxgate according to an ideal mathematical
assumption [19-25]. Based on the ideal hysteresis loop for the RTD fluxgate output signal in the time
domain, Ando et al. [13] defined the output expression as follows:

AT:Q(H_l(_HC_Hx)_H_l(Hc_Hl‘))_Ta (1)
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where AT, T, H,, H., and H denote the time difference, excitation field period, target magnetic field,
coercive field, and driving magnetic field, respectively [18-23]. Given that the above expression is based
on the assumption that the transition of magnetization processes between two stable states is instanta-
neous, Eq. (1) does not include the permeability of magnetic core materials, which are relevant to the
characteristics of the RTD fluxgate [16-17,26]. In other words, the accuracy of the measured magnetic
flux density cannot be determined using Eq. (1). Therefore, an accurate model of the RTD fluxgate
output response must be developed on the basis of a nonlinear hysteresis model to choose the appropriate
driving conditions and core materials for achieving an optimal RTD fluxgate output [17].

Following the working principle of a fluxgate, output response models are tested by using different
mathematical approximations for a magnetization curve. For example, Héctor et al. proposed a simple
electrical model based on trigonometric approximation for fluxgate harmonic response by comparing
different BH curve shapes and driving current waveforms [8]. From this model it was obtained that the
maximum nonlinearity deviation of the second harmonic signal magnitude is 0.132%, which is related to
the applied external magnetic field. A better method to fit the BH curve was achieved by Zhang et al.
who considered the absolute stabilization problem of a class of singular systems with feedback-connected
ferromagnetic hysteresis nonlinearities [3]. He established a new boundary condition for the solution of a
ferromagnetic hysteresis model by employing the Lyapunov stability approach.

However, there is no any physical parameter of permeability p included in the two aforementioned
models, which leads to an inappropriate selection of the magnetic core for the RTD fluxgate. In addition,
in literature [9], Geiler et al. provided a quantitative magnetic hysteresis output model based on the
shape of a magnetization curve to analyze the sensitivity and harmonic decomposition of a fluxgate mag-
netometer. Although the permeability g in this model is taken as a time-variation value, the maximum
error of fitting the hysteresis loop remains as large as 6%. In addition, Ando et al. developed a behavioral
model based on a bistable potential energy function to predict the behavior of materials with a sharp
hysteresis loop [12,17]. Although the accuracy of the output signal in time domain improved, the RTD
fluxgate output response cannot be calculated directly because the parameters involved in this model
have no physical meaning.

The aforementioned models do not have the required permeability p, which is necessary for the RTD
fluxgate to detect the target magnetic field via the time difference of the output spiking signal. This
manuscript presents: (a) a dynamic arctangent hysteresis model (DAHM) with an accurate permeability
i, which influences the main features of the hysteresis loop, is investigated for RTD fluxgate sensor; (b) an
analytical output performance optimization of RTD-fluxgate sensor using DAHM to accurately capture
the characteristics of the core materials in working with the random noise, efficiently provide a method to
predict dynamic permeability u parameter when driving field conditions are unknown, and fully consider
the effects of driving conditions on the output response; (¢) a maximum residual (no more than 5%) of
output time difference of RTD fluxgate between the simulation result and the actual measured result,
which indicates that the approach of output performance optimization is more suitable for designing an
RTD fluxgate sensor.

This manuscript is organized as follows. Section 2 presents the relationship between the dynamic
permeability, output response, and extraction procedure of dynamic permeability parameters (P;), which
are analyzed in mathematical forms. Besides, the effects of different driving conditions and core materials
on the RTD fluxgate output response are investigated in Section 3 to increase the output stability and
sensitivity of the RTD fluxgate as well as improve the output performance of its sensor. The linear
variation regulation of P; in the DAHM is examined by simulating different driving conditions to predict
the other parameters when driving field conditions are unknown. The final section provides the output
optimization based on the dynamic permeability p by changing the hysteresis features of the magnetic
core model and the driving conditions in PSpice, which provides guidance for designing an RTD fluxgate
sensor. Meanwhile, the output optimization approach has been validated by comparing the experiment
and simulation results.
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Figure 1 (Color online) Scheme of the time difference generated by the spiking output signals when an external magnetic
field exists.

