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Abstract

In order to reduce auto seismic oscillations in the ballistic laser gravimeters (BLG) with a symmetric method of mea-

suring the gravitational acceleration (GA), an induction-dynamic catapult (IDC) is used, which is excited by a pulse packet
from a capacitive energy storage unit (CES). With such excitation, a decrease in the amplitude of auto seismic oscillations
is achieved by reducing the amplitude and increasing the duration of action of the electrodynamic force that occurs in the
IDC when pushing the test body (TB).

A mathematical model of the IDC of the ballistic laser gravimeter with a symmetric method of measuring the GA is
developed and the modeling of its electromechanical characteristics is carried out. Various methods of generating a packet
of excitation pulses of the IDC inductor are considered and the characteristics of electrodynamic force pulses that accele-
rate the armature of the catapult with TB are investigated for them. The effect of IDC excitation by a pulse packet on the
auto seismic component of the GA measurement is investigated. It is shown that on account of the excitation of the IDC
by a ten-pulse packet, the auto seismic component of the uncertainty of the GA measurement by ballistic gravimeters can

be reduced several (3—5) times in comparison with the excitation of the catapult by a single pulse.
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Introduction

For high-precision measurements of the absolute
value of the gravitational acceleration g, the ballistic
laser gravimeters (BLG) are used, in which a test body
(TB) is pushed, which is an integral part of the Mi-
chelson laser interferometer measuring system [1—4].
The BLG measures the path and time intervals of the
TB during its free movement in the vacuum chamber
of the gravimeter [1]. Two types of gravimeters with
free movement of the TB in a gravitational field are
used, which implement symmetric and asymmetric
methods of measuring g. In the symmetric method,
the measurement of g is performed on both the upward
and downward branches of the TB trajectory, and in
the asymmetric method — only on the downward one.
BLGs with a symmetric measurement scheme have
a number of advantages. Since the resistance forces of
the gaseous medium affect the measurement result with
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opposite signs during the rise and fall of the TB, there
is a mutual compensation. In addition, there is no
problem of raising the TB to the starting position, as in
a gravimeter with an asymmetric measurement scheme
[5, 6]. The main disadvantage of a BLG with a sym-
metrical measurement scheme of g is the mechanical
impact that acts when pushing the TB by catapult. At
this, auto seismic oscillations of the foundation and all
mechanical elements of the gravimeter occur, which
cause the corresponding component of the measure-
ment uncertainty g [7, §].

Analysis of literature data and problem statement

In a BLG with electromagnetic catapult, the indi-
rect conversion of the CES electrical energy into verti-
cal pushing of the TB is performed [6]. The pushing
device is made on the basis of a symmetrical six-bar
lever mechanism (pantograph) with a central axis fixed
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in the vacuum chamber of the ballistic unit. The cen-
tral axis is connected to the ferromagnetic armature
of the catapult. When the electromagnet winding is
excited by CES, a current pulse occurs and due to
the magnetic field, a massive ferromagnetic armature
is drawn into the inner cavity. Moving vertically down,
the ferromagnetic armature pulls the pantograph, which
by increasing the axial dimensions pushes the car-
riage with the TB vertically upward with subsequent
capture.

This multi-stage conversion of the CES electrical
energy into mechanical energy of the TB vertical mo-
tion is accompanied by friction and subsequent wear of
the contacts of moving elements, vibration and shock
in the connecting elements, damping of the part of
energy, bending and deformation processes, etc.

In order to eliminate these components of the
measurement uncertainty, it is proposed to use a BLG
with an induction-dynamic catapult (IDC), which pro-
vides direct electromechanical energy conversion and
allows to adjust easily the height of the TB pushing [9].

