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APPLICATION OF THE COMPUTING ENVIRONMENT MAPLE
TO THE CALCULATION OF THE DYNAMICS OF THE ELECTROMAGNETS
IN THE COMPLICATED SYSTEMS OF FORCED CONTROL

3aranpHuii onuc TeMu aocikeHHs. Pozensdacmuca 3anpononosana agmopamu MemoouKka po3paxynky OUHAMIKU eleKmpomazrimie,
wo npayowoms y CcKk1aonux popcosanux cucmemax. Ilodioni popcosani enexmpomazHimu WIUPOKO 3ACMOCOGYIOMBCA 6
ENIeKMPOMEXAHIUHUX KOMYMAYIIIHUX Anapamax, 30Kpema y 6aKyyMHUX KOHMAKIMOPAX, O/ 3MEHWEHHA X po3mipie, CHOMCUGAHHA
eHepeii ma ona nidsuuieHHA WeUOKOOIl, w0 céiouums npo AKTYAIbHICTH AaHOI TeMu. Mamemamuuna mMooens OuHamiku gopcosanoi
eNeKMPOMACHIMHOL CUCIeEMU, W0 6PAX08YE 0COOTUBOCHI NOBEOIHKU Yy HECIAUIOHAPHUX NPpoyecax il OKpemux eieMenmie — MexaniuHoi
cucmemu, MAZHIMHO20 MA e1eKMPUYHO20 Kill 3 YPAXYBAHHAM 63ACMOOII eNeKmPOMAZHIma 3 NPUCHPOEM KEPYBaHHsa nio uac
CHpayboGyeanHa anapama, micmumb neHi O3HAKU HAYKOBOI HOBU3HM I € MeTOK CTaTTi. Memoouxka po3paxynKy oOunamiku
¢popcosanux enexmpomaznimie 3acmocogye mamemamuyunuii nakem Maple. B 0cHogy po3paxyHKy nOKIa0eHo MamemMamuyny mooes,
AKA NPeOCmasnac coforo cucmemy HeNiHiHUX Oughepenyiiinux pieHARL MACHIMHO20 i eNeKMPUYHO20 Kill, 00NOGHEHUX PIGHAHHAMU
PyXy enemenmie mexaniunoi cucmemu. 3acmocyeanns nakemy Maple, akuii 6azamo ¢ yomy 6epe na cebe CKIAOHOU( MAMEMAMUUHOZO0
onucy pi3HuUX npovecis, agMOMAmMU4HO 30IHCHIOWYU OyHce CKIAOHI i 2POMIZOKI MameMamuyni nepemeopenHs, 00360JA€, YHUKAIOUU
CKIAOHUX NPOUECié UOOPY CROCOOY HUCENbHOZ0 THMEZPYy8aHHA, NPOZPAMYBAHHA CKNAOHUX Ul ZPOMIZOKUX DIGHAHL ma npouedyp ix
YUCeNbHO20 THMEZPYSaHHA, OMPUMYSAMU PE3YbMAmU PO3PAXYHKIE Y 3pyUHiil maoauuHil ma/aoo zpagiuniii popmi, wio ceiouums npo
NPAKTHYHY 3HAYYLCTb Oanoi pooomu. Hasedeni y cmammi pesynomamu 3icmaeiennsa pO3PAXyHKie 3 onyOnikoeanumu paniuie
EeKCnepUMEeHmMAIbHUMU OAHUMU, C6i0uamb npo BUCOKY eeKTUBHICTb 3anpononosanux mooeneil ma memoouk. bion. 10, puc. 6.
Knwouosi cnosa: eneKTpOMarHiTi, AuMHaMika, ¢opcoBaHe KepyBaHHs, KOMYTaUiiiHi amapaTuH, BaKkyyMHi KOHTaKTOpH,
MaTteMaTHYHHMi naker Maple.

