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Abstract: The article scientifically examines the potential of magnetic levitation technologies
in the context of increasing precision measurement requirements in modern technologies. Magnetic
levitation systems (MLS) offer contactless, highly sensitive measurement capabilities, especially
advantageous in terms of eliminating vibration and mechanical friction. The fundamental
electromagnetic principles used in such systems are explained within the framework of the
Lagrangian function and nonlinear dynamic equations, with detailed analysis of system stability
conditions and control models.

The purpose of the article is to mathematically substantiate the operating principle of high-
precision measurement devices used in industrial and scientific research fields, and to develop
analytical models and apply simulation methods to improve the efficiency of these systems. Within
the presented mathematical model framework, the relationships between physical variables and
control parameters of the magnetic levitation system are identified and their impact on
measurement accuracy is evaluated.

The results show that measurement technologies based on magnetic levitation systems have
great potential not only to replace traditional mechanical systems but also to create long-lasting,
wear-free, and high-response control and measurement systems. This approach enables the
development of high-precision, contactless measurement systems applicable in microelectronics,
aerospace industry, biomedicine, and nanomechanics.

Keywords: Magnetic levitation system, parameter, technological processes, model, optical
Sensors

1. Introduction

High-precision parameter measurement in technological processes is one of the main
requirements in modern industry and scientific research. Ensuring production quality, effective
equipment management, and automation of processes necessitate reliable measurement systems.
Although traditional mechanical, piezoelectric, and optical sensors are widely used, their technical
limitations such as vibration, mechanical friction, wear, and thermal instability call for new
alternative measurement approaches.

In this context, magnetic levitation technology (MLS) has recently attracted significant
attention as an important alternative in the development of contactless, high-precision measurement
systems. Sensors and control systems based on MLS significantly improve measurement accuracy
and device lifespan by eliminating physical contact.

Existing literature contains various studies in this area. For example, in [1] R. Krishnan
developed dynamic models of electromagnetic levitation systems, mainly analyzing their
applications for motor control systems. In [2] Y. Wang and H. Chen compared PID and fuzzy
control approaches for position control based on magnetic levitation, showing that simple controls
may be insufficiently effective for nonlinear systems.
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On the other hand, in [3] Haus and Melcher conducted fundamental research on the energy
effects of electromagnetic fields, explaining the role of magnetic forces in measurement
mechanisms based on physical principles. In [4] Ogata presented controllable models of MLS
systems within the general automatic control framework. However, most of these studies focus
either only on control aspects or limit themselves to applications of magnetic levitation in
transportation and energy sectors. Works [5,6,7,8,9,10] provide various boundary conditions for
solving mathematical models constructed to determine corrosion under mechanical stress in
aggressive metal environments.

However, mathematical modeling and experimental substantiation of MLS systems
specifically for direct measurement in technological processes remain limited. This article aims to
fill this gap by focusing on the application of MLS for improving measurement accuracy, modeling
the electromagnetic and nonlinear dynamic nature of these systems, and analyzing control
structures. Unlike previous studies, the proposed approach is based on mathematical foundations
that ensure stable operation of measurement systems and practical models for engineering
applications.

2. Philosophy and Application Areas of Magnetic Levitation Systems

Magnetic levitation (maglev) systems are fundamental in modern technology, and their core
philosophy is the physical suspension of objects without mechanical support - that is, maintaining
stable levitation solely by the interaction of electromagnetic forces. This phenomenon is possible
through the correct management and balancing of electromagnetic fields, which requires complex
mathematical models and real-time control mechanisms.

The greatest advantage of maglev systems is their contactless operation, meaning physical
non-contact. This characteristic leads to reduced friction and wear compared to traditional
mechanical systems, resulting in longer service life. Such features make maglev technology
indispensable, especially in fields requiring high precision and durability.

Maglev technology has a wide range of applications. The most well-known is high-speed train
systems. In these systems, the levitation principle is used not only to lift the vehicle off the track but
also to ensure stable and efficient movement. The absence of mechanical contact minimizes
friction, increasing speed and reducing the likelihood of technical failures.

