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Electromechanical processes during the start of induction-type magnetic levitation

Purpose. A study of induction-type magnetic levitation by determining the electromechanical processes that occur when a stationary
inductor is connected to an alternating voltage source and the levitation of an anchor made in the form of a multi-turn short-
circuited winding with an attached load. Methodology. Using a mathematical model describing an inductor and an anchor with
concentrated parameters, solutions are presented for equations describing the interconnected electrical, magnetic, mechanical and
thermal processes that occur in induction-type magnetic levitation. Results. The influence of the frequency of the alternating current
source on the electromechanical processes of levitation, which occur at different parameters of the anchor, is established. Due to the
phase delay of the induced anchor current in relation to the inductor current, an electrodynamic force directed downwards arises at
certain moments of their period. The total force acting on the anchor, due to the electrodynamic component, is of an alternating
nature with a predominance of the positive, upwardly directed component, which causes pulsations of the anchor speed. Originality.
The force acting on the anchor due to the electrodynamic component is of an alternating nature with the positive component directed
upwards dominating. The resulting oscillatory damping mechanical process occurs with an increase in the oscillation period and a
decrease in its amplitude. Practical value. It has been established that the maximum value of the lifiing force acting on the anchor is
achieved at an alternating current frequency in the range from 75 to 125 Hz, and the highest value of the steady-state levitation
height is realized for an anchor similar to an inductor at a frequency of 75 Hz. References 37, figures 6.

Key words: magnetic levitation of induction type, mathematical model, experimental test, starting electromechanical
characteristics, oscillatory electromechanical process.

Mema. /[ocnidowcennss maenimnoi nesimayii iHOYKYitiHo2o muny wisxom GUSHAUEHHs eNeKMPOMEXAHIYHUX NPoYecis, Wo BUHUKAIOMb NPpU
NIOKNIOYEHHI HEPYXOMO20 [THOYKMOpa 00 Odcepena 3MIHHOI Hanpyeu ma aesimayii AKOps 6UKOHAHO20 y 6uenadi 6a2amosumxoeoi
KOpOMKO3amMKHeHOi 0OMOmKY 3 npuconanum Haganmagicentam. Memoodonozia. 3a 0onomozoio mamemamuyHoi Mooeni, KA Onucye
IHOYKmMOp ma AKIp i3 30cepeodceHUMU napamempami,, npeoCcmagieti pilueHHs PIGHAHb, WO ONUCYIOMb 83AEMONO08 A3aHI eleKmMpPUdH,
MASHIMHI, MeXaHiyui ma mennosi npoyecu, wo SUHUKAIOMb y MacHimHill negimayii inoykyitinoco muny. Pesynemamu. Bcmanogieno
BNIUB YACMOmu 0dicepenia 3MIHHO20 CMPYMY HA eleKMPOMEXAHIUHI npoyecu 1esimayii, wo 6UHUKAIOMb 34 PI3HUX NApAMempie AKOpPsL.
Yepes pazosy 3ampumky iHOYKOBAHO20 CMPYMY SKOPSL RO 6IOHOUWEHHIO 00 CIPYMY [HOYKMOPA 8 NegHi MOMeHmu ix nepiody 6UHUKAE
enekmpoounamiuna cuna cnpamosana enuz. Cymapna cuna, wo Ol€ Ha AKIp, uepe3 eleKMpOOUHAMIYHUL CKAAOHUK, HOCUMb
3HAKO3MIHHULL XAPaKmep 3 Nepesa’caHHAM NOZUMUBHOL, CNPAMOBAHOL 620py CKIAO060I, WO 00YMOBIIOE NYNbCayii WEUOKOCI AKOPA.
Opuczinanvnicme. /fitoua na AKip cuna uepe3 eneKmpoOOUHAMIYHY CKIA008Y HOCUMb 3HAKOSMIHHULL XApaKmep 3 NepesadsiCaHHAM
NO3UMUBHOL, CNPAMOBAHOL 820pYy CKIAO060I. Bunukarouuil npu ybomy KOIUSATbHO 3a2acaiouutl Mexaniunuil npoyec 6i00yeaemuvca 3i
30LIbUEHHAM NEPIOJY KOMUBAHb MA 3MEHUEeHHAM tioco amnaimyou. Ilpakmuuna yinnicme. Becmarnosneno, wo makcumanbHa niouomMHa
cuna, wo Oi€ Ha sKIp, 00CA2AEMbCsL NPU YACMOmI 3MIHHO20 cmpymy 6 dianasori 6i0 75 do 125 'y, a naiibinbwa sucoma nesimayii, wo
6CMAHOBUNACSL, PEeai3yEMbCs OISl AKOPSL, AHAN02TUHO20 THOYKmopy, npu wacmomi 75 I'y. bi6in. 37, puc. 6.