OO0ulee omucaHue TeMbl HccIel0BaHUs. Paccmampueaemca npeonosceHnHas asmopamu Memoouxa pacuyema OUHAMUKU
INEKMPOMAZHUMOE, PADOMAIOWUX 6 CNOMNCHBIX opcuposannbix cucmemax. Ilodo6nsle opcuposannvie IneKmpomazHumol
WIUPOKO RPUMEHAIOMCA 6 IJIEKMPOMEXAHUYECKUX KOMMYMAYUOHHBIX ANNAPAMAX, 8 YACHMHOCIU 6 6AKYYMHbIX KOHMAKIMOPAX,
O/11 YMEHbUICHUA UX DA3MEPO8, NOMPeONeHUs IHEPeUU U 0N NOBLIUEHUA Oblcmpodeiicmeus, Ymo ceudemenvcmeyem oo
AKTYaJIbHOCTH JAHHOH TeMbl. Mamemamuueckaa mooenb OUHAMUKU POPCUPOGAHHON INEKMPOMAZHUMHOU CUCHEMDb,
yuumvlearuas 0coOeHHOCU RnO6edeHUsA 6 HECMAUUOHAPHBLIX NPOUECCAX ee OMOENAbHbIX IJIEMEHMO08 — MEXAHUUECKOl
cucmempl, MAZHUMHOU U INEKMPUUECKOI Uenell ¢ yUemom 63aumoOeiiCmeus I1eKMpoMaAzZHUMA ¢ YCMPOCmEeom YnpasieHus
npu cpabamuleaHuu annapama, coOepHcun onpeoeneHHvle NPUIHAKU HAYYHOW HOBHM3HBI H SIBJSIETCS LeJIbI0 CTATbHU.
Memoouka pacuema OUHAMUKU OPCUPOBAHHDBIX INEKMPOMAZHUMOE npUMeHaem mamemamuueckuii nakem Maple. B ocnosy
pacuema nonoxiceHa MamemMamuiecKan mooeisb, KOmopas npeocmaensem coooii cucmemy HeluHelHbIX ouggpepenyuanvnoix
YPAGHEHUIl MAZHUMHO20 U INIEKMPUUECKO20 KPY208, OONOTHEHHBIX YPAGHEHUAMU O6UNCEHUA IIEMEHNO08 MEXAHUUECKO
cucmemul. Ilpumenenue naxkema Maple, komopuiii 60 MHO20M Oepem Ha cedA CIOHCHOCHU MAMEMAMUYECKO20 ONUCAHUA
DPAa3IUYHBIX RPOUECCO8, AGMOMAMUYECKU OCYULECMENAA 0YEHb CLOMCHbBIE U ZPOMO30KUE Mamemamuyeckue npeoopazoeanus,
noszeonaem, uzdezas CAO0MHCHBLIX RPOUECCO8 GbIOOPA CROCOOA YUCTEHHO20 UHMEZPUPOBAHUA, NPOZPAMMUPOSAHUE CIOHCHBIX U
2POMO30OKUX YPAGHEHUIl U Npoyedyp UX YUCAEHHO20 UHMEeZPUPOBAHUA, NOIYUaAmb pPe3yAbmamsl pPAcuemos 6 YOOoOHOIl
maoauunou uwunu zpagpuueckoit ¢hopme, umo ceudemenvcmeyem o0 TPAKTHUECKON 3HAYUMOCTH OAHHOU padombl.
Ilpugedennvie 6 cmamove pe3yabmMamvl CONOCMAGIEHUA DPACYEMO8 ¢ ONYOIUKOBAHHBIMU paHee IKCHEPUMEHMATbHbIMU
OaHHBIMU, CBUOEMeNbCMEYIOm 0 BLICOKOI 3(P(eKTHUBHOCTH npediodceHHbIx modeneii u memoouk. buodn. 10, puc. 6.

Kniouesvie cnoea: 3eKTPOMarHuThl, TMHAMUKA, ()OPCHPOBAHHOE yNpaBJeHHe, KOMMYTAIHOHHbIE ANNAPAThl, BAKYYMHbIe
KOHTAKTOPbI, MaTeMaTH4ecKHii maker Maple.

