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earth; 3) flat-radial conductive heating; 4) spherical-radial
conductive heating of anisotropic rocks.

Originality. The problem of conductive heating of ho-
mogeneous and anisotropic-heterogeneous rocks with the
specification of vertical, flat-radial and spherical-radial
flows (the last one combines the first two) including the nat-
ural thermal flow from the entrails of the earth.

Practical value. The application of the heterogeneous
rock conductive heating method during planning the influ-
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Purpose. Improvement of dynamic and power descriptions of the vibration machines with inertia vibration exciters.

Methodology. The vibration mechanics approaches and motions direct division method were used for analytical research-
es. The vibromachines running processes were designed using the numeral integration of mechanical vibration system motion
equalizations and the electromagnetic transients equalizations in asynchronous electric motors in the Maple software envi-
ronment.

Findings. Expressions for vibration moments (additional dynamic loading caused by the bearing body’s vibrations) during
the resonant zone passage by vibration machines with the bearing body flat vibrations both with one arbitrarily located vibra-
tion exciter and with two self-synchronization vibration exciters for the different starting modes have been received in an ana-
lytical form. The running process improvement possibilities of vibration machines with unbalanced vibration exciters were
demonstrated by using the “double” (in case of one vibration exciter) and “separate” (in case of two vibration exciters) electric
motors starting methods. The first method bases on using semi-slow vibrations arising in the resonant zone, and that in the en-
gine-off case in this zone, the vibratory torque acting on its rotor becomes rotating. The conditions when the separate starting
is effective were shown. The conclusions and practical recommendations that allow facilitating vibration machines with an
unbalanced drive starting were drawn.

Originality. Theoretical positions of vibration machines with unbalanced vibration exciters running dynamics that are op-
erated by the asynchronous electric motors with limited power received further development.

Practical value. The results of the research allow us to decrease the working body resonant vibrations of vibration ma-
chines, dynamic loading on the electric motor rotor and machine construction elements, electric drive necessary power, and
currents inrush.

Keywords: vibration machine, unbalanced vibration exciter, resonant zone, double starting, separate starting, vibration

moment, self-synchronization

Posing the problem and its connection with the main
scientific tasks. The problems solutions of vibration sys-
tems with inertial drive run-up and run-down is of consid-
erable interest for vibration technical devices. At inertial vi-
bro-exciter passage through the natural frequencies zone,
the resonances vibrations may occur which cause both a
dynamic loads sufficient rise on the electric motor rotor, on
machine bearing construction elements and additional
power losses in the system. So, the vibration machine with
unbalanced drive start it is necessary the electric drive
power sufficiently exceeding the power necessary for oper-
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ating in stationary mode (2-5 times as large by some data).
In addition to that, in case of large machines with the drive
from asynchronous type electric motors the inrush starting
current influences negatively on the feeding electrical grid.

In order to vibrations level decline while passing the
resonance zone the various methods and means are used —
from vibro-exciters with automatically regulated unbalance
static moment to algorithms with feedback. No doubt, that
for successful realization of the last ones it is important to
have more thorough conception about the occurring pro-
cesses dynamics.

The analysis of latest investigations. The survey of in-
vestigations, concerning the inertial vibro-exciter resonance
zone passing may be found in [1-3]. In the last years, a
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number of tasks have been solved based on vibration me-
chanics approaches, in particular, by using the method of
motions direct separation. In [3] the example of the sim-
plest system with bearing body linear vibrations and one
unbalanced exciter it is shown that such approach im-
portant advantage is its results comparative simplicity and
physical integration.

In work [1] attention is paid to the system motion pecu-
liarity nearby the resonance — the availability of the so-
called inner pendulum and its “semi-slow” motions, which
are physical based efficiency of starting control some
methods of the vibration machines with inertial vibration
exciting.

A great number of works are dedicated to the use of the
self-synchronization phenomenon in vibration machines
and devices, data are shown in [1, 3], and the latest ones in
[4-6]. However, no attention was paid to the dynamics of
such vibrations machines starting. The presented paper is
dedicated to generalization and development of these works
results [2, 7, 8].

