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Featured Application: The proposed measuring workstation, based on a stray magnetic field mea-
surement method, can be generally used in applications where the magnetic hysteresis curves of
long open-ended ferromagnetic components need to be determined to describe their magnetic
behavior. The current design of the workstation allows measuring the magnetic characteristics of
samples with a length and diameter of up to 100 mm and 10 mm, respectively. Therefore, it has
already been used to reconstruct the magnetic hysteresis curves of ferromagnetic cores utilized
in spacecraft and magnetometric devices and to determine the magnetic properties of various
construction components of a complex sensor system to describe their response to an applied
magnetic field.

Abstract: In the design and development of measurement systems, such as magnetometric security
systems or sophisticated devices such as satellites, it is necessary to consider the magnetic properties
of all its parts and components, especially if it contains any magnetometric subsystem. The magnetic
parameters of the materials are generally well described by the manufacturers in relation to their
unprocessed raw state. However, their magnetic properties change as the subsequent machining or
heat treatment is performed. These behavioral reactions of the material may lead to changes in its
hysteresis during the magnetization cycles. This effect is necessary to consider, especially in the case
of metallic ribbons, the magnetic characteristics of which are usually estimated by measurements
performed on toroidal cores. Since the magnetic properties of a toroidal core differ from the magnetic
properties of the preferably used open-ended samples, the corresponding measurement method
needs to be used to determine its magnetic characteristics. Therefore, in the proposed article, the
authors present a stray magnetic field-based method and measuring workstation intended to measure
the magnetic hysteresis curves of the ferromagnetic open-ended samples used in the applications
concerning the magnetometric systems and stabilization subsystems of small satellites. The physical
background of the measurement method is described in detail, as well as the hardware and software
used. The magnetic hysteresis curves of a small satellite electromagnetic actuator were measured
as an example of an open-ended ferromagnetic component produced from amorphous ribbons, the
permeability of which differs in comparison to manufacturer-stated permeability of raw amorphous
material. The results are supplemented by measurements of the core characteristics of the used
magnetometer probe, as well as by the characteristics of the semi-produced materials used for the
production of both investigated cores. The primary advantage of the presented measurement method
lies in the ability of design validation prior to the production of the final component and its assembly.

Keywords: magnetic hysteresis curve; magnetic fields; measuring method; stray magnetic field;
electromagnetic actuator; CubeSat; security systems; sensors; core
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1. Introduction

Modularity, complexity, and miniaturization have been the watchwords of industrial
design in recent decades. Nowadays, we can see the direct technological impact of these
trends on the space industry, especially in connection with the technological approach of
nanosatellites and CubeSats implementations. According to [1,2], a total of 1960 CubeSats
have been launched as of 1 January 2023, of which 338 were in 2022, while 1135 are still
operational. The CubeSat standard, introduced in 1999, opened the path to nanosatellite
standardization, leading to the fast commercialization of this spacecraft segment. As a
consequence, the CubeSats, initially developed as a university project for educational
purposes, quickly transformed into a technology testing platform and finally became an
economically advantageous scientific apparatus.

Today, the CubeSats are widely used in various scientific and research missions, such
as Earth observation science [3–10], quantum communication from Earth to LEO [11],
asteroid impact prevention [12,13], optical observations [14], stellar astrophysics observa-
tions of stars and planets [15–17], and solar [18,19] or lunar [20,21] science. Concerning
the technological solutions of the CubeSats, most of the scientific papers focus on topics
related to Attitude Determination and Control Systems (ADCS), which typically contain
magnetometers [22] and electromagnetic actuators [23–26] used for position controlling
and stabilization.

The sensitive magnetometers and electromagnetic actuators working on the principle
of magnetic field interactions are the main study area of our team. We have participated
in the Slovak CubeSat program since the first Slovak satellite—skCUBE [27]. Although
the mission’s primary scientific goal was not reached due to the communication failure
between an onboard computer and a radio transmitter, the mission was successful from a
technological point of view, especially concerning the integrated electromagnetic actuators.
Consequently, the skCUBE was taken as a basis for the following pure scientific GRBAlpha
mission [28], designed to test a CubeSat-size gamma-ray detector [29]. In the case of both
missions, the skCUBE and the GRBAlpha, a special calibration method [30] was used to
calibrate their onboard magnetometers in an ordinary laboratory environment without the
use of a shielding chamber.

During the skCUBE mission, innovative electromagnetic actuators have been devel-
oped. The structure of these actuators consisted of a solenoidal winding with a ferromag-
netic core made of soft amorphous ribbons, the volume and shape of which were designed
to optimize overall actuator performance. The conceptual design phase was performed
by using only an analytical method. Ultimately, the produced actuators were tested by an
external fluxgate magnetometer to measure their current/magnetic field transfer curve.
Although we were able to measure the B-H characteristics of the core’s material sample, it
was unable to measure the state of magnetization of the whole core due to the limits of the
apparatus used and the measurement method.