Introduction. DC electromagnets are simpler in design
than the AC electromagnets as they have higher reliability
and durability. In terms of initial traction force, size and
mass, however, they lose significantly in comparison to the
the AC electromagnets (which are actually forced
electromagnets), because during the operation of the
electromagnet, the currents in their windings exceed (ten
times or more) the values of currents that are in the
windings after the operation of the electromagnet. Forced
control of DC electromagnets essentially means that during
operation a current flows through a winding, whose value
significantly exceeds the current permissible under long-
term heating, is used to increase the traction force during
operation and to increase the speed of the apparatus. After
operation, the current in the winding and, accordingly, its
magnetomotive force (MMF) are reduced, but the armature
of the electromagnet remains in the final (brought) state,
since, at small gaps, the traction force is usually
superfluous even at small values of MMF.

Forced electromagnetic systems (FEMS) [1] are
widely used in drive systems of low and medium voltage
electromechanical switching devices, in particular in
contactors, which execute switching operations (switching
on and off) the main circuits of powerful electric motors
and some other objects.

The FEMS wusually includes the electromagnetic
mechanism (EMM) — the main contact module and the
actuator, which provides the execution of switching operations
by contacts (in contactors, the actuator's role is most often
performed by a forced unpolarized electromagnet with a
rotating spring) and a control device (CD) that performs
changes in the windings* control circuit to provide the required
values of currents both during operation and in the final state.
Note, that in the AC electromagnet which is actually forced,
since during the operation the current in the winding is much
greater than the current in the final state, the values of the
current change without any CD due to the difference in the
values of the inductance in the released and final states).
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When designing switching devices with FEMS, it is
necessary to take into account the interaction of the
electromagnet with the control device during the
operation of the apparatus. Therefore, it is necessary to
calculate the dynamics of the electromagnet taking into
account the action of the CD. There is a large number of
publications devoted to the methods of calculating the
dynamics of electromagnets, some of which are listed in
references [2 — 9]. Nonetheless, in our opinion,
insufficient attention is given to the issue of the
interaction of the forced electromagnet with a CD taking
into account the large variety of existing CDs and some
features of operation of forced -electromagnets in
switching devices.

The goal of the work is to describe the mathematical
model of FEMS dynamics, which takes into account
peculiarities of behavior in switching devices of individual
elements of FEMS during transients, as well as to build a
technique for calculating the dynamics of forced
electromagnets using the computing environment Maple.

Mathematical model. The calculation of the FEMS
dynamics, where the electromagnet is only a part of the
control system that contains the power source, the
mechanical system, the forced control device and the
electromagnet itself, is reduced to a solution of coupled
differential equations. These describe the transients in the
circuits of the windings and in the circuits of the forced
control device of these windings, transients in magnetic
circuits of electromagnets taking into account the effect of
eddy currents. They also describe the dynamics of the
moving part of the switching device, namely, the armature
of the electromagnet, the main contacts of the apparatus,
mechanical parts that connect armature with moving
contacts (levers, rods, springs, etc.). In many cases, forced
control systems are designed so that, when the switching
device is operated, the circuit diagrams of the windings
are automatically changed if there are several windings or
if there are certain changes in the circuits of the forced
control device. In the process of performing the on and
off operation of the device, also the mass (the moment of
inertia) of the moving system can significantly change. If
the switching of the main circuits uses vacuum
interrupters, the process of movement is significantly
affected by bellows and the actual vacuum, which
“prevents” the opening of the contacts, pulling the
moving contact to the fixed one. All of the above-
mentioned factors must be taken into account by creating
separate fragments of the mathematical model of the
dynamics of the electromagnet in the composition of the
forced control system, i.e., writing the equation for
transients in the mechanical system, as well as in the

magnetic and electric circuits of the forced
electromagnetic system.
Transients in the mechanical system of the

switching device. Kinematics of switching devices in
many cases are built so that the part of moving elements
carries translational motion, and the other part carries
rotary motion (Fig. 1). Since the angles of rotation of
moving parts in actual apparatus are relatively small and
usually do not exceed 10-15°, a rotating motion with a
slight error can be reduced to a translational motion
relative to an element adopted as a basic one. Such