Another important application area is industrial processes. Automated production lines and
high-precision measurement systems can precisely determine the position, speed, and distance of
components moving via magnetic levitation. This directly affects overall process quality and
productivity.

In biomedical technologies, maglev systems open new research directions. For example,
contactless transportation of blood samples, formation of three-dimensional cell structures in tissue
engineering, and manipulation of micro/nano-scale particles highlight the unique advantages of
levitation technology.

In all these fields, the application of maglev systems is not only a technical innovation but
also a symbol of technological transformation. The development of this technology brings new
scientific challenges and research directions in engineering sciences as well as applied physics and
mathematics. Thus, magnetic levitation can be seen not only as a technological tool but also as a
reflection of modern scientific thinking and multidisciplinary approaches.

3. Mathematical Modeling

For the effective operation of magnetic levitation systems, an accurate mathematical
description of their dynamic behavior and the development of control strategies based on this
behavior are of great importance. In this section, the equations of motion for the levitation system,
the description of the electromagnetic force, and the control model are presented sequentially.

3.1. Dynamic Model

The main goal in magnetic levitation systems is to maintain the object stably suspended in the
air at any desired distance. To achieve this, the system dynamics are expressed by the following
nonlinear second-order differential equation:
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d 2x .
m-dt2 =F_ (x,i)-m-g

where M is the mass of the levitated object (kg), X is the vertical distance of the object from the
electromagnet (m), F, (X,i) is the attractive force created by the electromagnet (N), g is the

acceleration due to gravity (z 9,81 r%an 2).

In the equation, the left side represents the inertial force related to the object's acceleration,
while the right side expresses the difference between the electromagnetic force and gravitational
force. The system naturally exhibits nonlinear behavior since the electromagnetic force depends
both on the distance x and the current supplied to the electromagnet.

3.2. Modeling of the Magnetic Force

Based on the physical configuration of the system, the electromagnetic force can be expressed
in a simplified and empirically defined model as follows

N K-i?
Foi) =<

where K is a constant parameter characteristic of the system's electromagnetic configuration, and
I is the current supplied to the electromagnet.

This expression shows that the electromagnetic force depends quadratically on the current and
inversely quadratically on the distance. Such a relation reflects how the intensity of the
electromagnetic field varies with distance and is the primary source of the system's nonlinear
behavior.

3.3. Control Model

Active control is required to keep the system stable at any desired position. For this purpose,
the classical PID (Proportional-Integral-Derivative) controller is widely applied. The PID control
signal is expressed as

i(1)= K elt)+ Kiie(r)d (0)+K, dz_t(t)

where € (t)= X, — X (t) is the error between the actual and desired positions, and K, K;, K,

are the proportional, integral, and derivative gains, respectively.

This control strategy dynamically reacts to the position error to ensure system stability. The
proportional component responds to the instantaneous error, the integral component compensates
for accumulated errors over time, and the derivative component responds to the rate of change of
the error to prevent oscillations.

The mathematical model presented above covers the fundamental dynamic and
electromagnetic characteristics of magnetic levitation systems. Building control strategies based on
this model creates a fundamental basis for the stable and precise operation of the system. However,
when applying the model to real systems, technical factors such as parameter identification,
measurement accuracy, and computational resources must also be taken into account.

4. Magnetic Levitation Model for MATLAB Simulation

4.1. Physical Parameters of the Model

Parameters
m = 0.05; % Mass of the levitated object (kg)
g =9.81,; % Gravitational acceleration (m/s"2)

K =6.53e-5; % Magnetic constant (N-m?%A2)
% PID control coefficients (example values)

Kp = 30; % Proportional gain

Ki = 80; % Integral gain
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Kd =5; % Derivative gain
% Simulation duration
Tsim = 10; % Total simulation time (seconds)
4.2. MATLAB Function for Differential Equations
Magnetic Levitation System Dynamics with PID Control
function dxdt = maglev_dynamics(t, x, K, m, g, Kp, Ki, Kd, x_ref)
% x = [position; velocity; integral error; previous error]
pos = Xx(1); % Position (x)
vel =x(2); % Velocity (dx/dt)
int_e = x(3); % Integral of position error
prev_e = Xx(4); % Previous position error
% Calculate current error
e=x_ref-pos; % Position error
de = -vel; % Derivative of error (approximated as -velocity)
int_ e =1int_e + e*0.01; % Integral error accumulation (assuming At = 0.01 s)
% PID control signal (i)
i = Kp*e + Ki*int_e + Kd*de;
% Electromagnetic force (avoid division by zero by adding small constant)
Fm =K *i"2/(pos"2 + 1e-6);
% Define the system of derivatives
dxdt = zeros(4,1);

