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An equation of motion of the manipulator is obtained taking into account the influence of the
inertial component of each link of the boom system and the effect of the oscillatory movement of the
cargo on the dynamic loads of the metalware elements and hydraulic drive elements. The influence
of the simultaneous movement of the first jib section, the second jib section and the telescopic jib
section on cargo oscillation, as well as the effect of cargo oscillation on dynamic loads that occur in
the boom system and manipulator hydraulic drive elements, is determined.
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Introduction

During the process of unloading and loading operations in the elements of
the boom system and the elements of the drive of the manipulator considerable
dynamic loads occur. These loads are the result of the oscillatory movement of
the load and the uneven rotation of the boom system with the uniform
movement of the rods of the hydraulic cylinders [1-2]. Dynamic loads depend
on the kinematic parameters of the manipulator and the nature of the speed of
movement of the links of the boom system with the cargo. According to the
normative-technical documentation, which regulates the operation of
manipulators, it is allowed to combine operations of simultaneous movement of
several links of the boom system. Combining the operations of the simultaneous
movement of the links of the boom system can significantly reduce the dynamic
loads and accordingly increase the performance, reliability of the elements of
the boom system and the hydraulic equipment of the manipulator. To determine
the actual dynamic loads in the elements of the design of the manipulator when
combined movements of the links of the boom system, it is necessary to have
adequate mathematical models [3-8].
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Analysis of publications

Known [3-11] methods for constructing a mathematical model of the
manipulator. In these works, the boom system of the manipulator is presented as
a holonomic mechanical system in which the centres of gravity of the links of
the metal structure coincides with their geometrical parameters. The
mathematical model of the manipulator is considered, the relation between the

kinematic dependences of the drive link of the manipulator and the load. The
influence of dynamic loads on the elements of metalwork of the boom system of
the manipulator is analyzed. In the papers [12-15], an analysis of the solution of
optimization problems for reducing load oscillations is considered. The analysis
of the influence of dynamic loads on the elements of the boom system and the
hydraulic drive is considered in the papers [16-19]. With a large amount of
consideration of the problem of dynamic analysis of the combination of
simultaneous movement of the links of the boom system, the solution of this
problem for manipulators with hydraulic drive is not considered taking into
account the load fluctuations at the end of the boom system.

Purpose and research task statement

The purpose of this work is to build a mathematical model of the dynamics
of change of departure of the boom system of the manipulator when combining
operations of simultaneous movement of the first jib section, movement of the
second jib section and movement of the telescopic jib section with cargo
oscillation at the end of the boom system.

Research results

When investigating the dynamics of change of departure of the boom system
of the manipulator with simultaneous movement of the first jib section,
movement of the second jib section, moving the telescopic jib section and the
cargo oscillations, we accept the following assumptions:

- we believe that all links in the boom system are perfectly rigid except for
the cargo, which oscillates in the plane of change of departure;

- semi-dry friction in moving elements of eye joint and viscous friction of
fluid in pipelines is not taken into account;

- the compressibility of the working fluid in the elements of the hydraulic
drive is not taken into account.

Based on the above assumptions, the boom system of the manipulator in the
process of changing the departure of the cargo with the combination of the three
main movements and oscillates of the cargo is presented as a holonomic
mechanical system with four degrees of freedom. The angular and linear
coordinates of the moving of the first jib section, the second jib section and the
telescopic jib section are calculated from the x axis, and the angular coordinate
of the cargo deviation from the y axis, (Fig. 1). For the generalized coordinates
of the boom system we take the angular coordinates: rotate the first jib section,
rotate the second jib section, the linear coordinate of movement of the telescopic
jib section, and the vertical deviation of the cargo (Fig. 1).
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Fig. 1. Dynamic model of boom system of the manipulator

In Fig. 1 accepted the following designations: /; - length of the first jib
section; /, - length of the second jib section; /5 - the length of the suspension;
my,m,,my,m, - weight respectively of the first boom section, the second boom
section, the telescopic section and the cargo; 6,,0,,05,0,,05 - angles formed
by the geometrical parameters of the elements of the boom system and the
hydraulic cylinders of the manipulator; x,, x,,x5,x, - horizontal coordinates of
the centers of mass of the first jib section, the second jib section, the telescopic
jib section and the cargo; y,,¥,,¥s.», - vertical coordinates of the centers of
mass of the first jib section, the second jib section, the telescopic jib section and
the cargo.