element may be, for example, an actuator whose armature
moves progressively along the axis of the actuator, which
is at a distance r, from the axis of rotation O of the lever,
to which other parts of the switching device are attached
and which operate at different distances (shoulders) from
the axis O. From the initial armature position the path s
passed by the actuator is measured. In calculating the
dynamics of motion reduced to the motion of the base
element (in our case, to the actuator's armature), the
masses of parts moving at different distances from the O
axis must be replaced by reduced masses in accordance
with the condition of maintaining the moment of inertia.
For example, the reduced mass mj of the part with mass

my acting at distance 4 from the O axis is given by the
formula:

my=my -1y /1. (1)
If the moment of inertia J of some part, for example of
the lever shown in Fig. 1, is known, then the calculation

of its reduced mass is carried out according to the
formula:

/ 2
my=J/r]. )
Thus, the actuator’s mass reduced to the axis of the

actuator's motion for the fragment shown in Fig. 1 will be
equal to:
mo=m, +myrg [ ri AT (3)
The forces that counteract the movement of the
actuator’s armature must also be replaced by reduced
forces, which are calculated in accordance with the
condition of maintaining the moment of force. For
example, the force F; of a spring acting at a distance 7
from the O axis in the calculation of the dynamics of the
actuator's armature motion should be replaced by the
reduced force

F =F r/r. 4)
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Fig. 1. A fragment of the mechanical system
of the switching device

A characteristic feature of electromechanical
switching devices is the gradual nature of the forces
opposing the movement of the actuator's armature as well
as the gradual nature of the change in the mass of moving
parts due to the peculiarities of the kinematics of these
devices (Fig. 2).
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Fig. 2. Kinematic circuits of the switching device in three
characteristic positions
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During the operation of the switching device, two stages
of the motion of its mechanical system can be observed: the
first stage — from the initial position (position of rest) to the
initial contact position (0 < s < s.) and the second stage —
from the of initial contact position to the end position (s, < s
< 51). At the first stage, the reduced mass of moving parts is
comprised of the reduced mass of the mechanical system m,
and a reduced mass of moving contacts m.. At the second
stage, the moving contacts stop — they are faced with fixed
contacts, therefore the reduced mass of moving parts is
almost abruptly reduced to the value m,

= m,+ m, at s<s (5)
m at s2s,.

v
Thus, when the switching device operates, there is a
motion with a variable mass, which is described by such a
system of differential equations:

d
)= F - (6)
ds
EZV’ (7

where F is the electromagnetic force providing the
actuator's movement, F, is the reduced force that
counteracts the movement of the actuator’s armature, v is
the speed of the actuator's armature, s is the path passed
by the armature from the beginning of the movement, ¢ is
time.

After performing the differentiation operation in (6),
we obtain:

2 .

m % + & vi=F-F; (®)

Function (5) is discontinuous, at its differentiation
there are pulsed functions which makes it practically
impossible to carry out further calculations using (8),

therefore we have applied the approximation of this
function with the use of hyperbolic tangent. As a result,
the following expression is obtained:
m=my,+mg-(1-th(4-(s—s.)))/2, 9
where 4 is a suitably chosen large constant number.

The function (9) is smooth, allowing for a
differentiation operation, but the mathematical expression
of the derivative is very cumbersome, but the Maple
computing environment does not require the programmer
to perform transformations related to bringing the
equations to a canonical form: this code performs all the
required complex algebraic transformations itself. In the
Maple environment it is only necessary to write
expressions (7), (8), (9) and write the command that
provides the solution of the system of differential
equations.

The force F,, which counteracts the movement of the
actuator’s armature is formed due to the action of the
rotary and contact springs, the action of forces of the
deformation of the bellows, the action of vacuum and
friction. This force has a step-by-step nature, but since it
does not require differentiation, the corresponding
expression in the code can be written as follows:

F-H
F+—2—1. at s<sg;
F S (10)
=
Fy-F
B+ 3 (s—s,) at s>s.,
Sk ~Sc

where F), F, are the values of reduced countermeasures
force, respectively, at the beginning and end of the first
stage of the movement of the mechanical system of the
apparatus; F, F, are the values of reduced countermeasure
force, respectively, at the beginning and end of the second
stage of the movement of the mechanical system of the
apparatus.