Kniouogi cnosa: marHiTHa JeBitanist iHAyKkniiiHOro TMIy, MaTeMaTH4Ha MO/ieJIb, €KCIIEPUMEHTAIbHe BUNIPOOYBAHHS, IIyCKOBI
€J1eKTPOMeXaHi4yHi XapaKTepHCTHKH, KOJUBAJIbLHUI eJIeKTPOMeXaHiYHuii npouec.

Introduction. Magnetic levitation allows for
qualitative improvement of existing technologies and
finds application in transport, aerospace, chemical,
biomedical engineering and other fields of science and
technology. High-speed trains have been created on the
basis of magnetic levitation and contactless suspension of
aircraft models in wind tunnels is provided [1]. It helps
circulate blood in the human chest, is used in the
production of integrated circuits, measures dimensions
with subatomic resolution, is involved in plasma research,
melts and mixes chemically active high-temperature
metals, simulates the sense of touch in tactile systems,
cools laptops, enriches wuranium and isotopes in
centrifuges, stores energy in rotating flywheels, and
powers rotors in machines [2]. Levitating micro-actuators
eliminate the mechanical connection between fixed and
moving parts, ensuring that inertial forces dominate over
frictional forces [3]. Based on magnetic levitation,
electromagnetic energy sources driven by motion are
being developed, which are used for autonomous power
supply of various high-tech devices, such as remote
sensors, wearable devices, biomedical implants, etc. [4].

Features of the application of magnetic levitation.
Magnetic levitation is used in actuators, accelerometers,
gyroscopes, magnetic bearings, dampers, etc. It is used to
stabilize and control sea vessels, spacecraft, and other
critical objects.

In micro-drives, magnetic levitation not only
eliminates friction, but also essentially creates a built-in
micro-sensor with a long service life [3]. Levitating
micro-actuators can operate in harsh conditions (with
increased vibration and temperature, in a chemically
aggressive environment, etc.), preventing contact of the
micro-object with surfaces. They are used as sensors,
motors, switches, accelerators, particle traps, conveyors,
bearings, etc.) [3]. The micro-actuator allows for the
implementation of a combination of induction-type
magnetic levitation and an electrostatic actuator [5]. The
mathematical model of the said levitation considers a
conducting disk located between two circular currents.
Such a model takes into account two degrees of freedom,
allowing for the evaluation of static displacement and
suspension stability.

Magnetic levitation is used to stabilize and stabilize
a vessel, to reduce vibration and noise [6]. For these
purposes, the accelerations of the stator and the stabilizing
mass block were measured when the excitation winding
was supplied with a sinusoidal voltage of 0—500 Hz.

The contactless magnetically stabilized spacecraft
provides increased reliability and more precise control in a
six-degree-of-freedom system [7]. Control of the excitation
current of the contactless ring electromagnetic drive
directly affects its orientation characteristics. Magnetic
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bearings are used for the inertial drive of the spacecraft,
and active control is used to eliminate unbalanced vibration
in the magnetic levitation system [8].

The dual-hinged gyroscope of the magnetic
levitation spacecraft provides position determination and
position control [9]. The dual-axis angular velocity of the
spacecraft is determined from control signals in the active
magnetic suspension control system for the high-speed
rotor. The angular velocity of the magnetic levitation
gyroscope is measured by determining the current and
noise of the tilt signal on the orientation accuracy of the
spacecraft [10].

