
Zezwala się na korzystanie z artykułu na warunkach 
licencji Creative Commons Uznanie autorstwa 3.0

1. Wprowadzenie

High-resolution magnetic field measurements play a significant 
role in many different technological and scientific research areas 
such as nondestructive testing [1, 5], dangerous objects detec-
tion [12] and demining [6], archeological [18] and geological 
studies [19] as well as space research [21]. In spite of radical 
advancements in the development of magnetoresistive [8] and 
magnetoimpedance sensors [4], fluxgate sensors [14] are the 
most crucial sensor type for room temperature, high resolution, 
and nearly constant magnetic field measurements.

Commonly used fluxgate sensors appear in three main con-
figurations: Foerster configuration [3], Vacquier configuration 
[15] and ring-shaped core configurations [13]. Highly sensi-
tive fluxgate sensors in Foerster and Vacquier configurations, 
highly sensitive fluxgate sensors utilize rod-shaped cores made 
of high permeability soft magnetic materials like permalloy [7] 
or supermalloy [20]. However, due to the open magnetic circuit 
of the rod-shaped core, it is observed that magnetic permeabi-
lity is significantly reduced by demagnetization factor N [10].

Autor korespondujący: 
Roman Szewczyk, roman.szewczyk@piap.lukasiewicz.gov.pl

Artykuł recenzowany 
nadesłany 30.05.2022 r., przyjęty do druku 20.06.2022 r.

Sensitivity Limits and Functional Characteristics of 
Fluxgate Sensors with Rod-Shaped Magnetic Cores
Dominika Kopala, Anna Ostaszewska-Liżewska 
Warsaw University of Technology, Institute of Metrology and Biomedical Engineering, sw. A. Boboli 8; PL-02-525 Warsaw, Poland

Roman Szewczyk 
Łukasiewicz Research Network – Industrial Research Institute for Automation and Measurements PIAP, Al. Jerozolimskie 202, PL-02-486, Warsaw, Poland

Abstract: Highly sensitive fluxgate magnetic field sensors with rod-shaped cores are widely 
used for non-destructive testing as well as for industrial applications. However, in case of 
both Foerster and Vacquier (two-core sensors configurations), fluxgate sensors sensitivity is 
directly connected with the relative magnetic permeability of the sensor’s core. It should be 
highlighted that the magnetic permeability of rod-shaped magnetic cores is driven mainly by 
the demagnetization factor determined by its slenderness (aspect ratio). The paper presents 
the analyses of sensitivity limits of fluxgate sensors with rod-shaped cores. On the base of 
estimations of demagnetization factor specific for fluxgate sensors, it is shown that in case of 
rod-shaped cores, the sensor’s sensitivity is connected with the shape of the core rather than 
its relative magnetic permeability. This conclusion is essential during the development and 
optimization of functional characteristics of fluxgate sensors. 
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Despite the fact that those general calculations of demagne-
tization factor N for rod-shaped cores were widely presented in 
the literature [17, 8], the demagnetization factor is considered 
as the averaged result for the whole rod-shaped core’s length. 
On the other hand, in the case of fluxgate sensor in Foerster 
or Vacquier configuration, only a part of its core influences the 
sensor’s sensitivity. As a result, assessing the effect of dema-
gnetization on the fluxgate sensor’s functional characteristic 
should be carried out on specific data considering the particu-
lar sensor’s construction.

Present paper is filling the gap in the state of art by pre-
senting the finite element method (FEM) based solution for 
estimation of the influence of the demagnetization process on 
the sensitivity of fluxgate sensor. Presented results indicate 
that understanding of the demagnetization factor plays a key 
role in efficient material selection and construction of fluxgate 
sensors in both Foerster and Vacquier configuration.

2.	 Principles of operation of the fluxgate 
sensor

Geometric model of fluxgate sensors in Vacquier and Foerster 
configurations are presented in figures 1a and 1b, respectively. 
In both configurations fluxgate sensor consists of two rod-sha-
ped cores (1), two cylindrical magnetizing windings (2), and 
one or two sensing windings (3), depending on the sensor’s 
configuration. It should be highlighted that in case of fluxgate 
sensors with rod-shaped cores, due to the configuration of elec-
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trical connection of the windings, magnetizing cylindrical coils 
generate magnetizing field in the opposite directions. 

