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XAPAKTEPUCTUK POTOPHOI CUCTEMU HA BUBITY

Purpose. The objective of the paper is to determine reasons of origin and conditions of reducing errors while ob-
taining combined geometrical (axial moment of inertia, mass centre location), mass (rotor weight), frictional (relative
radii of bearings) characteristics of rotor system within the run-down. This is required to determine constant (gravi-
tational moment), linear (being proportional to rotational velocity), and quadratic (ventilator moment) components
of complete moment of rotor rotation resistance with the following balance problem solving with the help of peak
method.

Methodology. Theoretical research of rotating rotors relies upon basic theoretical provisions (dynamics) of ma-
chines and mechanisms, pre-developed algorithm of 1.2 ... of N-planar balancing of rigid rotors using peak method
as well as analysis of calculation error obtaining.

Findings. A statement concerning the necessity of equality of initial errors while measuring experimental values
(i.e. time, turning angle, rotational velocity) of run-down has been developed. The statement results in minimization
of an error while determining required characteristics of a rotor. The developed algorithm of serial computations
identifies definitely geometrical, mass, and frictional characteristics of balanced rotor system in the case of negative
discriminant of total moment of rotational resistance. In the context of another, arbitrary relation of rotor system
parameters (not negative discriminant), both methodology and order of rotor characteristics determination remain
similar. It is planned to use the algorithm as one of the potential alternatives to obtain values of the rotor characteris-
tics with the following substantiated selection of sets of characteristics using the least square method and to come to
the balancing problem.

Originality. The basic reason or a source to form the error while determining geometrical, mass, and frictional
characteristics of rotor systems within the run-down has been identified — difference in measuring errors of certain
run-down parameters: time and rotational velocity of rotor turning angle. Theoretically, in terms of any measuring
errors being similar in value within the run-down (for example, its time) we obtain true value of target characteristics
in the process of each experiment.

Practical value is in potential use of permanent stoppages of rotor systems to monitor basic total rotor characteris-
tics — wear and tear of operating devices, block bearings, changes in a value of a process moment, redistribution of
bulk weight of a rotor, and the following moment balancing problem solving with the help of a peak method. The
proposed solution technique involving the least square method will make it possible to select reasonably the most
adequate set of characteristics from the solution set for zero (two possible solutions), non-zero (generalized case), and
positive discriminant of a rotor rotational resistance moment.

Keywords: rotor system, permanent stoppages, run-down, axial inertia moment, block bearings, frictional characteris-
tics, rotor weight, mass centre location
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Introduction. The importance of dynamic balancing
in the context of modern machine-building and opera-
tion of high-tech equipment results in following tradi-
tional problems:

- balancing time cutting owing to the decreased
number of test runs or special test run — permanent ma-
chine stoppage coincidence;

- accuracy of balancing in progress at the expense of
identification of origin and accumulation of measuring
errors of experimental values;

- no specific vibratory equipment (i.e. sensors, phase
meters) without strict recommendations concerning
their use and application;

- identification of other reasons (except balance
weights) of origin of increased rotor rotational resistance
within its bearings.

Simultaneous solution of the abovementioned prob-
lems is possible only in the context of a new approach
development. The approach should be based upon the
analysis of rotor system run-down process to determine
its geometrical, mass, and frictional characteristics with
minimum possible error. Solution of the formulated
problem is to identify the most accurate values charac-
teristics of a rotor on the basis of the simplest experi-
mental data (i.e. rotation period, rotor rotational angle)
determined with their errors.

Analysis of the recent research and unsolved aspects
of the problem. Modern balancing of rotor systems
means elimination of harmful oscillations of rotor sup-
ports. Traditionally, it is put into effect by means of
contact vibration detectors, various phase indicators
[1, 2], other dedicated equipment as well as the devel-
oped and tested methods (phases [2], phases and am-
plitudes [3]). Entering of correction balance weight
into the rotor simply on the basis of indirect measure-
ment of oscillation amplitudes (and phases) can be cal-
culated by means of integral method but not only for
the reaction of a single support. In this context prob-
lems of mechanics in terms of planes perpendicular to
rotor axis are solved. Study of dynamic balance in turn-
ing direction will be another approach of using indirect
measurements while balancing rigid rotors. That will
allow obtaining simultaneous effect of all the distrib-
uted balance weights to all the rotor supports in terms
of changeable basic parameter of run-down process —
rotation velocity w, i.e. within the whole time interval
(within each point) of run-down. Each of the listed
(both traditional and during the run-down) approach-
es to solve the balancing problem applies the data ob-
tained experimentally. Thus, the issue of their further
processing in terms of minimum accumulation of error
of the obtained theoretical results is of great impor-
tance.

