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THE USE OF ADJUSTABLE
DAMPING DEVICES FOR
INCREASING TECHNICAL LEVEL
OF GROUND ROBOTIC
COMPLEXES EQUIPPED WITH A
MANIPULATOR

A dynamic model of the manipulator of the robotic
complex was developed on the basis of the conducted
experimental studies. The concept of determining the dynamic
characteristics of the mechanical system is proposed according
to the results of the oscillation analysis. The algorithm is
supplemented with modules considering possibility of using
controlled damping devices.

The constituent parts of the model represent the
mechanical devices of the manipulator, in particular connections,
rotary assemblies and damping devices. The model contains all
the connections between the modules, which allows you to study
the dynamic parameters during the operation of the mechanism.
Differential dependencies for the implementation of the
mathematical model, which includes the subsystem of dynamic
damping of vibrational oscillations of the manipulator, are
proposed. These dependencies reveal the essence of the
oscillatory processes of the mechanical system in full. Guided
damping devices introduced into the model allow to control
parameters in order to increase the accuracy of the mechanism.

The mathematical model is implemented via a software
module that takes into account the impact working processes that
occur in the connections and rotary assemblies of the mechanical
system of the robotic complex.

The algorithm involves the use of a mechatronic system
equipped with feedback sensors to control the manipulator.
Controlled damping devices make it possible to increase the
technical level and improve the dynamic characteristics of the
mechanical system. Damping of oscillations by a mechatronic
system with feedback was investigated and the influence of
damping of oscillations on accuracy parameters when moving a
robotic complex on an uneven surface was determined.

The paper presents the results of modeling an adjustable
damper as part of a moving mechanical system. The innovative
device uses a magnetorheological fluid as a working fluid, which
allows you to control it with the help of electrical impulses. The
conducted experimental studies made it possible to obtain key
indicators and its operating characteristics of the damper. Based
on these results, dependencies, which determine the control laws
of a damper that uses a magnetorheological fluid, are proposed.

Keywords: ground robotic complex, manipulator,
mechatronic  system, mathematical modeling, dynamic
characteristics, damper, accuracy.
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Formulation of the problem. Modern
ground robotic complexes have a high carrying
capacity, accuracy and speed. They are able to
move on uneven surfaces and interact with objects
with the mechanism equipped with an advanced
control system [1]. Objects can be moved with a
mobile or stationary robotic complex. In the first
case, the process requires ensuring high dynamic
characteristics of the manipulator.

To expand the possibilities of robotic
applications, the complexes can use the
progressive design of the manipulator, which
provides necessary accuracy and dynamic
characteristics, as well as the control system built
on the basis of adaptive algorithms.

However, to improve the dynamics of
mechanical systems, it is necessary to develop
their accurate mathematical models. Taking into
account the peculiarites of the work and
constructive implementation of the mechanical
system allows to increase the accuracy of the
mechanism. Features of the manipulator's
operation are taken into account using a detailed
mathematical model, which is included in the
control system. The algorithm allows to use the
advantages due to the presence of feedback

sensors to improve the parameters of the
mechanical system. When developing a
mathematical model of the manipulator, it is

necessary to carry out a detailed study of the
system, take into account the peculiarities of the
work processes of connections and rotary
assemblies and their constructive implementation.

To achieve  the best dynamic
characteristics of robotic complexes, it is most
appropriate to use controlled damping devices. In
order to solve this problem, it is necessary to study
the regulatory processes that have the greatest
impact on the accuracy of technological
operations. The relevance of research is confirmed
by the wide application of robotic-mechanical
complexes in solving specialized problems that
require high dynamic characteristics.

Analysis of recent research and
publications. Designs and control systems of
robotic complexes are constantly being improved.
Since the manipulator is driven by an electric
drive, mechatronic control systems with feedback
are widely used to improve its characteristics. The
tasks of autonomous movement and manipulation
of objects are successfully solved for various
kinematic schemes, including anthropomorphic
ones [2].