dxdt(1) = vel, % d(pos)/dt = velocity

dxdt(2) = (Fm - m*g)/m; % Newton’s second law

dxdt(3) = int_e; % Accumulated integral error

dxdt(4) = e; % Store current error (for future use if needed)
end

3. Simulation with ODE

% Initial conditions: [initial position; velocity; integral error; previous error]

x0=10.01;0;0;0]; % Initial position (0.01 m)

x_ref =0.01; % Desired position (m)

% Solving the system using ODE

[t, X] = oded5(@(t, X) maglev_dynamics(t, x, K, m, g, Kp, Ki, Kd, x_ref), [0 Tsim], x0);

% Plotting the position response

figure;

plot(t, x(:,1), 'LineWidth', 2);

xlabel('Time (s)');

ylabel(‘Position x(t) [m]');

title('Magnetic Levitation System - Position Response’);

grid on;

This simulation represents a simplified maglev model and accounts for the nonlinear effect of
electromagnetic force. The PID controller attempts to maintain the object in balance at the desired
position.

5. Conclusion

Magnetic levitation technology is an effective tool for the high-precision measurement and
control of technological parameters. Through mathematical modeling, the behavior of such systems
can be predicted and optimized in advance. Future research may focus on further refining nonlinear
models and integrating artificial intelligence-based control methods.
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TEXNOLOJI PARAMETRLORIN OLCULMOSINDO MAQNIT LEVITASIYA
SISTEMLORININ iSTIFADOSININ RiYAZI MODELLOSDIRILMOSI

!R.Z. Hiimbatsliyev, U.R.Hiimbotali
ltiyaziyyat elmlori doktoru, professor
Azorbaycan Dovlot Doniz Akademiyasi

Xiilasa: Mogqgalo miiasir texnologiyalarda daqiqlik taloblorinin artdigi bir doévrda magnit
levitasiya texnologiyalarimin potensialini elmi sakilda aragdirir. Magnit levitasiya sistemlori (MLS)
kontaktsiz va yiiksaok hassas 6l¢gma imkanlart tagdim edir ki, bu da xiisusilo vibrasiya vo mexaniki
stirtiinmanin aradan qaldirilmast baximindan tistiinliik taskil edir. Belo sistemlards totbiq olunan
fundamental elektromagnit prinsiplari Laqranj funksiyast va qeyri-xatti dinamik tonliklor
car¢ivasinda izah edilir, homginin sistemin sabitlik sortlori va idaraetma modellari atrafli tohlil
olunur. Maqalanin magsadi sanaye va elmi-tadgiqat sahalorinda istifads olunan yiiksak daqiqlikli
olema qurgularmmin iy prinsipini riyazi cohatdon asaslandirmaq, bu sistemlorin samaraliliyinin
artirtlmast itigtin analitik modellor isloyib hazirlamaq va simulyasiya tisullarini totbiq etmoakdir.
Togdim olunan riyazi model c¢orgivasinda magnit levitasiya sisteminin fiziki dayisonlori ila
idaraetma parametrlori arasindaki qarsiliql alaqalor miiayyan edilir va onlarin 6l¢ma daqiqliyina
tasiri qiymatlondirilir. Tadqiqatin naticalori gostorir ki, magnit levitasiya sistemlarina asaslanan
olgma texnologiyalari takco onanovi mexaniki sistemlarin avazlonmasi iigiin deyil, hom da
uzunomiirlii, aginmasiz va yiiksak cavab siiratli idaraetma va ol¢ma sistemlorinin yaradilmast iigiin
boyiik potensiala malikdir. Bu yanasma mikroelektronika, aerokosmik sanaye, biotibb va
nanomexanika sahalorinds tatbiq oluna bilon yiiksak daqiqlikli, kontaktsiz 6l¢ma sistemlorinin
inkisafina imkan yaradir.