It goes without saying that reject of the abovemen-
tioned expensive devices and instruments, use of stan-
dard rotor stops, simplification of the experimental
measuring activities, and systematization of the pro-
cessing of the obtained data in relation to the impor-
tance and widespread occurrence of balancing problem
is topical set of both scientific and practical tasks. First
of them is the task preceding the run-down balancing,
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i.e. determination of total rotor characteristics. These
cover:

- Jpis axial moment of rotor inertia;

- u, m, M are coefficients of quadratic trinomial
characterizing the approximate total moment of rota-
tional resistance Mg p=pw? + mo + M;

- (r¢f)4 and (rgf)p are friction characteristics of
bearing supports A and B of a rotor (equivalent friction
radii);

- Gpis the rotor weight; x, is axial arrangement of its
mass centers.

Availability of J, within the mentioned total charac-
teristics indicates close interrelation of the specified pre-
liminary balancing problem and the proper balancing
problem as their major searching option is the very mo-
ment of inertia. Similar solution of two shared problems
will make it possible to monitor basic units of rotor sys-
tem that is rotor wear (Jp, Gp), condition of bearings
((rgf) 4 (ref)p), change in geometry (Jp, Xp), air resis-
tance to rotation ¢' with following transition to the de-
termination of addend-balance weight d, = m, - r, from
rotor unbalance pyw?= (u'+ my - r)w*. The objective of
the research is to determine the efficient causes and con-
ditions of the reduction of errors while obtaining total
characteristics Jp, u, m, M of rotor system in terms of
run-down.

Presentation of the main research. A process of bal-
ancing trial runs (run-downs) involves determination of
the simplest and most accessible values — time of pro-
cess fand rotor turning angle ¢ with the computer-aided
data recording. Algorithm of approximate or graphic
differentiation as well as representation of the functions
in the form of spline functions can be used to determine
the rotating velocity o and rotating deceleration €. The
paper considers dynamically balanced rotor and ana-
lyzes errors while determining Jp, 1, m, M characteris-
tics, i.e. the problem being preliminary to the one of
run-down balancing.

General statement of the problem. Equation of decel-
erated run-down rotation is as follows

—Jp- do/dt= Msyp=Y 0,0’ = mo?* + mo + M,

1

j=0,1,2,..., 00 M
in terms of i ¢,_,=0 1 ®,_,= ®, initial conditions. In this
case we are restricted by the first three terms of a series
according to the basic parameter of the process that is
rotation velocity o. Effect of total radial effort values ef-
fecting on bearings or its components (in the context of
every support) is considered further only as M =
= (rsf)4, 8R4, 5. Depending on the combinations of p, m,
M coefficients and value of A = 4uM — m? discriminant
(the corresponding pw? + mm + M = 0 square equation),
the first integral (1) will be as follows

—J,,'T do

o merir e @)= Wie)]=to),

@

where antiderivative W is determined according to one
of the four expressions
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Fuller use of square equation properties makes it
possible to combine the last two particular cases by
means of the introducing

_y do
7 dt

—m*\m* —4uM

2u
equation; then the first integral of a differential equation
will have following final form

~—

:u(m—wl (m—mz),

where , = are the roots of the

Ho)= Iy n(‘”o_(’)l)(m—wz)
() M(C\)l—wz)l (mo—wz)(o)_wl).

Divide the determination of rotor system character-
istics into two stages: stage is identification of the inertia
moment Jp by introducing specific disturbances into a
rotor system — J, and J} additives (Table 1); stage two
identifies w, m, M coeflicients according to experimental
dependences ¢(7) or w(f) with the application of least
square method (LSM) or selection of three points-con-
ditions to develop the system relative to three unknown
w, m, M.

It is planned to select the required variant of four
from (2) or (3) of the final solution, for instance, ac-
cording to minimum difference of sum of squares of
theoretical and experimental dependence deviations. In
this context, inertia moment Jp acts as a scale coeffi-
cient; that is why it should be predefined. Time 7z, and
angel @z, of a full run-down (rotation velocity o chan-
ges from w, to 0) being measured by the simplest tech-
niques are the most convenient characteristics of the
rotor system run-down. They are total characteristics
which changes are being monitored continuously within
the whole 7z, interval.

