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DETERMINATION OF TRANSFER FUNCTION OF MAGNETIC LEVITATION
MODEL AND EXPERIMENTAL VERIFICATION OF OPTICAL SENSOR

Urgency of the research. The potential of controlling the position of levitating objects has great application in deposi-
tion and in various positioning systems. Magnetic levitation eliminates direct mechanical friction between moving parts.

Target setting. The measurement shielding method used is one of the methods of determining the position of a levitating
object. By combining positioning and regulating elements, we achieve a feedback control. The use of a given type of meas-
urement has advantages in places where the use of other methods is not appropriate.

Actual scientific researches and issues analysis. The problem of magnetic levitation is addressed by several research
laboratories with a direct connection to practice. The problem that is currently solved within magnetic levitation is the regu-
lation of the levitating object using various types of regulators.

The research objective. Derivation of mathematical model of magnetic levitation and examination of nonlinear system
followed by linearization by Taylor series. Experimental determination of characteristics and dependence between object
position, voltage and current.

The statement of basic materials. The position of the levitating object is determined by the shading of the optical sen-
sor. The light source is a laser light.

Conclusions. In this work we defined the mathematical model of the magnetic levitation system and subsequently de-
rived the transfer function of the levitation system and the position sensor. From the experimental verification of the shadow
method for the determination of the position of the levitating object and the consequent need for regulation, we found that the
dependence of the position of the levitating object on current and voltage on the photodiode is linear in the active region.

Keywords: magnetic levitation; optical sensor; laser module; motion detection.
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Introduction. Magnetic levitation has a large perspective in practice, but the widespread use
of this technology is not as enormous as some other technologies. The best-known application of
magnetic levitation is the use of maglev trains, but it is not the only application of magnetic levita-
tion in practice. To meet the functional model of magnetic levitation in practice is quite proble-
matic in our latitudes. Germany is one of the few countries dedicated to magnetic levitation tech-
nology and has a high reputation worldwide with its Transrapid train. Another application of the
use of magnetic levitation is, for example, in the Trimble® S6 servo system Fig. 1.
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Fig. 1. Trimble S6 (integrated angle and servo system) [1]

Trimble® MagDrive™ servo technology is an integrated servo and angle system that uses
a direct drive and frictionless electromagnetic drive technique similar to those used in maglev
trains. The direct drive system allows the servo motors to be mounted directly on the
horizontal and vertical axis, removing the need for additional mechanical gearing [1].
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Shadow method of measuring position. Magnetic levitation has a large perspective in
practice, but the widespread use of this technology is not as enormous as some other
technologies. The measurement of the position of the levitating object using the shadow
method is based on the measurement of the current depending on the intensity of the incident
light beam on the photosensitive sensor. The drop shadow on the photodiode will cause us to
drop the current. Classic light or intense laser light can be used as the light beam source. The
sensing unit thus consists of an emitter and an emitted beam sensor. It is most ideal to use a
laser beam source as the emitter, the intensity of which is better reflected in the photodiode in
a way of greater variance of the measured values. The figure Fig. 2 shows a diagram of the
construction of the sensing. When designing it is appropriate to use a collimator, which
provides us collimated beam [2-5].

Fig. 2. Schematic representation of the position sensing solution by the shadow method:
1 — coil, 2 — connecting screw, 3 — levitating object, 4 — fotodiode, 5 — lasermodule with collimator
Mathematical model of the levitating system. In order to be able to regulate this
dynamic system, we describe the physical behavior of the magnetic-levitation dynamic
system by a mathematical model. Principle of behavior of levitating body, description of its
movement and realization of mathematical model is in following lines.

f mg

Fig. 3. Forces acting on a levitating object

The electromagnet inductance is assumed in the form:
Lo

Ly) =1L, + =) (D
We also assume that there is a relation between the inductance constants:
Ly > Lo,y(0) =1 (2)

The electromagnetic force acting on a levitating object can be expressed from the
magnetic energy equation:

WG y) =3i°L0) 3)
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Electromagnetic force is defined as a derivative of magnetic energy and after substitution
of induction of electromagnet and energy of magnetic field we get:

, ow’ Loi?
F,y)=—=—""—— 4
m(Ly) = (14 (4)
In the next step, we can derive the equation of motion of the levitating object from Fig. 3:
my =mg + E, )
Substituting Equation (4) into equation (5) gives a nonlinear motion equation:
. Loi?
mj =mg ——2" ©)
2a(1+2)