Magnetic levitation is used for magnetic bearings
and dampers because they are stable and easy to use at
both low and medium speeds. The magnetic damper
reduces vibrations and noise in devices [11], and the
active magnetic bearing suppresses disturbances in the
control system and displacement vibrations [12].

The three-magnetic bearing platform provides drive
weight compensation with ultra-precise installation, long
stroke and high acceleration [13]. It uses magnetic bearings
to provide lifting force and in-plane torque. Magnetic
levitation can be effectively used in high-precision
gravimeters to reduce autoseismic vibrations [14, 15].

A miniature rotating gyroscope is described in [16] in
which a 0.5 mm thick aluminum rotor levitates and rotates
relative to a flat coil. When high-frequency alternating
current with temporal and spatial phase distribution is
applied to the coil, the rotor rotates. Two internal
conductors provide levitation, and the outer conductor
provides lateral stability, preventing the rotor from sliding
sideways. When tested for 200 hours, the micromotors
remained operational at high current densities and elevated
temperatures, showing no signs of degradation.

A promising direction of magnetic levitation is
medicine. For a disposable extracorporeal system, a
magnetically levitating centrifugal pump has been
developed that provides blood circulation [17]. Such a
pump, with high productivity, eliminates mechanical
contact with the impeller, reduces heating and reduces
blood trauma, preventing the formation of blood clots.

However, in a magnetic levitation system there is a
problem of stabilizing suspended bodies. The stability of
the system is affected by the mechanical interface
between the levitation object and the loaded device, and
self-exciting vibration occurs during operation. To study
the effect of the gap size on the mechanical behavior of
the system, a coupled electromagnetic-mechanical model
with lumped parameters was considered in [18]. It was
found that with a decrease in the gap size, the vibration
frequency increases.

In [19], the dynamic electromagnetic characteristics
of an electrodynamic levitation system with permanent
magnets are investigated. The test setup is used to
determine the speed characteristics, lateral stability and
vertical vibration. A massive object is suspended in the air
at a height of 30 mm [20]. Levitation can also be realized
with a small gap, for example, at a distance of up to 5 mm
between two ferromagnetic cores [21].

Of particular interest is magnetic levitation of the
induction type (MLIT), which does not require either
permanent or superconducting magnets. In it, the height

of the suspension of the conductive anchor can be easily
changed by regulating the alternating current feeding the
inductor. Such levitation can be implemented in various
devices in the presence of an electrically conductive
element that is subject to an alternating or series of
magnetic field pulses [22, 23].

In the work [24] an electromechanical model of the
MLIT of a conductive anchor in the form of a ring is
constructed and investigated. The equilibrium positions of
the levitating ring are determined, the stability is
investigated and an expression for the rigidity of the
suspension is obtained.

To stabilize the MLIT, a magnetic resonance
connection is used between a stationary inductor and a
levitating multi-turn anchor [25]. To calculate such a
suspension, analytical solutions of equivalent circuits
were used, on the basis of which the currents in the
inductor and anchor, forces relative to the gap size and the
applied frequency of the alternating voltage were
considered. Experimental and theoretical results show that
positive rigidity is possible, which is necessary for self-
stabilization of the magnetic suspension.

The MLIT allows energy to be transferred to a
levitated object even if there is a large gap between the
inductor and the anchor. Magnetically coupled circuits
have two resonant frequencies, the attractive force is
generated at a lower resonant frequency, and the repulsive
force is generated at a higher resonant frequency [25].
The damping characteristics and the rigidity of the
suspension depend on the size of the gap, the amplitude
and frequency of the alternating voltage source.

One of the effective MLIT devices is the Thomson’s
Jumping Ring, which consists of a fixed inductor in the
form of a multi-turn coil and a vertically located
ferromagnetic core in the form of a steel rod that protrudes
beyond the upper limit of the coil [26]. When alternating
current is applied to the inductor, the conductive anchor, in
the form of a thin ring placed on a ferromagnetic core,
jumps to a certain height, after which it is held in a state of
levitation relative to the coil. The Thomson apparatus was
used to measure the phase delay of the current and force in
the frequency range of 20-900 Hz [27]. Stroboscopic
photographs of the jumping ring at room temperature and
at liquid nitrogen temperature show that the jump height is
determined by the time-averaged mechanism of the
inductive phase delay. The stack of thin rings levitates at a
higher altitude than a single ring because the inductive
phase delay begins to dominate the parallel resistance of
the combined rings.