The most advanced are control systems
that use elements of artificial intelligence, which
are able to adapt to the parameters of the external
and internal environment and recognize objects.
Progressive solutions of artificial neural networks
[3] make it possible to improve controllability and
increase the level of autonomy of robotic
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complexes when moving over prepared areas and
rough terrain.

Artificial intelligence allows capturing and
manipulating objects of various configurations [4].
Developed neural networks also enable the robot
to move independently on a complex surface and
avoid obstacles.

The most common robotic complexes are
those using electric drives controlled by a
mechatronic system. As a rule, feedback sensors
are used to obtain higher accuracy. However, the
best result can be obtained by taking into account
the ongoing work processes and the design of the
mechanism elements.

Previously unsolved problems. Part of
the previously unsolved problem is the study of the
features of the mechanical system devices and the
application of the obtained results as part of a
detailed mathematical model, which is embedded
in the form of a software module in the
mechatronic control system. At the same time, the
algorithms of robot engines and auxiliary devices
will allow to ensure an increased level of accuracy
of the system, which includes feedback sensors.

Therefore, it is necessary to develop a
complex mathematical model that integrates
blocks and modules that break the physical
essence of system elements and take into account
the peculiarities of their work.

The wide implementation of autonomous
robotic complexes, in contrast to remotely
controlled ones, requires solving a wider range of
problems. The system must monitor and control
the parameters of the actuators and the
manipulator constantly. Depending on the
readings of the sensors, drive control should be
ensured according to complex adaptive laws. The
type of object of manipulation determines the effort
of grasping the object and its adjustment
depending on external conditions. At the same
time, the control system must find a balance
between precise and fast movements.

One of the most important characteristics
of a manipulator is accuracy. In the absence of the
ability to provide it, the intelligent management
system will not be able to perform the tasks. High
accuracy in dynamics is quite difficult to ensure
with the help of a control system that does not
include a detailed mathematical model of the
device, as well as in the absence of adjustable
damping devices.

The purpose of research. The purpose of
the work is a comprehensive study of the
manipulator as part of the robotic complex. The
latter includes the development of detailed
mathematical models and determination of the
dynamic characteristics of the mechanical system.
Solving these tasks allows you to use adjustable
damping devices in the complex, which allow you
to obtain high dynamic characteristics and ensure
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the necessary accuracy when
objects.

manipulating

The tasks include the study of the
schematic solution of the manipulator as part of
the robotic complex, the determination of the loads
on the deformations of its connections and the
finding of dependencies describing the work
processes, as well as the determination of the
dynamic parameters of the system.

The obtained dependencies allow
determining the combined effect of factors
affecting positioning accuracy and dynamic
characteristics of the manipulator. As a result of
research, the task of developing a detailed
dynamic model of a mechanical system is solved,
which fully takes into account its working
processes and allows you to use the advantages
of using feedback sensors.

The use of adjustable damping devices as
part of the manipulator allows you to solve the
problem of obtaining the highest dynamic
characteristics under the condition of studying the
working processes of the dampers and integrating
the obtained dependencies into the mechatronic
control system.

Research  results. Ground robotic
complexes are equipped with a tracked chassis on
which a lever-type manipulator is installed. In order
to develop a dynamic mathematical model of the
complex, preliminary experimental studies were
conducted. During the experiments the robotic
complex moved along a horizontal surface
containing a rectangular protrusion. The
movement of the mechanism elements was
recorded visually with further processing of the
received video files. At the same time, the
geometric position of the connections of the
manipulator and the chassis of the complex during
its movement was determined.

Since dynamic loads of the manipulator
took place during the movement, the smooth
movements of the chassis are accompanied by
small vibrations of the manipulator. When
interacting with a rectangular protrusion, significant
dynamic loads on the robotic complex occur. At
the same time, intense oscillations of the
manipulator are observed.
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According to the results of the analysis of
the vibrations displayed on the video recording,
the concept of determining the dynamic
characteristics of the ground robotic complex
equipped with a lever manipulator is substantiated.
The methodology includes considering the
movements of the manipulator separately when it
moves together with the chassis on a road surface
containing an unevenness in the form of a
rectangular protrusion. At the same time, the
manipulator is considered to be non-deformed,
and its position relative to the chassis is
unchanged. The dynamic loads acting on the
connections of the mechanical system are
determined on the basis of the introduced
assumption. At the same time, the dynamic
deformations of the connections, which lead to
small movements of the elements of the elastic
system of the manipulator relative to the position
of the chassis, are considered.