Statement of the task. The majority of vibration ma-
chines with unbalanced drive may be idealized in the form
of a system, consisting of a single bearing solid body,
which may execute plane-parallel motion and is connected
with stationary base with elastic and damping elements
(fig. 1). As bearing body vibrations exciters, the unbal-
anced vibro-exciters (misbalanced rotors) driven by the
asynchronous type electric motors are mostly used. Motion
equations of such system may be written down in the fol-
lowing form (see, for instance, [1-3])

S
M+ Bi+cx=me Y (@ sing +¢ cosp) ;
i=l1

Mj}+ﬂy.).}+cyy = mi5i2(¢i Cos @, _(bein (pi)a
i=1
Jo+Bp+co=

= mer (@ cos(p, +8,)— ¢ sin(g, +3,), s=1..n )

i=1
1, =L(p)—R(p)+
+me, [)'ésinqp,. + J cos @, +r,¢ cos(g, +5‘.)+gcosq)l], 2)

where M, J — are correspondingly, mass and moment of the
bearing body inertia on the axis which passes through its
gravity center; x, y, ¢ — are coordinates, determining the
bearing body’s position; ¢, — are the vibro-exciters rotation
angles; 7, and J, — are polar coordinates of vibro-exciters
axes; m,& — are, correspondingly, the exciter’s mass and
eccentricity; /, — the drive rotating parts inertia moment

applied to the vibro-exciter shaft; ¢ ¢, , ¢, —are the elas-

tic elements horizontal, vertical and rotational rigidities;
B.. [)’y, ,b’q’ — are the viscous resistance coefficients;
L(9,), R () —is the electric motor torque and forces mo-
ment of resistance to rotation; g — is a free-fall accelera-

tion.

The basic material exposition. To solve the set of
equations (1), (2) we use the method of motions direct sep-
aration of [1, 3]. As a zero-order approximation let us ac-
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cept ¢, =t , g, = Psinwt+Q, coswt where @ = o(t) —
are slow and ¢, =x, y, @ — are fast changing time func-

tions. Then it is not difficult to come from the original
equations system of vibro-exciters rotors motion (2) to their
rotation equations in the resonance zone in the form, ob-
tained in [3]

Li>=L (@)~ R (o) +V,(®) 3)
where

Vi(@) = m, (¥sing, + jcos g, +rcos(p, +3)).

The angle brackets in (3) point out at averaging for the
T =27 by fast time 7 = ot .

Fig. 1. General diagram of vibration system with unba-
lanced vibro-exciters

It should be noted that equation (3) differs from classic
equation of machinery by presence of addend V(@) — vi-

bration moment which defines the vibration system con-
duct peculiarity. Presence of vibration moment explains
both Sommerfeld’s effect and vibro-exciters self-synchro-
nization. The vibration moment determination is of main
interest.

It should be noted that equation (3) keeps its form, ob-
tained for the system with the bearing body linear vibra-
tions [3] and for the examined more general case as well.
Only expression for vibration moment has more complicat-
ed structure, and its obtaining algorithm remains un-
changed, only computing difficulties grow up.

Vibration systems with one vibro-exciter Sommerfeld’s
effect. The certain part of present time machines operating
has one unbalanced vibro-exciter. Using the considered ap-
proach it is not difficult to obtain the vibration moment ex-
pressions in the resonance zone for the case of vibro-
exciter, placed arbitrarily as to centre of masses of the plane
vibrating bearing body in the form

2 n Zn
Viw=-meoy | n M MR | )
M |B B J B
2
B =\(1-22) +4n? 5 2, =Pe; _P

"o " 2Me

where p, — are the frequencies of the natural system vibra-

tion.
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Here, if ¢g=x,y, then M, =M, if g=¢, then

