ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

CyuacHuii cman HayKkogux 0ociiodcenb ma mexnonoeitl 6 npomuciosocmi. 2020. Ne 1 (11)

UDC 004.94 DOI: https://doi.org/10.30837/2522-9818.2020.11.005

R. HOLYAKA, T. MARUSENKOVA, D. FEDASYUK

SIGNAL MODEL FOR SPATIAL POSITION SENSORS IN MAGNETIC TRACKING
SYSTEMS

The subject of research is the process of forming signals in magnetic tracking systems including those used for spatial position
calculation within the concepts of Industry 4.0 and Industrial Internet of Things. Such systems are based on calculating the spatial
position of objects upon measurements of reference magnetic fields in low-frequency electromagnetic radiation spectrum. The goal is
to develop and verify a signal model for spatial position calculating in magnetic tracking systems. The signal model is developed upon
experimentally obtained dependencies of the informative signals on the distances and angles between sensor and actuator coils.
Obijectives: analysis of signals in magnetic tracking systems, development of tools for experimental study, mathematical
interpretation of the research results along with development of the signal model, verification and use of the developed model.
General scientific methods were used, including experiment, measurement, analysis, synthesis, probabilistic and statistical methods.
We have obtained the following results: The structure of a signal chain of the programmable magnetic tracking systems and its
implementation on the basis of PSoC of 5LP Family by Cypress Semiconductor has been disclosed. Experimental results obtained at
different distances and angles between the actuator and sensor coils have been presented. For spatial positions calculation signal
models that describe distribution of magnetic fields and signals of sensor coils are used. We have analyzed typical inaccuracies and
ways of their minimization. For verification of the introduced signal model we propose to use the mean square deviation of
normalized signals. Conclusions. A signal model for the mutual position of actuators and sensors in magnetic tracking systems has
been developed. The model describes functional dependencies whose main parameters are the distances and angles between coils.
Further development of the presented results implies the proposed signal model to be used when solving problems of developing and

specifying algorithms of spatial position calculation, system debugging and rapid analysis, optimization of calibration procedures.
Keywords: Industry 4.0 devices; magnetic tracking; signal model; programmable system-on-chip.

Formulation of the problem

This paper deals with the problem of creating spatial
position sensors (near spatial navigation) in the concepts:
Industry 4.0 (Industry 4.0), Industrial Internet of Things
(loT), Virtual (VR - Virtual Reality) and augmented (AR
- Augmented) Reality) Reality, the 5th generation of
mobile networks (5G — 5 Generation of Digital cellular
networks) [1]. In addition to optical ambient recognition
devices and inertial sensors, MT — Magnetic Tracking [2]
are considered effective sensors. The magnetic tracking
method is based on determining the spatial position of
objects by the measurement of the vector of induction of
the reference magnetic fields in the low-frequency
spectrum of electromagnetic radiation. Measurements are
made using inductive coils, which form a system of
interrelated pairs of actuators and sensors. The actuator
coils form the magnetic fields of the low-frequency
spectrum, and the sensory ones generate the electromotive
force caused by these fields. Therefore, another name for
this method is EMT (Electromagnetic Tracking) [3].
Magnetic tracking systems are used in industry, robotics,
animatronics, game consoles, spatial navigation of
instruments in minimally invasive surgery, etc.

Let’s consider the development trends and examples
of scientific work in this area.

Analysis of recent research and publications

The development of information and communication
technologies in industry, in particular in the concepts of
Industry 4.0 [4] and IloT [5], involves the solution of a
wide range of tasks to create a new generation of means of
interaction with the surrounding world. Virtual
technologies [6] and augmented [7] reality play a decisive
role in these concepts. Significant progress has been

made towards the creation of a new generation of
information and communication tools that integrate a
variety of measuring devices [8].

One of the most important tasks of such measuring
devices is spatial navigation, in particular based on optical
systems (Visual Navigation) [9] and Global Positioning
System (GPS) [10]. The further development of spatial
navigation devices involves the combination of GPS
technologies and local navigation sensors, in particular
based on Inertial Navigation System (INS) and their basic
components - Inertial Measurement Unit (IMU) [11].