Table 1
Runs (run-downs) required to determine rotor characteristics
Total
Run number | Scheme of extra disc —— - Full run-down period #)
inertia moment | gravity force
0 J G
? ? oo 2y g\ m> —4uM
D \/m2—4llM 2M +ma,
1 H Jp+J, Gp+ G+ G) . 2(JP+‘,A) . wom
kD \/m2—4HM' 2M' + mae,
. | ¢ [
2 Jp+JA i
2(J,+J Im? — '
E 1 (P A)-Arthmom, 4uM
\/m2_4uM' 2M'+ mo,
m + [(m
11
3 JP+JA GP+GA+ZGD " 2(JP+JLI) At wo\/m
t
\/mZ —4uM" 2M" + mo,

Note: the Table shows change in full run-down period for A < 0
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Determination of axial moment of rotor inertia Jp. To
simplify the calculations and stress the role of each dis-
turbance being introduced it is necessary to consider
four runs with the additional disc shown in Table 1. If we
take the time ratio of runs 1 and 2 in terms of the fore-
gone J, and J) values, we will get following final formula
for axial moment of the rotor inertia

11 1 4
J _JA'tRD_JA'tRD
p=—2f2 o R

R @
involving implementation of stage 1concerning determi-
nation of the rotor system characteristics.

Analysis for obtaining value error J, on the basis of
the specified errors of the measurements of full run pe-
riod 7p and tRp is performed numerically (Table 2) for
the case of A, = 0.05 and time tky- (1 + k' - A),
1Ry -(1+k'"-A,)) specified with error in terms of similar
sets k' =k = (=1; =1/2; 0; 1/2; 1;). The calculation as-
sumes: Jp=700; 0,= 500; J \=16; J ' = 14; p=1.25; m =
=11; M =20.

Calculations (Table 2) show that to minimize errors
while Jp identifying it is required to measure run-down
time with similar errors (principal diagonal main diag-
onal of the last-mentioned Table). Otherwise the error
in the process involving determination of axial inertia
moment in terms of run-down may be rather signifi-
cant.

Determination of p, m, M coefficients. Traditionally
similar problems are solved by means of LSM. The
method means solution of an optimizing problem which
requires the task (unknown in general case) of initial ap-
proximation; it may have several extrema-solutions.
Thus, in this case it is desirable to develop algorithm giv-
ing the unique variant of p, m, M determination based
on the selection of three (according to the number of
unknown) conditions forming closed system. Table 3
shows analytical expressions corresponding to the full
solution (1) with graphic dependences for A < 0 case.
The variant of algorithm giving the required unique so-
lution is proposed.

Divide any time interval of 0...3 runs into 4 equal
parts 8 = tgp/4. Introduce possible runs corresponding
to different 7z, = 6(1 2 3) and initial rundown velocities
Q.=w(k-9),k=1,2,3 (Fig. 1).

Develop following equation system

Table 2

Error of the value of axial rotor inertia moment
in the context of run-down

Jl -J k[
J, -1 | =12 ] 0 1/2 1
KM -1 0 -15 =27 | -36 |-43
~1/2| 23 0 ~15 | -26 |-35
0 57 22 0 -15 | =27
1/2 118 57 22 0 |[-15
1 256 118 57 22 0
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=thl1.8. 12
mQ, +2M 2J

2th(1-8-\/1]
2J
1+th2£1-8-ﬂ}

2J
- (5
i 5)

Q,\-A
—  _—th|3.8——|=
mQ, +2M 2J

3+th2(1-5.”;]
= -th[l-S-—Vz_JAJ
1+3th2[1-6-“‘Aj
2J

ﬂzth 2.5.\/1 =
mQ, +2M 27

Taking th(1 - 8...) away obtain intermediate system

Q, B 2(mQ1 +2M)

(M0, +2M) (mQ, +2M)2 +QF (m? —4uM )

9
O, (mQ, +2M)  3(my +2M)" +Q} (m> ~4uM )’
)

(M5 +2M) (o, +2M) 4307 (m? ~4uM )

and then final solution

M__ (%) p 920 M 1
’ - 2 ’
m Qz+QzQ3+Ql_3Q3 m  QQ, m Q
1
. Q, /1—4EM
m= L Arth ’]’:lm :
5\/1_4“M Q+2—
mm m