2
M =M ,0_2 ; in addition to that, n, = b .
! h 2Jw

As we can see, all addends in formula (4) are negative.
Hence, vibration moment is always braking one, that is, it
is an additional dynamic load upon the engine rotor, its de-
pendence from frequency is of resonance character and,
therefore, an essential braking effect is represented in com-
paratively natural frequencies narrow range. In addition to
that, the value V' (w)rapid growth at approaching to reso-

nance just explains the possible frequency “sticking” in the
process of starting (Sommerfeld’s effect) and, as conse-
quence, the necessity of overrated (from starting conditi-
ons) post resonance vibromachines drive power. Such con-
clusion follows from diagramed presentation of depend-
ences L(w) and M, = R(w)-V(w) (fig.2), which in-
tersection points abscissas correspond to possible stationary
modes (curves L describe electric engines statical charac-
teristics). Stability of motions is easily determined geomet-
rically by the slope angles tangent signs and values to
curves L(w) and M . It is evident that the resonance

sum

curve right slopes cannot be realized. According to the fig-
ure, the presence of several resonance peaks of the vibra-
tion moment curve may lead to the appearance of addition-
al (as compared with the system of bearing body linear vi-
bration) curves intersection points. Therefore, there exists a
possibility of several stationary motion modes, having dif-
ferent angular velocities (up to seven, four of which may be
stable). However, there are only two, principally different
motion modes: “sticking” (curves 1) of the system with de-
ficient power engine in the resonance zone (the motor com-
ing in the process of running to this mode, would not be
able to overcome the resonance peak) and far postreso-
nance mode with frequency, which is close to the electric
motor nominal frequency. If the motor power is sufficient,
then, as a rule, after some breaking in the resonance zone,
the system rapidly (upsetting) passes to far postresonance
motion mode (curves 2).

To reach by the exciter the working frequency, the mo-
tor moment should overcome vibration moment V' (w) dur-

ing its running. According to (4), maximal (peak) moment
value V(w) is as larger as less a damping 7, and higher

than the own system vibrations frequency p, . Hence, it is

important not to overrate the rigidity value of elastic ele-
ments; the use of elastic suspension with a controlled rigidi-
ty change may be effective; it is possible to lower the reso-
nance vibration amplitudes as well as the drive power by
installation of maximal vibrations dampers. Expression (3)
may be presented in the form of the sum of “partial” vibra-
tion moments v, , which characterize the vibrations impact,

corresponding to each of the generalized coordinates

V(CD)Z 2 Vq:
where
lF . .o 2n, u me F 2
v,==Fa,siny, ;> siny, =——2L: a, = s F=mew’-
q q q q q
2 Bq Mqu
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It is natural that maximal breaking effect is performed
by “partial” vibration moment which corresponds to the
highest natural vibration frequency p, , so it is often enough

to use just such vibration damper.
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Fig. 2. Stationary modes of vibro-exciter rotation: 1 —
“sticking” in resonance zone; 2 — far postresonance
mode

It is clear from formula (4) that vibromachine starting at
the working load absence is more difficult than at its pres-
ence; that to make the start easier it is advisable to install
vibro-exciter in the system masses centre or as close to it,
as possible. Therefore, the breaking vibration moment, res-
onance vibrations and, correspondingly, the necessary mo-
tor power are sufficiently less for centre-drilled system
(fig.3, a) than, for instance, for the diagram shown in fig.3,
b (in the first case the last component in vibration moment
formula (4) disappears). It should also be noted that “rapid”
(with frequency 2@ ) vibration moment vibrations do not
take place in such system in the steady mode that is favora-
ble for the system durability.

On the other hand, taking into account the fact that the
vibration moment value depends, first of all, on the vibro-
exciter rotor running velocity, and to make starting easier,
the engines with higher starting moment are recommended
(it facilitates, also, the solution of the unbalance mass in-
crease problem at first half-turn); at prescribed static mo-
ment unbalance mass should be designed with minimal in-
ertia moment. So, the vibro-exciters constructions with laid
on unbalanced mass are more preferable for the vibration
amplitude changing, then those, having regulated static
moment. In addition to this, it is recommended to exclude
from the construction (if they are available) synchronizers,
mechanical transmissions and so on, using the self-
synchronization phenomenon, applying controlled electric
drive.