Based on the proposed concept, a
method for determining the dynamic
characteristics of a mobile ground robotic complex
equipped with a lever-type manipulator has been
developed. According to the algorithm, to
determine the kinematic parameters of the
mechanical system a dynamic model is applied in
the form of a rigid body that performs plane
movement, and the manipulator is considered to
be fixed rigidly on the platform. The movements of
the complex corresponding to the change in the
positions of the manipulator connections are
determined and found experimentally.

As a result of the measurements, the law
of point A displacement and the dependence of
angular displacements of the chassis were
established: za=za(t) and 6= 6(t) (Fig. 1). The
resulting regularities are input parameters for
further mathematical modeling of the mechanical
system.

When studying dynamic displacements, it
is necessary to determine the deviation of the
levers from their nominal position. These
coordinate changes lead to displacements of
hinges B and C of the manipulator (Fig. 1).
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Fig. 1. Dynamic model of the manipulator

According to the proposed model, the
dynamic movements of the manipulator
connections occur due to the displacemnets of the
chassis, which leads to vertical displacemnet za of
hinge A and its transverse angular movements by
an angle 6. The manipulator is presented in the
form of two masses ms and mc, which are
concentrated in the hinges B and C. The levers of
the manipulator are assumed to be deformed, and
the rotary assemblies with the corresponding
stiffnesses and resistance coefficients. The model
takes into account the presence of controlled
dampers that are part of the rotary assemblies.
These devices dampen oscillations by creating
pulsed dynamic loads R1 and Rz oriented at angles
@1, 92 to the lever axes.

Based on the proposed dynamic scheme,
a mathematical model was developed that
describes the physical processes taking place in
the manipulator of the ground robotic complex
equipped with controlled damping devices [5].

Separate blocks correspond to the
elements of the mechanical system of the
manipulator and reveal the nature of mechanical
processes in connections, rotary assemblies and
damping devices. The elements of the model are
interconnected, which allows monitoring the
dynamic parameters of the mechanism and
influencing them with the help of adjustable
dampers. The mathematical model is implemented
in the Simulink environment of the MATLAB
package in the form of an integral structural model
of the manipulator (Fig. 2).
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Fig. 2. The general structure of the mathematical model of the manipulator (a) and the
presentation of this model in the form of one block (b)
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The Subsystem Ri and Subsystem R:
blocks are introduced into the model, which allow
you to calculate the projections of the forces of
each damper on the axis of the lever and
perpendicular to its axis.

The obtained mathematical dependencies
and algorithms are implemented in the form of a
software module that can be directly used as part
of the mechatronic control system of a robotic
complex without making changes to its mechanical
system. Modernization will be required only at the
software level.

To match the system of dynamic damping
of vibration oscillations with the developed integral
model of the manipulator during the movement of
the robotic complex on complex terrain, one
should take into account the effectiveness of
vibration damping when external and internal
operating conditions change, which affect directly
the amplitudes of the vertical acceleration of the
supporting part (the spring-loaded part of the
manipulator) and the chassis ( which is not spring-
loaded) [6, 7, 8]. The smaller this value, the higher
the stability and the lower the displacements of the
manipulator levers relative to their nominal position
as part of a moving dynamic system.