Based on the analytical model of Thomson’s
apparatus, the dependences of the force acting on the ring
on the phase, amplitude and frequency of the exciting
current were established [28]. The theory of an ideal
alternating current transformer is also used to calculate
the parameters [29]. The electrodynamics of a levitating
ring demonstrates a changing mutual inductance between
the ring and the coil [30].

The dependences of the jump height of the ring on
its material (copper and aluminum alloys), mass,
temperature, and the number of rings of different heights
were obtained [31]. The jump height increases and shifts
to a lower optimal mass when the rings are cooled to a
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temperature of 77 K. The throwing heights of brass,
copper, and aluminum rings at room and nitrogen
temperatures and different applied voltages were studied
[32]. Synchronization of two rings of the Thomson
apparatus, powered by alternating current, has found
application in mobile robotics [2].

However, the existing Thomson devices
implementing MLIT contain a ferromagnetic core
protruding beyond the coil surface, which affects the
design of the suspended object and introduces
nonlinearity into the levitation process control system.
Thomson devices were mainly used to study and
demonstrate the effect of magnetic levitation without a
load, and were not considered as a power suspension.
This can also explain the design of the conductive anchor
in the form of a ring, which is not advisable when feeding
the inductor with high-frequency current. The height of
the ring toss is mainly analyzed, while in the practical
implementation of magnetic levitation, the size of the gap
between the hovering anchor and the stator inductor and
the time of the steady-state process are important.

The aim of the article is to study magnetic levitation
of the induction type by determining the
electromechanical processes that occur when a stationary
inductor is connected to a source of alternating voltage
and the levitation of an anchor made in the form of a
multi-turn short-circuited winding with an attached load.

Mathematical model of MLIT. Let us consider
electromechanical processes in a one-dimensional MLIT,
in which a fixed inductor is connected to a high-frequency
voltage source, and a coaxially mounted conductive anchor
can move along only one spatial coordinate. The anchor is
made in the form of a multi-turn short-circuited winding on
which a load (an object being lifted) is installed. In this
case, if the anchor is wound with a relatively thin wire, it is
possible to analyze the influence of its height on the
operation of MLIT, neglecting the skin effect.

We will assume a strictly vertical movement of the
anchor along the z axis relative to the stationary inductor.
Let us consider a mathematical model of MLIT, in which
the magnetic connection between the inductor and anchor
changes. To describe MLIT processes, we will use
electric circuits with concentrated parameters of the
inductor and anchor, the active resistances of which
depend on their heating temperature [33].

Note that when magnetic levitation is started, the
temperature of the active elements may not increase
significantly, but in a steady state this temperature can
significantly affect the nature of electromechanical
processes. Therefore, we will consider a universal
mathematical model that describes processes in different
operating modes.

To take into account the interconnected electrical,
magnetic, mechanical and thermal processes, we will
present the solutions of the equations describing these
processes in a recurrent form [34]. Electrical processes in
the active elements of the MLIT (inductor and anchor)
can be described by a system of equations:

o di diy . .dM
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where n = 1, 2 are the indices of the inductor and anchor,
respectively; M(z) is the mutual inductance between the
active elements; v, is the velocity of the anchor along the z
axis; u(t) = U,sin(ax + y,) is the voltage of the power
source; i,, R,, L,, T, are the current, active resistance,
inductance and temperature of the n-th active element,
respectively.

