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Chapter 3  

MAGNETIC HYSTERESIS MODELING FOR 

SPICE SIMULATIONS 

3.1. Introduction 

Magnetic hysteresis is probably one of the most fascinating and 

complex physical phenomena. While (dynamically) quasi-linear magnet-

ic materials are the basis of many practical applications (linear induc-

tors, power transformer etc.), there exist several examples wherein the 

exploitation of non-linear magnetic materials is central to obtaining 

good signal detection performance. An example of such a case is the 

fluxgate magnetometer that is based on the periodic saturation of a soft-

ferromagnetic core [3.1].  

 

Simulations are even more crucial, today, because numerical simu-

lations, finalized to system-level validation and optimization, have be-

come an everyday task. As the number of applications of magnetic ma-

terials in the field of power electronic and transducers grows, the need 

for accurate but simple hysteresis models is becoming very strong.   

In the past years, many mathematical hysteresis models have been 

developed, but unfortunately, few of them can be implemented in SPICE 

or SPICE-like simulators [3.2]. Among the implementable models, the 

Jiles-Atherton (JA) model [3.3] is probably the best known and the most 

used, mainly because it is natively supported by most of the modern 

SPICE packages [3.4]. Many magnetic materials vendors (mainly in the 

power-electronics field) include the JA parameters in their product 



50 

 

datasheets [3.5, 3.6]. However, when dealing with some classes of mate-

rials, even if the four JA model parameters (or five, depending on the 

implementation [3.4]) are physically meaningful, they cannot be easily 

determined from measured data;  complex numerical optimization pro-

cedures are always necessary. This could be a quite difficult task, in 

particular for the JA model  [3.7]. For this reason the literature offers a 

large number of papers on the parameter characterization of the JA 

model, using different soft-computing methodologies or combination 

thereof [3.8]. Further, much work has been done on the extension and 

improvement of the original JA model [3.9-3.17]; while most of these at-

tempts are of great value from the physical and methodological point of 

view, they cannot be easily implemented in SPICE-like simulators be-

cause they add parameters and/or differential equations to an already 

quite complex model. Finally, the JA model suffers to accurately de-

scribe some specific hysteresis loop shapes, also when an optimized set 

of parameters has been found; as an example, it fails to adequately de-

scribe the abrupt magnetization curve, typical of soft magnets and of 

most amorphous ferromagnetic materials. The lack of generality is a 

common problem in the field of hysteresis models; only strictly geomet-

rical  ones, like PWL (Piece-Wise Linear) approximations, suffer less 

from this drawback (but, again, at the cost of a very large number of pa-

rameters to be identified that limits their implementation [3.18]). 

Amorphous magnetic materials are used as magnetic cores for the reali-

zation of fluxgate magnetometers, due to their low coercivity and very 

sharp hysteresis loop [3.19-3.21]. In this paper, the case of magnetic 

cores, with abrupt hysteresis loop, to be used in Fluxgate magnetome-

ters are taken into account. A new model is proposed which overcomes 

the above mentioned limitations.  

The main advantages of the proposed model over traditional ap-

proaches can be summarized in the following key-points:  

1. Easily implementable in any SPICE-like simulator that supports 

Analog Behavioral Modeling 

2. The model is for amorphous materials with abrupt hysteresis 

loops 
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3. A small set of parameters (three) has to be identified thus simpli-

fying the modeling procedure 

4. If needed, the frequency and the amplitude related behavior of 

model parameters can be easily obtained. 

3.2. The Proposed Core Model 

The proposed hysteresis model is a parameterization of the M-H loop al-

ready discussed in [3.1]. It consists of a nonlinear first-order differential 

equation with three parameters (Fig. 3.1): 

 
Figure 3.1 - Block diagram schematization of the proposed M-H core model 

 

where M is the core magnetization, Mn is the normalized core magneti-

zation, • is the system time constant, H is the applied magnetic field in-

tensity, [a,b,c] are three model parameters and d an additional scaling 

parameter. This model belongs to the “empirical data-fit” class of mag-

netic hysteresis models [3.2], since it is not strictly physically meaning-

ful. In the following • will be assumed equal to 1s for the sake of con-

venience, without compromising the validity of the proposed approach.  