Sommerfeld’s effect representation during the vibrom-
achine’s run-up is visually demonstrated by the numerical
modelling results, obtained for vibration system (fig. 3, a)
with parameters M =330kg; J=8,02kg-m’; c,=c,=

=4,5-10N/m, c¢:2,8~104N-m; m=40kg; €=0,036m,

electric engine — asynchronous, with rotation frequency
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n, =1500rot/ min, With power P=1,5kW . According to

fig.4, at passing the natural frequencies zone
(+=0,15-0,42 s ) the dynamic load upon the electric engine

rotor grows sufficiently (curve 1); as we can see, the vibra-
tion moment value is several times larger than in stationary
mode and its maximal vibrations are compatible with the
engine starting moment.

M, J

0.C _ X

=

m
Jo

a b

Fig. 3. Diagrams of vibromachines: a — with centrally
installed vibro-exciter; b — with shified vibro-exciter

Correspondingly, the exciter rotor running velocity
slows down intensively up to short-term rotation frequency
stabilization (curve 2), in addition to that, the bearing body
maximal resonance vibration are being excited. Just after
resonance passing, the vibration moment value decreases
fast sufficiently and its vibrations cover positive zone (that
is, it becomes rotating in some moments of time). Then
their damping takes place as to low negative level (deter-
mined by resistance to the bearing body vibrations); the
bearing body vibrations amplitude decreases fast as well
and the engine rotating moment value changes from start-
ing to nominal value (curve 3).

M Nm

Fig. 4. Changing in time: 1 — of vibrational moment, 2 —
of vibroexciter velocity; 3 — of engine moment

As it follows from the vibro-exciter rotation velocity
diagrams for the cases of driving electric motor with differ-
ent powers (fig.5) at motor replacing with power p=1,5kw

into motor with power P =2 2k , the exciter velocity slo-
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wing down in resonance zone is practically absent (curve
3); while for the motor with power P =1,1kW its steady po-
stresonance operating mode becomes impossible (curve 2 —
the angular velocity “sticking” in postresonance zone).
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Fig. 5. The vibroexciter velocity changing in time: 1 —
P=1,5kW,;2— P=11kW (“sticking” of velocity),; 3
- P=22kW

The vibration machines with unbalanced drive double
start of. In such machines practical use the so called meth-
od of “double starting” is applied for vibrations level de-
creasing during the resonance frequencies passing. Its tech-
nical realization is rather simple. Method consists in
switching-off and subsequent switching-on the electric mo-
tor in the resonance zone in predetermined moments of
time. This method theoretical grounding with account of
vibration mechanics standpoints facilitates its wider use.
The method basis lies in two existing system motion regu-
larities close to the Sommerfeld’s effect representation ar-
ea: the first one — at motor switching-off in the resonance
zone the vibration moment effecting the vibro-exciter rotor
becomes positive, that is, rotating (it follows from the basic
vibrational mechanics equation (3), written down for the
stationary mode case); the second one — availability of so
called inner pendulum and its “semi-slow” motions. So, us-
ing the motion direct separation method and accepting as
the first approximation ¢ =" =t +y ; g = g +4q", for
general system (fig. 1) in case of one vibro-exciter it is not
difficult to obtain the “semi-slow” vibrations equation in
the form [2]

‘P+2n1‘P+Bsin‘P—Psin2§=0, %)

for the system under consideration

B= ) b

q=x,y,0
2 2

b :(mga)z)z p,—@ p_ ).
oML (PP -@) +4nlet 2 A

q q q=x.y,¢

242 2
q:(mgw) 2 z?qzw 2 4;2n1:k/1’
Ml (p,—@") +4n0

k— 1s the damping coefficient.
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The value ¢ = \/@ is frequency of the inner pendulum

small free vibrations provided that the rotor @ rotation fre-
quency changing slowly [2]. The semi-slow vibrations oc-
currence effect in the resonance zone may be observed in
the fig. 5—7. In addition to that, according to fig. 6, a (curve
1) semi-slow (with frequency 2¢ ) vibration moment vibra-

tions take place after motor switching-off with regard to the
shifted to the positive side level.