To evaluate the effectiveness of the
manipulator's dynamic system, we can apply the
load on the suspension unit, which is necessary
for any horizontal power transmission. Let's
determine the effective (effective) value of the load
fluctuations on the crawler chassis:

1 2
F, ef = J;E?zl(‘pz.i _Fz.r‘ef) . (l)

At the same time, n corresponds to the
number of considered measured values. To
calculate the effective value in dependence (1),
the static load on the tracked chassis F;tqr and
the basic (reference) F;,.r value are used. This
makes sense in cases where dynamic properties
are determined in one-dimensional space (only
vertical displacements are considered). The two-
mass oscillator shown in Fig.3 is often used as a
model for research.
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Fig. 3. Model of atwo-mass dynamic system
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The conducted studies [9] showed that the
elastic and viscous properties of shock absorbers
can be modeled very well using the Maxwell field.
The model includes a spring and a nonlinear
shock absorber connected in series (index s), and
an additional spring is used, placed parallel to the
introduced dynamic connection (index p) (Fig. 4).

It is possible to represent the global
coordinate with the help of a simplified model that
determines the position of the connection as:

X :Xp = Xas + Xcs, (2)
and the relative velocity as:
X =X, =Xg5 + X5 (3)

The global damping force is the sum of the
forces of parallel and serial dynamic connections
F=F, +FE. 4)
The force in the parallel part is determined
by linear elasticity and prestressing forces:
F =F + cpy. (5)
The force in the series circuit can be found
for the spring
Fs = ¢ x¢s, (6)
as well as in the case of a non-linear
depreciation characteristic
F; = F(xqas). (7)
Dependence (7) is based on the hydraulic
model of the device and is intended to describe
nonlinear characteristics during damping. The
linear mechanical stiffness of series and parallel

springs is denoted as Cs and Cp,
respectively.
|
: L ixwius
B | =% Cr
P P Pi L Fs
Cs vich’ch

Fig. 4. Rheological model of a single-
cylinder shock absorber

The nonlinear damping characteristic for
the global relative speed is inverted:
Xgs = ®(Fs) = O(F — Cp — E).
)
It is used in combination with derived
formulas:

CsXes =F — Cpxy (9)
. Cs 1 oA .
€= O(F) o+ 1 = F = O+ 6F,(10)
C
E, = ©(F, el 11
= 0(R) = (11)

At the same time, the elasticity is
determined according to the dependence:

5=— (12)

TGty
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The basis for creating a mathematical
model of the system of dynamic damping of
vibration oscillations of the manipulator is the
differential equations that describe the processes
in the complex oscillatory circuit shown in Fig. 1.

The mathematical model describing the
oscillations of the studied system is represented
by the dependence:

d (dT drT dll dad
E(a_q!) _d_q;-+ d_q!-+d_q;-=EQi’ (13)
where qi — is a generalized coordinate; T —
kinetic energy; 1 — potential energy; ® — is
Rayleigh's dissipative function; Qi is an external
disturbance.

Hydraulic dampers allow you to ensure the
specified speed of the mechanism convictions and
absorb part of the kinetic energy in order to reduce
oscillations [8, 10]. However, during long-term
operation of the dampers, the temperature of the
working fluids increases significantly due to energy
absorption and viscous friction in the throttle
elements. This leads to a decrease in the viscosity
and rheological characteristics of liquids, which in
turn negatively affects the stability of the damper
devices. However, the use of magnetorheological
fluid (MRF) in the damper allows to solve the
problem of stabilizing the flow characteristics of
the damper.

The advantage is the possibility of high-
precision control of the viscosity and other
mechanical properties of the liquid under the
influence of a magnetic field applied to it. This
allows you to control hydrodynamic processes
according to the given laws and sensor data using
a microcontroller. In this case, control is carried
out through external magnetic fields. This method
allows you to regulate the flow of the working fluid
precisely and it is the most rational in comparison
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with other options when used as part of the
suspension unit. The damper is able to work in a
wide temperature range and has small geometric
dimensions.