 

The state of the art in the field of  fluxgate magnetometer modeling via 

numerical simulations includes: FEM analysis finalized to the device 

optimization [3.19, 3.20], SPICE simulations exploiting the JA model 

[3.21], and numerical hysteresis models starting from standard SPICE 

components [3.22]. However, the accuracy of these approaches is poor 

when compared to the experimental results especially when, for simplic-

ity, the hysteretic core has been replaced with a nonlinear, anhysteretic 

inductor [3.19, 3.20, 3.23]. 
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Here, starting from the M-H model just discussed, a complete behavior-

al model of a RTD fluxgate magnetometer has been developed. It con-

sists of four processing blocks that are briefly described in the following. 

The main goal of the presented activity is to develop a model which uses 

the same input/output quantities of the real device: two inputs, the exci-

tation current and the target magnetic field to be measured, and one 

output, the pick-up voltage at the secondary coil. The latter will allow 

for the efficient behavioral representation of the real device (fig. 3.3).  

 
Figure 3.3 - Block diagram schematization of the complete RTD Fluxgate model 

3.2.1. The “Ip�H”  block  

The “Ip�H”  block takes into account the geometry of the primary coil of 

the magnetometer, implementing the well-known relationship between 

the current flowing through a solenoid and the resulting axial magnetic 

field intensity: 

 

� �
��

���
�����

��      (1) 

Using the above equation we are assuming that the excitation field that 

the magnetic core experiences is equal to the value at the center of the 

primary coil and this value is constant along the axis. However, given 

the geometry of the prototype under test, the actual error can be ne-

glected.  
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3.2.2. The “Adaptive” Block 

In order to make the proposed model adaptive to the operating condition 

(amplitude and frequency of the driving current) an “Adaptive Block” 

has been implemented. Starting from the processing of the excitation 

current, it feeds the H�M block with the correct set of parameters, by 

analytical interpolation of the parameter values, extracted from meas-

ured data. 

3.2.3. The “H�M” block 

The “H�M” block implements the hysteresis model already discussed in 

section 2. An additional term, Hx, has been introduced, in order to simu-

late the effects of an applied magnetic field intensity, that is typically 

DC or slowly varying (much slower than the excitation frequency): 

 

�
��
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= �� − �����ℎ��	� + 
 +
���  (2) 

 

This allows the numerical estimation of the sensitivity and the full-scale 

operating range of the magnetometer, given the operating condition. 

More importantly, in this way it’s possible to observe the behavior of the 

readout electronics with respect to an applied magnetic field; the opti-

mization of this behavior is one of the aspects of the global performance 

optimization. 

3.2.4. The “M� Vs” block 

The last step in the modeling process is the conversion of the magneti-

zation curve into the output voltage at the secondary coil. This has been 

implemented by the “M�Vs” block, which uses the following expression: 
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It should be borne in mind that equations (1) and (3) are based on geo-

metrical parameters which are known a-priori with a reasonable degree 

of accuracy and will be not considered during the optimization proce-

dure. 
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3.3. The Parameters Extraction Procedure 

An important aspect to be underlined is that, in the case of Fluxgate 

magnetometers, the only two quantities that can be directly measured 

are the driving current at the primary coil, Ip, and the output voltage at 

the secondary coil, Vs. The excitation magnetic field, H, and the core 

magnetization, M, must be derived numerically through the fundamen-

tal physical expressions including geometrical parameters (eq. (1) and 

(3)). For the sake of simplicity, the two derived quantities are called 

Hmeas and Mmeas in the rest of the paper, keeping in mind that have 

been indirectly estimated. 

 
Fig. 3.4 – Flow chart of the parameters extraction procedure 
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3.3.1. Parameters identification procedure 

The parameter extraction procedure can be summarized using the 

schematization in fig. 3.4.: the periodic driving current, flowing through 

the primary coil of the magnetometer, is sampled and translated into 

the corresponding excitation magnetic field (Hmeas). The parametric 

non-linear differential equation is then properly integrated and the cor-

responding magnetization curve is, therefore, available (Msim). This 

quantity is compared to the measured magnetization, Mmeas, (derived 

from the sampled output voltage Vs) and the root mean square error is 

thus calculated. A suitable optimization algorithm (unconstrained 

Nelder-Mead simplex process) then calculates the new set of parameters 

for the next iteration from the elaboration of the error dynamic. This 

procedure ends when the stop criteria (typically on the error value 

and/or iteration number) is reached. The d parameter, being a scaling 

parameter, is not actually given by the optimization algorithm, rather 

its value is calculated, at the end of each iteration, as the ratio between 

the measured and simulated magnetization saturation; the optimization 

problem is, therefore, only 3-dimensional. It has been observed that the 

optimization algorithm does not require any constraint (for example to 

prevent negative values or to force similar values for similar operating 

conditions) and the sensitivity to the initial conditions is extremely low. 