When the CES discharges on the inductor win-
ding (IW), there is a current pulse, under the action
of which the magnetic field directs current in the
conductive armature (CA). Under the action of axial
electrodynamic force (EDF) f, the repulsion of the CA
together with the TB performs free vertical movement
AZ. At this, the receiving and emitting device activates
and the measurement of g is performed. The short and
significant amplitude EDF pulse between the IW and
the CA of the catapult causes significant auto seismic
oscillations of the BLG foundation, which affect the
measurement of g. These oscillations can be reduced
by increasing the duration and reducing the amplitude
of the EDF between the IW and the CA by creating
a packet of short power pulses of reduced amplitudes.
The duration of the packet is determined by the period
of propagation of the pulses generated at the excitation
of the IDC from the CES sections.

The purpose of the study

The purpose of the study is to analyze the effect
of the parameters of the excitation pulse packet of the
IDC inductor on the EDF characteristics, which de-
termine the magnitude of the auto seismic component
of the uncertainty of the GA measurement.

Mathematical model of the BLG catapult

Let’s consider the main processes in the IDC,
which pushes the TB vertically upward. To solve this
problem we use an approach based on the calcula-
tion of interconnected electromagnetic and mechanical
processes [10].

In the catapult under consideration, when the IW
with inductance L, and active resistance R, is con-
nected to the CES, a current i, flows, which gene-
rates a magnetic field that induces current i, in the
CA with inductance L, and active resistance R,. On

the account of EDF, the CA is pushed along the
z axis with a speed v,.
Initial conditions of the mathematical model:

i (0) =0 — the current of the n-th element (1 —IW,
2 —CA);

h(0)= lmm the initial axial shift of n-th elements;
u(O) — the CES voltage with capacitance C;

v (0)= 0 — the velocity of the CA with the TB.

The solution of equations describing electrical,
magnetic and mechanical processes is given in re-
current form [10]. Electrical processes in the IDC
active elements are described by a system of equa-
tions [11]:

t
R, +L 1 J‘zdt+M12(z)ﬁ+
CO 0
L (1
+v (t)z2 c. }[lld =U,,
. di,
Ry, +L,— (Z) =0, (2)
d
where M ,=M, is the mutual inductance between the

IW and the CA.
The system of equations (1) —(2) is reduced to the
following equation:

d’ d’i d’ a7 dz1
a +a +a +a,i, =0, 3
Ydt o dr dr ®)
M
where a, =v; a, =X—2Mvzu,

L dM, Y R
a1=R1R2+Fz—VZZ(—12j; ay=—"; v=LL -M);
0

2
dz G,
71=RL,+LR,.

The characteristic equation of differential equation

(3) has the form [12]:
X +nx’ +sx+t =0, (4)
where r =a,/a,; s.=a/a;; t.=a,/a.

When substituting y=x+r/3,
reduced to the form:

equation (4) is

V' +py+q. =0, ()
where p.=s.—r2[3; q.=2(n/3) —rs./3+1.

The roots of equation (5) are found using the
Cardano formula:

W =U Ve, Y, =8 U HEV, Yy = EUTEV, (6)

where u, =3/D* -0,5q.; v, =3-D" -0,5q,;

e, =0.5(-1% 33): D =(p./3) +(g./2)
nant of equation (5).

If D <0, then after a series of transformations we
obtain the expression for currents:

— discrimi-
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where u () is the CES voltage at the point of time 7,.

If the discriminant of the characteristic equation (5) D > 0 , then after a series of transformations we obtain

the expression for currents:

in (tk+1) = (gn - R

n

where

émvz d

MIZJ/{l_Vz(dMlz] }’ (8)
dz RR,\ dz

g =g [gz +(f—d)2T <g.exp(dAt)|:(g2 +/%)0,-210, +An]+exp(fAt){sin(gAt)d(f2 ~¢"~fd)®, +

+(+d* - 12)Q, +(f ~d)A, J+g-cos(ghn)[d(d-21)®, +2/Q, —An]}>;

Axial displacement of the armature with the TB
occurs under the action of EDF :

S =i ()5 (@, ) My, (Z) 9

The value of the vertical displacement of the

armature /_can be given as a recurrent relation:
h(t,,)=h.(t)+v.(t)At+9 A [(m +m,),  (10)

where v_(t,.,)=v.(t,)+9-At/(m, +m,) is the armature

i, )+vzzm(t )dM
R, dz

o AM
velocity; 8 =1(2,)i,(#,) dZ]Z (2)—g(m, +my,),
m,, m, is the weight of the armature and the TB,
respectively.