2 Analysis of the effects of dynamic permeability on the RTD fluxgate sensor
response

2.1 Working principle of the RTD fluxgate sensor

When the RTD fluxgate is working, the core of the sensor is magnetized by a periodically alternating
current in two-way over-saturation. When the excitation field H is higher than the coercive field H., the
RTD fluxgate magnetic core can generate a spiking output signal. Given that the measured magnetic
field is modulated by the RTD fluxgate in the axial direction following the transformer effect, the existing
time difference can be used to quantify the target magnetic field (including a weak magnetic field) [17-23].
Figure 1 presents the working principle of the RTD fluxgate.

In Figure 1, the chain line denotes an external target magnetic field along the axial direction of the
RTD fluxgate. The sinusoidal signal is the driving field, whereas the dashed line denotes the coercive
field. If a target magnetic field exists, then the time difference is not zero (i.e., AT=T" — T~ # 0,
otherwise, AT =T+ — T~ =0) [17-23].

2.2 Effects of dynamic permeability on RTD-fluxgate sensor response

As illustrated in [17], the quality of the output signal is closely related to variations of the dynamic
permeability of the magnetic core. Figure 2 illustrates the relationship between the magnetization process
and the output response of the RTD fluxgate according to the working principle of the RTD fluxgate
sensor.

In Figure 2, the square wave denotes the magnetization process of the magnetic core, while the triangle
wave represents the output signal of the RTD fluxgate. The output voltage conversion occurs in the
middle state of two-way over-saturation where the value of permeability changes rapidly [17]. Generally,
the output signal is not smooth because of noise as shown in Figure 3.

Figure 3 shows how noise affects the output signal of the RTD fluxgate. The pulse denotes the output
response. The trigger position of the output signal is varied because of the noise. Several approaches are
introduced to increase the slope of the output response and reduce the time difference [18,20,27].

To reduce the effects of noise on the output signal, an effective approach is utilized to select a suitable
magnetic core with a large permeability in a specific driving condition [12,17]. The power consumption
of the RTD fluxgate is proportional to the driving frequency and current, whereas its sensitivity shows
the opposite behavior. To optimize the tradeoff among the power consumption, sensitivity and stability
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Figure 2 (Color online) Relationship between the magnetization process and output response of the RTD fluxgate.
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Figure 3 (Color online) Output response of the RTD fluxgate.

of the RTD-fluxgate, the proper driving conditions must be selected to improve the quality of the output
signal [9,17-18,20-26].

According to RTD fluxgate detection theory, the large deviation in the output time difference can
be caused by a micro variation of dynamic permeability [12,17-18,27]. An output optimization that
accurately reflects the variation of dynamic permeability is necessary because the features of magnetic
materials are changed under different driving conditions. The solutions to the above questions will be
discussed in the following sections.

3 Output optimization of the RTD-fluxgate sensor based on dynamic per-
meability parameters P;

3.1 Output response of the RTD fluxgate based on dynamic permeability parameters P;

The mathematical expression for magnetic flux density in the time domain as presented in the Jiles—
Atherton model is difficult to solve and cannot be directly used for the numerical analysis of the RTD
fluxgate output. An analytical nonlinear output response model based on DAHM [17] is used instead to
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calculate the RTD fluxgate output response.

According to Faraday’s law, the output signal in the time domain is derived from the magnetic flux
density. The output voltage of the secondary coil is expressed as follows [17]:

LB 2Bue AH S [P 1) () 2
de A (R [P (H o H)i Y

where B is the core flux density. Given that B denotes the integral of the output signal, its value can be
obtained by measuring the induced voltage. Bsas denotes the saturation flux density, while H. denotes
the coercive field that affects the sensitivity of the RTD fluxgate. These two variables can be provided by
the producer. H is the driving field with a known quantity, while P; denotes the dynamic permeability
parameters. B contains the cross section and turn areas of the magnetic core. The response of the RTD
fluxgate is typically obtained by measuring the time difference of the output signal, and thus the time
difference AT can be calculated via numerical calculation to detect a target magnetic field. A close
relation is therefore established between dynamic permeability parameters P; and output response. Such
a relation is used to optimize the output of the RTD fluxgate.