The latter confirms that complex and time consuming optimization 

techniques are not needed, in contrast to the JA model. 

 

3.3.2. Development of adaptive models for system parameters 

After the optimal set of parameters has been estimated for each operat-

ing condition, in the range of interest, models to describe the parame-

ters dependence on the amplitude and the frequency of the driving sig-

nal have been studied. In particular, a 2nd order bivariate polynomial 

function has been used for each parameter: 

 

���,�� = �� + ���
� + ���� + ���

�	, � = [�, �, 	,
] (4) 
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The ki parameters have been identified through a Least-Squares algo-

rithm for bivariate polynomial, that is a one-step procedure, easy to be 

implemented. Fig. 3.5 shows the interpolation results for the ‘a’ parame-

ter. The situation for the other three parameters is very similar and, 

thus, not shown for brevity. The average error within the considered 

range ([250…750] Hz – [2…12] mApk) is [1.1%, 1.8%, 3.4%, 1.8%] for [a, 

b, c, d] for a second order interpolation.  

 

 
Fig. 3.5 – Interpolation of the ‘a’ parameter through a 2nd order, bivariate pol-

ynomial function. The average error on the considered domain is 1.1%. The 

other three parameters behaves similarly and are thus not shown. 

 

 

Adaptive models (4) are of primary importance for the sake of making 

model (2) adaptive to the operating conditions. 
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3.3.3. The Graphical User Interface 

A Matlab GUI has been developed in order to further simplify the whole 

processing procedure. It presents a modular architecture, schematized 

in fig. 3.6. A snapshot of the graphical interface is shown in fig. 3.7. 

 

 
Figure 3.6 – The modular architecture of the developed Matlab GUI 

 

 

 
Figure 3.7 – Snapshot of the Matlab GUI 

 



58 

 

Main features of the developed interface are: 

• Smart pre-processing and visualization of the raw data acquired 

from the magnetometer 

• Fully automated parameter extraction procedure 

• JA model (with level 2 anhysteretic curve) implementation for 

comparison purpose 

• Adaptive models (by a user-defined order) for the four model pa-

rameters 

• Generation of Analog Behavioral Modeling (ABM) sources 

strings, compatible with most of the available SPICE simulators 

 

Thanks to the last feature the software can be regarded as a convenient 

tool generating the SPICE model, starting from the measured data. 
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3.4. Model validation in the M-H domain 

Simulation results referring to the operating condition of 3mApk 

@ 325Hz, typical for this kind of magnetometer, are reported in Fig. 3.8. 

(the JA model, implemented in most SPICE simulators with a level 2 

anhysteretic curve [3.4], has been chosen as a benchmark for compari-

son purposes). As it can be observed, good performance of the proposed 

model emerges. The estimated RMS errors on the magnetization are 

51.6 A/m and 0.04 A/m for the JA and the model (2) respectively. The 

lack of accuracy of the JA models is also evident in the output voltage 

waveforms (fig. 3.9). 

 

 
Figure 3.8 – M-H loops for the operating condition of 3mApk @ 325Hz. The first 

magnetization curve, indicated in the figure by arrows, is missing in the meas-

ured loop for the sake of convenience. 
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Figure 3.9 – Output voltage at the secondary coil. The lack of accuracy of the 

JA model produces a poor peak definition. 

 

 
Figure 3.10 – The RMS error on the magnetization estimated by the proposed 

model on the considered domain. The average value is 0.04 A/m. 
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The estimated average RMS errors on the magnetization are 0.026 A/m 

and 47 A/m for the model (2) and the JA model respectively. A detailed 

plot, showing the error distribution on the whole range of interest, is 

given in figure 3.10 

 

3.5. Implementation 

Multisim (National Instruments) has been chosen, among the available 

SPICE simulators, because of its strong support for behavioral simula-

tion. Moreover, a tight bi-directional interaction with LabVIEW, thanks 

to the so-called LabVIEW instruments, increases the capabilities of the 

software[3.9]. Resembling the schematizations shown in fig. 3.3, the 

RTD Fluxgate model can be easily implemented as an hierarchical 

block, by the proper use of ABM (Analog Behavioral Modeling) sources 

and control block functions: (fig. 3.11): 

 
 