The inductance of the n-th active element can
be determined through the vector potential of the
magnetic field when it is divided into elementary
calculated circuits [13]. The mutual inductance between
the n-th and m-th elementary circuits is determined
by the method of Taylor series expansion [14].
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Electromechanical processes in IDC during excitation by
a single pulse

Let’s consider the IDC with the following para-
meters: outer diameter of active elements D_ =100 mm,
their inner diameter D, =10mm. The IW height
H =10mm, height of the copper CA H,=2 mm, number
of the IW turns N, =46 of wound copper bus with a cross
section axbh=1.8x4.8 mm?. The TB mass m, = 80 g. The
IDC is excited from the CES by a single pulse or packet
of pulses at which the pushing of the armature together
with the TB on the maximum height #_ = 120...160 mm
is provided. The total mass pushed is 220 g.

When the IDC is excited by a single pulse, let’s
consider the variant No. 1 of the CES low capacitance
and overvoltage (C,= 100 uF, U, =730 V) and the variant
No. 2 of the CES large capacitance and under-voltage
(C,= 675 uF, U,=210V) (Fig. 1).

When using the CES with low capacity C; and high
voltage U, (variant No. 1), the amplitude of the current
density in the IWisj, = 155.7A/mm?in 0.075 ms, and
the amplitude of the current density in the CA is j, =
=501.9 A/mm?>. There is the EDF between the IW and
the CA, the amplitude of which is f, = 5092.8 N. This
provides acceleration of the armature with the TB to a
velocity v.=1.77m/s in 0.2 ms and the height of their
push #_ =158 mm.

When using the CES with large capacity C; and
low voltage U, (variant No. 2), all electromechanical
processes are more stretched in time and smaller in
amplitude. The amplitude of the current density in the
IW reaches the value j, = 100.9 A/mm?in 0.18 ms, and
the amplitude of the current density in the armature
J,,, =306.0 A/mm?. When using such excitation, the EDF
acts between the IW and the armature, the amplitude of
which reaches f, =1993 N. This provides acceleration
of the armature with the TB to a velocity v. = 1.13m/s
in 0.2ms and the maximum height of their push
h,= 156 mm. When using the CES of both variants,
after some time (after ~ 0.35 ms) the velocities of the

7, Afmm?

200
100 ‘EK
0 /_
-100
0,5/,
-200 \/
=300
0 0,1 0,2 0,3 f,ms 05

armature become almost the same, amounting to
v, =1.70...1.78 m/s.

As the duration of the force interaction between
the IW and the armature increases (variant No. 2), the
amplitude of the EDF decreases, although it remains
at a high level. We would like to admit that even in this
variant, the duration of the force remains unacceptably
short (0.4 ms).

Electromechanical processes in IDC during excitation of
the IW by a pulse packet

Let’s consider the effect of the duration, shape and
amplitude of a packet of 10 short power pulses between
the IW and the CA on the electromechanical processes
in the IDC. The specified pulse packet is formed by
connecting the CES sections to the IW with a time delay
that determines the pulse period.

Fig. 2 shows the electromechanical characteristics
of the IDC when excited by a pulse packet lasting
12ms from the CES sections with the same parameters:
C,= 100 uF, U, = 320 V. With this method of the IDC
excitation, the current density amplitude in the IW, is
successively reduced from 68.8 A/mm? in the first pulse
to 47.7 A/mm? in the tenth pulse.

A greater decrease in the amplitudes of the induced
current density occurs in the armature j, : in the first
pulse of the packet it is 222.1 A/mm?, and in the tenth
pulse — 84.9 A/mm?. There is a consistent decrease in
the amplitude of the EDF pulses f, : from 997.3 N in
the first pulse to 101.5 N in the tenth pulse. During the
action of the pulse packet (12 ms) the armature together
with the TB receive a velocity v. = 1.59 m/s and travel
a distance #_= 13.7 mm. This packet of pulses provides
pushing the armature together with the TB to a height
h_ = 140.7 mm.