3.2 Extraction procedure of dynamic permeability parameters P;

The actual dynamic permeability u of a hysteresis loop [17] is described as follows:
= tan(nB/2Bg,y)/(H £ H,), (3)

where p reflects the trend of permeability.
The dynamic permeability x4 in DAHM is expressed as follows:

n

u(H) = 3" P (H + H)2, (4)

i=1

where P; denotes the fitting parameters that follow the trend of dynamic permeability p, while n denotes
a fitting accuracy number. Eq. (3) is a mathematical approximation for the dynamic magnetization
curve.

To minimize the fitting deviation of Eq. (4), a least squares algorithm is implemented for the extraction
of parameters P;. This algorithm is shown as follows:

§(PL, Py, Py) = [Mj—zpi'(HjiHc)i_Q ; (5)

where 0 is the residual error, m is the sampling number, 1; is the dynamic permeability that is quantized
from Eq. (3), and Hj is the quantized driving field. To calculate the parameters P;, the partial differential
Eq. (5) of P; must be obtained as follows:

85(Py,Ps,..., Py i— ] _
DLl — 9. 3 Ny — Y0 P (Hy & He)' 2| - (H; £ He) ™' =0,
O8(P.PaveniP) _ o | 72”: [

0P, P - (Hj + HC)F2 ’ (Hj + HC)O =0,

85(P1,Pa,..., Py % i n—
DB Pwsl) — 9 30 Ny — >0 Py (Hj & He)' 72| - (Hj & He)" =2 = 0.
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Eq. (6) is optimized as follows to find the minimum value of residual error:

S5 S P (Hy k)™ = Y uy(Hy + H)™
j=1i=1 j=1

mon . m

Zl > P (Hy £ He) % = 3 p(Hj £ He)°,
Jj=1l1i=

= = ™)

- (H, £ Ho)in—t = ZMJ(H + Ho)"™

HMz

Parameters P; can be extracted from Eq. (7) by solving one-order polynomial functions in Matlab.

3.3 Analysis of the relation between dynamic permeability parameters P; and driving
conditions

To obtain the corresponding relation between parameters P; and driving conditions, Eq. (7) is converted

as follows:
[ . - 14n—4 | [ 1-2 ]
S5 (H, + BV S5 (Hy 4 H) V2 o 30 (Hy & Ho)bne S iy (Hj £ Ho)'-
];1 ];1 ];1 Pl ];1
H; + H, H; £ H. . H; £ H, 24n—4 P wi(H; + H.)*>?2
2 J J
j=1 j=1 j=1 — j=1 (8)

m
> i (Hj £ He)"?
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As shown in Eq. (8), the coercive field H, is fixed when the magnetic core material of the RTD fluxgate
is selected. If a solenoid is much longer than its radius and the primary coil of the RTD fluxgate is a
single-layer solenoid, then the driving field can be expressed as

H = N - I,, sin(27ft), 9)

where NN is the number of turns per unit length of the solenoid, I, is the maximum driving current, and
f is the driving frequency. As a result, the parameters P; are related to the driving conditions (current
and frequency). Therefore, if the parameters P; in different driving conditions are known, then the
magnetization curve can be fitted and the output response of the RTD fluxgate sensor can be obtained.

Given that the models of magnetic materials in PSpice allow for the parameters to be controlled
accurately and that the core structure of the transformer is similar to the closed RTD fluxgate, the
nonlinear magnetic core model in PSpice is utilized as an example for the analysis. The magnetic fields
are replaced by a bias DC current that generates an equivalent external magnetic field in the axial
direction of the RTD fluxgate according to the detection principle. The simulation circuit of the RTD
fluxgate is shown in Figure 4.

As shown in Figure 4, the coupling between the primary and secondary coils is 0.99, while their
turns are both 100. The current I and frequency f in driving field H(I, f) are altered by changing the
parameters of AC source V.

Suitable driving conditions must be selected to design an RTD fluxgate sensor with an excellent perfor-
mance. As previously discussed, the output response is related to the behaviors of dynamic permeability,
while driving field affects the variation in permeability [27]. The parameters P; in Eq. (4) determine the
value of p. If the corresponding parameters P; in different driving field conditions are known, then the
magnetization curve can be fitted by P; when the magnetic core material is chosen. In this section, the
fitting parameters P; are determined via simulation in PSpice. The excited output response is generated
based on the Jiles—Atherton model to examine the variation regulations of parameters P;.
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Figure 4 Simulation circuit and core structures. (a) Simulation circuit of the RTD-fluxgate in PSpice and (b) core
structures of the transformer and closed RTD fluxgate.