Acar sozlar: Magnit levitasiya sistemi, parametr, texnoloji proseslar, model, optik sensorlar
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MATHUTHOMU JIEBUTAIIMU [JIAA UBMEPEHUSA TEXHOJIOI'MYECKHUX
ITAPAMETPOB

'P.3.I'ymbaranues, ¥Y.P.I'ymbaraiu
LioxTop MaTemaTHdeckux Hayk, mpodeccop
AzepOaiikaHCKast TOCYIapCTBEHHAsE MOPCKasl aKajeMust

Pe3tome: B cmambe nayuHo ucciedyemcsi NOMeHYual mexHoa02utl MazHUmMHOU 1eumayull 8
VCIOBUAX pACMYWuUx mpebosaHuli K MOYHOCMU USMEPEHUll 6 COBPEMEHHLIX MEeXHOI02USX.
Cucmemul MASHUMHOU Jnesumayuu (MLS) npeoocmasisiiom KOHmMAaxmHbvie,
8bICOKOUYBCBUMENbHBLE BO3MONCHOCTU USMEPEHUL, 4MO O0COOEHHO Bbl2OOHO C MOYKU 3DEeHUs
yempaneHusi eubpayuil U mexanuyeckoeo mpeHusi. OCHOGHble INEKMPOMASHUMHbBIE NPUHYUNDL,
UCNOIb3YeMble 8 MAKUX CUCMEMAX, OOBACHAIOMCA 8 pamKkax Gyukyuu Jlaepandxica u HeruHeuHvlx
OUHAMUYECKUX YPABHEHUU, ¢ OeMAalbHbIM AHATUZOM YCI08ULL YCIMOUYUBOCMU CUCmMeMbL U Modeell
ynpasnenus. Llenb cmamvu 3aKIOYAEMCS 8 MAMEMAMUYECKOM 000CHOBAHUU NPUHYUNA pPabOOmMbl
BbLICOKOMOUHBIX UBMEPUMELbHBIX YCMPOUCME, UCNONIb3YEMbIX 6 NPOMbIULIEHHOCIU U HAYYHbIX
UCCe008AHUAX, a4 MAKdce 8 pazpabomke AHATUMUYECKUX Mooenell U NPUMEHEeHUU Memooos
MOOenuposanus OJisi NOBblUleHUs: IPPeKmusHocmu smux cucmem. B pamxax npedocmasnenuou
MAMeMamuyeckol Mooenu BblasIsIOmcs 63aUMOCEA3U  MeHcOy QUIUYECKUMU GeTUYUHAMU U
VAPABAAIOWUMY NAPAMEMPAMU  CUCMEMbl MAZHUMHOU Ne8UMAYUY, a MAKH#Ce OYEHUBACMCS UX
GNIUSAHUE HA MOYHOCMb uzmepenull. Pesynibmamol noxaszwlearom, 4mo mMexHOI02UU U3MepeHull Ha
OCHOBe CUCmeM MAZHUMHOU Jlesumayuu 061aoarom 3HAYUMeNIbHbIM HOMEHYUATOM He MOJbKO O
3aMeHbl  MPAOUYUOHHBIX MEXAHUYEeCKUX CUcmem, HO U ONs CO30aHUsl OO0JI208EUHbIX, He
UBHAWUBAIOWUXCSL U BLICOKOYYBCBUMENbHBIX CUCeEM Ynpasienus u usmepenutl. Taxoi nooxoo
obecneyusaem GO3MONCHOCMb  PA3PAOOMKU  BbICOKOMOUHBIX  KOHMAKMHBIX — USMEPUMETbHBIX
cucmem, NPUMEHUMBIX 8 MUKPOIJIEKMPOHUKE, A3POKOCMUYECKOU NPOMbIULIEHHOCHU, OUOMeOUuyuHe
U HAHOMeXaHUKe.

Knwueevle cnosa: cucmema macHUmMHOU Jdeeumayuu, NaApamemp, MexXHOI02UYECKUe
npoyeccol, MOOeilb, ONMUYECKUe 0amuuKu
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