To reduce the amplitude of the EDF of the first pulse
of the packet, let’s consider the excitation of the IDC
from the CES sections with different parameters C; and
U,. Fig. 3 shows the electromechanical characteristics
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Fig. 1. Electromechanical characteristics of the IDC when excited by a single pulse:
variant No. 1 of the CES (bold lines) and variant No. 2 of the CES (thin lines)
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Fig. 2. Electromechanical characteristics of the IDC when excited by a packet of pulses from the CES sections
with the same parameters: C, = 100 uF, U, = 320 V

of the IDC when excited by a packet of pulses from the
CES sections of the same capacitance C; = 100 uF, but
charged to a voltage U,, which increases linearly from
150 to 420 V. With this excitation, the amplitude of the
current density in the IW j, in all subsequent pulses
of the packet gradually increases from 32.3 A/mm? in
the first pulse to 67.3 A/mm? in the tenth pulse of the
packet. The change in the amplitudes of the induced
current density in the armature j, has the following
pattern: in the first pulse, the amplitude is the smallest,
104.3 A/mm?. In the following pulses, the amplitudes
J,, increase, reaching the highest value of 163.1 A/mm?
in the seventh pulse, after which the amplitudes decrease
to 150.8 A/mm? in the tenth pulse. In the first pulse, the
amplitude of the EDF /. is the smallest, 218.5 N, then
it increases, taking the largest value of 439.5 N in the
fifth pulse, and then decreases. During the pulse packet,
the armature together with the TB acquire a velocity
v, = 1.48 m/s and travel a distance #_ = 8.5 mm. This
packet of pulses provides pushing the armature to a height
h_ =132 mm.

zm
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a0 ..Jrl fi 1l II.L Iﬁl ﬂ
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ARRRRE
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0 2.4 48 7.2
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Fig. 4 shows the electromechanical characteristics
of the IDC when excited by a packet of pulses from the
CES sections, charged to a voltage U, = 210 V, which
capacity C, increases linearly from 50 to 500 uF. The
period between pulses is 3 ms. With this excitation,
the amplitude of the current density in the IWj, in all
subsequent pulses of the packet also gradually increases
from 32.8 A/mm? in the first pulse to 64.5 A/mm? in the
tenth pulse. The values of the amplitudes of the induced
current density inthe armature j, have the following pattern:
in the first pulse the amplitude is the smallest, 107.2 A/mm?,
in subsequent pulses the amplitudes j, increase, reaching
the highest value of 157.5A/mm? in the fourth pulse, then
decrease to 76 A/mm? in the tenth pulse.

At this, the amplitude of the EDF f, in the first
pulse of the packetis 228.2 N, then it increases, taking the
largest value of 465.6 N in the third pulse of the packet,
and then decreases, taking the smallest value of 81.3 N
in the tenth pulse. During the pulse packet (30ms),
the armature together with the TB acquire a velocity
v.=142m/s and moves a considerable distance
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0 24 4.5 T2 56 t,ms1z

&

Fig. 3. Electromechanical characteristics of the IDC when excited by a packet of pulses from the CES sections
of the same capacitance C, = 100 uF, charged to different voltages U,
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Fig. 4. Electromechanical characteristics of the IDC when excited by a packet of pulses with a period of 3 ms,
from the CES sections charged to a voltage U, = 210 V, which capacity C, increases linearly

h.=23.7mm. This packet of pulses provides pushing the
armature to a height 4, = 126.2 mm.

Thus, the excitation of the BLG catapult by a packet
of sequential pulses provides the reduced auto seismic
oscillations of the foundation by reducing the amplitudes
of the EDF pulses and increasing the time of their effect.
It is most appropriate to excite the IDC by the pulse
packet from the CES sections of the same capacitance,
but charged to a sequentially increased voltage, or from
sections that have a sequentially increased capacitance,
but charged to a single voltage.