Concerning changes in the core shape, usually associated with the machining process,
they can significantly affect its magnetic properties since a magnetic anisotropy alters as a
result of such structural intervention. The significant one is a shape anisotropy, manifesting
through a demagnetizing field, which occurs during the open-ended sample’s magnetiza-
tion and leads to modifications of its hysteresis curve. Consequently, the final product’s
magnetic parameters differ from the raw material parameters stated by manufacturers.
Since these steps are difficult to simulate using numerical methods, the possibility of mea-
suring the magnetic hysteresis curve of the core, or generally any magnetic component, is
beneficial for the designer to validate the design before producing the complex device; in
our case, the CubeSat actuator.

Nowadays, several methods and devices are used to measure the magnetic properties
of ferromagnetic materials in the form of magnetic hysteresis curves. Most of them are based
on the measurement using a toroidal-shaped specimen or Epstein frame device [31–34].
Occasionally, a single-yoke open configuration is used [35]. However, many experimental
methods are particularly designed to measure the magnetic characteristics of ferromagnetic
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materials with specific properties or with use in highly specialized applications [36–40].
Therefore, our original measuring workstation, using a flux gate VEMA magnetometer, was
redesigned in 2022 to determine the magnetization state of an open-ended actuator core for
the complete magnetization reversal cycle. The measurement process is fully automated by
implemented software algorithms, which output a complex hysteresis curve as a functional
dependence of a material magnetic polarization on an excitation magnetic field. The usage
of the measuring method, based on stray magnetic field measurement, is not limited only
to the space sector. The proposed method with the designed workstation can be used for
measuring the hysteresis curves of various ferromagnetic and paramagnetic components
of industrial and security sensor systems.

Regarding security sensor systems, the magnetic field represents an information
medium that is hard to manipulate without conspicuous notice. The fluctuations of the
magnetic field can be caused by various sources in the monitored area of interest. One of the
most common is the object’s movement in a geomagnetic field or an ambient magnetic field,
given as the superposition of surrounded devices. Since such variations of the magnetic
field can be relatively easy to measure with the proper devices, various experimental
measurements using the magnetic field as the medium to secure the given protective
perimeter were already performed; for example, possibilities of indoor technical security
by the magnetic field, measured with a magnetometer insensitive to industrial frequencies
(50 Hz) [41]. The magnetometer, in the function of security devices, can also be used in open
spaces to protect a given perimeter against ground vehicles or flying objects. Concerning
the flying objects, there is a proof of concept utilizing a small unmanned aerial vehicle
(UAV) with an attached magnetometer to secure the surrounding area against a potential
flying intruder—another small multirotor UAV [42]. Experimental measurements have also
been performed using the UAV with an integrated magnetometer for an indoor mapping
of the ambient magnetic field [43].

The purposeful ambient magnetic field measurements intended for the security appli-
cations (such as those mentioned above) are usually based on a relatively simple method
using a relax-type fluxgate magnetometer. One of the primary sensing elements of the
relax-type magnetometer probes is an open-ended ferromagnetic core, which is periodically
saturated by an excitation coil during a measurement process. The time between the satura-
tion state and the relaxed state of the core, conditioned by the measured ambient magnetic
field, represents a parameter used to calculate sensed magnetic flux density in a given
direction. Therefore, the ferromagnetic core with a suitable magnetic characteristic must
be considered to acquire the desired measurement parameters of the relax-type fluxgate
magnetometer. In accordance with this fact, the presented measuring workstation, based
on the stray magnetic field method, can also be used to measure the magnetic properties
of the ferromagnetic core utilized as the sensing element of the relax-type magnetometer
probe.

Consequently, in order to demonstrate the capabilities and potential spectrum of use
of the presented measuring workstation, the magnetic hysteresis curve of the open-ended
ferromagnetic core, used as the sensing element of the relax-type VEMA magnetometer
probes, is also discussed. In addition, the attached hysteresis curves are also supplemented
by measurements of magnetic characteristics of ferromagnetic ribbons-like magnetically
soft materials used as an initial semi-finished product for the actuator core and VEMA
probe core production. Furthermore, the physical principle of the measuring method,
workstation hardware, and measured magnetic hysteresis curves are discussed below in
the following sections.