Using the relationships from work [35], the
following expressions can be written for the currents of
the active elements of the MLIT:
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The magnitude of the anchor displacement together

with the connected load relative to the inductor can be
represented in the form of a recurrence relation [33]:

he () = (1) + v, (6) At + 8- 4 [(mg +my) . (5)
where v, (t;41) =v. (1) +9- Atf(m, +my) is the anchor

speed together with load; 3= F,(z,t)-0,1257y, ﬁaDezzvf )

+
2
LiLy—M

+

F(z,0) =ij(t})iy (tk)% is the instantaneous value of the

axial electrodynamic force acting on the anchor; m,, m, —
mass of the anchor and the attached load respectively;
h, — magnitude of anchor displacement; y, — density of the
medium of movement; S, — drag coefficient; D, — outside
diameter of the attached load.
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The temperature of the n-th active element can be
described by the recurrence relation [35]:

T, (tki1) :Tn(fk)ﬂﬁ(l—)()[To +477% (1) %

—1 -1 77-1{2 2 |1
><Rn(Tn)OanDen[—]n (Den_Din) j|v (6)

where y = exp{— 0,254tD,,a 7, c,jl T, )7;1 }; D.,, D, —
the outer and inner diameters of the n-th active element,
respectively; ar, ¢, » — heat transfer coefficient, heat
capacity and density of the n-th element respectively.

To calculate MLIT we use the following algorithm
of cyclic action. We divide the working process into a
number of numerically small time intervals At = #, — 1,
within which all values are considered constant. In each
cycle, using the parameters calculated at time ¢, as initial
values, we calculate the parameters at time #.;. In the
calculation cycle, the values of currents 7,, temperatures
T,, resistances R,(T,) of active elements, values of axial
electrodynamic force fi(z.f), velocity v, and displacement
h, of the anchor, mutual inductance M(z) between active
elements are successively calculated.

To determine the currents on a numerically small
calculation time interval Az, we use linear equations with
constant parameter values. We select the value of the
calculation step At in such a way that it does not have a
significant effect on the calculation results, while ensuring
the necessary accuracy.

Initial conditions of the mathematical model: 7,(0)=0;
T,(0)=T, — current and temperature of the n-th active
element, respectively; 4.(0)=h,, — distance between active
elements; v,(0)=0 — armature speed along the z-axis;
u(0) = U, siny, — voltage of the alternating current source.

Main parameters of MLIT. Let us consider the
electromechanical processes when starting magnetic
levitation of the induction type, in which the inductor (#=1)
and anchor (n=2) are made in the form of multi-turn disk
windings. The active elements (inductor and anchor) are
tightly wound with copper wire of diameter d,=0.9 mm.
Their outer diameter D,=100 mm, and inner diameter
D;, =4 mm. The inductor has an axial height ;=10 mm
and contains turns w;=480.

The active elements are made in the form of massive
disks by impregnation and subsequent hardening of epoxy
resin. They are installed horizontally and coaxially so that
the initial distance between them #4.,=1 mm. The
amplitude of the AC source voltage U,, =100 V. The mass
of the load connected to the anchor is m, =0.5 kg.

Let us consider the influence of the anchor
parameters and the frequency of the AC source f on the
electromechanical processes that occur in the MLIT when
the inductor is connected to the source. As anchor
parameters we will use the number of turns w, and the
axial height H,. The change in the number of turns of the
anchor w, is carried out layer by layer, which
proportionally changes its height H,.

Let us consider electromechanical processes when
using an anchor with the following parameters: number of
turns w,=240, height H,=5 mm. Figure 1 shows the
starting electromechanical characteristics of the MLIT at
the initial interval of 0.1 s when an alternating voltage
with a frequency of /=50 Hz is applied to the inductor. In

this case, the anchor with the connected load makes a
vertical jump from the initial position. The instantaneous
values of the source voltage u, the current density in the
inductor j; and anchor j,, the axial force F,, the vertical
velocity v, and the displacement /4, of the anchor are
presented as characteristics.

e u,V; j, A/mm?

VY

-150 .

F-,N; h., mm; V- m/s

60

-40 |
80 f, ms 100

\
0 20 40 60

Fig. 1. Starting electromechanical characteristics of MLIT
at source frequency /=50 Hz over a short interval

The inductor current lags in phase with the source
voltage, which is explained by the active-inductive nature
of the inductor resistance. However, the phase delay of
the induced anchor current with respect to the inductor
current is more important, since due to this, at certain
moments, the currents flow in one direction, which leads
to the emergence of a braking electrodynamic force
directed downwards. Note that the total force providing
vertical movement of the anchor F. also takes into
account the gravity of the anchor and the load, as well as
the aerodynamic resistance during movement.