Table 1 Parameters of the magnetic core model in PSpice
He (A/m) 2) Hy (A/m) ) Bs (T) ) B, (T) Dy, (Gs/Oe) ) pm (Gs/Oe)
Value 0.15 32 0.55 0.5 10° 106

a)H,, P B, 9B, d)ui, and e)um denote the saturated induction density, saturated magnetic field, residual saturated
magnetic inductance strength, initial permeability, and maximum permeability, respectively.

Table 2 Parameters P; in different driving currents at a 10 Hz frequency

I(mA) Ps Py Ps P Py
35 0.01441 0.05070 —0.05142 0.6906 0.01444
40 0.007746 0.02703 —0.04591 0.6304 0.01994
45 0.004276 0.01479 —0.03860 0.5871 0.02520
50 0.002378 0.008289 —0.03201 0.5533 0.02983

Table 3 Parameters P; in different driving frequencies at a 40 mA current

F(Hz) Ps Py P Py Py
5 0.003279 —0.01054 —0.003793 0.6716 —0.7889
10 0.002900 —0.008055 0.01051 0.6471 —0.8901
15 0.002644 —0.006333 0.02293 0.6208 —0.9840
20 0.002454 —0.004620 0.03831 0.5659 —1.038

One magnetic core model corresponds to one magnetic core material when other conditions remain
the same. As such, the magnetic core model in Model Editor is implemented for the simulation. Table 1
presents an overview of the model parameters.

To observe the output signal of the secondary coil easily, the two following driving conditions are
set: (1) 35-50 mA with a 5 mA interval and (2) 5-20 Hz with a 5 Hz interval. The simulation results
of the output signal are analyzed and calculated based on DAHM. In different fitting processes of the
magnetization curve using the same magnetic core, the parameters P; are changed with different driving
fields H. The values of corresponding parameters P; are obtained by using Eq. (4).

Given that the change of p fits the characteristics of Lorentz function, P; in Eq. (4) is used to describe
the sharp change of permeability, P> is used to describe the bias value of permeability when an external
field exists, P53 is used to describe the dynamic change of permeability, and the high-order terms are
mainly used to approximate the details of permeability. The value of n can be selected on the basis of the
precision requirement. When n = 5, the relative deviations of the two magnetization curves (simulation
and measurement) are less than £3% [17]. When n is increased further, the deviation is not obvious.
Therefore, we set n to 5 in this paper. Tables 2 and 3 show the values of P; in different driving conditions.

As seen from these tables, the parameters Py, P>, and P3 are the linear functions of current and
frequency.

When the driving frequency is constant, the linear function is expressed as follows:

Pi:al—i—bl-l, 221,2,3 (10)
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Figure 5 (Color online) Values of parameters P; and their corresponding fitting curves under different operating condi-
tions. (a) and (b) represent the variations in parameters P; regular when the frequency is constant and the current varies.
(c) and (d) represent the variations in parameters P; when the current is constant and the frequency varies.

When the driving current is constant, the linear function is expressed as follows:
P,-:ag—i—bz'f, i=1,2,3. (11)

In Egs. (10) and (11), a1, b1, a2 and by are the fitting parameters.

The logarithms of P4 and Ps follow the linear regulation. The fitting curves of Py and P; are shown
in Figure 5. The solid and dashed lines in Figure 5 represent the curve of the calculated values and the
fitting curve respectively.

When the driving frequency is constant, the linear function is expressed as follows:

IH(PZ) =asg+bs-I, i=4,>5. (12)
When the driving current is constant, the linear function is expressed as follows:
I(P) =as+bs-f, i=45. (13)

In Egs. (12) and (13), as, b3, a4 and by are the fitting parameters. The deviations of parameters P,
between the fitting and actual curves in the simulation are shown in Figure 6.

Figure 6 shows that the relative deviations of parameters P; in different driving conditions are less than
+5%. Given that permeability is affected by driving field, the fitting curve provides a feasible method
for efficiently predicting the parameters P; in an arbitrary driving field. If the features of the magnetic
core are known, the characteristics of the RTD fluxgate output response can also be obtained.