Magnetic tracking is a promising direction for the
development of spatial navigation tools [12]. A significant
advantage of magnetic tracking systems over optical
tracking systems is the ability to operate outside the direct
vision area. With respect to inertial tracking systems, the
advantages of magnetic tracking systems are the ability to
accurately measure the coordinates of the sensors relative
to the formed matrix of actuators of the coordinate system
and the absence of errors due to the time drift of the
accelerometers [13] and gyroscopes [14]. Modern
solutions of magnetic tracking systems are: universal
framework (framework) ARIoT in the concepts of
augmented reality and Internet of things [15]; the concept
of Data Fusion in medical imaging devices [16];
navigation devices for surgical instruments in medical
apparatus [17]; biomedical engineering technologies, in
particular for the monitoring of face kinematics [18];
means of mechatronics of flexible robots [19], etc.

Formulating the purpose of the article

The information signals of the relative position in the
"actuator-sensor" pairs of magnetic tracking systems are
described by functional dependencies, the main arguments
of which are the distance between the coils and their
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inclination relative to each other. To calculate the spatial
position, mathematical models of the distribution of the
generated magnetic fields are used. These models are
synthesized on the basis of theoretical assumptions and
results of experimental studies. A variety of mathematical
models are signal models that describe the dependence of
the formed measuring system of signals on the values of
measuring values [20].

The purpose of this work is to develop and verify a
signal model for calculating the spatial position of objects
in magnetic tracking systems. The signal model is
developed on the basis of experimentally obtained
families of dependencies of informative signals on the
distance and angles between the sensor and actuator coils.
The results are part of a comprehensive work on the
creation of integrated magnetic tracking software -
Magnetic Tracking System Integrated Development

Environment (MTS IDE), conducted by our team in a
number of scientific and applied projects.

Materials and methods

The principle of operation of sensor-based magnetic
tracking systems is based on the determination of the
spatial position of objects by the measurement of the
vector of induction of the reference magnetic fields in the
low-frequency spectrum of electromagnetic radiation.
Preferably, sensors and actuators in such measurement
systems are small-sized coils and their two-dimensional
2D (2-Dimension) or 3D (3-Dimension) assemblies
(fig. 1). Examples of 3D collections of commercially
available magnetic tracking coils are Premo's 3DV series
[21, 22].

Fig. 1. Planar (1D) and 3D (3D) coils of magnetic tracking systems

The spatial distribution of the Actuator coil magnetic
field and the placement of the Sensor coil in the 2-
Dimension plane are shown in fig. 2, and the relative
placement of these coils — in fig. 3. The supporting and
moving coordinate system is considered. The reference
coordinate system is defined by the spatial position of the
actuator, and the movable sensor sensor coils. To simplify
the analysis below, we restrict ourselves to the
consideration of two-dimensional 2D (plane) coordinate
systems. The plane of the actuator coil is arranged parallel
to the X, axis, and its normal N, coincides with the Y,

axis. The slope of the plane of the sensor coil relative to
the moving XY, coordinate system is determined by the

angle a. At =0, the plane of the P, of the sensor coil
coincides with the X, axis, and its normal plane — with
the Y, axis.

In order to construct sensory devices of magnetic
tracking, it is necessary to establish analytical regularities
of the spatial distribution of values of the normal B, and

tangential B, projections of the magnetic field induction
vector. These projections are determined by the field

induction module B,, =/B2 +B? at the distance L.,

between the sensor and actuator coils and the angle &
between the vector connecting the centers of these coils
and the plane of the actuator coil. The maximum values of
normal B, projection and zero values of tangential B,

projection occur along the Y, axis. Instead, there are zero
values of B, and maximum values of B, along the X,

axis.
The induction of the actuator field is characterized
by a magnetic moment M, = N,I,A,. Its value is given

by the product of the number of turns, the current I, and
the area A, of the actuator coil [23]. With this parameter,
the normal B, and tangential B, projections of the
magnetic field induction are determined by the inverse
cubic function of the distance L, between the sensor and
actuator coils and the angle 6[24]:

B, :—KSI‘}MA cos(0), B, :—KS’I*_';/IA sin(0),

SA 2 SA

o))

where K, is a coefficient of proportionality.
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Fig. 3. Mutual arrangement of coils in the plane

The spatial position information signal in magnetic
tracking systems is obtained by selectively measuring the
useful component voltage generated at the leads of the
sensor coil and determined by the above-mentioned spatial
distribution of the reference magnetic field. Selective
measurement involves amplification of the sensor coil
voltage, its synchronous detection, filtering and
subsequent conversion by digital signal processing.
Magnetic tracking systems are multichannel hardware
containing 1D, 2D and 3D sensor and actuator coils,
analog front-end units, switches, analog-to-digital
converters, microprocessors, etc. optimized for a specific
task. The number and relative positioning of the coils in
these kits should enable the calculation of the spatial
position with the specified accuracy and measurement
range.