As a result, the force F, due to the electrodynamic
component acting on the anchor, has an alternating
character with the positive component directed upwards
predominating. It should be noted that the effect of the
occurrence of the alternating nature of the electrodynamic
force acting on the moving anchor when an alternating
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voltage is applied to the inductor was first described in the
works of Ukrainian scientists in 1986 [36].

This character of the electrodynamic force causes the
pulsations of the anchor speed v.. When the anchor with the
load moves vertically relative to the inductor by a distance
h., the induction current of the anchor and the positive
component of the force acting on it decrease. In this case,
the force of gravity begins to prevail, as a result of which
the anchor begins to descend. The resulting oscillatory

damping mechanical process can be seen in Fig. 2.
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Fig. 2. Starting electromechanical characteristics of MLIT
at source frequency /=50 Hz over an extended interval

When the anchor moves away from the inductor by a
distance /4., the upward component of the force F,
decreases, and when the anchor approaches the inductor,
this force increases. Since when the anchor moves
upward, the electrodynamic force and the force of gravity
are directed oppositely, and when it falls, they are
directed in agreement, the downward force F, changes to
a lesser extent than the force directed upward.

Such an oscillatory electromechanical process
occurs with an increase in the oscillation period and a
decrease in its amplitude. The first oscillation period is
0.17 s, the second — 0.2 s, etc. The greatest jump of the
anchor with the attached load occurs initially to a height
of h,=15.9 mm, after which it drops to #,=4.6 mm. Then
the oscillation amplitude decreases and after about 1.0 s
the oscillatory process practically fades out and the
anchor with the attached load begins to stably levitate at a
height of 4.’=8.6 mm relative to the inductor.

When the inductor is connected to an alternating
voltage source with a frequency of f =100 Hz, the
electromechanical processes change as follows (Fig. 3).
The current density in the inductor j; decreases, which is
explained by an increase in the inductor resistance, and
the current density in the anchor j, increases, which is
explained by an increase in the frequency of the magnetic
field from the inductor.

As a result, the maximum electrodynamic force, and
therefore the resulting lifting force F, increases, which
causes the first jump of the anchor to a greater height
h,=22.7 mm. The period of mechanical oscillations is
practically the same as when connecting the inductor to a
voltage source with a frequency /=50 Hz, but with a
greater amplitude.

J.A/mm?; h_, mm; V-, m/s

Rt

40 +

60 Y O B Y I
0 20 40 60 80 1, ms 100

Fig. 3. Starting electromechanical characteristics of MLIT
at source frequency /=100 Hz over a short interval

The higher the anchor bounce, the smaller the value of
the induced current in the anchor j,, and hence the value of
the lifting force F, (Fig. 4). Depending on the value of the
anchor bounce relative to the inductor, the induced current in
the anchor changes to a greater extent than in the inductor,
and the electrodynamic force to an even greater extent. After
approximately 1.0 s, the ;anchor together with the load
lev1tate ata steady height 4."=11 mm relative to the inductor.

50
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b e
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Fig. 4. Starting electromechanical characteristics of MLIT at

source frequency =100 Hz over an extended interval
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The electromechanical parameters of the MLIT
depend significantly on the anchor parameters and the
frequency of the AC source voltage.

Figure 5 shows the maximum values of the current
density in the inductor jj,, and anchor j,,, the force F,
and the steady-state height of anchor levitation with load
h.” depending on the frequency of the source voltage f.
These dependencies are constructed for different anchor
parameters: the number of turns w, and the
corresponding height H,. Since the turns are laid in
layers, then, for example, at w,=120, H,=2.5 mm, at
wr,=600, H,=12.5 mm. In this case, the anchor mass also
naturally changes.

With increasing source frequency f, the maximum
current density in the inductor j,, decreases due to
increasing inductive resistance. Moreover, the more turns
in the anchor w,, the greater the value of j;,, due to the
inductive effect of the anchor on the inductor.