3.4 Relation between RTD fluxgate output response and driving conditions

As discussed in the previous section, the dynamic permeability parameters P; are functions of driving
field H. Therefore, the output signal in time domain can be expressed as follows when i= 1, 2, 3:
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where a; and b; are linear fitting parameters. When I = 4,5, ..., the output signal in time domain can
be expressed as follows:

i=1,2,3, (14)

2BsadH 3701 [exp(a; + bi0)(i — 1)(H + He)'?]
mdi 1 {0 [explag + bi)(H £ Ho)i=']}*

2BgacdH Y0 [exp(ai +bif)(i — 1)(H £ He)' ]
mdt 14+ {0 [exp(ai + by f)(H + He)i =1}

i=4,5.... (15)

In Egs. (14) and (15), the output signal are connected with the current and frequency. The dynamic
permeability parameters P; in Eq. (2) are replaced by linear functions. The appropriate driving conditions
must be selected to achieve a favorable RTD fluxgate output response. In Egs. (14) and (15), the dynamic
permeability parameters P; are used to dynamically correct the core permeability when the RTD fluxgate
is working. The form describes permeability according to the core properties. Based on the output signal
and permeability analysis results, a series of simulations and experiments is conducted to achieve output
optimization by selecting the driving conditions that are presented in the following section.

4 Output optimization of the RTD fluxgate sensor

4.1 Analysis of the output response based on dynamic permeability in the simulation

The simulation object of the three magnetic core materials is created in Model Editor. The current and
turns are set based on the analysis of driving conditions and external magnetic fields. The output time
difference of the RTD fluxgate sensor under various situations is obtained by using the output equations.
This simulation is performed under different sinusoidal driving fields (current from 20 mA to 80 mA with
a 10 mA interval, and frequency from 90 Hz to 300 Hz with a 35 Hz interval) and external magnetic fields
(10 A/m). Figure 7(a) shows the time difference of the RTD fluxgate as a function of driving current
and frequency.

Figure 7(a) shows that a higher similarity between the driving and coercive fields will increase the
sensitivity of the RTD fluxgate [13]. Therefore, the choice of Hy,/H. can increase the sensitivity and



Wang Y Z, et al. Sci China Inf Sci  November 2016 Vol. 59 112213:10

Raw output SNR

60 - ) " ’//// /X""’A
50 <30 265
O e 195

20 90 125 S&’L

30 2“()»;6"/{25

Figure 7 (Color online) Output of the RTD fluxgate in different driving conditions. (a) Output response using the
magnetic core model in different driving conditions; (b) output SNR of the RTD fluxgate using the magnetic core model in
different driving conditions.

Table 4 Properties of magnetic materials

2714A annealed 2714A cast 2705A cast
Hc(A/m) 0.16 1.6 1.12
pm (Gs/Oe) 106 108 106

lower the power consumption. Figure 7(a) also shows the time difference of the RTD fluxgate under
different driving frequencies. Based on the theoretical analysis of the RTD fluxgate output response
as presented in Sections 2 and 3, a proper selection of driving current and frequency can improve the
performance of the RTD fluxgate sensor. The current must be reduced and the frequency must be
increased to improve stability and achieve a larger output time difference. The driving field has a low
limit value because the excitation field must ensure that the RTD fluxgate is working in the two-way
over-saturation state of the magnetic flux density. In other words, H must be greater than H. + H,.
Although the reductions in driving current and frequency can benefit the output time difference, these do
not positively affect the performance of the sensor because a favorable RTD fluxgate output response not
only requires a larger output time difference, but also a high signal-noise ratio (SNR). Figure 7(b) shows
the output SNR of the RTD fluxgate in different driving conditions. The output SNR of the RTD fluxgate
is proportional to the driving currents and frequencies, but is inversely proportional to the sensitivity as
shown in Figure 7(a). Therefore, the proper driving conditions must be selected following an accurate
simulation model analysis to optimize the tradeoff between the sensitivity and SNR of the RTD-fluxgate.