The problems of this work are due to the need to
create software for calculating the coordinates of the
spatial position of objects, taking into account the
characteristic (specific) errors in the measurement of
signals that occur in sensor systems of magnetic tracking.

Such errors are caused by the deviation of the values of
the real signals from their nominal values determined by
the signal model. In magnetic tracking systems, such
errors can be classified into four types (fig. 4): ER1 —
amplitude or/and phase mismatch; ER2 — electromagnetic
interference; ER3 — base-level off-set; ER4 — signal
restriction.

The reason for ER1 errors is the deviation of the coil
parameters from their nominal values, in particular the
number of turns, area, shape, etc. In 2D and 3D
assemblies, these errors are caused by the deflection of the
coil rotation angles. Nominal coils in assemblies should be
placed at right angles. The problem of minimizing errors
is solved by improving the accuracy of fabrication and
refining the parameters in the calibration process.

ER2 errors are caused by electromagnetic
interference from third-party (parasitic) radiation sources,
mainly power lines and transformers, secondary power
converters, radio devices, and the like. The level of this
type of error is determined by the signal-to-noise ratio.
Given that the amplitude of the information signal in
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magnetic tracking systems is determined by the inverse
cubic function of the distance L, between the sensor and
actuator coils, the signal-to-noise ratio sharply decreases
with increasing Lg, distance. It is this circumstance that

limits the range of magnetic tracking. In part, the problem
of increasing the range is solved by increasing the
magnetic moment of the coils and methods of noise-
immunity synchronous detection.
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Fig. 4. Characteristic errors of signal measurement in magnetic tracking systems

ER3 errors are caused by a parasitic relationship
between the input and output signal circuits of the sensor
system. Given that in magnetic tracking systems, the ratio
between the actuator coil output and the sensor
coil input is up to six orders of magnitude higher, the
problem of minimizing the parasitic relationship is of
great relevance. Partial solution to this problem is based
on the quality shielding of the signal circuits and the
electromagnetic isolation of the earth circuits of these
circles.

ER4 errors are caused by the signal amplitude
limitation at short distances between the sensor and
actuator coils. The level of such limitation is determined
by the permissible voltage range in the signal circuits and
is typically no more than a few volts. Especially the
problem of signal limitation is relevant in the latest sensor
equipment that satisfies the power requirements of low-
voltage (3V or less) unipolar power supplies. In particular,
these are devices in the concept of the Internet of Things.
Partial solution to this problem is based on the dynamic
switching of the input gain and the use of analog signal
compression by logarithmic amplifiers.

Thus, signal analysis in magnetic tracking sensor
systems, taking into account their characteristic errors, is

important for improving the accuracy of these systems.
Such an analysis, in turn, requires the creation of a signal
model and the use of this model to establish regularities
between the accuracy of measuring the spatial position
and the distance between the sensor and actuator coils.
The signal model presented in the paper is based on the
results of experimental studies, which will be discussed
further.

Means and results of experimental studies

Experimental studies were carried out using the MTS
IDE integrated magnetic tracking software. A simplified
block diagram of the signal path of a programmable
magnetic tracking system (EM Programmable System)
based on one pair of coils is shown in fig. 5, where:
Sensor Coil, Actuator Coil — sensor and actuator coils;
Amplifier — amplifier; Synchro Detector - synchronous
demodulator (detector); LF Filter — low frequencies filter;
Actuator Driver — actuator driver; Control Unit - control
module; ADC is an analog-to-digital converter. Signal
path implementation for coil sets involves the use of
signal multiplexers on analog switches.
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Fig. 5. Block diagram of the signal path of the sensor system of magnetic tracking

Taking into account the requirements for modern
microelectronics, the signal path of the magnetic tracking
sensor system is implemented on the concept of
programmable systems on a chip, in particular, on the
PSoC 5LP Family of Cypress Semiconductor Corporation
[25]. The PSoC structure includes digital and analog
system nodes, microprocessor nodes, power-dependent
and non-volatile memory matrices, system resources, as
well as programming and power management nodes. The
basis of digital nodes is a matrix of universal digital
blocks, specialized digital blocks, in particular for
implementing interfaces, timers, pulse-width modulators,
and the like. PSoC analog nodes are blocks on switching
capacitors and blocks with continuous signal conversion,
in particular: operational amplifiers, Comparators,
reference voltage sources based on the forbidden zone,

—
-} EM3-000 - PSoC Creator 4.2 ! RH_ jects\El T igniTe

analog multiplexers, and so on. Nodes are connected by a
programmatically configured network of signal lines. The
synthesis  scheme, its  configuration and the
implementation of the specified measurement algorithm is
implemented in the PSoC Creator IDE.