2. Materials and Methods
2.1. Principle of the Measurement Method

The magnetic hysteresis curve of a ferromagnetic material can be determined by
several methods [38]; however, most of them are based on measuring the magnetiza-
tion of a toroidal-shaped sample [39–41]. According to the apparent reasons described
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in the introduction, the information corresponding to the magnetic characteristics of the
toroidal sample has no practical use for specific applications. Therefore, we introduce the
workstation designed to measure the magnetic hysteresis curves of non-toroidal shaped
components. The measuring workstation is based on an experimental method involving
real-time measurement of a stray magnetic field of an open-end sample, which is exposed
to a magnetization field during the measurement process. The time-variating magnetizing
field, referred to as excitation magnetic field Hex, is generated by a solenoid (coil) in the cen-
ter of which an investigated ferromagnetic sample is placed and longitudinally magnetized
in defined steps. A stray magnetic field Bstray is measured by a flux-gate magnetometer
using a relax-type sensing probe based on an amorphous ribbons core. During the mea-
surement process, a magnetometer probe is positioned so that the longitudinal axis of its
amorphous core is aligned parallel to the longitudinal axis of the measured ferromagnetic
sample at an appropriate perpendicular distance r from their center points where the effect
of a cross-field is negligible, see Figure 1. Such a spatial location of the sensing probe allows
the amorphous core to be magnetized homogeneously in its longitudinal direction, which
leads to the correct interpretation of the measured stray field Bstray at a given point. In
addition, aligning the center of the sensing probe to the same plane as the center of the
investigated core simplifies the calculation of its magnetic properties during the magneti-
zation process. A diagram showing the principle of the stray field measuring method is
depicted in Figure 1.
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At the stray field measurement point, the penetration of the excitation field Hex,
generated by the magnetizing coil, is compensated by a secondary winding with identical
parameters. This secondary winding, a compensating coil, is connected in series with the
magnetizing coil in an excitation circuit. Consequently, two external fields H, with an
equal magnitude but opposite directions, are generated simultaneously during the sample
magnetization process. Since both coils occupy a mutually symmetrical position concerning
the longitudinal axis of the measuring probe, at the point of the stray field measurement,
the excitation field Hex of the magnetizing coil is suppressed by the field −Hex generated
by the compensating coil. Accordingly, there is no interference of the Bstray and Hex fields
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during the measurement process, which would otherwise introduce an unwanted additive
component into the measured value.

2.2. Mathematical Apparatus for Magnetic Hysteresis Curve Reconstruction

This sub-chapter is devoted to the derivation of a mathematical equation, based
on which it is possible to quantify the magnetic polarization, in this case as a quantity
defining the magnetic state of the open-ended sample, from the measured value of the stray
magnetic field. The entire analytical process of derivation is purposefully processed into
individual extensive and systematically consecutive steps, which, with the use of theorems
of classical magnetostatics, lead to a final definition of a sought equation. The reason for
this complex approach is that current authors that deal with similar issues use only the
resulting mathematical relationships, which alone are insufficient for understanding the
physical essence of the measurement method and the meaning of the theorems used to
define the final mathematical relation.

The construction of a typical magnetic hysteresis curve, like dependence of a magne-
tization M or polarization J on the excitation field Hex, is given by linear proportionality
between measured stray magnetic field Bstray of the ferromagnetic open-ended sample and
its actual state of magnetization. This interdependence stems from the physical nature of
the magnetization process, during which the infinitesimal magnetic moments of the ferro-
magnetic sample gradually align in the preferred direction corresponding to the excitation
(applied) magnetic field Hex, leading to the formation of a dominant magnetic moment. As
a consequence of magnetization, surface and volume magnetic poles, collectively called
free or isolated magnetic poles, are created. Since, according to magnetostatic theory, free
magnetic poles of the magnetized material represent locally uncompensated dipole mag-
netic moments, their surface and volume distribution on and inside the open-end sample,
respectively, must naturally give rise to an internal and external magnetic field H which can
be in an arbitrary position inside or around the sample generally expressed as a divergence
of a magnetic scalar potential ϕm [44]:

H(r) = −∇ϕm (1)

This statement is valid only in situations where the magnetic field H is not produced
by the free currents. The field H is then conservative, whereas the magnetic field B act
solenoidal; therefore, Ampère’s law becomes:

∇×H = 0 (2)

And Gauss’s law for magnetism states:

∇·B = 0 (3)

Consequently, from the definition of the equation for divergence-free field B, it follows
that:

∇·B = µ0∇·(H + M) = 0

∇·H = −∇·M (4)

Considering Equations (1) and (4), the magnetic scalar potential must satisfy Poisson’s
equation:

−∇2 ϕm = −∆ϕm = ∇·M (5)

Discontinuities of the magnetic field H, described in terms of divergence of magne-
tization M, implicitly suggest the existence of the above-mentioned surface and volume
magnetic poles. These free magnetic poles, consisting of positive and negative “monopoles”,
thus act as sources of magnetization, the discontinuity of which can occur either at the
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sample boundaries or in the interior. Consequently, the magnetic scalar potential ϕm and,
thus, the magnetic field H can generally be calculated using the following equations [45]:

ϕm(r) =
1

4π

(y −∇ ·M
|r− r′| dV +

x M·n̂
|r− r′|ds

)
(6)

H(r) =
1

4π

(
y −∇·M(r− r′)

|r− r′|3
dV +

x M·n̂(r− r′)

|r− r′|3
dS

)
(7)

Here, |r− r′| is the magnitude of the displacement vector from the elementary mag-
netic charge at point r′ to point r, at which the magnetic field H is being computed.