Investigation of the efficiency of the multi-impulse method
of excitation of the BLG induction-dynamic catapult
Let’s consider the effect of excitation of the BLG
induction-dynamic catapult by a pulse packet on the
auto seismic uncertainty component (ASU) of the
measurement of g in comparison with the excitation
of the catapult by a single pulse. The value of the auto
seismic uncertainty component of the measurement of
g is estimated by modeling the mechanical system of the
BLG [7, 15, 16]. When modeling, we use the following

Ag, mGal
2

1:/ ey,
§ /
1

parameters of the mechanical system of the BLG [15—17]:
the foundation mass m; = 3000 kg, the stiffness of the soil
base ¢, = 125.88 MN/m, the coefficient of viscous friction
of the base b, = 73743.2 N - s/m; the TB mass m = 0.08 kg;
the TB initial velocity v = 1.4 m/s (which corresponds to
the push of the TB to a height of about 0.10 m).

An elastic suspension of the BLG interferometer
reference reflector is used as a vibration protection system
[17]. At this, the mass of the reference reflector is taken
to be equal m = 0.1 kg, and the period of the proper
oscillations of the vibration protection system is 10 s. We
assume that the vibration protection system works in a
critical mode. As an indicator of efficiency, we take the
ASU of the GA measurement, which is determined by
the expression [17]

K-1 T
Agz—va(kh+t0—5)-w(k), (11)
k=0
where x (7) is the process of moving the reference
reflector; 4 is the sampling interval of count processing
of the path travelled by the TB; 7 is the point of time
when the TB reaches the top; w(k) are the weighting

Ag, nGal
10[1
b
[
- \\
5P
L \ S
\ \\\ B
[\ NGy
o1 020,/ 025~
=5 :
-10L

b

Fig. 5. Auto seismic uncertainty component of g measurement for the BLG without (a) and with (b) vibration protection
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factors of path-time count processing in the BLG; 7 is
the duration of the processing interval.

The sampling interval 4 in equation (11) we choose
equal to 0.5 ms. At this, the processing factors w(k)
corresponding to the method of least squares are used.

The modeling results presented in the form of
graphs in Fig. 5 (a), (b) show the dependences of the
auto seismic uncertainty component of g measurement
on the duration of the processing interval 7. In this Fig.,
the curves correspond to different excitation signals
of the BLG electrodynamic catapult: 1) a curve with
ashort dotted line — a single excitation pulse lasting 1 ms;
2) a curve with a long dotted line — a packet of ten pulses
lasting 1 ms with a period between pulses 2 ms; 3) solid
curve — a packet of ten pulses lasting 1 ms with a period
between pulses 5 ms. The intensities of the excitation
pulses in all three cases are chosen so as to provide the
same initial velocity of the TB v = 1.4 m/s.

From the analysis of the obtained dependences of
the ASU value of g measurement it is concluded that
the transition from the method of excitation of the
BLG induction-dynamic catapult with one short pulse
to its excitation by the packet of pulses of the same
duration allows to significantly reduce the uncertainty
of g measurement by the gravimeter with the symmetric
measurement method on account of reducing the auto
seismic component of uncertainty in 3—5 times.

Conclusions

The mathematical model of the IDC describing
interconnected electric, magnetic and mechanical processes
is developed. It is found that when the IDC is excited by
a packet of ten pulses, the duration of which is equal to
12 ms, from the CES sections with the same parameters,
a consistent reduction in the amplitudes of the EDF pulses
is observed. When the IDC is excited by a packet of pulses
from the CES sections of the same capacitance, but charged
to a voltage U, which linearly increases, the amplitude of
the EDF is the smallest in the first pulse, then it reaches
a maximum value in the fifth pulse. When the IDC is excited
by a packet of pulses from the CES sections charged to
avoltage U, = 210V, the capacitance C; of which increases
linearly, the amplitude of the EDF reaches the highest value
in the third pulse. Reducing the pulse period does not change
the nature of the amplitudes of currents and the EDF in the
catapult, but provides the pushing of the armature with the
TB to a greater height.