A fragment of the PSoC Creator work windows and
the main components of a programmable magnetic
tracking system are presented in fig. 6. The software
management of these components is performed using sets
of appropriate APl (Application Programming Interface)
functions. The implementation of the system is based on
CY8C58xxLP module CY8CKIT-059 [26] and a small
number of external passive components (mostly RC signal
filter circuits). A photo of the model layout of the system
is shown in fig. 7, and an example of an oscilloscope
study of the input and signal detector highlighted in fig. 8.
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Fig. 6. Fragment of PSoC Creator work windows

Fig. 7. Photo of a model sample of the magnetic tracking system
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Fig. 8. Waveforms of the input (top) and the detector (bottom) selected signals

The equipment used for experimental investigations
of the dependences of the information signals on the
distance L, between the sensor and actuator coils and the

angles 0, a, is presented in fig. 9, and examples of
families of such dependences for the three distances are
shown in fig. 10 (Ly, =50 cm), fig. 11 (L;, = 100 cm)

and fig. 12 (L,, = 15 cm). The output signals are

represented by the voltage V. at the output of the signal
path of the aforementioned programmable magnetic
tracking system. The gain was selected by V, (L, =50
cm) = 100 mV. The rotation of the sensor coil (fig. 3) is
relative to the X, axis, coinciding with the vector L,

(the radius of its rotation relative to the plane of the
actuator coil).

Fig. 9. Equipment for spatial orientation of the coils
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Fig. 10. The signal family V, =f(L,, , 6, o) at L, =50 cm
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Fig. 11. The signal family V, =f(L,,, 0, a)at Ly, =100cm
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Fig. 12. The signal family V, =f(L,, 0, o) at Ly, =15sm

Two types of errors are observed, namely,
electromagnetic interference (ER2) at L, = 100 cm and
signal limitations (ER4) at L, = 15 cm. The other two
types of errors, namely, amplitude or phase inconsistency
(ER1) and base level bias (ER3), were minimized as much
as possible during debugging of the signal path of the
magnetic tracking system, and therefore, for further
parametric analysis, are not determinative.

The following patterns are typical for all received
signal families:

- at 0 = 0° the maximum signal level is observed at
o = 0°, and minimum —at o = 90°;

- at 6 = 90° the maximum signal level is observed at
o = 90°, and minimum —at o = 0° ta 180°;

- the maximum value of the normal projection B,, of
magnetic field induction (at © = 90) is twice the maximum
value of the tangential projection B, (at 6 = 90°).

At L, =50 cm, the signal families have virtually no
deviation from the nominal sine functions. At Ly, = 100

a, deg

cm, the signal level drops 8 times (maximum voltage

V; =~ 13 mV), which coincides with the nominal

dependence of the magnetic field on the distance (inverse
cubic function of the distance L, between the sensor and

actuator coils). At Ly, =100 cm, the signal-to-noise ratio
significantly deteriorates. On the other hand, at L, =

15 cm, noise is practically not observed, however, the
signal is limited to ~+2000 mV. These limits are
determined by the maximum allowable voltage level in
the signal circuit.

Signal model.
According to the experimental data obtained, the
maximum value of the normal B,,, projection of the

magnetic field induction is twice the maximum value of
the tangential B, projection. So let's write down their

values in the normalized form:

B, =B, [9:%):1.0; By =B, (6=0)=05. (2)
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Having determined the trigonometric functions of the > > B, (9)
spatial distribution of these projections By (0)=4/B (0)+B; (0), w=arctg B, (6) 4)
N

B, (0)=B, (8)sin(8), B, (0)=8, (8)cos(d). (3)

let’swrite down the expressions of dependencies of
the module BM the induction vector and the contribution
angle y of its slope

An illustration of the dependencies B, (¢)), B; (9))
and B,, (@) is presented in fig. 13.
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Fig. 13. Dependencies B, (¢)), B; (#))and By, (6)

Next let’s consider the angles of inclination of the  induction vector (the sensor coil normal coincides with the
sensor coil «,(@) at which its plane coincides with the field vector)

field induction vector. At these angles there is zero level

VA
of informative signal. Further Vo =V @ a(0) =ty (9)=6’—l//+5. (6)
V:=0 @ a(0)=a;(0)=0-y. ) An illustration of the dependencies . (¢) Ta
The @ symbol in the formula means "when". (@) is presented in fig. 14.