Fig.6, b and fig.7 demonstrate the running realization
possibility and coming to the rotation mode with frequency,
close to nominal of the “insufficient” power ( P =1,1kW )

motor with the help of “double starting” method. As one
can see, the method successful use necessary condition is,
first of all, the effect upon the vibro-exciter rotor in the
moment of the motor repeated switching-on (in figures
t =(,48 s) of rotating vibration moment commen-

Iep. sw.—on

surable with its starting moment. It is not difficult to realize
the above-mentioned condition with the help of the electric
motors control modern means. The applied recommenda-
tions are to switch off the motor in the moment of the bear-
ing body intensive resonance vibrations growing and at
once (in a period of time that equals to semi-slow vibra-
tions ¢ = 2 /g semi-period) to switch it on again.

Vibration systems with two self-synchronizing exciters.
Separate starting. Many modern vibration machines, in
particular, screens and platforms with directed vertical
(horizontal) vibrations are realized by the diagram, shown
in fig. 8. For this vibration system, the vibration moments
expressions influencing in resonance zone upon the exciters
rotors rotating in opposite directions are presented in the
form
1 (msw)* n, 6)
2 M B

Vibration machines with self-synchronizing exciters
permit the electric motors separate (in turns) start possibil-
ity; however, it is not applied in practice. Using the ap-
proach under consideration, it is possible to demonstrate
such start possible advantages.

It is not difficult to establish that vibration moment in
case of only one vibro-exciter running will equal

V(@) =~

V. (@)= 1 V(w)» Where y(g) is determined by formula (4).
separ 2

It follows from analysis (4) that if the natural vibration sys-
tem p, frequencies are sufficiently different (it may al-
ways be reached by the choice of elastic elements), then
with the frequency  growing in the running processes
each addend, except the one that corresponds tow ~ p,

will be negligibly low. Taking into account the fact that ra-
tio Mr* /J for the considered dynamic system is sufficient-
ly less than one it is possible to come to the vibration mo-
ment value following estimation, functioning in the reso-
nance zone in case of its electric motors separate start:

Vg (@) = %Vl, (w) - Therefore, by the system parameters cor-

responding choice at the motors separate start it is possible
to attain the resonance vibration moments decrease and, as
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a result, to attain all connected with this vibromachine dy-
namic and power characteristics possible improvements.

b

Fig. 6. Changing in time: 1 — of vibration moment; 2 — of
motor moment ( P=1,1kW ): a) switching-off of the

motor in the resonance zone, to or =038/ b) the
engine double starting, t . =03s, t, o swon =
=0,48s
] q-) B
1201’
100
60
1
/
i &
05 1 15 2

Fig. 7. The vibro-exciter velocity changing in time
( P=11kW ): 1 — switching-on the motor in the reso-

wor =0,38, 2 — the motor double

=0,3s, t =0,48 s

nance zone, t

start, t

sw.—off Tep. sw.—on
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%B

Fig. 8. Diagram of vibration machine with self-synchro-
nizing exciters

In favor of vibration moments decrease at self-synch-
ronizing vibro-exciters, the separate start provides the fact
that, owing to the differences between their phases, some
bearing body “collateral” vibrations occur and that it is
necessary at more precise vibration moment determination
that effects the i-y vibro-exciter, to take into account the
other exciters’ effect. That is, at the vibration moment cal-
culation it should be presented in the form of two items
sum, one of which (being determined above) represents ad-
ditional load, caused by power losses at vibrations, and the
second (as a rule, noticeably less in the resonance zone) is
caused by the other vibro-exciters’ influence. It should be
noted, that the second item represents the power redistribu-
tion between the vibro-exciters. Formulas for its value de-
termination for many vibration systems may be found in
specialized literature [1,3]. The positive effect may be am-
plified by installation of vertical vibrations damper. Be-
sides, in case of motors separate start using, the starting
currents decrease (almost doubled) is rather important.