Error accumulation in the process of w, m, M identi-
fication is followed in terms of previous numerical ex-
ample when determination accuracy of three Q, , ; val-
ues with possible A,=+0.05 and 0.15 spread takes place
(Table 4). Average total error

M| -100 %.

el el

3 n m

w 4
- 'Lc'o'é """""""""""""""" : """"""
400 :
O=Ipp 4 H
200 :
£2; fe) Q Ou=
0 l—3 -3 ‘Q‘
o S é o
-200 — —
=0 &l; |80 &l | ®is~lzz
0 50 100 []

Fig. 1. Graphic representation to obtain conditions of run-
down variants
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Table 3

Solution of differential equation (1) if A = 4uM — m*< 0

Parameters

Analytical expressions and symbol names

Original integral

J- Jdo _ 2
nol+mo+M A

Arth(a(0)),

Solution of differential equation 1 Y,
Hw)=t,+

N

[ Arth(a())— Arth(a()) | =1, +

(o, — m)\/z

Art
2M + m(w, + )+ 21,0

Period of complete rundown

trp =1(0)

2J
= -Art
W0 A {2M+m0)0

= }

Change in rotation velocity

A

n

m(t)=2th[Arth(a(co0))+

control: w(zgp) =0

2 |

(z_to)ﬂ} m

Solution of differential equation 2

(p(t) =@, +ﬁln{cos[3—

m+2p0,

:a_to)ﬂ
J-A

2J

m

.sinﬁ} o (t—to), B

Rotation angle from rotation

velocity

Complete rundown angle

J |, ped+mo,+M  2m
(p(co)zzu{ln u0:2+mo;)+M +\/I(Arth[a(wo)J—Arth[a(@)J)}
J 0 M) 2 JA
(p(tRD)tO—O:¢RD:@(0):N[IUEHQO+IZ;DO+ ]_\/—m_AArth[mzo +2M]‘|
0

Graphs of the dependences obtained

. . J=700kg - m* M=20N-m; pn=125kg - m* m=11 kg - m?/s;
The calculations assume: A=—21 (kg - m2/s)%: fy=0's: @y = 0 rad: oy = 500 rad/s
Complete rundown period trp=134.402's
Complete rundown angle @gp= 2117 rad = 336.993 rad
500jep (1) :
200 i
Rotation velocity from time is hyperbolic dependence - k :
1 §:3:]
0 - - '%w—_!
o 50 100 150
i ]
o i
1 SEETECEPIPTPPSIP PRI | PR s -
Angle of rotor rotation from time is logarithmic :
dependence, extremum is in (#zp ; @gp ) point 110 "
RE
N
% 50 100 150
| N N o
Angle of rotor rotation from rotation velocity is \ :
logarithmic dependence, extremum isin (0 ; @gp ) 1x10° ;
point e el
0 s 0)
200 a0

Variation (or velocity determined with error) of Q; 5 ;
velocities will be performed with the same coefficients
Q- (1 +k; - A,) like we have done it before, where k; =
=(-1;-1/2; 0; 1/2; 1) are sets of numbers correspond-

40

ing to the predefined measuring errors. Value k = 0 cor-
responds to zero error, i. e. accurate value of the rotation
velocity. Table 4 shows that minimum values of errors
will occur in case of coincidence of the initial errors of
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Q;,; velocities (grey cells in Tables 2 and 4). The per-
formed calculations if k; = 1 (Table 4) makes it possible
to conclude that average error &y is proportional to A,
value spread.

Taking into account the complexity of performing
the measurement of experimental values with obligatory
equality of errors, ways to clarify the calculations of ro-
tor system characteristics should be searched in:

- connection of various methods to search for a solu-
tion (LSM and equations (Table 3));

- simplification of complex transcendental functions
with the help of initial series terms;

- application of simplified equation of decelerated
rotation (1) with the use of double-numerical differen-
tiation;

- determination of characteristic points-conditions
of the dependences (Table 3) with the application of the
points of maximum curvature of graphs (grey square in
Fig. 1).

Errors of the determination of other characteristics
of rotor systems will be related directly to d5 value.