Instead, the maximum signal level occurs when the plane
of the sensor coil is rotated by n/2 relative to the field

360

Ol deg.

270

180

90

: + - + + - + 1
0 10 2_0/30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

Fig. 14. Dependencies @y, (0) Ta o, (6)

0, deg

From the point of view of calibration of the magnetic  advisable to consider two characteristic variants of its
tracking system and the use of signal model data for rotation. In the first variant, the rotation is performed
calculating the spatial position of the sensor coil, it is relative to the axis OX, in the coordinate system of the
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actuator coil. Then the family of normalized signals of the
sensor coil is defined by the expression

Vou (0,a) =By, (0)cos(ar —ayuy (0)) - (7

But in the second variant, the sensor coil is rotated
relative to the X, axis, which coincides with the L,

vector (the radius of rotation relative to the plane of the
actuator coil). This option coincides with the turns
according to fig. 3 and shown in fig. 10 — fig. 12

1.2
1.0 1
0.8 -~
0.6 -
0.4
0.2

Vsn1

0.0
-0.2
-0.4
-0.6

according to experimental data. Then the family of
normalized signals of the sensor coil is defined by the
expression

Voy, (6,a) =By, (0)cos(a+0—a,,y (0)).  (8)

Families of normalized signals are constructed using
these expressions Vg, (6,a) (fig. 15) and Vg, (6, a)

(fig. 16).
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Fig. 15. The family of normalized signals Vg, (6, )
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Fig. 16. The family of normalized signals Vg, (6, )

The results of the verification of the signal model and
their discussion

To verify the above signal model, we will compare
the families of its normalized signals with the normalized
signals of experimental measurements. An example of

such a comparison, which used data from the family of
signals Vg =f(L,,,0,0) at L, = 50cm (fig. 10), is
shown in fig. 17. You can see, at least at the level of

qualitative analysis within a few percent, good agreement
of these data.
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Fig. 17. Comparison of model (mod) and experimental (exp) data

To quantify the accuracy of the proposed signal
model, numerous experimental studies of the signal
families V, =f(Ly,,0, o) have been performed with

different sets of sensor and actuator coils. In particular,
these studies used actuator coils with a diameter of D, =

50 mm at the number of turns N, = 100 and sensor coils
with a diameter of D, = 30 mm, 35 mm, 40 mm, 45 mm
and 50 mm at the number of turns N, = 300. The signal

path gain was selected for each set according to the
criterion Vy (Lg, =50 cm) =~ 100 mV.

First, a comparison was made of the nominal (Nom)
and experimental (variants — R1, R2, R3, R4, R5)
dependencies of the maximum voltage V,,, on the

distance L, (fig. 18). The data of nominal (model)

dependencies were determined by the inverse cubic
function of the distance L,, between the sensor and

actuator coils.

1.0E+01
— Nom
"R
1.0E+00
>
%
<L
=
=
1.0E-01
1.0E-02 LN
0O 10 20 30 40 50 60 70 80 90 100
Lsa, €M

Fig. 18. Nominal (Nom) and experimental (R1... RS) V,,,, Vvoltage dependencies on L, distance

It can be seen that in the range of distances from Lg,
= 30 cm L, = 60 cm, the discrepancy between the

experimental data and the nominal data is practically not
observed. When the L, distance increases > 60 cm, the

experimental data variation also increases, which is

caused by errors of the ER2 type (electromagnetic
interference).

On the other hand, when the L, distance decreases
by < 20 cm, there is an error of the ER4 type (signal
limitation). In the range of 20 cm < L, < 30 cm, there is

a certain deviation from the nominal experimental data,
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which is caused by the "proximity" effect. There are two
reasons for this effect. The first of them is the
proportionality of the coil diameters with the distance
between them, which leads to more complex functional
dependencies based on the integration of the field over the
area of the coils. The second reason is the emergence of
an inductive relationship between the sensory and actuator
coils.

For a more accurate analysis of the signal model, it is
proposed to use the integrated standard deviation indicator
Saus » Calculated for families of normalized signals. For

this purpose, a two-dimensional array [N M] is formed,
where N and M are, respectively, the number of signal
values when rotating at angles o and 6. Then, in this

array, the values of experimental studies S, (¢,«) and

model calculations S, (6,a)

integrated indicator of this comparison is the standard
deviation

are compared. The

1 M N 2
Seus = Wijlzi:1<SREij(g’a)_SMOij (9’0‘)) +(9)

calculated for each distance L, value.

An example of the thus obtained dependence of the
root mean square deviation of the S_, of the

experimental data families from their model values is
shown in fig. 19.