Equations (6) and (7) show that the first and second terms describe the effect of the
volume and surface magnetic poles as a volume magnetic charge density, ρm, and a surface
magnetic charge density, σm, respectively. Accordingly,

ρm = −∇·M (8)

and
σm = M·n̂ (9)

where n̂ denotes an outward-directed unit vector normal to the surface of the magnetized
sample. Therefore, the infinitesimal increment of the magnetic field dH is given by the
contribution of the magnetic volume and surface pole densities. In the context of the
integral form, the magnitude and the directionality of the magnetic field H is at the point
of interest, given by the vector r, conditioned by the distribution σm, the total surface
concentration of which depends on the shape of the magnetized sample, and the spatial
distribution ρm, formed due to inhomogeneous magnetization, which in case of amorphous
alloys arise mainly by the inducted heterogeneous stresses. Consequently, based on the
divergent nature of magnetization and the conditions related to the formation of free
magnetic poles, it is obvious that the properties of the internal and external magnetic field
H generated by the magnetized sample are given by its shape and induced anisotropy.

The stated premises, supplemented by relations for the calculation of the magnetic
scalar potential ϕm and the magnetic field H—Equations (6) and (7), respectively, represent a
fundamental theorem enabling the definition of the mathematical model according to which
magnetization characteristics of the examined sample can be reconstructed. Although these
equations accurately describe the properties of the magnetic field around the magnetized
body, their applicability to the stray field measurement method is not generally universal
due to the diversity of the structure and shape of the individual investigated samples.
Based on this fact, a simplification based on the assumption of homogeneous magnetization
in the entire sample volume was introduced during the derivation of the mathematical
apparatus. In such a case, the first terms of Equation (6) disappear, and only the second
term, considering the effect of the surface charge, remains:

ϕm(r) =
1

4π

x σm

|r− r′|dS (10)

From this point, a multipole expansion is performed on Equation (10), leading to an
approximation of the original function into a form of a scalar dipole potential given by a
second term (first order) of a binomial identity. The first non-zero term of scalar potential is
therefore given as follows [46]:

ϕm(r) =
1

4π

m·r
|r|3

(11)

where m is a magnetic dipole moment. The above equation is valid for condition l/2r ≤ 1,
so the charge distribution tends to look like a point magnetic dipole from the position at
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which the magnetic field is investigated. Consequently, this magnetic scalar potential gives
an external magnetic field function in the following form [45,46]:

H(r) =
1

4π

(
3(m·r)r
|r|5

− m

|r|3

)
(12)

Since the external magnetic field H is symmetric under rotations about the magnetic
moment axis, it can be simpler expressed in spherical coordinates [46]:

H(r) =
|m|
4π

(
2 cos θĵ + sin θî

)
(13)

where the first term inside the parenthesis is a radial component of the external magnetic
field, Hr, so the second one corresponds to its tangential component, Ht. Accordingly, ĵ
and î must corresponds to radial and tangential unit vectors.

The above equations describe the external magnetic field excited by the point dipole.
Therefore, since the magnetic dipole moment generated by the uniformly magnetized
open-ended sample is considered, the mathematical modification in terms of monopolies
macroscopic separations must be performed on Equation (13) to yield a matching approxi-
mation. Moreover, if we consider the predetermined position of the sensing probe, with
respect to which the vector r is perpendicular to the longitudinal axis of the magnetized
sample (see Figure 2), the radial components of the magnetic field H must disappear, and
thus only the tangential component remains. Consequently, for the quantitative interpreta-
tion of a stray magnetic field Hstr (formerly denoted as the external field H) given by pair of
quasi-magnetic monopoles, each located at the end of the sample and mutually separated
by a distance l = 2|r′|, the following equation was derived based on the Formula (13):

H(r)str = Hr ĵ + Ht î =

= Hr ĵ +
m
4π

(
sin θ

2|r+|3
+

sin θ

2|r−|3

)
î = (14)

=
m
4π

(
1

2|r+|3
+

1

2|r−|3

)
î

Here the expression Hr ĵ is always zero due to the considered position of the probe.
Therefore, the first and second terms inside the parenthesis correspond only to tangential
components of the positive and negative magnetic monopoles, both distant from the
measurement point by the magnitude of vector r±, given by

r± = r∓ ln̂
2

(15)

A diagram showing a distribution of the individual stray magnetic field components
of the homogeneously magnetized open-ended sample is shown in Figure 2.

Since the terms |r+|3 and |r−|3 of Equation (14) can be according to (15) rewritten as

|r±| = (r±·r±)
3
2 =

=

((
r∓ ln̂

2

)
·
(

r∓ ln̂
2

)) 3
2
= (16)

=

(
r2 ∓ r·l + l2

4

) 3
2
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The final mathematical expression of the stray magnetic field magnitude takes the
following form (under the consideration that θ = π/2):

Hstr =
m
4π

1(
r2 + l2

4

) 3
2

(17)

Based on Equation (17), a relatively simple and straightforward functional relation
can be derived between the desired sample magnetic polarization J and its measured stray
magnetic field Hstr:

J =
4π
(

r2 + l2

4

) 3
2

V
·µ0Hstr (18)

where V denotes the volume of the magnetized sample. Note that in the case of inhomoge-
neous magnetization, the value of the J, expressed through relation (18), corresponds to the
mean sample polarization. Thus, the true value of the polarization J can only be expressed
under the assumption that the magnetization is constant throughout the entire volume of
the sample.

