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Introduction

Designing the electric drives with the linear
electromagnetic motors (LEM), it is necessary to have a
mathematical model of the motor which allows calculating
of the static and dynamic operating modes of the drive. A
mathematical model takes into account the static load of
the motor and load components, which are dependent on
the shift along the coordinate x and speed. Obtained
mathematical model of the LEM allows calculating of the
transitional processes of the current, speed, secondary
element position, and dynamic traction force, therefore, a
mathematical model of the motor can be used to analyze
the drives with linear motors[1].

The development of the mathematical model of a
linear electromagnetic motor is a complex task requiring
special physical and mathematical knowledge.

In order to check the correspondence of the
mathematical model of the LEM with the obtained
experimental data, an idealized dynamic mathematical
model of the linear electromagnetic motor was developed.
On the basis of the obtained dependencies [1] of the
inductance L(x) and traction forces f,(x) on the position

of secondary element (SE), the transitional processes of the
mathematical model for the current i(t), speed w(t), SE

position x(t), and dynamic traction forces f,(t) were
calculated.

Table 1. Parameters of the motor's physical model

Item Parameter name | Symbol | Value | Unit
1. Pole height & 15 mm
2. Pole width b. 14.5 mm
3. Tooth height a, 15 mm
4, Tooth width b, 15 mm
5. Tooth thickness 2A 16 mm
6. Tooth pitch b 15 mm
7. Air gap ) 1.1 mm
8. Number of Sk 3 vnt.

induction coils
9. Number of coils w 2200 -
10. Wire diameter d 0.04 mm
11. Cail resistance R 32.7 Q
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Mathematical model of the linear electromagnetic
motor is calculated using a physical model of the motor,
parameters of which are specified in Table 1.

A goal of this article is to develop an idealized
mathematical model of the linear electromagnetic motor
and calculate transitional processes of the mathematical
model for the current, speed, secondary element (SE)
position, and traction forces, using obtained dependencies
of the inductance and traction forces on the SE position.

Dependence of the inductance on the position

Expression of useful motor traction force along the
coordinate x can be obtained using the electromechanical
energy conversion theory [2-5]. According to this theory,
it is necessary to know the function of changing of the
motor inductance with respect to the coordinate x. After
experimental tests with a physical model of the linear
motor, the main parameters of which are specified in Table
1, the change of the motor excitation coil inductance
shown in Fig. 1 was determined.
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Fig. 1. Graph of the inductance change, at 100 V DC supply
voltage

Experimental curve can be approximated by this
formula with the accuracy sufficient for engineering
calculations:
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here Ly, Lm - amplitude of fixed and variable

component of the excitation coil inductance; Ly, Ly —
values of the excitation coil inductances when the coil pole
is located in the middle of the tooth and the middle of the
tooth pitch; v =2-b — pole pitch of the toothed secondary
element; b — the width between the similar tooth and
spans of the secondary element.

Dependencies of the traction forces of the LEM on the
secondary element position

Supposing that the magnetic system is not saturated,
in accordance with the theory of electromechanical energy
transformation, the traction force created by one coil of the
motor can be expressed by the following eguation:
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Fig. 2. The diagrams of the traction force components, at 24 V
supply voltage

With the simultaneous power supply of the three
motor coails, it is necessary to take into account the mutual
layout of the coils with respect to the secondary element
[6]. In this case, the traction forces created by separate
coils are expressed by the following equation:
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here f_y, foy, fix — traction forces of the appropriate

coil the pole of which is shifted in the direction of (— x)
coordinate, of the middle coil, and the coil the pole of
which is shifted in the direction of (+ x) coordinate.

The diagrams of the traction force components are
shown in Fig. 2. It is seen from it that the amplitude of the
traction force component of each LEM coil amounts to
about 15.5 N.

Development of the mathematical model of LEM

Mathematical model of LEM is developed for one
middle coil of the linear electromagnetic motor, with
respect to which the following initial equations are used:

U=iR+—; 6
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ma =f - fg—kyx—kyV; (7
dx
—=V, 8
o ©)
¥ =L(x)i; 9)
a¥ _ i) dx; L) 9. (10)
dt dx dt dt

Mathematical model of the linear electromagnetic
motor is calculated using a software package MathCad
2001 Professional. Mathematical model is solved by the
Runge-Kutta method, using rkfixed function of the
software package. Therefore, the initial equations (6-10)
are written in anormal form:

d__1( ig-al, ;). (11)
dt L(x) X
dv _ f—fg—keX=kyv (12)
dt m '
dx
X _ v 13
m (13)
du(x) 2z, . (27-x
=——1Lp,8n ; 14
dx " ( T j (14
f =_£Lmi25in(2”'xj; (15)
T T

here U — supply voltage, R — coil resistance, b — tooth
width, = — SE pole pitch, m — motor mass, fg=1N —
motor static load, k, =10 — coefficient of the load
depending on the distance x, k, =20 — coefficient of the
load depending on the speed v.