It can be seen that the obtained dependencies of the
integrated S, deviation qualitatively reproduce the

preliminary analysis data at the maximum voltage V,,,, -
In particular, in the range of distances from Ly, =30 cm
to L, = 65 cm, the minimum values of the integrated
indicator are observed — S, <0.01. The patterns of
increase in S, beyond this range and the reasons for
this increase are similar to the above.
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Fig. 19. Dependencies of the S,,; of the experimental data families on their model values

The level of S, , as a whole, is determined not only

by the accuracy of the model presented, but also by the
parameters of the coils and signal converter of the
magnetic tracking system. Such parameters are the size
and magnetic moment of the coils, noise immunity and the
dynamic range of the signal path, the bit of the analog-to-
digital converter, the accuracy of calibration and so on. In
particular, noise immunity is enhanced by the
optimization of bandpass filters, and dynamic range
expansion by logarithmic gain schemes. These issues are
beyond the scope of this publication.

Conclusions and prospects for further development

The principle of functioning of magnetic tracking
systems and problems that arise in the process of
development of these systems are considered. The spatial

position of the objects is calculated by measuring the
vector of induction of the reference magnetic fields in the
low-frequency spectrum of electromagnetic radiation.
Preferably, sensors and actuators in sensor-based magnetic
tracking systems are small-sized coils and their 2D or 3D
assemblies. The structure of the signal path of the
programmable magnetic tracking system and its
implementation based on the PSoC of the 5LP Family
Cypress Semiconductor Corporation are disclosed. The
results of experimental studies of the signal family when
changing the distance between the L, coils and the

angles of their relative positions 6, o are presented.
Typical errors are analyzed and methods of their
minimization are analyzed.

Taking into account the principle of operation and
data of experimental studies, a signal model has been
developed that describes the functional dependencies of
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informative signals, namely the voltage V, =f(L,,, 0, o). model in the problems arising in the development of

In the process of verification of the developed model, an ~ Magnetic tracking systems. In particular, this is the
array of the integrated standard deviation standard development and specification of algorithms for
deviation of the SRMS families of normalized signals is ~ calculating the spatial position, debugging and express
calculated. evaluation of the accuracy of the system functioning,

Further development of the results presented in this ~ OPtimization of calibration procedures.
paper involves the application of the proposed signal
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CUTI'HAJIBHA MOJIEJIb CEHCOPIB ITPOCTOPOBOI'O ITOJIO’)KEHHA B
CUCTEMAX MATHITHOI'O TPEKIHI'Y