The transition from the excitation method of the
BLG induction-dynamic catapult with one short pulse to
its excitation by a series of ten pulses of the same duration
allows to significantly reduce the uncertainty of the GA
measurement by the gravimeter with the symmetric
measurement method by reducing the auto seismic
component of the uncertainty of the GA measurement
by 3—5 times.

3MeHIIeHHs aBTOCEHCMIYHMX KOJIMBAHb OaJiCTHYHOIO
JIa3epHOro rpamiMeTrpa 3a pPaxXyHOK 30Yy/Ke€HHS iHAYKIiiHHO-
JUHAMIYHOI KATaImmy/JIbTH MAKETOM IMIIYJIbCIB

B.®. Bontox!, O.l. BiHHiyeHko?, T1.l. Heexxmakos?, A.B. OmenbyeHko?®

" HaujoHanbHuli mexHidHuUl yHieepcumem “Xapkigcbkull nonimexHiyHul iHemumym?”, syn. Kupnuyosa, 2, 61002, Xapkis, YkpaiHa

bolyukh@gmail.com

2 HayjoHanbHuli Haykosul ueHmp “lHcmumym memponoeii”, 8yn. MupoHocuybka, 42, 61002, Xapkie, YkpaiHa

vinnsc2@gmail.com

3 Xapkiecbkull HauioHanbHUll yHieepcumem padioenekmpoHiku, np. Hayku, 14, 61166, Xapkie, YkpaiHa

omela5656@gmail.com

AnoTanisa

JI71s1 3MeHILIeHHsI aBTOCEMCMIYHMX KOJIMBaHb y OaslicTUYHUX JIJa3€pHUX rpaBiMCTan 3 CUMETPUYHUM METOIOM BUMi-

PIOBaHHS MPUCKOPEHHS BiJILHOTO TAaAiHHS BUKOPUCTOBYEThCS iHAYKUIMHO-nMHaMmiuHa karanyiabTa (1K), sika 30ymKyeTbest
MaKeToM iMMYJbCiB Bil. EMHICHOTO HakomnuuyyBauya eHeprii. [Ipu Takomy 30YIKEHHi JOCSTa€TbCsl 3MEHILIEHHS aMILTITYan
aBTOCEMCMIUHMX KOJIMBaHb 32 PaXyHOK 3MEHIIEHHSI aMIUITyad Ta 30LIbLIEHHS TPUBAIOCTI Mii €JeKTPOAMHAMIYHOI CWIH,
gKa BUHUKAE B iHAYKIIHHO-IMHAMIYHINA KaTamyabTi pu minkuaaHHi npooHoro Ttina (I1T).

Po3pob6iieHo MareMaTM4yHy MOJEIb iHAYKLIAHO-AMHAMIYHOI KaTamy/JabTH OaliCTUMHOIO Ja3epHOro rpaBiMeTpa 3 CU-
METPUYHUM METONOM BMMIpIOBAaHHSI MPUCKOPEHHS BiUIBHOTO MaliHHS Ta MPOBENEHO MOJMEIIOBAHHS 1i €JIeKTPOMEXaHIYHUX
XapakTepucTUK. Po3risiHyTo pi3Hi criocodu (popMyBaHHS MakeTy iMIyJbciB 30ymkeHHs iHaykTopa IJIK i misg Hux mocmigkeHo
XapaKTEePUCTUKU iMITYJIbCIB €JEKTPOIMHAMIYHUX 3YyCWb, L0 3MdiMCHIOTH PO3riH sikops Karamyabtu 3 [1T. JdochimkeHo
BIUIMB 30YIKEHHS iHOYKIIMHO-IMHAMIYHOI KaTamyJbTH MaKeTOM iMITYJIbCiB Ha aBTOCEMCMiUHY CKJIaJ0BY BUMipIOBaHHS
MPUCKOPEeHHs BilibHOTrO ManiHHs. [loka3zaHo, 110 3a paxyHOK 30y/IKeHHS iHAYKUIMHO-IMHAMIYHOI KaTallyJIbTU MaKeToM i3
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Reduction of auto seismic oscillations of the ballistic laser gravimeter on account of the excitation...