Determination of frictional characteristics (g f), and
(r¢f)p. Consider 0, 2, and 3 rundowns (Table 1). Equa-
tions (1) for each of them are united in following system

—J pe=pe? + mo+ M =pe* + mo+
+[(rsf)A ‘R, +(rSf)B'RB:|

JA
A

:(rsf)A [RA +G, L_%J+(rsf)3 (RB +G, XTDH '

—(JP+JE)a:;m)2+mm+Mil =po’ + mo+
L-x x
(ref), [RA +G) = D]+(;~S f), (RB +G} Tﬂﬂ

Deduction of M (equation 1) from M, of two other
equation results in

—|Jp+ j8:u0)2+m(o+MA =po? + mo+

+

+

(), GDL_—LXD+(rSf)BGDxTD:MA M
(ref), G350 4 () G 2= by -

a new system which solution is introduced comfortably
in terms of matrix form

(1), ], [GolL=x5) G, UMM ©
(rsf)A GL-x, G}x, M'-M |

Determination of Gp-xp relation. Considering single-
span rotor (with L length), Gp» weight and in-line ar-
rangement centre of mass (gravity) xp) being identified
statically enter the following for reactions of bearing
supports of the rotor

R, :Gpﬂ
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Table 4
Averaged errors of ¢, m, M values determination

ks ks
2ozl |- [ai2]o 2] 0
ks | k=-1,4,=0.05 ki=—-1/2, A,=0.05

1| 3] 15 (294356 1| 4 [19] 33 46
-12| 7| no[2s|38 st 16| 2 [15] 28 | 41
0 |11| 7 [21]34]47]| 20| 5 [10] 24| 37
12|14] 6 |17]30[42[23| 9 [6]|20] 33
1|18 8 [13]2639] 27 12 [5] 1629
ki | k=0,4,=005 ki=1/2,A,=0.05

1|23 7 |9 233735 18 |5]|13]27
—12)27 | 1 {418 (32[39] 2 6] 9 |22
0 [31] 150142743 ] 26 [11]| 5 | 18
1235 19 [4|10[23[47] 30 [15] 2 | 14
1 [38] 2338 1950 | 34 [18] 4 | 10
ks k=1, A,=0.05 k,=1,4,=0.15

-1 |46| 29 | 13| 8 | 18177 | 98 |36 26 | 60
=172 51| 33 |17 6 [ 14| 191 | 114 |53] 19 | 43
0 [55] 37 (21| 6 [10[203] 126 [66| 16 | 30
1/2 [ 58| 41 (25|10 | 7 (212 136 |77 | 30 | 19
1 |62] 45 |29 14 | 3 |220| 145 |87| 40 | 9

Use of predefined M, (r¢f), and (rg¢f)p values will
help obtain following expression for run 0 (Table 2)

M-L
(rsf)AL+[(rSf)B_(rSf)A}xP,

to detect integral (re-)distribution of rotor mass during
the period of its operation in terms of any standard shut-
down. In case of similar rotor supports and their equiva-
lent wear, i.e. formally for (r¢f) = (rgf) it follows from
the latter expression that

M= (rSf)A,B Gp,

which confirms the known thesis concerning formation
of gravitation moment value as separate addend of total
moment of rotational resistance in bearings.

Conclusions and recommendations for further re-
search. Causes of the error formation while determining
characteristics of rotor system during run-down have
been determined.

It has been shown that the equality of initial errors of
the measurement of experimental values (time, turning
angle, and rotation velocity) of a run-down results in
minimization of the errors of rotor characteristics deter-
mination.

The developed algorithm of the sequential calcula-
tions (3—7) determines geometrical, weight, and friction
characteristics of the balanced rotor system for the case
of negative discriminant of total moment of rotational
resistance.

Gy = (7)
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The solved problem is the preliminary one for the
following rotor balancing; it also makes it possible to
transform to the balancing by the method of ampli-
tudes.