4.2 Output response of the RTD fluxgate sensor in the experiment

To verify the simulation results, the output response of the RTD fluxgate sensor is analyzed under the
same driving condition and core structure applied in the simulation. The 2714A core is selected because
its properties are similar to those of the magnetic core in the simulation. The 2714A and 2705A cast cores
are also implemented in the experiment to investigate the output response. The experiment is performed
in a magnetic shielding room. Table 4 shows that these three cores primarily differ in terms of their
permeability and coercive field. Figure 8 shows the experimental figure.

Two current sources of KEITHLEY 6221 are utilized in experiment to excite the Helmholtz coil for
generating a DC target magnetic field and drive the primary coil of the RTD fluxgate. The output
responses are acquired by using NI PXI-4495 and FPGA. The output time difference and SNR of the
RTD fluxgate sensor under different situations and core materials are shown in Figures 9(a) and (b)
respectively.

Different performances of the RTD fluxgate output response can be obtained by utilizing magnetic
cores with different properties under the same driving conditions. Figure 9 shows that a low current
and frequency can produce a high sensitivity, whereas a high current and frequency can generate a high



Wang Y Z, et al. Sci China Inf Sci  November 2016 Vol. 59 112213:11

Solenoid

Driving magnetic field
(KEITHLEY 6221)

RTD-fluxgate

Magnetic shield

Figure 8 (Color online) Experimental test-bed for testing the magnetic core of the RTD fluxgate sensor adopted in a
magnetic shielding room.
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Figure 9 (Color online) Output time difference (a) and SNR (b) of the RTD fluxgate in different driving conditions and
core materials.

SNR. The RTD fluxgate sensor that uses the 2714A annealed core material demonstrates a favorable
output response and SNR because the 2714A annealed core material has a sharp hysteresis loop and low
coercive field. An RTD fluxgate that is designed based on the above properties can produce a spiking
output signal and possess a high sensitivity. The driving currents have a greater influence on SNR than
driving frequency when a large permeability is observed. To select the proper driving conditions for an
RTD fluxgate sensor, different design indicators demand different situations. For example, when the RTD
fluxgate properties of AT and SNR are selected when AT > 0.5 ms and SNR > 200, the optimization of
the RTD fluxgate sensor is shown in Figure 10.

Figure 10 shows that under the experiment conditions, the RTD fluxgate sensor demonstrates a favor-
able output performance in a driving current of 50-80 mA and a driving frequency of 90-160 Hz. These
results provide guidance for quickly designing an RTD fluxgate sensor and selecting the appropriate driv-
ing conditions and core materials. Three magnetic cores have their own optimization scope of driving
conditions. If the database is large enough, the optimization area can be more detailed. Based on the
actual requirements, the proper driving conditions of the core can be chosen.

Figure 11 shows the relative deviations of the RTD fluxgate output responses between the measured
results (using 2714 A annealed core material) and the simulation results (using the approximate simulation
model) in the aforementioned situations.

The output responses of the RTD fluxgate are similar to the measured results in different driving
conditions. The relative deviations are all less than 5%, which indicates that the simulation method is
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Figure 10 (Color online) Optimization of RTD fluxgate output performance when the sensor properties have different
requirements (AT > 0.5 ms and SNR > 200) for various driving conditions and core materials. (a) Relation of AT} (b)
relation of SNR.
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Figure 11 (Color online) Relative deviations of the RTD fluxgate output responses between the measured and simulation
results.

suitable for designing the RTD fluxgate sensor. The deviations are mainly caused by the maximum error
of permeability when selecting the parameters P; and the result approximations when using the output
model. In addition, the output optimization based on dynamic permeability can accurately capture the
characteristics of the magnetic core, conveniently extract the parameters, and provide an approach for
selecting the appropriate driving conditions and core materials of the RTD fluxgate sensor.

5 Conclusion

The effects of the dynamic permeability on the output response of the RTD fluxgate were analyzed
based on the DAHM. The procedure for extracting the permeability parameters P; in the DAHM is
mathematically analyzed, while the linear variation regulations of parameters P; were proposed with an
error of less than +5%, which is convenient for selecting the appropriate driving conditions of the RTD
fluxgate. The output optimization approach was implemented in a simulation and in an experiment using
different driving conditions and core materials. The relative time difference AT between the simulation
and measured results is less than 5%. All in all, the output optimization method can help capture the

nonlinearity of the BH curve accurately and select the proper driving conditions and core materials when
designing an RTD fluxgate sensor.
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