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Abstract- The paper presents an electrical model developed for Pspice simulation of the behavior of the magnetic
amorphous wires (MAW) working under the Giant Magnetoimpedance (GMI) effect. The model was developed in
order to facilitate the design of the signal conditioning circuitry belonging to the new category of transducers whose
sensitive element is based on the GMI effect. The model is a complex one, owing to the fact that the effect is
influenced by many internal or external factors whose actions has to be taken into consideration. In the paper, an
example on how the model can be applied to simulate a Colpitts oscillator is given next to its presentation and
analysis.

I. Introduction

In the last decades, the magnetic materials have been developed in various forms and structures, so that they arrived
to be employed in many applications and measurement devices. In particular, magnetic nanomaterials and those
exhibiting amorphous structures have been proved to hold certain proprieties having as consequence interesting and
useful effects that make them suitable to be employed in construction of sensitive devices. Such materials are
magnetic amorphous wires with nearly zero magnetostrictivity, whose particular structure gives rise to the GMI
effect [1,2]. This effect consists in sudden modification of the wire impedance whilst it is subject to a dc axial
magnetic field polarization and also to a high frequency ac current flowing through it [2]. The effect can be
explained in terms of circular magnetization variations of the wire with some factors like external magnetic fields,
axial and torsional stresses and ac current frequency and intensity. For relatively low frequency (usually up to 100
kHz), the impedance modification is caused by variation of the wire inductance caused by changes of the circular
permeability into the wire shell. Above 100 kHz, the skin effect occurs into the outer shell, it affecting both the
resistive and inductive parts of the impedance. Overall, the GMI effect can be summarized in the following relation

[3]:

(1)

where R, is the wire resistance in dc current, J, and J; are Bessel functions, » is the wire radius and ¢ is the skin
depth, which is given by the formula:
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The circular permeability, x4, depends on the axial dc magnetic field, H, the ac current intensity and frequency, i,
and f, the wire torsion, &, and the axial tensile stress, o , while p is the wire resistivity. Explicitly, the complex
impedance components can be assessed using the following equation:
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Based on the above effect, a large palette of sensors can be imagined. Several approaches have been already
reported. Thus the MAWSs can be used as sensitive elements to detect mechanical quantities such as: displacement,
angle, force, strain, torsion, vibration or other quantities like electrical current and magnetic field [4-16].

In order to process the information carried in impedance variation with the measured quantity, several signal
conditioning circuits have been reported. In [7,11,17] for example, the sensitive element is included into a Colpitts
oscillator, whose oscillation amplitude and frequency depend on Z variation and finally on the input quantity. The
circuit described in [18] is based on a voltage controlled oscillator driven by the unbalanced voltage of a bridge
containing the sensitive element. Its output supplies the bridge with an ac voltage whose frequency is dependent on
the unbalance and hence on the Z variation. The performances obtained using these circuits have been assessed
directly by measuring quantities resulting from the experimental model. In such cases, a lot of influence factors have
been neglected since they could not been taken into consideration for practical reasons.



In the paper, we developed a Pspice model for emulating the wire electrical characteristics which helped us to
design and simulate the sensors conditioning circuits in a more realistic manner, thus permitting to consider much
more influence factors than in a real experiment.
The model implementation implies fulfilling the following steps:

- tracing the experimental characteristics

- finding the mathematical model by non-linear approximation of experimental curves

- obtaining the control signals materialized by voltages proportional to influence factors

- implementing the model in Pspice by using appropriate components

- assessing the model performances.

II. Experimental characteristics to be modeled

In our approach, we built the Pspice model for a nearly zero magnetostrictive amorphous wire with composition
(Feg.06C00.94)72.55112.5B 15, intended to be employed for building a magnetic field sensor. The wire has the diameter of
0.122 mm and a length of 100 mm, being provided by the producer, the National Institute of Research &
Development for Technical Physics Iasi, Romania (www.phys-iasi.ro). However, the modeling procedure can be
applied for any other magnetic material regardless its composition or structure. For the sake of simplicity, we took
into consideration only two influence factors upon the wire behaviour concerning the GMI effect: the axial magnetic
field intensity, H, and the frequency of the ac current flowing through the wire, f. The model is based on a set of
experimental data acquired using the setup presented in figure 1. The MAW is axially mounted into a coil fed by a
constant dc current, which creates inside the magnetic field H, considered constant and uniform along the wire. The
wire impedance components, L and R (considering the series model), are measured by using a precise LCR Meter,
Agilent 4285A. All the parasitic influences because of the connectors and leads have been compensated. The
measurements were performed at the constant current i,, = 10 mA. It has been proved that the influence of i, current
upon the impedance variations is insignificant for values up to 25 mA [17].
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Figure 1. Experimental setup for determining the wire characteristics

In figures 2 and 3, the surfaces to be modeled acquired with the above experimental setup, R(H,f) and L(H,f) are
presented; in figures 4 and 5, several sections in these surfaces representing the variations L(H) and L(f) are traced
for H ranging between 0 and 30 Oe (0 and 2400 A/m) and f comprised between 100 kHz and 10 MHz. These
characteristics, along with the ones representing the R(H) and R(f) variations are the subjects of our Pspice modeling
algorithm. Similarly, the method can be extended for modeling other influence factors like axial tensile stress,
torsion or temperature.