It is most rational to control the resistance
force of the damper using a magnetic field applied
to a magneto-rheological fluid, which includes
particles the size of which is 0.00001 mm. The
viscosity of the ferromagnetic liquid can be
changed dozens of times, and the response time
does not exceed 40 ms [9]. An important
advantage of the considered liquid is the possibility
of its use at temperatures reaching —-30°C.
Magnetic particles are covered with surface-active
substances which prevents them from sticking
together. The schematic diagram of a damper
using a magneto-rheological fluid and an
alternating magnetic field is shown in Fig. 5. An
electromagnet is built into the piston of the
damper, and the controller supervises the power of
the current due to electric impulses supplied to the
coil. A magnetic field is created on it, due to which
magnetic particles are activated in chains, which
leads to an increase in the viscosity of the MRR in
the throttle. The cylinder cavities are filled with
MRP, and the cylinder and piston are made of
magnetic material. When the piston moves, the
liquid flows from one cavity to another through a
narrow annular gap. Since the hydraulic resistance
of the gap determines the magnitude of the
damping force F and the speed of the piston, the
control of the damper is reduced to changing the
hydraulic resistance by creating a radial magnetic
field of a given intensity in the gap, which occurs
as a result of passing the control current through
the excitation coil.

Power Controller || Temperature Speed
4 source sensor sensor
1
3,
- ‘ Id:
] e F
,
'\'\'\.

2

Fig. 5. Damper using a magneto-rheological fluid and an alternating magnetic field (1-
cylinder; 2- piston with a rod; 3- excitation winding; 4- throttle concentric channel; 5- magneto-

rheological fluid)

Kinematic viscosity is the main indicator
for all liquids used in dampers, and on which the
resistance force significantly depends [7]:

dP
v= — 14
ds- i—;lp ( )
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where dE- force of viscous friction, ds - the
contact area of the layers in the liquid part;‘g‘-

velocity gradient module; du - velocity difference
on fluid shear planes; dz - the distance between
the planes.

The resistance force on the damper rod
during “compression” is Fc, and during “return” -
Fv. Taking into account the variable properties of
the MRP and geometric parameters, the forces
acting on the piston can be represented by the
following expressions:

ma mexHoJs1o2isIx
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of the piston, p is the density of the working fluid,
To is the vyield strength of the MPR, k is the
curvature coefficient of the dependence To= f (H);
H - magnetic field strength, 394 - fluid flow rate, Fgq -
area of the piston bore, p - pressure of the working
fluid during “compression” and “return”.

Two states are distinguished for a
magnetorheological fluid: activated and non-
activated. During throtting of an activated
magnetorheological fluid with a constant drag
force, the flow rate will decrease. Due to the
magnetorheological effect, it is possible to directly

2
E=pXxF= ie_:F"' (15) increase the viscosity of the magnetorheological
0% flud (Fig. 6) and control the damper
F = . 1b (16)  characteristics.
0.1F; |—¢f—
JTO; +v
where Q is the fluid flow through the
throttle, Fov is the area of the piston, V is the speed
3
| ||
T,
1 009 0 - % -0--0--0
~ e Bl S N Y
e T o S oy S e o |
2 itetuitete B hoielel | Subelh, Moo Buapal
R .

b)

(a — no magnetic field, b — under the influence of a magnetic field): 1- carrier liquid; 2- magnetic
particles; 3- direction of magnetic field lines; 4- a circuit formed by magnetic particles

Fig. 6. Scheme of activation of ferromagnetic liquid

This liquid is Newtonian in the unactivated
state, and therefore, in the general case, the flow
of liquid through the annular gap of the throttle is
described by the Poiseuille formula for calculating
pipelines with a laminar regime [8, 9] and the
Newtonian component of the pressure drop AP; is
a function that depends on the fluid stress of the
suspension and geometric gap parameters:

AP, = f(7y,L,h) a7
In a general form the dependence for a throttle
with an annular working gap, in which shear
stresses act, and the liquid is activated, can be
written as:

_ crx(H)L

AP, .

(18)
where ¢ - coefficient depending on the ratio AP, /
APy, (according to the work data [4] ¢ = 2 for AP; /
AP, <<1 and c = 3 for AP,/ AP,> 100).