As the role of the electromagnetic actuator is generating such a magnetic force to be balanced
against the gravitational force is necessary to equation (6) adjust into static equilibrium:

mg = Lo—iz (7)
2a(1+%)2
In the next step, it is necessary to modify equation (7) to express the current:
= Y\ [2mga
1=(1+7) =5 (®)
Nonlinear equation of motion (6) can be developed into Taylor series. Then we get:
E,(Ai,Ay) = E,(I,Y) + aF’;—;””Ay + Lm0 p; (9)
Where the fault variables are equal: Ay =y —Y, Ai =i — 1.
After substituting force equations into equation (9) we get:
2 2
Fp(Bi,Ay) = ——2—— + — = Ay — —° A (10)
2a(1+7)  a?(1+) a(1+7)
After modification, the basic linearized equation has the form:
mAy = mg + F,(Ai, Ay) (11)
Substituting equation (10) into equation (11) and then simplifying the relations we get:
2
mAy = —2—— Ay — —° Ai (12)
a2(1+E) a(1+E)

In the next step, it is necessary to simplify equation (12) by multiplying both expressions
on the right and left sides:

2

2mga(1+£) .
= 1 (13)
The resulting equation will then have the form:
. 29 29 .
8y - (22) ay + (*2) ai = 0 (14)
Using the Laplace transform we get the following expression:
2 _ (29 29
s2AY(s) - (22) av(s) + (2) ar (15)
By adjusting equation (15) we get the transfer function:
AY(s) 1
AI(s) ~ As?-B (16)
Where the individual coefficients A, B:
I [As? 1 [a
a=-ll B =aw ) (17
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Since in expression (17) the coefficient B is negative and the coefficient at the first derivative
missing, this system is unstable. It is therefore necessary to ensure system stability feedback. We
need numerical values for the electrical and mechanical subsystem directly to models [2-5].
Experimental verification of the shadow method. The absolute measurement method
was used for experimental verification. The aim of the measurement was experimental
verification of the proposed solution. The experiment was performed under different
conditions and settings and was therefore divided into several phases. The determined
dependency characteristic is therefore different for each phase.
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Fig. 4. Laser diode HLDPM12 — 655 -5

In the experiment we used Laser diode HLDPM12 — 655 — 5 in Fig. 4 with collimator, and
Tesla 1PP75 photodiode. The active surface of the Tesla 1PP75 photodiode is 3.5 mm x 5.5 mm.
Current measurement was performed on a HP 34401 A professional laboratory multimeter. The
casting of the shadow on the photodiode was obtained using a metal sheet that was mounted in a
rack with micrometer movement in the X-axis and Y-axis directions. Schematic representation of
the measurement is in the figure Fig. 5.
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Fig. 5. Scheme of current measurement by laser beam on photodiode:
1 — Laser module, 2 — photodiode, 3 — Metal shielding plate,
4 — Stand with micrometer movement, 5 — ammeter

Measurement procedure:

* connecting the laser to the mains, attaching the laser probe to the stand and connecting
the photodiode through the wires to the multimeter input;

* turning on the laser and checking the beam so that it hits the sensor;

» setting the distance of the sensor from the laser module as required;

» grasping the shielding plate in a micrometer feed rack;

* zero setting of the shielding plate;

* turning on the multimeter and setting the DC current mode;

* recording the generated background currents of the measuring room;

* reading the value from the multimeter with zero cover;

* turn the screw to change the position of the shielding plate in 0.5 mm increments until
the entire 10 mm interval has passed;

* reading three values from the multimeter every half millimeter and writing to the table;

* calculation of averages from the measured values and subsequent correction for total
measurement error;

* Interpolation graphs [5].
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Table 1
Laser diode HLDPM12 — 655 — 5 parameters
Laser diode Supply voltage [V] Wavelength|nm] Qutput voltage [mV]
HLDPM12 - 655 -5 2,5~4,0 655 6,0 ~7,0

Fig. 6. Model of design of collimator and laser diode

If light is incident on the diode, there is an electrical voltage on the diode leads. From the
characteristic of the photodiode we know that the dependence of the voltage on the illumination
is largely non-linear, while the dependence of the current on the illumination is linear. For this
reason it is advantageous to connect the photodiode to the current-voltage converter.

The current is applied to the inverting input of the operational amplifier. Since the input
resistance of the amplifier is large, it also passes through resistor R2 in the feedback of the
operational amplifier. Due to the high gain, the feedback tries to keep the input close to the
potential of the non-inverting input. The input voltage of the converter Ul is close to zero as
well as the input resistance. The output voltage of the circuit represents the voltage drop
induced by the current I on the resistor R2. The resistance of resistor R2 must be chosen so that
the output voltage is in the linear range. If the operational amplifier output becomes saturated,
the wiring does not work. Since the amplification of the converter was not sufficient, another
amplification stage implemented by the operational amplifier TLO72 was used.
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Fig. 7. Schematic of current-voltage converter
The dependence of the output current on the position of the levitating object is :
I=al+b (18)
Where the coefficients a, b of equation (18) can be determined using the least squares method.
14 5. v14 ;2 _§14 ;. v14 .5,
— 2i=1ll-21=1ll 21,:11[-21:211!1! (19)
14’-2%;}1 li2_<2i1;1-1 L )
14 (Y14 ) (T
p = Ticalili (21=1ll)-(21=1211) (20)
14’-2%;}1 li2_<2i1;1-1 L )
By substituting the measured values into equations we get the resulting coefficients a, a b:
I =14,451—-2,12 (21)
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Fig. 8. Graphical representation of current versus distance
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Fig. 9. Graphical representation of voltage versus distance