It should be noted that somewhat electric drive exces-
sive power is recommended for easing the start in case of
vibromachines with two selfsynchronizing exciters. In ad-
dition to that, the unbalanced exciter rotation vibration sup-
port effect should be used in steady state, working with one
switched off motor. Especially the rotation vibration sup-
port mode is the most stable for the studied dynamic sys-
tem. It follows from comparison (4) and (6) that dynamic
load upon the electric motors rotors and, correspondingly,
the necessary electric drive total power in case of the vi-
bromachine working part vertical vibrations will be suffi-
ciently less than at elliptic trajectory.

Results of simulation confirm the separate start ad-
vantages. Thus, for instance, according to fig. 9 (Mr* / J =
= 0,52), in such start case, the vibration resonance ampli-
tudes of the bearing body masses centre are sufficiently less
than those at the motors synchronous start. In addition to
that, the horizontal and turning resonance vibrations ampli-
tudes grow. However, their amplitudes are far from the ver-
tical vibrations amplitudes maximal values.

Findings. Thus, the majority of inertial vibro-exciters
behavior mechanisms and vibration system in general at the
resonance zone passing may be explained on the vibration
mechanics approaches basis. On this basis, the practical
conclusions and recommendations improving the vibro-
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machine with unbalanced drive dynamic and power charac-
teristics may be obtained.

The methods of electric motors double and separated
start are effective for easing the start of postresonance vi-
bromachines with unbalanced drive.

0.005

-0.005)

a b

Fig. 9. The bearing body masses centre trajectories: a —
synchronous (ordinary) start of motors, 6 — start of
one motor (separate start)
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30iry BiOparmiffHuX MammH 31 30yIHUKaMH, 0 CaMOCHHX-
ponizyroteest / MLIL Spomiesny, A.B. Cunuponrok // Hay-
koBuit BicHuk HI'Y. —2013. — Ne4. — C. 37-45.

Merta. [TokparieHHs JHHAMIYHHX Ta CHEPTCTUYHHX Xa-
PaKTepPUCTUK BIOpAIHUX MAIIWH 3 iHEPLIHAMH BiOpO3-
Oy/THUKAMHU.

Metoauka. [ aHaITHYHUX JOCIIKEHb BHKOPHCTA-
HUI TIX11 BiOpamiifHOT MEXaHIKM Ta METOJ| MPSMOTO PO3-
JJIeHHA pyxXiB. MoJeIroBaHHS TIPOIeciB po30iry BidOpoma-
IIMH BUKOHAHE 32 JIOMIOMOTOI0 YHCENHHOTO IHTerpyBaHHS
PIBHSHB PyXiB MEXaHIYHO{ KOJIMBAIBHOI CHCTEMH Ta PiB-
HSTHB €JICKTPOMATHITHHX MEPEXiHUX MPOLIECIB B ACHHXPOH-
HUX EJIEKTPOIBUTYHAX Y IIPpOrpaMHOMY cepenoBwii Maple.