In case of sinewave driving current with the amplitude IA, 
magnetizing fields H1 and H2 in the sensor’s core can be cal-
culated as:

	 ( )1 sin 2m m AH H k I ftπ= + 	 (1)

	 ( )2 sin 2m m AH H k I ftπ= − 	 (2)

where Hm is measured, the external magnetic field, f is the 
driving current frequency, t is time, and km is the cylindrical 
driving coil shape factor connecting the current driving with 
generated magnetizing field.

Magnetic flux density B in the core can be calculated as:

	 1 0 1rcB Hµ µ= 	 (3)

	 2 0 2rcB Hµ µ= 	 (4)

where m0 is the magnetic constant and mrc is the relative 
magnetic permeability of a rod-shaped core at the length cove-
red by the sensing winding (3) presented in figure 1. In recently 
developed fluxgate sensors, sensing winding covers typically 
1/3 of the rod-shaped core’s length. Moreover, due to the non-
-uniform magnetization of the rod-shaped core [9], the relative 
magnetic permeability mrc of the core should be averaged at 
length covered by sensing winding. It should be highlighted 
that relative magnetic permeability of the rod-shaped core 
mrc is limited by the relative magnetic permeability mr of the 
core’s material. It is significantly smaller and dependent on the 
length/diameter relation of the shape of the core.

Finally, the output voltage signal U at the sensing winding 
can be calculated as:

	

( )1 2
V

d B B
U k

dt
+

= 	 (5)

for Vacquier configuration and:
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	 (6)

for Foerster configuration. In equations (5) and (6) kV and kF 
are the factors describing the cross-section of rod-shaped cores 
and the number of turns of sensing coil windings in Vacquier 
and Foerster sensor configuration, respectively.

In both Vacquier and Foerster fluxgate sensor configurations, 
the core has to be deeply saturated during each magnetization 
cycle [14]. In such a case, the second harmonic of a driving 
signal should be considered as the output signal at the sensing 
coil [14]. It can be proved that for the linear approximation of 
B(H) core characteristic with core magnetic relative perme-
ability mrc and saturation at flux density Bs, the amplitude of 
the second harmonic at the sensing coil is proportional to the 
core’s relative permeability mrc. However, it should be high-
lighted that mrc is the relative magnetic permeability of the 
part of a rod-shaped core covered by the sensing coil, not the 
relative magnetic permeability mr connected to the properties 
of the core’s material.

3.	 Finite element method (FEM) based 
modeling

Previously presented methods of assessing the demagnetization 
factor N of rod-shaped cores consider the whole length of the 
core [9]. To consider only the magnetization of its central part 
at 1/3 of the core’s length, the finite element method (FEM) 
should be used.

In the presented research, the open-source FEM toolchain 
consisting of NETGEN [20], Elmer FEM [23], and ParaVIEW 
[24] was used. First, a tetrahedral mesh was generated on 
the base of Delaunay triangulation [16] with NETGEN. Next, 
the Whitney edge element method [2] was used to solve the 
magnetic system with Elmer FEM and determine the magne-
tization distribution in the rod-shaped core. Finally, results 
were visualized with ParaVIEW and quantitatively analyzed 
with OCTAVE [25], the open-source MATLAB [26] alternative.

Modeling was carried out for the set of values of relative 
material permeability mr. The linear model with saturation was 

Fig. 1. Geometric models of fluxgate sensors in: a) Vacquier, 
b) Foerster configurations. 1 – two rod-shaped cores, 2 – two 
cylindrical magnetizing windings, 3 – one or two sensing windings (3)
Rys. 1. Geometria modeli czujników fluxgate w konfiguracjach: a) 
Vacquier’a, b) Foerster’a. 1 – dwa rdzenie prętowe, 2 – dwa cylindryczne 
uzwojenia magnesujące, 3 – jedno lub dwa uzwojenia pomiarowe (3)

Fig. 2. The tetrahedral mesh of fluxgate sensor in Vacquier 
configuration. Mesh generated with open-source NETGEN software
Rys. 2. Tetrahedralna siatka czujnika fluxgate w konfiguracji Vacquier’a. 
Siatka wygenerowana za pomocą oprogramowania NETGEN o otwartym 
kodzie źródłowym

b)

a)
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implemented for the magnetizing curve. However, for measured 
magnetic field Hm it was considered that its value is significan-
tly lower than the saturation. The analysis of magnetization 
in the part of the sensor’s core covered by sensing winding 
was performed for different values of L/D parameter, where 
L is a constant core’s length equal to 100 mm, whereas D is 
the core’s diameter.