From the measured data it can be seen that the working range of the sensor is 6.5 mm,
while the dependence is linear. Transfer functions of the sensor have the following form:

Al

Gsn = n (22)
AU

Gsn = E (23)

Conclusions. In this work we defined the mathematical model of the magnetic levitation
system and subsequently derived the transfer function of the levitation system and the
position sensor. From the experimental verification of the shadow method for the
determination of the position of the levitating object and the consequent need for regulation,
we found that the dependence of the position of the levitating object on current and voltage on
the photodiode is linear in the active region [1-11].
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BU3HAUYEHHSI NEPEJABAJIbHOI ® YHKIIII 1J1s1 MOJEJII MATHITHOI
JIEBITAIIII TA EKCIEPUMEHTAJIbHA TIEPEBIPKA OIITUYHOI'O JIATYHUKA

Axkmyanonicme memu 0ociiodxcennsn. Kepysanns nonosicennsm ob'ekmis, wo nesimyioms, Mae 8eauKull NOMeHyial 6
3ACMOCYBAHHAX, MO8 A3AHUX 3 OCAONCEHHAMU A 8 PISHOMAHIMHUX CUCeMAX NO3UYIOHY8aHHs. Masnimua nesimayis GUKo-
uae npsame Mexaniune 34enieHHs. MIJC PYXOMUMU YACUHAMU.

Ilocmanoeka npoonemu. Buxopucmogysanuii Memoo eKpary8ants SUMIPIOSAab — 00UH i3 MEMOOI6 BUZHAYUEHHSL NOJIOJNCEHHS
00'exkma, wo nesimye. LLisixom KoMOIHY6aAHHS eneMeHmie NO3UYIOHYB8AHH MA Pe2yOBAHHS, 00CIeAEMbCS KOHMPOTb 360POMHO20
36'513Ky. Bukopucmanmst 3a0ano20 muny sUMIpIOBAHHsL MA€ nepesazii 8 MICYsIX, 0e UKOPUCIANHS THUUX MemOOi8 He € OOULTbHUM.

Ananiz ocmannix oocnioscens i nyonikauiii. [Ipobnema maznimnoi negimayii supiulyemscs dazamoMa HaAyKo80-00CIOHUMU
abOpamopismu, SIKi Maroms NPSIMULL 36 130K 13 NPAKMuHUMU 0ocuioxcennsimu. Tlpobnema, sika 6 OaHuil 4ac supiuLyemvcs 8 00-
JACmi MA2HIMHOL 1e8imayii, — ye pe2ynto8anHs Cmary 0b'ckma, wo 1esimyc, 3a 00NOMO20I0 PI3HUX MUNIE pe2y/Isimopie.

Ilocmanoeka 3as0anns. Buseoenns mamemamuynoi mooeni MacHimuoi nesimayii ma 0oCniodceHHs: HeniiliHol cucme-
MU 3 HACIYNHOW JTiHeapusayieio 3a donomo2ow pady Teiiopa. ExcnepumenmanvHe 8USHAYEHHS XAPAKMEPUCTNUK MA 3die-
JHCHOCMEL MIIC NOJLOJNCEHHAM 00'€Kma, ma Kepylouumu Hanpy2oro ma Cmpymom.

Buxknao ocnoenozo mamepiany. Ilonoosicennsn 06 ’ekma, wo 1egimye, GUSHAUAEMbCS ULIAXOM 3aAMIHEHH ONMUYHO020 0a-
muuka. [cepenom ceimaa sucmynae naszep.

Bucnoexu ionosiono 0o cmammi. Y oaniti po6omi U3HAYEHO MAMEMAMUYHY MOOETb CUCEMU MAZHIMHOL 1egimayii,
o 32000M 00360/IUILO OMPUMAMU NEPeOABANbHY (DYHKYIIO cucmemu esimayii ma 0amyuka nojiodNCeHHs. 3 eKxcnepumenma-
JIbHOL nepesipKu Memooom 3amineHtst OISl BUHAYEHHS. NOJLOJICEHHsL 00'ckma, wo nesimye, ma 6i0n06ioHO 00 Ybo2o NONO-
JiCeHHs1, HeOOXIOHOCMI 6 pe2yNio8aHHI, OYI0 BCTNAHOBNIEHO, W0 3ANEHCHICIb NONONCEHHS 00'€Kma, Wo 1e8imye, 6i0 cmpymy
ma Hanpyeu Ha homooiodi € AIHIlHOW 8 AKMUBHIL 0bracmi .

Kniouosi cnosa: maenimua negimayis;, onmuyHull Oam4ux,; 1a3epHuti MoOyib;, OemeKmy8aHHs pyxy.
Puc.: 9. Bion.: 11.
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