The difference between F; and F, must be equal to the
sum of the values of the initial contact forces at all poles of
the apparatus.

Transients in the magnetic circuit. A mathematically
rigorous calculation of transient magnetic field can be carried
out by solving a system of nonlinear partial differential
equations featuring the magnetic vector potential 4. Similar
problems are solved relatively simply for 2D plane-parallel
or plane-meridian fields [9]. In such cases, where the total
costs of simulating high-fidelity 3D models is inacceptably
high and even 2D models are not applicable, alternative
techniques may need to be used including those that have
proven themselves well in the past. Such a technique for
magnetic circuits is a method of electromagnetic analogies,
complemented by new features provided by modern
software products, in particular the Maple code.

Figure 3 shows an substitution circuit of the magnetic
circuit of a double-rod electromagnet used in the vast
majority of vacuum and low voltage contactors. In contrast
to the well-known circuit, which is given in many sources, in
particular in [1], in this circuit, on each section of the core,
divided along the axis into n equal parts, the «eddy» MMFs
that arise during transients are introduced:

o,
Aqu,‘:AGC. dt- , j=L2,...,n. (11)
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Fig. 3. Substitution circuit of the magnetic circuit of a double-rod electromagnet taking into account the effect of eddy currents in cores,
armature and yoke

«Eddy» MMFs also appear in the branches of the
substitution circuit corresponding to the sections of the
armature and yoke:

42,y

F —.
a(y) dt

ma(y) —

G (12)

In (11), (12) and in Fig. 3 the following notation is used:
AG. is the electrical conductance of the equivalent short-
circuited circuit in the eddy current path that arises in the
area with the number j divided into n equal parts of the core
of length I, G,y is the electrical conductance of the
equivalent short-circuited circuit in the eddy current path
generated in the armature, @; is the magnetic flux through
the area of the core with the number ;. The variables @, @,
are magnetic fluxes through the armature and the yoke,
respectively. The variable F,, denotes the MMF of one coil®,
AF,, is the MMF of one part of the coil, divided into n equal
parts (AFy, = Fiy/ 1), R, Ry are the magnetic resistance of
the armature and yoke, respectively. The variable AR, is the
magnetic resistance of the core section with the number j, A
is the magnetic conductivity of the working gap, A/ is the
magnetic conductivity of outflow which falls on one area of
the core. The variables Fn,, Fr,, describe the «eddy» MMFs
arising respectively in the armature and yoke; Fi,; is the
«eddy» MMF that occurs in the core section with the number ;.

The calculation of the magnetic resistances ARy¢j, Rina,
R, the electrical conductances AG,, G,, Gy, as well as the
magnetic conductance of outflow AAy is carried out
according to the formulas:

Ry =l /(n-p(®;/8)-S,), (13)
Rinay) = Lagy) tt(Poyy 1 Sa)) = Sagy) » (14)
AG,=1/(n-8-m-p,), (15)
Guy) = lay) /(16 - pg - (Co)/ oy +buyy [ €4)) 5 (16)
My=2-1/n, (17)

where A is the specific magnetic conductivity of outflow;
in the case of two parallel circular cores we have:
4

1n(z/dc+,/(z/dc)2 —1) '

The conductances of working gaps can be calculated
by the method of enlarged field tubes:

A= py (18)

—

Electromagnet, the circuit of which is shown in Fig. 3, is double-
rod, so it has two identical coils, each of which can have one or
more windings. In the first case, the MMF of the coil is equal to
the MMF of its winding, in the second case, the MMF of the coil
is equal to the sum of MMFs of windings with different number
of turns and different currents in them.

u [7d; 4-d,
| ——+1.63-d_ +1.232:0+1, - +211.(19)
2| 46 P P20+,

In (13)«(19) we indicate: x is the relative magnetic
permeability, ie., a nonlinear function (for a specific
magnetic material; this function, depending on the magnetic
flux density, is usually given in tabular form.), d, S, are the
diameter and cross-sectional area of the core, d,, S,, /, are the
diameter, cross-sectional area and thickness of the pole tip, /
is the distance between the axes of the cores and ¢ is the
working air gap between the pole tip and armature.