PesynbTaTn. B anamitiusii GopMi oTprMaHi BHpasu
JUI BIOpalifiHUX MOMEHTIB (JIOZAaTKOBOTO JIMHAMIYHOTO
HaBaHTAKCHHsI, BUKJIMKAHOTO KOJIMBAHHSMU HECYYOTO Tija)
MiJ] Yac NPOXO/PKEHHs 30HH PE30HAHCY BiOpauiiHuMH Ma-
[IMHAMH 3 IDTACKUMHE KOJIMBAaHHAMH HECYJOTO Tija 5K 3 Of-
HUM JIOBUILHO PO3MIIIIEHNM BiOPO30YTHHKOM, TaK 1 3 ABOMA
BiOpO30yAHUKAMH, 1[0 CAMOCHHXPOHI3YIOTHCS, IS PI3HUX
PeXUMIB TycKy. JIeMOHCTPYIOTBCS MOKJIMBOCTI TIOJIM-
HICHHS [poLiecy po30iry BiOpoMaIiuH 3 ebaaHCHUMU Bi-
Opo30yJHUKAMH TIISIXOM BUKOPHCTAHHS METOIB ,,ITO/IBIM-
HOro* (y BHIAJKy OIHOTO BiOpo30ymHHMKA) Ta ,,pO3MITIBHO-
ro“ (y BUIaJKy IBOX 30yTHHKIB) IyCKy €ICKTPOJBHUTYHIB.
[NokazaHo, 110 B OCHOBY IEpPIIOr0 METOAY IMOKJIaJeHe BH-
KOPHCTaHHSI HaIliBIOBUILHUX KOJMBAHb, 110 BUHUKAIOTH Y
30HI PE30HAHCY, a TAaKOX Te, [0, Y BUIMAJKy BUMKHEHHS
JIBUTYHA B 11ili 30Hi, BIOpaIlitHuii MOMEHT, SIKUH JTi€ Ha Horo
poTop, cTae obepTaibHUM. BrasaHi yMOBH, 32 SIKHX € eheK-
THBHHUM PO3/UILHUN IycK. HaBOsThCS BUCHOBKHU Ta MpaK-
THYHI peKOMEHAIlil, 110 J03BOJISIIOTH MOJIETIINTH ITYCK Bi-
OpaliifHIX MalIvH 3 1e0aTaHCHUM TIPUBOIOM.

HaykoBa HoBH3HA. OTpHMAaIH MOAANBIIOTO PO3BUTKY
TEOPETHYHI TIOJIOKEHHSI JIMHAMIKK po30iry BiOpariitHux
MaluH 3 AedaaHCHUMM BiOpO30yJIHMKaMH, IO IPHBO-
JATBCSI B PyX aCHHXPOHHHMH €JIEKTPOJBUTYHAMH OOMeErKe-
HOI MOTY>KHOCTI.

[pakTnyna 3HaYnMicTs. PesympraTt poGoTH 103BO-
JISTFOTH 3MEHITYBATH PE30HAHCHI KOJMBAaHHSA POOOYOTO Op-
raHy BiOpaliifHUX MallVH, AWHAMIYHI HAaBaHTAXXCHHS Ha
POTOp ENEKTPOBHUTYHA Ta CJIEMEHTH KOHCTPYKIIIT MAIIIIHU,
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HEOOXIi/IHY MOTYXHICTb €JIEKTPOIIPUBO/LY, & TAKOXK BEJIUYH-
HY ITyCKOBHUX CTPYMIB.

KarwuoBi cioBa: siopayivna mawwuna, OebanancHuil
8IOPO3OYOHUK, PE30OHAHCHA 30HA, NOOGIUHUL NYCK, PO30Llb-
HULL NYCK, GIOPAYIIHULL MOMEHM, CAMOCUHXPOHIZAYIs

Henp. YiydmieHue NUHAMHYCCKHX W YHEPreTHYCCKHX
XapaKTePUCTUK BUOPAIIMOHHBIX MAIIMH C WHEPIIMOHHBIMU
BHOPOBO30Y/IUTEIISIMH.

Meroauxka. J{ns1 aHATUTUYECKUX MCCIIEOBAaHUNA HCIIO-
JIH30BaHBI TOAXOJBl BHOPAIIMOHHON MEXaHWKH M METOJ
TIPSIMOTO Pa3ICIICHUs TBIDKCHIA. MoaenupoBaHue mporiec-
COB pasbera BHOPOMAIIMH BEITOJHEHO C IOMOIIBIO YHC-
JIEHHOTO MHTEIPUPOBAHMSl ypPaBHEHUH IBW)KCHUN MEXaHU-
YEeCKOH KOJeOaTeIbHON CHCTEMBbI M YPAaBHEHHH DIICKTPO-
MarHATHBIX MIEPEXOIHBIX MPOIECCOB B ACHHXPOHHBIX JICK-
TPOIBHUTATENAX B IIPOrpaMMHON cpere Maple.