It is clear from the previous equation that the magnetization characteristics in the
form of polarization or magnetization dependencies on magnetic field strength could be
obtained if the values of an excitation magnetic field are known. These are continuously
calculated during the measurement using well-known coils configurations parameters
and excitation current values. The entire measurement process leading to the magnetic
hysteresis curve reconstruction is discussed in the next section.

2.3. Measurement Chain

The measuring workstation is designed as a modular system intended to measure the
magnetic properties of long open-ended samples. The output of the measurement, using
workstation algorithms, is given as the typical magnetic hysteresis curve, the reconstruction
process of which consists of four consecutive parts—magnetization of the investigated
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sample, measurement of the stray magnetic field, pre-processing and post-processing of
the measured value, and a real-time graphical representation of processed data. These
are implemented by individual functional modules forming a measurement chain of the
measuring workstation, which consists of the following hardware and software equipment:

• Relax-type fluxgate magnetometer VEMA 04 developed at the Department of Aviation
Technical Studies at the Faculty of Aeronautics of the Technical University of Košice.
The total range and sensitivity of the VEMA magnetometer are up to ±50,000 nT and
3.5 nT, respectively. The sample rate of a used model is about 500 Hz [47].

• Measuring stand with integrated magnetizing (excitation) and compensation coils,
between which a sensing probe holder is located. The total length and radius of the
coils are 290 mm and 50 mm, respectively. Both coils can generate a relatively identical
but opposite magnetic field with a magnitude of 3896.55 A/m per ampere at their
midpoint, from which the magnetic field drop is at a distance of 50 mm less than
2% (Note that the magnetized sample should be during the measurement process
constantly exposed to a homogenous magnetic field). A skeleton of the measuring
stand was made by an additive manufacturing process based on fused depositing
modeling technology.

• Evaluation board with high precision 20-bit AD5791 digital to analog converter enables
to generate bipolar supply up to ±15 V.

• Arduino Mega 2560 microcontroller unit (MCU) based on the ATmega2560 micropro-
cessor with an integrated program intended for control and configuration of the D/A
controller.

• A personal computer with application software [48] that defines and controls the
measuring process, statistically processes the measured data in order to reduce mea-
surement uncertainties, calculates the magnetization characteristics according to the
integrated mathematical apparatus, and provides its real-time visualization using a
graphical user interface.

• Constant-current power supply with input ranges up to ±3 V.

The start of the measuring process is initiated by the application software after the
measuring workstation is configured. During the measurement, data in the form of binary
digits, which corresponds to a desired current level, are continuously emitted by the
application software and transferred to an input of the microcontroller unit. Once the
microcontroller unit processes the acquired data, communication with the D/A converter
is initiated. As a result, the D/A converter can receive digital information about the desired
current value, which is subsequently converted into an analog voltage signal necessary
for further processing. From this point, the voltage signal needs to be transformed to the
corresponding current level since the excitation magnetic field is the function of the current,
not the voltage. Therefore, the current power supply is included in the measurement chain
to generate the direct current with a value equivalent to the magnitude of the voltage signal
from the D/A converter output. The generated current then supplies the compensation
and excitation coils. Within the excitation coil, the investigated ferromagnetic core is
placed. As the current runs through both coils, the excitation magnetic field is produced, in
consequence of which the stray magnetic field arises around the magnetized core. Since
the magnitude of the stray magnetic field represents the input parameter necessary for
the magnetic hysteresis curve reconstruction, its value is continuously sensed by the
magnetometer probe at a rate of about 500 samples per second. The measured value is first
processed by a magnetometer post-processing unit and then transmitted to the personal
computer as a scalar quantity of the magnetic field flux density. From the received data,
the magnetic polarization of the magnetized core is computed by the application software.
Moreover, in addition to the magnetic polarization, the excitation field value for a given
current level is also quantified using the coil configuration parameters. Subsequently,
based on the calculated values, the polarization contribution is graphically represented
in real-time as a dependence on the latest value of the excitation field. In conclusion, the
application software requests the microcontroller unit to change the excitation current
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value. This measurement chain cycle is systematically repeated until the magnetization
characteristic in the form of a hysteresis curve is reconstructed. The measurement chain of
the used measuring workstation is in the form of a block diagram depicted in Figure 3.
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The above-described process is algorithmized by the application software into three
successive phases, which control how the excitation current level changes. During the first
phase, the excitation current value increases monotonically from zero to the maximum
value, the magnitude of which is defined within the process of the workstation configu-
ration. Therefore, an initial magnetization curve is created at the end of the first phase.
The output of a second magnetization phase is a curve ranging from positive to negative
saturation. Accordingly, the third phase creates a magnetization curve that reverses to
positive saturation, giving the final form the hysteresis curve, interpreted as the sample
magnetic polarization dependence on the excitation magnetic field. The output of each
measurement phase as the reaction on the excitation signal is depicted in Figure 4.