Fig. 3.11 - The three sub-circuits inside the dotted boxes (labeled 1,2 and 3) im-

plement respectively the Ip�H, M�Vs and H�M blocks. Equations (1), (2) 

and (3) are implemented in the definition of the three ABM sources, V4, V5 and 

V7. 
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In order to demonstrate the feasibility of the proposed approach, the 

magnetometer has been simulated together with its excitation, condi-

tioning and readout circuit (fig. 3.12): 

 

 
Fig. 3.12 – Snapshot of the Multisim Schematic implementing a typical operat-

ing circuit. The four interpolating function (eq. (4)) are implemented in the cor-

responding ABM sources at top-left. The “HB1” block encloses the model im-

plementation, as shown in fig. 3.11 

 

The magnetometer model appears as a hierarchical block and, thus, be-

haves like a normal SPICE schematic component. The four ABM 

sources on the top-left implement the four interpolating functions for 

each parameter (see eq. (4)); strings for these sources are supplied di-

rectly by the GUI through a “cut and paste” action. The actual operating 

condition, in this simple example,  is fixed off-line by setting the value of 

the two DC power sources V(f) and V(mApk). The whole circuit can be 

summarized as follows: the first stage is a voltage-to-current converter 

that produces the driving current that is forced through the primary 

coil; the output voltage of the magnetometer is amplified and level-

shifted in order to adapt the levels to a TTL Schmidt Trigger, which 

produces a square waveform whose duty cycle is related to the RTD 

(Residence Times Difference) and therefore to the value of the target 

magnetic field (that can be set, in the example shown, by changing the 

value of the related DC power sources).  
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In fig. 13 we present a snapshot of the Multisim output window, show-

ing the simulated output voltage and the attendant Schmidt Trigger 

output. The applied magnetic field starts from zero and then reach line-

arly the value of 70µT at 20ms. The resulting asymmetry of the time 

position of the spikes in the output voltage and the corresponding 

change in the duty cycle of the trigger output show that the model re-

acts to a simulated target field, as expected. Fig. 14 shows simulated M-

H loops at different frequencies ([250, 350, 450, 550, 650] Hz); the inner 

loops corresponds to lower frequencies.   

 

 
Fig. 3.13 – Multisim simulation results for the operating condition of 4.5mApk 

@ 350 Hz with a linear ramp applied target field (0µT at 0ms, 70 µT at 20 ms). 

The black waveform is the output voltage of the magnetometer, after the ampli-

fication and level-shift stages. The square waveform is the output of the 

Schmidt trigger whose duty cycle increases as the target field grows. 
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Fig. 3.14 – SPICE simulated M-H loops for 3 mApk @ [25, 350, 450, 550, 650] 

Hz. 
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3.6. CCFM SPICE simulation 

Starting from the model for the single core magnetometer, discussed in 

the previous sections, it is possible to simulate the CCFM together with 

its excitation, conditioning and readout circuit (Fig. 3.15): 

 

 
Fig. 3.15 – Snapshot of the NI Multisim schematic window implementing the 

CCFM model. 

 

The whole circuit can be summarized as follows: the first stage 

(DriveStage) is a voltage-to-current converter that produces the driving 

current that is forced through the primary coil; the output voltage of the 

magnetometer is amplified,  integrated and suitably filtered in order to 

produce a voltage proportional to the core magnetization 

(ReadoutStage);  this signal represent the input of the next element in 

the ring.  

In fig. 16 we report a snapshot of the Multisim output window, 

showing the simulated output voltage for the three elements. The sys-

tem exhibits the characteristic oscillating behavior that can be exploited 

to quantify an external magnetic field, as previously discussed. In fig. 
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3.17 the simulated calibration curve (RTD variation versus the applied 

target magnetic field) is shown at different coupling strength. 

 

 
 

Fig. 3.16 – Snapshot of the NI Multisim output window. The three waveform 

correspond to the output signals of the three elements that build up the CCFM. 

 

 
Fig. 3.17 – Simulated calibration curves for different values of the coupling 

constant, •. The higher the coupling strength, the lower the sensitivity, •, as 

expected.  
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3.7. Conclusions 

A new SPICE model of magnetic hysteresis has been presented which is 

particularly convenient in the case of abrupt hysteresis loops. The M-H 

loop model has been exploited to implement a complete RTD Fluxgate 

behavioral model, targeted for SPICE simulations, as a case of study. 

This overcomes the limitations of the already available approaches (e.g. 

the Jiles-Atherton model implemented in different SPICE packages, 

used for the sake of comparison). The simplicity and the accuracy of the 

proposed solution makes the developed methodology suitable for system 

level numerical simulations, finalized to the system design and optimi-

zation. 
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