Transitional processes of the current, speed, SE
position, and traction force of the LEM

The solution of the system of differential equations
alows determination of the transitional processes of the
current, speed, and SE position, shown in the figures 3, 4
and 5 accordingly.



0.8 . L . 1 + 1 . 1 . I

0,6

<< 04

0,2 4

0.0 , ,
00 0,5 1,0

1:5 2:0 2:5
ls
Fig. 3. The current i transitional process of the LEM, at 24 V

supply voltage

3.0

The diagram of the Fig. 3 shows that the current
transitional process takes 1.5 sec to reach 0.73 A stable
current.

0,2 " 1 . L " 1 . L L 1

0,14

-0,1 4

02 —
0,0 0.5 1,0

1:5 2!0 I 2:5
ts
Fig. 4. The speed v transitiona process of the LEM, at 24 V

supply voltage
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The diagram of the Fig. 4 shows that the speed v
transitional process has an oscillating character and takes 3
sec to stabilize.
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The diagram of the Fig. 5 shows that the secondary
element (SE) position transitional process becomes
stabilized after 3 sec.

The transitional processes of the dynamic traction
force components of the linear electromagnetic motor are
obtained with the solution of the system of differential
equations. These transitional processes are shown in Fig. 6.
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Fig. 6. The transitional processes of the dynamic traction force
components of the LEM, at 24 V supply voltage

The diagram of the Fig. 6 shows that the traction
force developed by the linear electromagnetic motor, at 24
V supply voltage, after the end of the transitional process,
is about 15.5 N. The traction force changes, if the supply
voltage of the linear electromagnetic motor is changed;
therefore, by selecting certain values of the supply voltages
for the individua motor coils it is possible to form a
desirable law of changes of the total motor traction force
meeting specific requirements of the technological process.

Conclusions
1. Thelaw of changes of the linear motor inductance was
analyzed and the mathematical expression
approximating this law was obtained.

Using the theory of electromechanical energy
transformation, mathematical expressions of the
dynamic traction force components of the linear
electromagnetic motor were formulated and the
dependencies of the traction force components on the
secondary element position were obtained.

An idealized dynamic mathematical model of the
linear el ectromagnetic motor was devel oped.

After calculation of the mathematical model of the
linear el ectromagnetic motor, the transitional processes
diagrams for the current, speed, secondary element
position, and dynamic traction force components were
obtained.

Selecting certain values of the supply voltages for the
individual motor coils, it is possible to form a
desirable law of changes of the total motor traction
force meeting specific requirements of the
technological process.
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Development of the mathematical model of the linear electromagnetic motor and the dependencies of the inductance and traction
force on the secondary element position expressed by mathematical equations, are presented. The dependency of the inductance on the
secondary element position was obtained, approximating the inductance change diagram obtained experimentally. Also, using the theory
of electromechanical energy transformation, mathematical expressions of the dependency of the traction force on the secondary element
position were obtained. Mathematical model of the linear electromagnetic motor is composed of the system of differential equations.
The Runge-Kutta calculation method was used to solve these equations. The transitional processes of the current, speed, secondary
element position, and dynamic traction force components were obtained with the solution of the system of differential equations. All
obtained results of the dependencies and transitional processes of the mathematical model are presented in the graphic form. In
accordance with the obtained results of the mathematical model the conclusions were formulated, specifying electromagnetic properties
of the linear electromagnetic motor. Ill. 6, bibl. 7 (in English; the summariesin English, Russian and Lithuanian).

M. Moauc, 3. Matkasuutoc, JI. Pagzaeuuroc. Pacyét maremMaTuyeckoii MoaesM JMHeliHOro aBurareiasi // JjIeKTPOHHKA M
nexTporexuuka. — Kaynac: Texnonorus, 2009. — Ne 7(95). — C. 91-94.