I11. Mathematical model
As can be observed from the above pictures, the dependencies are very nonlinear, meaning that the model might be

a complex one. As stated earlier, we have to model two surfaces, L(H,f) and R(H,f). We found that the best fit for the
two sets of characteristics is the power function. Hence, the two surfaces can be written as:
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By fitting the two curves, one obtains the coefficients @;; and b,; for modeling the inductance L, respectively a;z and
b for resistance R. The goodness of fit is evaluated by calculating the parameters SSE (sum of square errors) and



RZ. It was found that the worst fit was SSE = 2.3E-4 and R? = 0.99854 for H = 3.31 Oe.
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Figure 4. L(H) for different values of f Figure 5. L(f) for H variable

The model is controlled by two quantities, H and f, implemented in the model as voltages. In the simulation process,
H is an external parameter denoting the intensity of the field to be measured, which is modeled by an independent
voltage source, V. As stated above, the model will be useful for simulating circuits that mostly have as output an
oscillation. So, the common simulation for evaluating the circuit performances will be in time domain (transient
analysis in Pspice). In this case, f is seen as an internal control variable that will be materialized by a voltage
proportional to the frequency of the current i,,.

Supposing that the current is sinusoidal, its first derivative is proportional to frequency f:
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The amplitudes of u(z) and u () are converted into two dc signals, U, and U, using peak detectors with diodes.

Ur =Umax Up =27fUmax (6)
Finally, the value of fis obtained by calculating the ratio:
U
2= f (7
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IV. Pspice implementation

In figure 6, the frequency detector is represented, while in figure 7 is given the full model of the wire. For simulating
equation (5) of the detector, we used the function d/dt from the ABM library of Pspice. Equation (7) is implemented
with the EVALUE source E9. The voltage of 600 mV (over the sources E9 and E7) was added to U; and U, in order
to compensate the average voltage drops on diodes.
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Figure 7. Full model of the wire

Referring to figure 7, the pairs of coefficients (H;, a;), (H;, biL), (H;, ajr) and (H;, bir) are modeled with ETABLE
sources El, E2, E4 and E5, whilst EVALUE type sources E3 and E4 implement equations (3) and (4) . The
inductance and resistance of the wire are modeled with voltage controlled impedances ZX, where L1 and R7 are
reference devices having unitary values, being driven through signals applied between the pins 1 and 2.

V. Results and discussion
In order to assess the model goodness, we simulated its behaviour in a scheme similar to that used in the

experimental setup. We traced the same sets of characteristics, by supplying the wire with a sinusoidal current of
different frequencies comprised between 100 kHz and 10 MHz. In figure 8, the dependence of Z impedance with



frequency, drawn in real conditions and by simulation for H = 3 Oe is presented. The differences between the two
curves are caused by imperfections of the mathematical model, by accuracy of the frequency detector, and by errors
due to linear interpolation between points of the ETABLE source. The maximum error in this case was 1.45 %.
Another way to test the model efficiency was by including it in a Colpitts oscillator, which is the classical scheme
used for conditioning the signal delivered by an application employing amorphous wires as sensitive elements (a
magnetic field sensors for example) [17]. The same 100 mm long wire was mounted in an oscillator built according
to figure 9. We measured its real free oscillating frequency, f.., and we compared it with the frequency f;;,,
obtained by simulating the operation of the same circuit. Several points have been chosen so that to cover mostly a
highly nonlinear region. The results are presented in Table 1.
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Figure 8. Comparison between real and simulated results Figure 9. The Colpitts oscillator scheme
Table 1
H [O¢] frew [MHz] | fom [MHz] & [ %]
1.15 5.19 5.30 2.12
1.88 3.75 3.67 1.94
243 3.11 3.06 1.47
3.21 2.77 2.72 1.84
3.94 2.57 2.54 1.16
4.57 2.48 2.46 0.92
5.18 2.41 2.44 1.40
5.92 2.37 242 2.02

VI. Conclusions

Analyzing the errors calculated in table 1, we can conclude that the model is good enough for qualitative
simulations, providing good accuracy even in nonlinear regions of the characteristic, where the mathematical
approximation was quite imprecise. Theoretically, the model can be extended to any number of input quantities, but
its complexity and computation time increase exponentially. A drawback could be the fact that, due to rather
important dispersion of wire characteristics, the model has to be updated when changing the sensor. By extension,
the model presented in the paper might be successfully employed to simulate circuits devoted to process signals
delivered by sensors with sensitive elements based on any other nonlinear magnetic material.
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