A view of the measuring workstation in a laboratory environment can be seen in
Figure 5.
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3. Results and Discussion
3.1. Measurement of Magnetic Hysteresis Curve of Actuator Core

Since the magnetic properties of amorphous materials are by default specified by the
manufacturers in relation to their toroidal shapes, the presented measuring workstation
based on the stray magnetic field measuring method was used to experimentally determine
a response of an open-ended sample to an applied external magnetic field. The object of
measurement was a ferromagnetic core intended for use as an element of amplifying the
power of the electromagnetic actuator. The investigated core was made by folding annealed
Co-based VITROVAC 6025 amorphous metallic ribbons with a typical F-type hysteresis
curve. The final product contains 120 of these superimposed ferromagnetic ribbons in a
composition forming a prismatic shape with dimensions of 80 × 4 × 2.4 mm and a volume
of 768 mm3. In the context of the geometrical parameters of the core, it should be noted
that due to the coil’s physical dimensioning (see the previous chapter), the systematic error
caused by the inhomogeneity of the generated excitation field can be, in this case, negligible
during the measurement.

Before the measurement initialization, the investigated core was demagnetized by an
externally applied alternating magnetic field with a gradually decreasing amplitude to
remove residual magnetization. Moreover, to suppress an undesired inducted constant
offset caused by the geomagnetic field or magnetic fields of active devices included in the
measurement process, the measuring stand was aligned in the proper direction, in which
this parasitic effect can be with respect to the magnetometer probe neglected.

In order to optimize the measurement process, the measuring workstation was config-
ured by application software under the consideration of the ferromagnetic core properties
and specifications of the used magnetometer. Therefore, besides the calibration constants of
the measuring probe, the maximum excitation current value and the probe’s distance from
the magnetized core were defined as the necessary input parameters. With the intention to
achieve the saturation state of the magnetized core, considering its volume, the maximum
excitation current was set to a value of 104,857.6 bits, corresponding to 2 A. Concerning the
position of the measuring probe sensitivity point, it was separated from the center of the
core by an equatorial distance of 157.064 mm during the measurement, thus complying
with the conditions given by the used mathematical apparatus. At this point, the stray
magnetic field was measured with a defined step of 200 bits, which for a range of 0 to the
maximum set value of the excitation current (2 A), gives 524.3 measuring points (rounded
to 524 by the application software). For each set excitation current value, the 200 samples
of the stray magnetic field were measured and subsequently used for further statistical
processing, the essence of which was to numerically suppress measurement uncertainties
caused by induced noises of a local environment, like an ambient grid system with a stan-
dard industrial frequency. The measured hysteresis curve of the investigated ferromagnetic
core is depicted in Figure 6.

Part of Figure 6 is also the magnetization curve of the same core measured without
the use of the designed measuring workstation (red curve). In this case, the measurement
method was based on ferromagnetic core magnetization using an actuator excitation
winding. From the technical point of view, such a measurement hardware configuration
corresponds to a fully functioning electromagnetic actuator whose winding was during the
measurement supplied with a time-varying current to generate an excitation magnetic field,
while the compensation coil and the mathematical apparatus for the material’s real-time
state of magnetization determination were not included into the measuring chain. Due to
the method used, the magnitude of the magnetic field sensed by the magnetometer probe
was given as a superposition of the stray field of the inhomogeneously magnetized core
and the excitation magnetic field generated by the actuator winding. Therefore, the output
of the performed measurement corresponds to a functional dependency of a measured
stray magnetic flux density on the excitation current, see Figure 6.
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measured by two different methods.

Although in Figure 6 it is possible to see a small correlation between the shape of both
characteristics, due to the form of the measured data interpretation (dependence of the
superimposed magnetic flux density on the excitation current) conditioned by the used
measurement method, information about the magnetic properties of the core is, in the
case of the red magnetization curve, absent. Ultimately, based on the used measurement
method, it is not possible to objectively evaluate the response of the investigated material to
the external excitation field; only the magnitude of the generated magnetic dipole moment,
given as a sum of a winding dipole moment and a dipole moment of the magnetized
ferromagnetic core, can be quantified.

On the contrary, the magnetic hysteresis curve of the ferromagnetic core acquired by
the presented measuring workstation, using the method based on measuring the stray
magnetic field of the open-ended samples, describes the variation of the core magnetic
polarization as a function of the excitation magnetic field. Therefore, since a change in the
state of the core magnetization is for a complete magnetization reversal cycle described by
the reconstructed hysteresis curve, it is possible to determine its magnetic properties via
typical state describing magnetic quantities, such as remanent magnetic polarization, satu-
ration polarization, coercivity, effective permeability (if the value of the demagnetization
factor is known), etcetera, even at the time of its design phase.