4. Results of modeling

The results of modeling relative magnetic permeability of the 
part of a core covered by sensing winding are presented in 
figure 3. It can be observed that the core’s magnetic permeabi-
lity is mostly determined by the L/D factor for high permeabi-
lity materials. Moreover, to achieve high magnetic permeability 
of the core, resulting in a high fluxgate sensor’s magnetic per-
meability, the L/D factor should exceed 60.

On the base of the proposed method of modeling, the sensi-
tivity S of relative core magnetic permeability to the changes 

of relative materials magnetic permeability was calculated. 
This sensitivity is defined as:

	

rc

r
S µ

µ
∆=
∆

	 (7)

and was calculated for 10% change of material’s relative 
magnetic permeability.

Presented results clearly indicate that the sensitivity S of 
core’s relative magnetic permeability significantly decreases 
for higher values of relative magnetic permeability of core’s 
materials. For relative magnetic permeability of core’s material 
mrc about 20 000 and L/D factor equal to 60, the reduction 
of material’s magnetic permeability results in about 70 times 
less reduction of core’s magnetic permeability. This phenome-
non should be taken into consideration during the develop-
ment, material selection as well as during the exploitation of 
fluxgate sensors.

5. Conclusions

Finite element method-based calculation presented in the 
paper enables the assessment of the influence of demagneti-
zation process on the sensitivity of fluxgate sensors with rod-
-shaped cores in both Vacquier and Foerster configurations. 
The proposed method considers that the sensing coil of the 
fluxgate sensor covers only the part of the rod. As a result, pre-
viously determined demagnetization factors for the rods can’t 
be easily adapted. It should be highlighted that the proposed 
method utilizes only open-source software, which significantly 
reduces the costs of the possible practical application of the 
proposed method.

The results of modeling clearly indicate that to reduce dema-
gnetization, the core’s length to diameter L/D factor should 
exceed 60. Moreover, for rod-shaped cores, the increase of core 
material relative magnetic permeability doesn’t significantly 
influence the functional properties of fluxgate sensors. Further-
more, the increase of core’s material magnetic permeability 
reduces the sensitivity of relative core magnetic permeability 
to the changes of relative material’s magnetic permeability. 
The results of modelling indicates that for relative magnetic 
permeability of core’s material mrc about 20 000 and L/D 
factor equal 60 (which is a typical value for practical applica-
tions of fluxgate sensors), the reduction of material’s magnetic 
permeability results in about 70 times less reduction of core’s 
magnetic permeability. Such a significant reduction of core’s 
sensitivity changes of material’s relative magnetic permeability 
is valuable from the point of view of development, material 
selection and the exploitation of fluxgate sensors.
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Streszczenie: Bardzo czułe sensory pola magnetycznego typu fluxgate z rdzeniami w kształcie 
prętów są szeroko stosowane w badaniach nieniszczących, jak również w zastosowaniach 
przemysłowych. Jednak zarówno w przypadku czujnika w konfiguracji Foerster’a, jak i Vacquier’a 
(obie konfiguracje dotyczą sensorów dwurdzeniowych) ich czułość jest bezpośrednio związana ze 
względną przenikalnością magnetyczną rdzeni. Należy podkreślić, że o przenikalności magnetycznej 
prętowych rdzeni magnetycznych decyduje przede wszystkim współczynnik rozmagnesowania 
określony przez jego smukłość (proporcje). W artykule przedstawiono analizę granic czułości 
sensorów typu fluxgate z rdzeniami prętowymi. Na podstawie oszacowań współczynnika 
rozmagnesowania charakterystycznego dla czujników typu fluxgate wykazano, że w przypadku 
rdzeni prętowych czułość sensora związana jest raczej z kształtem rdzenia niż z jego względną 
przenikalnością magnetyczną. Wniosek ten jest szczególnie ważny podczas opracowywania 
i optymalizacji charakterystyk funkcjonalnych czujników fluxgate. 

Słowa kluczowe: czujniki fluxgate, współczynnik demagnetyzacji, przenikalność magnetyczna

Granice czułości i charakterystyki funkcjonalne czujników fluxgate 
z rdzeniami magnetycznymi w kształcie prętów
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