With increasing source frequency f, the maximum
current density in the anchor j,, changes ambiguously.
This is due to two factors: increasing the frequency
increases the EMF in the anchor, but the reduced inductor
current excites a magnetic field of a smaller magnitude. In
the range from 50 Hz, the value of j,, increases to a
certain value, and then decreases with increasing
frequency to 300 Hz. The fewer turns in the anchor, the
higher the specified effect occurs at the higher source
frequency.

This explains the nature of the change in the
maximum force F,,, which has the greatest value at a
frequency in the range of 75-125 Hz. The more turns
of the armature winding w,, the greater the value of F,,
and is achieved at a lower frequency. After the specified
maximum value, the maximum force F,, decreases,
and there is no obvious dependence on the number of
turns wj.

The dependence of the steady-state height A." of
levitation of the anchor with a load on the frequency of
the current in the inductor is to a certain extent similar to
the dependence of the force on the frequency F,,( f), but
with the peculiarity that with an increase in the number of
turns of the anchor w,, its mass also increases. The
greatest levitation height 4."=15 mm is realized for the
anchor w,=480 s at a frequency of f~ 75 Hz.

That is, this anchor is made the same as the inductor.
Note that at a frequency of 50 Hz, the anchor with the
number of turns w,=120 and an attached load will not
levitate relative to the inductor at all.

It should be noted that the induction method of
maintaining magnetic levitation in a stable mode is quite
energy-consuming and significantly depends on the
frequency of the supply voltage. Thus, for MLIT with the
parameters considered above, when using an anchor with
wy=120 at /=50 Hz, the power of the power source is
P=1.45kW, and at =300 Hz P =0.47 kW.

50 100 150 200 250 J.Hz 300

*
h_, mm

16

100 2) 250 J,Hz 300

J» A/mm?
70
w,
— 120
60 ——240
—=—360

——480

50 100 150 200
¢

Fig. 5. Dependences of the electromechanical indicators of the

MLIT on the frequency of the source voltage
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To check the basic relationships, experimental
studies of the MLIT were conducted in the laboratory of
the General Electrical Engineering Department of NTU
«KhPI». Figure 6 shows the initial position of the anchor,
made in the form of an aluminum disk ring, relative to the
inductor and the state of its stable levitation with an
attached load (a roll of scotch tape). A plastic guide tube
is used for strictly vertical movement of the anchor.
Calculations performed for this installation using the
proposed mathematical model coincided with the
experimental data with an accuracy of 10 %.

a

Fig. 6. Experimental setup for studying MLIT in the initial (@)
and working (b) state

The proposed magnetic levitation has a wide range of
applications. For example, in high-precision gravimeters, in
the vacuum chamber of which the optical angular reflector
of the measuring system of the Michelson laser
interferometer is freely moved in the gravitational field of
the Earth, it can reduce autoseismic oscillations. Due to
this, it is possible to increase the performance of the
ballistic gravimeter with a symmetrical measurement
scheme, which is the state primary standard of the unit of
acceleration of free fall (National Scientific Center
«Institute of Metrology», Kharkiv) [37].

Conclusions.

1. An analysis of magnetic levitation systems and their
practical implementation is carried out, and the
advantages of induction levitation are shown.

2. A mathematical model of magnetic levitation of the
induction type with concentrated parameters of the
inductor and anchor, represents solutions of equations
describing interconnected electrical, magnetic,
mechanical and thermal processes, in a recurrent form.

3. The influence of the frequency of the alternating
current source on the electromechanical processes that
occur when starting magnetic levitation of the induction
type with different parameters of a multi-turn short-
circuited anchor has been established.

4. When magnetic levitation is started, an oscillatory
electromechanical process occurs, which is established
after approximately 1 s. The highest established levitation
height is realized for an anchor similar to an inductor, at a
frequency of 75 Hz.

5. The results of experimental studies on the levitation
of an aluminum disk with an attached load coincided with

the calculated results obtained using the proposed
mathematical model with an accuracy of 10 %.
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