It should be noted that when comparing the magnetic hysteresis curve between the
open sample and the toroidal core, only the saturation would acquire the same value among
these magnetization quantities. Therefore, for the verification, we present the obtained
value of saturation polarization, which, as can be seen from Figure 6, reaches a value
of about 0.6 T, corresponding to the saturation stated by the manufacturer for the same
amorphous alloy designed in the shape of the toroidal core [49].

3.2. Measurement of Magnetic Hysteresis Curve of Magnetometric Relax-Type Probe Core

In order to demonstrate a wide variety of the proposed measuring station utilization,
the magnetic hysteresis curve of another sample made of metallic alloy is presented. The
investigated sample corresponds to an open-ended core used as a sensing element of a
relax-type fluxgate magnetometer magnetometric probe. The purpose of measuring the
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magnetic hysteresis of the magnetometric probe core is generally based on the need to
determine its magnetic properties in order to objectively assess its potential use in the given
application before final production.

The magnetometric probe core was produced from the eight identical Co-based amor-
phous ribbons, VITROVAC 6025, assembled into a single prismatic core, with total dimen-
sions of 80 × 2 × 0.2 mm. Since the dimensions of the probe differ in comparison to the
previously discussed actuator core, so does its total volume, which equals 25.6 mm3. In the
case of the magnetometric probe core, a smaller volume represents a more desired solution
due to the higher sensitivity to the measured magnetic field. Conversely, a higher volume
is a preferable option regarding the actuator core since the high magnitude of generated
magnetic moment is required to acquire a fast response to sudden changes in position.

Before the initialization of the measurement, the same demagnetization procedures
designed to remove the residual magnetization of the measured sample were performed,
as well as the workstation configuration intended to optimize the measuring process. Due
to a smaller sample volume, the excitation current was set to a value of 52,428.8 bits, which
corresponds to 1 A. Since the length of the sample is equal to 80 mm, the distance between
the sensitive point of the probe and the center point of the core was again 157.064 mm during
the measurement to comply with a condition of the used measurement method—l/2r ≤ 1.
The measurement was performed with a defined step of 100 bits (524 measuring points).
At each given set value of excitation current, the 200 samples of the stray magnetic field
of the magnetized core were measured to compress inducted measurement uncertainties.
The measured magnetic hysteresis curve of the investigated magnetometric probe core is
shown in Figure 7.

As can be seen, the measured hysteresis corresponds to a magnetically soft material
with an amplitude of 0.6 T in the saturated state. The large linearity, low residual magneti-
zation, and magnetically soft nature giving a small coercivity (approximately 32.2 A/m) are
preferable options regarding the magnetometric relax type probe since fast relaxation to the
area of initial permeability is required for the magnetometric applications. In comparison
to the actuator core, the hysteresis curve of the probe core reaches a higher slope of a
linear part (see Figure 7), which equals the value of 0.00365 approximately (the slope of
the actuator core is for the same point equal to the value of 0.000127). This effect is caused
by the smaller ratio of the cross-sectional area of the core to its total length, which leads
to the manifestation of the smaller demagnetization fields that suppress the excitation
magnetization field during the magnetization process. In Figure 7, it is also possible to
observe the induced noise appearing, especially in core saturation. These sudden fluctua-
tions in magnetic polarization are caused by the magnetized core’s low generated magnetic
moment, which results in the formation of weak stray magnetic fields. The low magnitude
of the magnetic flux density of the stray magnetic fields of the core is then more significantly
influenced by the core’s noise and the noise of the surrounding environment.

Despite the inducted noises, the magnetic properties of the probe core, investigated
by the demonstrated measuring workstation, can be determined from the obtained mag-
netic characteristics. Therefore, based on the above-discussed properties, we can confirm
that the measured core is suitable for utilization as the sensing element of the flux-type
magnetometric probe used in various magnetometric applications.

3.3. Supplementary Measurements of Magnetic Hysteresis Curves of Co-Based Amorphous
Ribbons

For practical reasons, an analysis of the magnetic properties of an initial semi-finished
product precedes the final production of the core. Consequently, supplementary hysteresis
measurements of three types of amorphous ribbons are presented. These are the above-
discussed VITROVAC 6025, VITROVAC 6030, and VITROVAC 6150 samples, belonging to
a set of Co-based metallic alloys, well known for their magnetically soft behavior and zero
magnetostriction.
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Measurements were gradually performed on individual demagnetized samples with
the same dimensions of 40 × 6.5 × 0.02 mm and a total volume of 5.2 mm3. A maximum
excitation current was set to 13,107.2 bits, corresponding to 0.25 A. A constant measurement
step was configured to 100 bits, giving a 131 measurement point from 0 to maximum
excitation currents. After each measurement step, 200 samples of the stray magnetic
field were measured at a distance of 108.8 mm from the core midpoint. The measured
hysteresis curves of all three samples are depicted in Figure 8 as the dependence of magnetic
polarization on the applied excitation magnetic field.
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Figure 7. Magnetic characteristic of magnetometric probe core made of VITROVAC 6025 amorphous
ribbons.