PesysabTarsl. B amanmuTnueckoil ¢opme IMOTydeHBI
BBIpQXKEHHS JUISI BHOPAIIMOHHBIX MOMEHTOB (J100aBOYHOM
JMHAMUYECKON Harpys3KH, BBI3BAHHOM KOJICOaHHAMH HECy-
IEeTo TeJa) TPH MPOXOXKICHUN 30HBI PE30HAHCA BHOpAIIU-
OHHBIMH MAIlIMHAMH C TUIOCKHMH KOJICOaHMSAMH HECYIIIETo
TeJla Kak C OJJHMM TPOM3BOJIBHO PACIOJIOKEHHBIM BHOpO-
BO30yUTENIEM, TaK U C ABYMSI CAMOCHHXPOHU3UPYIOIIUMH-
sl BUOPOBO30YIUTEIISIMU JUTSL PA3HBIX PEKUMOB Iycka. Jle-
MOHCTPHPYIOTCS BO3MOKHOCTH YITYHIIIEHHS TIpoIiecca pas-
Oera BUOPAIMOHHBIX MAIIMH C JeOATAHCHBIM TPHBOJIOM
IyTEM HUCTIONB30BaHUSI METOJIOB ,,IBOWHOTO (B CIydae O/
HOTO BUOPOBO3OYAUTENS) U ,,pa3IebHOTO  IMyCKa AIIEKTPO-
nsurareseil (B citydae aByx Bo3Oyaureneit). [Tokasato, uto
B OCHOBE MEPBOrO METO/A JISKUT HCIOJIb30BaHUE MOJY-
MEJUICHHBIX KOJIeOaHMii, BO3HUKAIONINX B 30HE PE30HAHCA,
a TaKkXke TO, YTO, B CITy4dae BBIKIIOUCHUS ABUTATEINS, B 3TOM
30HE BUOPAIIIOHHBII MOMEHT, JICHCTBYIOIIHIA Ha €ro poTop,
CTaHOBUTCS BPAIIAIOIINM. Y Ka3aHbl YCIOBUsI, IPU KOTOPBIX
s dexTrBeH pa3enbHbIA MycK. [IpuBOmATCS BBIBOABI U
MPaKTUYECKHEC PEKOMEHIAIINH, KOTOPBIC ITO3BOJISFOT 00JIer-
YUTh ITyCK BUOPOMAIIIUH C JIcOaIAHCHBIM MIPUBOJIOM.

Hayunas woBusna. [lonyuynnu nanbHeiliee pa3BuTue
TEOPETUYECKUC TIOJIOKCHUST JAUHAMHKA pa3zdera BHOparu-
OHHBIX MAIIMH C Je0allaHCHBIMH BHOPOBO3OYIUTEIIMH,
KOTOpBIe TIPUBOMATCS B JBIKCHHE ACHHXPOHHBIMH JJICK-
TPOJBUTATEISIMUA OTPAHUYEHHON MOIIHOCTH.

IpakTnyeckass 3HAYUMOCTb. Pe3ynmbraThl pabOTHI
MO3BOJIIIOT YMEHBIIATh PE30HAHCHBIC KOJIeOaHHs pabodero
opraHa BHOPAIlMOHHBIX MAIIWH, JUHAMHYCCKHE HArpy3Kd
Ha POTOpP DIIEKTPOJIBUTATETSI M SJIEMEHTHI KOHCTPYKITHH
MAIIMHBI, HEOOXOIMMYI0 MOIIHOCTH JJIEKTPOIPHUBOJA, a
TAK)KE BEJIMYHUHY ITyCKOBBIX TOKOB.

KaroueBsble ciioBa: subpayuonHas mawuna, 0edaianc-
Hblll 8UOPOBO30YOUMENb, PE3OHAHCHAS 30HA, OBOUHOU NYCK,
Pa30eNbHblll NYCK, SUOPAYUOHHBIL MOMEHM, CAMOCUHXDO-
HU3ayus
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