JIECSITH IMITYJIbCIB MOXKHA 3MEHIIMTHA aBTOCEMCMIUHY CKJIaOBY HEBM3HAYEHOCTI BUMIpPIOBAaHHS MPUCKOPEHHS BiJIbHOTO TaJliH-
Hs1 OQJTICTUYHUMU TpaBiMeTpaMu B JieKiibka (3—5) pa3iB y MOPiBHAHHI 3i 30yIKEHHSIM KaTamyJbTU ONIMHUYHUM iMITYJIbCOM.

KiouoBi cioBa: GajicTUUHUMIA JIa3epHUI TpaBiMeTp; iHAYKUiIMHO-IMHAMIYHA KaTalyJ/bTa; aBTOCeiCMiuyHa CKJaJoBa He-
BU3HAYEHOCTI BUMipIOBaHHSI.

YMeHbllIeHHEe ABTOCEHMCMHYECKHMX KOJIe0aHuii 0a/UIMCTUYECKOro
JIA3epHOro rpaBMMeTpa 3a CYeT BO30YXKIEeHHS MHIAYKIMOHHO-
JUHAMMYECKOM KAaTamyJbThl MAKETOM HMIYJIbCOB
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AHHOTAIMSA

JI7s1 yMEHBIIIEHUST aBTOCEMCMUYECKUX KOoJIeOaHWil B OA/UIMCTUYECKOM JTa3ePHOM TPaBUMETPE C CUMMETPUYHBIM METO-
oM uU3MepeHusi yckopeHust csodonHoro naneHust (YCII) ncnonb3yeTcss MHAYKIIMOHHO-IMHamMuyeckast katanyiabta (MIAK),
KOTOpast BO30YXIAeTcsl MaKeTOM MMITYJIbCOB OT €eMKOCTHOTO HAaKOMUTeNsl dHepruu. [1pu TakoM BO30YXKACHUM ITOCTUTAETCS
YMEHbIIIEHNE aMIDTUTYIbl aBTOCEMCMUYECKUX KOJeOAHMWII 3a cYeT YMEHBIICHUsT aMIUTUTYIbl U YBEJIMUEHUsI UTUTEIBHOCTH
JNENCTBUST DJIEKTPOIMHAMUYECKOM CWIbl, KoTopasi Bo3HukaeT B MJIK mpu nmoaOpackiBaHMM MPOOHOTO Teia.

Pa3zpaborana MaTtemarniyeckasr MOze/b WHIYKIIMOHHO-TMHAMUYECKOU KaTaIyJIbThl TPaBUMeTpa C CUMMETPUIHBIM Me-
TonoM uamepeHuss YCII 1 BbINOJHEHO MOJAEIMPOBAaHUE €€ DJIEKTPOMEXaHUYEeCKUX XapaKTepucTuK. KMcciaenoBaHo BausiHUE
Bo30yxaeHus MJIK makeToM MMITYyJIbCOB Ha aBTOCEHCMMUUYECKYIO COCTABIISIONIYIO HEOMPEACICHHOCTH U3MEPEHUS YCKOPEHUS
cBobogHoro maaeHus. I[lokazaHo, yTo 3a cyeT Bo30OyxkaeHust MK makeTom u3 AecAaTM UMIYJIbCOB MOXHO YMEHBIIUTh
aBTOCEMCMMYECKYIO COCTABJISIIONIYIO HeompeneaeHHOoCTH m3MepeHust YCII OamiucTudecKuMM rpaBUMeTpaMu B 3—5 pas
B CPaBHEHUU C BO3OYXIEHMEM KaTamyJbThl eNIMHUYHBIM UMITYJIbCOM.

KiioueBbie cioBa: 0aJTUCTUYECKUIN na3epl—n>n7r I'paBUMETP, MHAYKIIMOHHO-JIMHaAMUUYECKadA KaTaIlyJjbTa, aBTocercMuyec-

Kasg cocCTaBiidonas HEONnpeaACJICHHOCT U3MEPCHMUA.
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