The proposed solution is not the unique one as it
does not eliminate the use of LSM with the optimiza-
tion task for multimodal function.
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Mera. BuzHayuTv NpUYMHU BUHUKHEHHS Ta YMO-
BU 3MEHUICHHS MOXUOOK OTPUMAaHHSI CYMapHUX Teo-
METPUYHUX (OCbOBUI MOMEHT iHEepIlil, po3TallyBaHHS
LIEHTPY Mac), MacoBUX (Bara poTopa), (PpUKLiHMUX
(TTpuBenmeHi pamiycd IMOIMAITHUKIB) XapaKTepHCTUK
pOTOpHOI cucTtemMu Ha BubOiry. Lle HeoOximHO mist 3HA-
XOIKEHHS TIOCTifHOI (TpaBiTalliiiH1T MOMEHT), JIiHili-
HOI (TIPOMOPIIiHUI IMIBUAKOCTI 00epTaHHS) Ta KBa-
JIPAaTUYHOI (BEHTUJISATOPHUI MOMEHT) CKJIaAOBUX ITO-
BHOI'O MOMEHTY OMOpPY O00epTaHHIO POTOpa 3 MOJajb-
MM BUPILIEHHSIM 3aBIAaHHST OajJaHCyBaHHS METOIOM
aAMILTITY/.

Metoauka. TeopeTU4Hi AOCTIIXKEHHS 00EPTOBUX
pOTOpPiB 0a3yI0ThCS HA OCHOBHUX ITOJIOXEHHSX Teopii
(IMHaMiKu1) MallWH i MeXaHi3MiB, po3pobJIeHOMY pa-
Himme agroput™i 1,2, ..., N-TIOIIMHHOTO OajlaHCYBaH-
HSI KOPCTKUX POTOPiB METOAOM aMIUITYyH i aHamisi
OTPUMAaHHS ITOXUOOK PO3paxyHKiB.

PesymbTat. OTpMaHO TBEpMKEHHS IIOO0 HEOO-
XiZTHOCTI piBHOCTI ITOYAaTKOBUX ITOXMOOK BUMipIOBaHHS
€KCIepUMEHTAbHUX BEJUYMH (Jacy, KyTa IOBOPOTY,
LIBUIKOCTI 00epTaHHS ) BUOIraHHS, 1110 TPU3BOIUTH 10
MiHiMi3allil MOXMOKM 3HAXOIKEHHSI IITYKaHUX XapaKTe-
puctuk potopa. IloGynoBaHUiT aJITOPUTM MOCJiAOB-
HUX OOYUCJIEHb OMHO3HAYHO BM3HAYA€ T€OMETPUYHI,
MacoBi ¥ GPUKIIHI XapaKTepUCTUKUA BPiBHOBAXKEHOL
POTOPHOI CUCTEMMU B pa3i HEraTUBHOTO TUCKPUMiHAH-
Ty CyMapHOro MOMEHTY oropy obeptaHHIo. [Tpu iH110-
My, JOBIJIbHOMY CIiBBiIHOILIEHHI MapamMeTpiB poTOp-
HOI cucTteMM (He HeTaTUBHMI OUCKPUMIiHAHT), METO-
IWKa 1 TIOCTiMOBHICTh BMU3HAUCHHS XapaKTePHUCTUK
poTopa 3aJUIIAaThCs aHaIoTiYHUMMU. [11aHyeThCs1 BU-
KOPUCTOBYBATH aJITOPUTM SIK OJIMH i3 TTOTEHLiiTHUX Ba-
piaHTiB OTpMMaHHSI 3HAaUYE€Hb XapaKTepUCTUK POTOpa,
i3 mojanblIUM OOIPYHTOBAHMM BUOOpPOM HabOpy Xa-
PaKTEPUCTUK 3a METOJOM HaliMEHIIIMX KBaapaTiB i me-
PexXoa0oM 10 3a1a4i OalaHCYyBaHHS.

HaykoBa HoBM3HA. BUsIBIEHO OCHOBHY MNpPUYUHY
abo mxepesio GopMyBaHHS MOXUOKW BU3ZHAYEHHS T€0-
METPUYHUX, MACOBUX 1 (PPUKLIHHUX XapaKTEePUCTUK
POTOPHUX CUCTEM Ha BUOIry — pi3HUIIS B ITOXMOKaX BU-
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MipIOBaHHSI OKpeMMX IlapaMeTpiB BUOIry: vacy u
LIBUAKOCTI 00epTaHHS KyTa OBOPOTY poTopa. Teope-
TUYHO 3a OyIb-SIKMX, aj¢ OJHAKOBUX 34 BEIUYMUHOIO,
MOXMOOK BUMIipy Ha BHUOIry (Harmpukiam, HOro vacy)
KOXHOTO TOCTiTy OTPUMYEMO TOYHE 3HAUYEHHS IIIyKa-
HO1 XapaKTEePUCTUKU.