[IpencraBien pacy€r mMaTeMaTHMUECKOM MOJAEIM JIMHEMHOIO IEKTPOMAarHUTHOIO JBUraTelsl, a TakkKe pacd€T MHIAYKTUBHOCTH U
CHIBl TATM B 3aBUCHUMOCTH OT IOJOXCHHUS BTOPHMYHOIO DJIEMEHTA, KOTOPBIC BBIPAXKEHBI MATEMATUYECKHMU YPaBHCHUSAMHU.
Annpoxkcumupys. KpUBYK) HHIYKTUBHOCTH, IOIYYEHHYIO SKCIEPUMEHTHBIM IIyTEM, IIOJIy4€Ha 3aBUCHMMOCTb WHIYKTUBHOCTH OT
TIOJIOKCHUSI BTOPHYHOTO JJIEMEHTAa. A Tarke, NMPUMEHHB TEOPHIO IPEoOpa3oBaHUS IICKTPOMEXAHHIECKONH JHEPTHH, IIOJyYeHBI
MaTEMaTUYECKUE BBIPAXKCHHS 3aBUCUMOCTH CHJBL TATH OT HOJOXCHUS BTOPHUYHOIO 3JIEMEHTAa. MaTeMaThdeckas MOJENb JIUHEHHOIro
9JIEKTPOMArHUTHOTO JIBUTATelsl COCTaBJIEHA, MCIONB3YS cuUcTeMy I epeHIHaNbHbIX ypaBHeHHH. 1 pelieHust 5TUX ypaBHEHHI
UCHOJIb30BaH BBIYMCIMTENbHBIH MeTon Pynre-Kyrra. Pemms cuctemy nuddepeHIHanbHbIX ypaBHEHUH, NOJIYYCHBI HEPEXOIHBIE
MPOLECCH TOKA, CKOPOCTH, MOJIOKEHUS] BTOPUYHOTO 3JIEMEHTA M COCTABIISIONIMX AMHAMHYECKON Cuulbl TATU. Bee mo maremaTudeckoit
MOJIENU TIOJydeHHbIE Pe3yIbTaThl 3aBUCHMOCTEH M NMEpeXOIHBIX MPOIECCOB NMpeAcTaBieHbl B rpaduueckoM Buze. Ilo pesynabraram
HCCIIEOBAHUS MaTeMaTH4ecKoi Mojenn copMyIHpOBaHBI BBIBOMBI, XapaKTEPU3YIOIINE JICKTPOMArHUTHBIE CBOMCTBA JIMHEHHOTO
JJIEKTPOMArHUTHOTrO aBurarens. M. 6, 6ubi. 7 (Ha aHIIMICKOM sI3BIKe; pedpepaThl Ha aHTTIMHCKOM, PYCCKOM H JINTOBCKOM 513.).

M. Molis, E. Matkevi¢ius, L. Radzevi¢ius. Tiesiaeigio variklio matematinio modelio skai¢iavimas // Elektronika ir
eektrotechnika. — Kaunas: Technologija, 2009. — Nr. 7(95). — P. 91-94.

Pateiktas tiesiaeigio el ektromagnetinio variklio matematinio modelio sudarymas bei matematineémis lygtimis isreikstos induktyvumo
ir traukos jegos priklausomybés nuo antrinio elemento padéties. Induktyvumo priklausomybé nuo antrinio elemento padéties gauta
aproksimuojant eksperimentiskai nustatyta induktyvumo kitimo kreive. Naudojant elektromechaninés energijos keitimo teorija, gautos
traukos jégos priklausomybés nuo antrinio elemento padéties matematings israiskos. Tiesiaeigio elektromagnetinio variklio matemating
modeli sudaro diferencialiniuy lygeiu sistema. Sioms lygtims spresti panaudotas Runges ir Kutos metodas. I3sprendus diferencialiniy
lygliy sistema gauti sroves, grei¢io, antrinio elemento padéties bei dinaminés traukos jégos dedamuju pereinamigji procesai. Visi gauti
matematinio modelio priklausomybiy bel pereinamuju procesy rezultatai pateikti grafiku pavidalu. Pagal gautus rezultatus
suformuluotos isvados, apibtdinancios tiesiaeigio elektromagnetinio variklio elektromagnetines savybes. Il. 6, bibl. 7 (anglu kalba;
santraukos, angly, rusy ir lietuviy k.).
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