The calculation of the magnetic circuit makes it possible
to determine the magnetic fluxes, and thus the traction force
created by the electromagnet. On the other hand, the traction
power determines the movement of the mechanical system,
therefore, processes in the mechanical system and in the
magnetic circuit are interrelated. These processes, however,
are inextricably coupled with processes in electrical circuits,
which we consider below.

Transients in the electric circuit. In this paper,
choosing from a lot of existing systems of forced control,
we consider a system, which is most often used in low
and medium voltage contactors (Fig. 4).

Fig. 4. Principle electrical circuit
of a widespread system of forced
control that is used in low and
medium voltage vacuum
contactors and in some SF6
medium voltage contactors [10];
u is the instantaneous value of the
nominative voltage of the control
circuit; u is the voltage at the
output of the diode bridge

This forced control system provides power supply from
a DC or AC source:

U for DC;
Upy-sin(2-m- f-t+a) for AC.

where fis the frequency, « is the initial phase.

Thus, the voltage at the output of the diode bridge can
be constant or rectified, but in any case, the voltage
reduction due to its drop in the bridge diodes should be
taken into account, which can be especially significant
when powered from the network of ultra-low voltage:

u0=|u|—2-ud(iB). (21)

In this paper, the nonlinear characteristic of the diode is
replaced by a piecewise linear dependence: a very large
resistance to R4 at negative (reverse) currents, at relatively
large positive currents of the voltage drop on the diode is

(20)
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considered to be a constant value of Uy, and at relatively
small positive currents smaller than some value [, the diode
is considered as a resistor with resistance Ug,/ Iy

R4 at i<O0;
ug = UdO'i/[O atOSi<IO; (22)
Uqo at i> /.

Another feature of this system of forced control — it
involves the use of an electromagnet with two coils, each
of which has two windings — booster (B) and holding (H).
Booster windings are wound by a wire of a relatively
large diameter and have a large MMF. These windings
operate short-term — during the operation of the
electromagnet, when the control auxiliary contact KM is
closed, and as a result they are connected in series,
connected to the power supply to the control circuit, and
generate the MMF that is sufficient to allow the contactor
to operate. After operation of the contactor, the contact
KM opens and the retaining windings are connected in
series with the booster windings. These are wound with a
relatively thin wire. As a result, they have considerably
greater resistance and considerably less MMF, which at a
small gap is sufficient to hold the armature of the
electromagnet in the pulled state. Capacitor C provides
efficient arc extinguishing at interruption of high current
that passed through the booster windings, and the diode
VD2 prevents countercurrent in the holding windings
when the contactor is braked, and in some cases even
blocks the operation of the apparatus.

This electric circuit is often considered to be too
complicated for programming, but its description is much
simpler if the parallel connection of the capacitor C with the
auxiliary control contact KM, which is closed when the
coordinate s of the armature stroke does not exceed the value
of the coordinate s, at which the opening of this contact
occurs, to replace with one capacitor with very high
capacitance Cy when s <'s,, and at s > s, the capacitance of
this capacitor becomes equal to its nominal value C:
C:{CM at s<s,; (23)

C, at s>s,.

In this case, we obtain the following differential

equations for electric circuits:

diy oy 49

Uyg=2"Ry-ig+2-Lg- +2~NB~d—t0+uC; (24)

det
U =2 Ry iy +2- Ly -0 0.n, 90 s (25)
dr dr
duc
= -0, 26
5 " i (26)

In these three equations, the unknown values are
currents g, iy, voltage uc and magnetic flux @, but the
latter is determined when solving the corresponding
magnetic circuit equation.

Note that the Maple code does not require
representing the task of integrating systems of differential
equations in the form of a system solved with respect to
the first derivatives. It independently chooses the method
and step of integration, as well as independently performs
complex algebraic transformations, which makes it an
valuable tool for solving complex problems of forced
systems dynamics calculation.

Model validation on a full specimen.