IIpakTuana 3HaYMMicTh. [Tossirae B MOXIJIMBOMY BU-
KOPUMCTaHHI IITATHUX 3yITMHOK POTOPHUX CUCTEM JIJIST
MOHITOPUHTY OCHOBHMX CYMapHUX XapaKTepPUCTUK PO-
TOpPiB — 3HOCY pOOOYMX OpraHiB, OMOPHUX IMiAIIMITHU-
KiB, 3MiHM BeJIMUMHM TEXHOJIOTIYHOTO MOMEHTY, TIepe-
pO3TOIiTy Macu PoTOpa, MPOBEICHHS ITOMAIBIINOL 3a-
Ja4i MOMEHTHOTO 0ajlaHCYBaHHSI 3a METOIOM aMILIi-
tyn. [IponoHoBaHMi BapiaHT pilllIeHHSI 3 BUKOPUCTaH-
HSM METOAy HaWMEHIIUX KBaapaTiB MO3BOJIUTH, 3a
CBOIMU KpUTEpisIMU, OOIPYHTOBAHO BMOpaTu Haii-
OibIN BiATOBiAHUIT HA0ip XapaKTEPUCTHUK i3 KOMILIEK-
Ty pillleHb IS HYJIbOBOTO (IBa MOXKJIMBUX PIlLIEHHS),
He HYJbOBOTO (y3arajJbHeHWIl BUMAMA0K) Ta MO3UTUB-
HOTO IMCKPUMiHAHTY MOMEHTY OIOpY 0O0epTaHHSI po-
TOpAa.

Kmouosi cioBa: pomopna cucmema, wmamui 3ynun-
KU, 8ubie, 0cb060i Momerm iHepyii, ONOpHi NIOWUNHUKU,
@DpuKyiliHi Xapakmepucmuxku, 6aea pomopa, po3mauiy-
BAHHS YEHMpY mac

eap. Ompenenuth MPUYMHBI BOZHUKHOBEHHUS W
VCIIOBUSI YMEHBIIICHUSI TIOTPEIIHOCTE IMOJyYCHMS
CyMMapHBIX T€OMETPUYECKUX (OCEBOM MOMEHT MHEP-
LIMU, pacToJ0OXeHUe LIEHTPa Macc), MacCOBBIX (BEC po-
TOopa), (PPUKLUMOHHBIX (MPUBEIECHHbIC PAaaUyChl MOMI-
IIAITHUKOB) XapaKTEPUCTUK POTOPHOI CHUCTEMBI Ha
BbIOETe. DTO HEOOXOIMMO IJIsI HAXOXKAEHUS MOCTOSTH-
HOro (rpaBUTALIMOHHBIA MOMEHT), JTUHEWHOTO (TIpo-
MMOPLIMOHAJICH CKOPOCTH BpAIlIEH!sI) M KBaAPATUIHOTO
(BEHTWJISITOPHBIA MOMEHT) CJIaTaeMBIX TTOJIHOTO MO-
MEHTa COIIPOTUBJICHUS BPAIICHUIO POTOPA C TIOCTICIY-
IOIMUM PEIICHUEM 3amadyd OaJaHCHPOBKH METOIOM
AMIUTUTY]I.

Metomuka. TeopeTruueckue uccieaoBaHus Bpallia-
IOIIUXCSI POTOPOB 0A3UPYIOTCS HA OCHOBHBIX MOJIOXKE-
HUSIX TEOPUU (IMHAMUKM ) MaIlIMH U MEXaHU3MOB, pa3-
paboTtaHHOM paHee ajiroput™e 1, 2, ..., N-IJIOCKOCTHO
0GaJlaHCUPOBKHU KECTKHUX POTOPOB METOIOM aMIUIMTYII
Y aHaJIM3e TTOJIyYeHHUsI OTPEITHOCTE ! pacyeToB.