The measured magnetic hysteresis curves of all samples show properties of a typical
magnetically soft material. As can be seen, the VITROVAC 6025, VITROVAC 6030, and
VITROVAC 6150 samples reach a saturation value of 0.6 T, 0.8 T, and 1.0 T, respectively,
which corresponds with the magnetic properties stated by the manufacturer [49]. The
analysis of the linear area of the individual characteristics confirmed that the highest slope,
0.00776, corresponds to the VITROVAC 6025 magnetic characteristic. On the contrary, the
lowest slope has the VITROVAC 6030, with a value of 0.00376. Regarding the VITROVAC
6150 characteristics, its slope of the linear area is equal to 0.00397. Therefore, there is
an apparent reason to prefer the VITROVAC 6025 amorphous ribbon as the initial semi-
finished product for the actuator core production since the higher slope of the linear area of
the core characteristics leads to lower energy consumption, which corresponds to one of
the most critical parameters regarding the satellite applications.
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4. Conclusions

When designing measuring systems containing magnetometric elements or devices
whose principle of operation consists in the interaction of magnetic fields, such as active
stabilization systems of small satellites, it is necessary to take into account the magnetic
properties of the incorporated components, which directly or indirectly affect the operation
of these systems. Regarding ferromagnetic components, their magnetic properties are
often stated through magnetic quantities derived from the reconstructed magnetization
characteristics, usually represented in the form of a hysteresis curve. Although the stated
magnetic quantities can vary by different factors such as heat treatment, lattice defects,
grain boundaries, etc., the significant one can be the shape of the produced part in the many
applications. In this case, the effect of demagnetizing fields is manifested, the character
of which varies with the change of material shape, consequently affecting its magnetic
properties. This effect is of significant importance and needs to be taken into account
regarding amorphous alloy ribbons since manufacturers state their magnetic properties for
the toroidal-shaped cores, which differ in technical practice, where it is often required to
design the produced part made of amorphous ribbons in shape with so-called open ends,
due to which the demagnetization field arises. Ultimately, neglecting this phenomenon
may have an impact on the functionality of the entire system. Therefore, in such a case, it is
necessary to experimentally determine the magnetic properties of the final produced part.

Nowadays, there are several methods for measuring the magnetic hysteresis curve
of ferromagnetic materials. However, these are primarily intended for measuring toroid-
shaped cores. Therefore, the measuring workstation using the method based on measuring
the stray magnetic field of the open-ended samples was introduced in this manuscript.
Besides the description of its measuring chain and the included devices, the complex
procedure of deriving the mathematical apparatus capturing the physical essence of the
method was implemented.

For the comparison, the core of the electromagnetic actuator in the role of the produced
component made of the amorphous ribbon core was measured as an example. The mea-
surement process was performed in two ways. From the view of chronological order, the
first measurement was carried out to obtain the magnetic characteristic of the investigated
core assembled with the actuator winding coils as the single produced part, forming the
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fully functional electromagnetic actuator. In this case, the actuator winding was used to
magnetize the ferromagnetic core, the stray magnetic field of which was subsequently mea-
sured without the use of the introduced mathematical apparatus since the compensation
and the excitation coils, which would be capable of homogeneously magnetizing the core
in its entire volume, were not included into this measurement. Subsequently, the second
measurement was performed using the designed measuring workstation based on the stray
magnetic field measuring method intended for the open-ended samples.

As can be seen from the achieved results, the first measurement method, widely used
in manufacturing, gives the characteristics in the form of the dependency of the measured
stray magnetic field on the excitation current. Consequently, the output of this method does
not provide information about the magnetic state of the material for a given magnetization
cycle. Moreover, it can be used only after the product’s final production since the actuator
winding is the active part of the measuring chain. On the contrary, the result of the second
measurement performed by the introduced workstation is magnetization characteristic as
the variation of the core magnetic polarization dependent on the excitation magnetic field.
Therefore, the state of core magnetic polarization for the complete magnetization reversal
cycle is in the case of the proposed method obtained. Based on that, the typical magnetic
quantities describing the core magnetic properties can be derived and subsequently used
for the discussion and evaluation of the core qualities even during the phase of its design
review.

Concludingly, it is appropriate to mention that the presented workstation is used
to design and optimize cores of electromagnetic actuators and magnetometric probes for
commercial use as well as for scientific research. In order to support this statement, the sup-
plementary measurements of the magnetometric probes were analyzed and consequently
discussed, as well as the amorphous ribbons used as the semi-finished initial product for
the production of the measured cores.
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