IIpenMeToM noCTiKEHHS B CTATTi € TporiecH (OPMYBaHHS CHUTHANIB B CHCTEMaX MAarHITHOTO TPEKiHTY, 30KpeMa JiIsi 3amad
BU3HAYEHHS POCTOPOBOTO MOJIOXKEHHS B KOHIENisX - [Haycrpis 4.0 ta Inaycrpianshuii Intepaer Peueit. Taki cucremu 6a3yroTbest
Ha BU3HAYEHHI IPOCTOPOBOTO IMOJOKEHHS 00’€KTIB 3a pe3ysbTaTaMi BUMIPIOBAaHHS BEKTOpA IHAYKILII OMOPHMX MarHiTHUX MOJIB Y
HU3BKOYACTOTHOMY CIIEKTPi €JIEKTPOMAarHiTHOrO BHIIPOMiHIOBaHHS. MeTol0 poOoTH € po3polieHHs Ta BepH(ikalii CUrHaIBHOT
MOJIeITi IS PO3PAaXyHKY IMPOCTOPOBOTO TIOJIOKEHHS 00 €KTIB y CHCTEMaX MarHiTHOTO TpeKiHry. CHrHajibHa MOJENb PO3pOOIIEThCS
Ha OCHOBi €KCIIEpUMEHTAILHO OTPUMaHUX CIMEHCTB 3aJIeKHOCTEH iH)OPMATHUBHUX CUTHAIIIB BiJI BiZICTaHi Ta KYTiB MK CEHCOPHOIO Ta
aKTIOATOPHOI0 KOTYIIKaMH. 3aBIAaHHS: aHANI3 CHTHANIB B CHCTEMax MAarHITHOTO TPEKIHTY, po3poOJeHHS 3ac00iB MPOBEACHHS
EKCIEPHUMEHTAIBHUX [IOCHIPKEHb, MaTeMaTHYHA IHTEpHpETallis Pe3yNbTaTiB MOCTIIKEHb 3 PO3POOJEHHSIM CHUTHAIBHOI MOJEI,
BepudikaIisi Ta 3aCTOCYBaHHs 1€l Mojeni. BHKOPHUCTOBYIOThCS 3aralbHOHAYKOBI METOIHW: CKCIICPHUMEHT, BUMIPIOBAHHS, aHai3,
CHHTE3, MeTOqu Teopii HMoBipHOCTeH i cratucTMkH OTpHMaHO Taki pe3yabTaTH. Po3KpuTa CTPYKTypa CHUTHAJIBHOTO TPAKTY
IIPOrpaMoBaHO] CHCTEMH MarHiTHOIO TPEKiHTr'y Ta Horo peadizawis Ha ocHoBi PSoC cimeiictBa SLP Family Cypress Semiconductor.
[pencrarieHi pe3ynbTaTH eKCIEPUMEHTAIBHUX JOCITIKEHb CiMECTBA CHTHAIB MPU 3MiHI BiCTaHI MK KOTYIIKaMH Ta KYTiB iX
B33a€EMHOTO TTOJIOXKeHHS. sl po3paxyHKy MPOCTOPOBOTO MOJIOKEHHS BUKOPUCTOBYIOTh CUTHAIBHI MOJEINI, SKi OMHUCYIOTh PO3IMOILT
c(hOpMOBaHHX MAarHITHHUX IOJIB Ta CUTHAIIIB CEHCOPHUX KOTYIIOK. [IpoBeseHO aHali3 THIOBUX MOXMOOK Ta cIoco0iB IX MiHiMi3arii.
s Bepudikamii po3po0ieHOT CHTHAIBHOT MOJIENi IPOTIOHY€E€THCSI BUKOPUCTAHHS 1IHTETPOBAHOTO MOKA3HMKA CEPEeTHbOKBAIPATUIHOTO
BiXWJICHHA CIMEHCTB HOPMOBAHMX CUTHaNiB. BucHoBKH. Po3poOieHa curHampHa MOJENbh B3a€MHOTO TOJIOKEHHS aKTIOATOpiB Ta
CEHCOPIB B CHCTEMax MarHiTHOTO TPeKiHry. Moens onucye GpyHKIIOHATIbHI 3aJIeKHOCT], OCHOBHUMH apryMEHTaMH SIKUX € BiJICTaHb
MDK KOTYIIKAMH Ta KyTH IX B3a€MHOro Haxwiy. [lofanbiimii po3BHTOK NpeACTaBIeHHX B poOOTI pe3ynbTaTiB mependadae
3aCTOCYBaHHs 3alPONIOHOBAHOI CHUTHAIBHOT MOJIENi B 33/1auax po3poOieHHs Ta crienndikaiii alropuTMiB po3paxyHKy MIPOCTOPOBOTO
HOJIOXKEHHS, BiUIar0KEHHS Ta eKCIIPEC-OLiHKH TOYHOCTI (DYHKLIOHYBAHHS CHCTEMH, ONTHMI3aLil npoleayp KauiopyBaHHS.
Kawuosi cioBa: npuctpoi [HxycTpii 4.0; MarHiTHHIA TPEKIHT; CHTHAIBHA MOJIEITB; POTpPaMOBaHa CHCTEMa Ha KPHCTAJI.