Data of experimental studies of industrial samples of
vacuum contactors are presented in one of the previous
papers [10], where forced control systems were used as in
Fig. 4. In particular, the oscillograms of the dynamic
characteristics of the currents in the booster and holding
windings were obtained at the power supply of the control
system from DC and AC sources. The experimental data
were compared with the results of calculations performed
using a simplified model of the magnetic circuit, which was
considered as a circuit with lumped parameters (Fig. 5).

=~
S

g core (c)

- Fes
¥

yoke (y) @y {*Fny

Fig. 5. A sketch of a double-rod magnetic core of the
electromagnet and its simplified substitution circuit

The equations compiled for two circuits with magnetic
fluxes @, and @, have the following form:

1 do, 2-@
—R—a-?o=1L1(<150/Sa)~1aJr A;—(cbl—qﬁo)//\ofe; 27)
2~iB-wB+2~iH~wH—(2-GC+Gy)~%=
=H(D,/S,)- 1, +2-H(D/S,) 1, +(D, - D)/ Ay, (28)

The calculations are carried out in accordance with the
following input data, the designations of which
correspond to those given in Fig. 5 and in explications of
the formulas (5), (10) and (11)~26): [, = 65 mm; /, = 65 mm;
I =59 mm; / = 64 mm; d, = 26 mm; d, = 30 mm; J = 5 mm;
ay=6 mm; a,=5 mm; b, =40 mm; b, =32 mm; /, = 3 mm;
Sk = 05 S. = 3,5 mm; s, = 4,5 mm; m, = 2,2 kg; m. = 0,6 kg;
Fi=161N; F,=172N; F;=221N; F4=253N; Losg =5 mH;
Loy = 18 mH; Ry = 56 Q; Ry = 900 Q; p, = 20-10° Qmy;
Ry=1-10°CQ%; Up=1V;I,=1A, Cy=1F; Cy=1 pF.

The results of some calculations are shown in Fig. 6.
These results are plotted directly on the oscillograms, which
makes it possible to assess the adequacy of the proposed
technique and the high accuracy of the calculations
performed.

Conclusions.

1. Utilization of the computing environment Maple for
mathematical modelling of the dynamics of forced
electromagnetic systems allows to significantly accelerate
the process of simulation, save time and significant material
resources, while providing an acceptable accuracy of the
results.

2.The adequacy of the developed model is confirmed by
experimental studies, which showed a good coincidence of
the results of the mathematical and the full-scale
experiments, and, characteristically, this coincidence is
observed in the conditions of complex shapes of curves of
currents in windings.
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Fig. 6. Comparison of experimental data obtained on industrial samples of vacuum contactors with calculation results using
a simplified model of the magnetic circuit, which is considered as a circuit with lumped parameters
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Application of the computing environment Maple to the
calculation of the dynamics of the electromagnets in the
complicated systems of forced control.

General description of the research topic. The authors propose a
technique for calculating the dynamics of electromagnets operating
in complex forced systems. Such forced electromagnets are widely
used in electromechanical switching devices, in particular in
vacuum contactors, to reduce their size, energy consumption and to
increase speed, which indicates the relevance of this topic. A
mathematical model of the dynamics of a forced electromagnetic
system, which takes into account the peculiarities of behavior in
transients of its individual elements — the mechanical system, the
magnetic and electrical circuits, taking into account the interaction
of the electromagnet with a control device when the apparatus is
activated, contains certain signs of scientific novelty and is the
purpose of the paper. The technique of calculating the dynamics of
forced electromagnets uses the computing environment Maple. The
calculation is based on a mathematical model, which is a system of
nonlinear differential equations of the magnetic and electric
circuits, supplemented by the equations of motion of the elements of
a mechanical system. The use of the computing environment
Maple, applied here to automatically perform the mathematical
transformations, allows avoiding the complicated processes of
choosing the numerical integration method, programming of
complex and cumbersome equations and numerical integration
procedures, to obtain results of calculations in convenient tabular
and/or graphic form. This specifically indicates the practical
significance of this work. The results of the comparison of
calculations with previously published experimental data presented
in the paper indicate the high efficiency of the proposed models and
techniques. References 10, figures 6.

Key words: electromagnets, dynamics, forced control, switching
devices, vacuum contactors, computing environment Maple.
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