Using dependence (18), we can propose
general formulas for determining the pressure drop
in the magnetorheological damper:
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AP, = AR, =
1Z2pvQL

mB(rz—ry}3’

(19)
AR, = AB + AP, =
€Ty L

—y .
f— + ‘ﬁPws-

(20)
where APvs — pressure drop for non-
activated liquid, APmr — pressure drop for activated
liquid, B — damper circle length, r. — damper
cylinder radius, r1 — piston radius, rz-r1 — width of
concentric gap, L — length of concentric gap
(piston), 1y is the yield strength of the structured
medium.

The following characteristic modes of
magnetorheological fluid operation are
distinguished (Fig. 7): valve mode, shear mode,
compression mode.
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F

shear mode

compression mode

Fig. 7. Characteristic modes of operation of a ferromagnetic liquid (1- ferromagnetic
liquid; 2-fixed plates)

The main characteristic that describes the
operation process of the magnetorheological
damper is the dependence of the flow rate of the

40
35
30
25
20

15

flux intensity (kPa)

10

50 100 150

magnetorheological fluid on the intensity of the
applied magnetic field. As a result of the research
[8, 9], a dependence was obtained (Fig. 8).

y = 9E-07x%-0,0009x2 +0,3185x - 2,3865

200 250 300 350 400

magnetic field intensity(kA/m)

Fig. 8. Dependence of flux intensity on magnetic field intensity

Using this regularity, it is possible to
calculate the necessary geometric parameters of
the magnetorheological damper and its throttle
calibrated concentric channel (Fig. 8). It follows
from the dependence of the yield stress on the
strength of the magnetic field that a
supersaturation effect is observed in magnetic
fluids. After reaching a certain value of the
magnitude of the magnetic field, the yield stress
remains practically constant, and further growth of
the magnetic field does not affect the rheological
characteristics of the liquid significantly. It is
advisable to set the magnetic field strength to 200
kA/m for the studied magnetorheological fluid.

Conclusions. The proposed mathematical
model of the robotic complex manipulator, when
applied as part of the mechatronic control system,
allows to improve significantly the accuracy and
dynamic characteristics of the mechanism. The
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software module, developed on its basis, can be
integrated into the existing robotic complex without
making changes to its design and electronic part.

Based on the analysis of the working
processes of the elements of the mechanical
system, detailed modules and mathematical
models have been developed, which make it
possible to increase the technical level of the
manipulators and to use the advantages of the
existing control system in full.

An adjustable damper, that uses a
magnetorheological fluid to control the operating
characteristic, is investigated in the paper. A
method, that can be used to calculate a
magnetorheological damper, has been developed.
The results show the potential of the proposed
method of controlling the damper characteristics
by  changing the properties  of  the
magnetorheological fluid. It has been established
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that controlled damping devices are optimal for
such mechanical systems and will provide for
effective damping of oscillations with adjustable
damping coefficients.

The advantage of the design of the
damper studied in the research is the ability to
control the characteristics of the device directly
using electrical signals that do not require
additional converters. However, to ensure the
functioning of the vibration damping system, high
accuracy and the ability to change the
characteristic quickly are required.
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3ACTOCYBAHHA PErYNIbOBAHUX OEMM®EPHUX
NPUCTPOIB ANA NIABULLEHHA TEXHIYHOIO
PIBHA HASEMHUX POBOTU3OBAHUX
KOMIMJEKCIB, OCHALLEHUX MAHIMYNATOPOM

Po3pobnena JVHaMivYHa MoJenb
MaHinynatopa pob60TM30BaHOro KOMMSEKCY, Lo
0asyeTbes Ha OCHOBI npoBefeHnx
eKcnepumMmeHTanbHmX JocnigXeHb. Mo
pesynbTatam aHarnisy KonvBaHb 3arnpornoHOBaHO
KOHLLenLito BU3HA4YEHHS JMHaMiYHNX
XapaKTEPUCTUK MEeXaHiYHOI cuctemu. AnropuTm
[OMNOBHEHO MOZyNaAMKW,  siKi  BPaxoBYKOTb
MOXITMBICTb 3aCTOCYBaHHS KEepOBaHNX
nemMndepHnx NpuUCTpoiB.