CUTHAJIBHAA MOJEJIb CEHCOPOB TIPOCTPAHCTBEHHOI'O ITOJIO’KEHUSA B
CUCTEMAX MATHUTHOT' O TPEKHHT' A

IIpenMeToM nccieoBaHMs B CTaThe SBIISIOTCS MIPOLECCH (JOPMHUPOBAHHS CHTHAJIOB B CHCTEMAaX MarHUTHOTO TPEKHUHTa, B YaCTHOCTH,
JUIS 3a/1a4 ONpeeNieHUs] POCTPAHCTBEHHOIO MoJiockeHusi B KoHuenuusx Munycrpus 4.0 u Uanycrpuansusiii Murepuer Bemeid.
Takne cuCTEMBI OCHOBBHIBAIOTCSI Ha ONPEEIEHHN IPOCTPAHCTBEHHOTO IOJIOKEHHSI OOBEKTOB 10 pe3yiIbTaTaM H3MEpEeHHs BEKTopa
MHIYKIMH OMOPHBIX MarHUTHBIX TOJIeH B HU3KOYACTOTHOM CHEKTpE AJIeKTpoMarHuTHoro uanydeHus. Lleqb paboTsl — pa3paboTka u
Bepr(uKaLUs CHTHAIBHOW MOJENU A pacdyera MPOCTPAHCTBEHHOrO IMOJOXKEHUS OOBEKTOB B CHCTEMaX MAarHHTHOTO TPEKHHIA.
CurHanbHas MoJienb pa3pabaThIBaeTCsi Ha OCHOBE IIOJyYEHHBIX OKCIEPUMEHTAJIbHBIM IIyTEeM CEMEHCTB 3aBHCHMOCTEH
MH(OPMATHBHBIX CUTHAJIOB OT PACCTOSIHUS U YIJIOB MEXAY CEHCOPHOM M aKTIOATOPHOW KaTyIIKaMH. 3aJaHWsl: aHAJIN3 CUTHAJIOB B
CHUCTeMax MAarHUTHOTO TPEKHHIa, pa3paboTKa CpEeACTB MNPOBEAEHHS SKCIEPUMEHTAJbHBIX HCCIEIOBaHUH, MaTeMaTH4yecKas
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UHTEpIIpeTalys pe3yJbTaToB UCCICAOBAaHUI C Pa3pabOTKOW CHUrHANBbHOH Mojenn, BepuHKalys M HCIOJIb30BAaHHE STOH MOIENH.
Hcnonb3yrores o0lLIeHayYHbIe MeTOIbI: SKCIICPUMEHT, U3MEPEHUE, aHaIN3, CHHTE3, METO/Ibl TEOPUH BEPOSITHOCTEH M CTATUCTHKH.
ITostydeHs! cienytonye pe3yabTaThl: PackpbiTa CTPYKTypa CHTHAIBHOTO TPAaKTa MPOrPaMMHUPYEMO CHCTEMbl MArHUTHOTO TPEKHHIa
u ero peanusarus Ha ocHoBe PSOC cemeiicta SLP Family Cypress Semiconductor. IIpencraBieHsl pe3yabTaThl KCIEPUMEHTAIBHBIX
HCCIIeI0BaHU CEMEWCTBA CHTHAJIOB IIPH M3MEHEHHH PAcCTOSHUS MEX/Iy KaTyIIKaMy M yIJIOB B3aMMHOTO pa3MenieHus. st pacuera
MIPOCTPAHCTBEHHOTO MOJIOKECHHUST HCIIONB3YIOT CHUTHAJIBHBIE MOJENH, KOTOpPBIC OIMCHIBAIOT paclpereneHne CHOPMHPOBAaHHBIX
MarHWTHBIX TIOJIeH M CHTHAJIOB CEHCOPHBIX KaTylleK. [IpoBeneH aHamW3 THUNMYHBIX HOTPEIIHOCTEI M CIIOCOO0B MX MHUHMUMM3AINML.
Jns  Bepudukanuu pa3paOOTaHHOW CHTHAJIBHOM MOZAENHM IIPEIUIaraeTcs MCIONB30BAaHME HWHTEIPUPOBAHHOIO —IOKA3aTels
CPEHEKBAIPATHYECKOTO OTKIOHEHHS CEMEICTB HOPMHUPOBAHHBIX CHUTHAJIOB. BbIBO/ABI. Pa3paboTaHa curHaigbHas MOJETb B3aUMHOTO
MIOJIOKCHUS aKTI0ATOPOB M CEHCOPOB B CHCTEMaX MAarHUTHOTO TpPEKWHra. MoJenb ONMMChIBaeT (JyHKIHMOHAIbHBIC 3aBHCHMOCTH,
OCHOBHBIMH apI'yMEHTAMH KOTODBIX SBIAIOTCS PAcCTOSHME MEXIY KaTyLIIKaMH M YIVIBl MX B3aMMHOIO HakiIoHa. JlanbHeiinee
pa3BHUTHE NPEACTABICHHBIX B pa0d0OTe pe3yNbTaTOB MPEAIONATraeT HCIOJIB30BAaHUE NPEIUIOKEHHOW CHTHAIBHOW MOJENH B 3aJadax
pa3paboTKH ¥ CIeNU(UKAINK AITOPHTMOB pacueTa IMPOCTPAHCTBEHHOTO ITOJOKEHUS, OTIAIKH M 3KCIPECC-OIEHKH TOYHOCTH
(YHKIMOHHPOBAHUS CHCTEMBI, ONTHMH3AIMHN NTPOLIEAYp KaTHOPOBKH.

KmioueBsie ciaoBa: ycrpoiictBa Vuayctpun 4.0; MarHUTHBIN TPEKWHT; CHTHAJIBHAS MOJEINB; IPOrpaMMHpyeMasl CUCTeMa Ha
KpHUCTajIe.
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