Pesyabratbl. [ToryueHo yTBepkIeHe 0 HEOOXOIU-
MOCTH PaBEHCTBA HAYaJIbHBIX IOTPEITHOCTEH U3MEpe-
HHUS SKCIIEPUMEHTAIbHBIX BEIMUYMH (BpEeMEHHU, YTIjia
MMOBOPOTa, CKOPOCTM BpAILEHMS) BBIOETA, KOTOpPOE
MMPUBOIUT K MUHUMU3ALMU TTOTPEITHOCTH HAaXOXIIe-
HHS UCKOMBIX XapaKTepUCTUK poTopa. [locTpoeHHBINH
aJITOPUTM TIOCJIEIOBATEAbHBIX BBIUMCICHUN OIHO-
3HAYHO OIpEaesieT IeOMEeTPUYEeCKHE, MacCOBbIE U
(bpUKILIMOHHBIE XapaKTePUCTUKU YpaBHOBEIIEHHOM
POTOPHOI CUCTEMBI B clydyae OTPULIATEJILHOTO IUC-
KPUMHWHAHTA CYMMapHOTO MOMEHTA COIPOTUBIICHMSI
BpanieHuo. [1pu 1pyrom, mpon3BOJIHLHOM COOTHOIIIE-
HUU TTApaMETPOB POTOPHOI CUCTEMBI (HE OTPUIIATETh-
HBIII TUCKPUMMHAHT), METOAWKA U IIOCIIEHOBATEIIb-
HOCTB OIIPEIeICHNS XapaKTePUCTUK POTOPA OCTAIOTCS
aHAJIOTMYHBIMK. [lTaHMpyeTcsa WMCIIOIb30BaTh Aayro-
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TEOTEXHIYHA I TIPHUYA MEXAHIKA, MAWWWNHOBYAYBAHHA

PUTM KaK OIMH U3 ITOTCHIINAIBHBIX BAPHUAHTOB TIOJIY-
YeHMST 3HAUCHUI XapaKTePUCTUK POTOPA, C ITOCTICIYIO-
1M OOOCHOBAaHHBIM BBIOOPOM Habopa XapaKTepu-
CTHUK IO METOIY HAaMMEHBIIINX KBaAPAaTOB 1 IIEPEXOIOM
K 3amade 6aJaHCUPOBKU.

Hayunas HoBu3Ha. BhIsiBieHa OCHOBHAasl MpUYMHA
WJIX UICTOYHMK (POPMUPOBAHUS TTOTPEIIHOCTH OIpee-
JICHUsI TEOMETPUUECKHX, MACCOBBIX M (PPUKIIMOHHBIX
XapaKTePUCTUK POTOPHBIX CUCTEM Ha BBIOETE — pa3HU-
IIa B TOTPEITHOCTIX M3MEPEHUSI OTHEIBHBIX Iapame-
TPOB BbIOETa: BpeMEHU U CKOPOCTHU BpAIlCHUS yIJIa 0~
BopoTa poTopa. TeopeTHuecKu Ipu JIIOOBIX, HO OOWHA-
KOBBIX IO BEJIWYMHE, MOTPEITHOCTIX M3MEpPEHHUS Ha
BeIOETEe (HampuMep, €ro BPEeMEHM) KaXKIOrO OIThITa
MojiyyaeM TOYHOE 3HAYeHHE MCKOMOM XapaKTepHC-
TUKH.

IIpakTHyeckasi 3HAYMMOCTb. 3aKJIIOUACTCS B BO3-
MOHOM MCIIOJIb30BaHMM IITATHBIX OCTAHOBOK POTOP-
HBIX CUCTEM JIJII MOHUTOPMHIa OCHOBHBIX CYMMapHbBIX
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KOHCTPYKUIA APYCHOI'O POBOYOTI'O OPTAHA
JJI TTIABOKOI IM®EPEHIIMNOBAHOI PO3POGKHM IPYHTY

Purpose. Determining the parameters of tillage operating unit design to provide energy-efficient tillage by means

of operating units of excavation machinery.

Methodology. The theoretical studies were based on the general provisions of agricultural mechanics, the elements
of continuum theory, Coulomb-Mohr theory of strength. Analytical and graphical analysis of mathematical models
was implemented by means of their visual reproduction in space and time on a PC using applied and developed soft-

ware.

Findings. The basic principles of adapted passive operating unit creation for vertically differentiated deep tillage
and recultivation after opencast mining (e.g., the case of amber extraction) are described.

Originality. The mathematical models for the construction of energy-efficient, environmentally focused tools for
loosening the soil and differentiated tillage based on the regularity research of the tool for loosening the soil chunk by

means of two plane buckle have been obtained.

Practical value. Methods for the design and engineering calculation of tiered operating units for differentiated deep

soil tillage have been developed.
Keywords: operating unit, soil, loosening, tier
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