Cknaposi YacTUHU moaeni

npeacTaBnsAlnTb MeXaHiyHi npuUcTpoi
MaHinynaTopa, 30Kkpema naHKu, NOBOPOTHI BY3Nnu
Ta gemndpepHi npuctpoi. Mogenb MicTUTL YCi
3B’A3KM MiXK MOAYNSMW, WO [O3BONSAE OOCMIANTU
OWHaMmivyHi  mapameTpu y npoueci  poboTu
MexaHiamy. [ing peanisauii matemaTnyHoi mogeni,
WO BKMWOYaE nigcucTtemMy AWUHAMIYHOMO raciHHS
BiOpauinHmX KOSIMBaHb MaHinynsatopa
3anponoHoBaHi AndepeHuianbHi 3aneXxHocTi, Wo Y
NMOBHIN Mipi pO3KpMBaKOTb CYTb KONMMBaIbHUX
NMpoUeciB  MexXaHiYHOi  CUCTEMM. KepoBaHi
aemndepHi NpuCTpoi, WO BBEAEHI Y MoAenb
[03BONMSATb 3aincHIoBaTU yrnpasrniHHs
napaMmeTpamm 3 MeToK MiABULWEHHS TOYHOCTI
MeXxaHi3my.
MatematnyHa wMogenb pearnizoBaHa Yy
nporpamMHoOro Mopynsi, WO BpPaxoOBYyeE
BMMMBOBI poboui npouecn  ski MPOTiKalTb Y
naHkax Ta MNOBOPOTHUX BYy3nax MeXaHiYHOI
cucteMm poboTU30BaAHOIO KOMIIIEKCY.

Anroputm nepegbavae  3acTOCyBaHHS
MexaTpPOHHOI cucTemu, Wo obnagHaHa gaTymMKkamm
3BOPOTHOrO 3B’A3KY ans yrpaBniHHSA
MaHinynatopoM. KepoaHi aemndyepHi npuctpoi
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Ne 4(107) Bi6bpauii 8 mexHiui
2022 ma mexHorsnoezisax

[O03BONATL MiABULLMTU  TEXHIYHUA piBEHb Ta  eneKTPUYHUX iMAynbCiB. MpoBeaeHi
nokpawuTn OVHaMIYHI XapaKTepUCTUKM  eKCrnepuMeHTanbHi  AOCMiAXEHHs  [03BONUIn
MexaHi4HOi cuctemn. Y poOOTi [OCnigXeHO OTpUMaTh KITHYOBI MOKas3HMKM Ta Woro pobouy
raciHHs KonuBaHb MEXaTPOHHOK CUCTEMOK 3i  XapakTepucTukow Aemndepy. Ha ocHoBi gaHux
3BOPOTHIMM 3B’A3KaMW  Ta BU3HAYEHO BMNUWB Bif  pe3ynbTaTiB  3arMpOnoOHOBaHi  3anexHocCTi. Lo
raciHHs KonumBaHb Ha MapamMeTpu TOYHOCTI NPU  BM3HAYalOTb  3aKOHU KepyBaHHA Aemndepom,
nepemileHHi pobBOTN30BAHOrO KOMMJEKCY MO  SIKUA BUKOPUCTOBYE MarHiTOPEOSOrivHy pPianHy.

HepiBHI NOBEPXHI. KntoyoBi cnosa: HaseMHUi

Y poboti npeacrtaeBneHi pesynbTtatn  pobGOTM30BaHWUIA KOMIMeKc, MaHinynaTop,
MOOENIOBaHHA  perynboBaHoro gemndepa y MexaTpoHHa cuctema, MaTeMaTudHe
cknagi pyxomoi MeXaHi4HoT cucTemMun.  MOAENoBaHHSA, OUHaMiYHi XapaKTepucTUKu,
IHHOBaULiNHWI NpuUCTpin BMKOPUCTOBYE  Aemndep, TOYHICTb.

MarHiTOpeosnoriyHy piguHy y sIKOCTi po6ou4oi, Lo
[03BONSAE  KepyBaTM HWUM 33  OOMOMOroH
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