Expressed of the coordinates of the centres of mass for the first jib section,

the second jib section, the telescopic jib section and the cargo in the generalized
coordinates:

/
X = écos (a);

(D

I
» =3181n (o);
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Xy =1 -cos (oc)+%-cos B);

, @)
¥y =4 -sin (@) +--sin (B);
x3 =1 -cos(a)+(ll+U3j-cos([3)+l3 -sin (v);
; G)
y3 =1 -sin (a)+(%+U3j-sin([3)—l3 -cos (V).
x4 =1 -cos(a)+(l, +Uz)-cos(B)+15 -sin(v); 4
ys =1 -sin(a) + (L, +Us)-sin (B) — L5 - cos (v).

To compile the equations of motion of the manipulator in the process of
changing the departure of the boom system with the cargo, while simultaneously
moving the first jib section, the second jib section, the telescopic jib section and
the cargo, we use the second-order Lagrange equations, which for the system
shown in Fig. 1, have the form:

dor o _, O,
dt 0o, oo ¢ oo’

doT ol _g o,

dtop B B’ A
dor _er o v @
dtoU, Uy 3 aUy’

doT_oT _, _ov

dtov ov ' ov’

where: ¢ - time; T,V - respectively, the kinetic and potential energy of the
boom system of the manipulator; QQ,QB,QL,},QV - non-conservative
components of the generalized forces of the system corresponding to the
generalized coordinates o,B,Us, V.

Then the kinetic energy of the boom system of the manipulator will take the
form:

1 -2, 1 . . 1 ; 1 -2, -
T:?J' 0 (%3 +y§)+5'Jz B s (X3 + P+
+%-J3-B2+%~m4~()&f+j}f), (5)
where: m,,m;,m,- the masses respectively of the second jib section, the

telescopic jib section and the cargo; J;,J,,J; - moments of inertia respectively

of the first jib section, the second jib section and the telescopic jib section
(Fig. 1).

The potential energy of the boom system of the manipulator in the process of
change of departure will be as follows:

V=(m]y] +m2y2+m3y3+m4y4)'g, (6)
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where g - free fall acceleration.

Take the derivatives of kinetic energy (5) that are included in the system of
equations (4):

. Oxy . O . Oxy . Oy . Ox4 . O
6—T=m2(x2—2+yzﬁj+m3 x3—3+y3£ +m4(x4—4+J’4 y4j
o oL o oL oa, oo,

} 0Ox3 ' .oy . O
ol oG )

a_szZ{)'Cz ax2 +y26y_zj+m3(x a 3 +y3 ay?a J+m4(5€4 aX4 +).)4 8y4 j’

00U, 00U, 00U, 00U, 0U; 0U, 00U,
2—C=m2(x2%+y2%j+m{fc3aa—;+y3 Zyjj+m4(x4%+y4%}
2—£=J1 a+m2(x266—a+y2 66)(3 j+m3 (X3%+)}3%j+m4 ()&4%+)}4%j;
oL (J2+J3)l3+m2[x2— 2 ayzj m{ﬁ%% )@ay j m4[x4a. : aﬁ}
Gl B "B p " op B "B

or iy i 6x2 3, vy oy 3 0x3 RS s oy s 6x4 O s 0Vy :
oU, 6U3 0U; 6U3 0U; 8U3 0U;

. O0xy, . Oy . Ox3 . 0 oxy . O
6_€=m2(x2—5+y2%j+m3(x3—3+y3 }Sj+m4(4 4+y y4j;

P P P ov P Eary
d aT . . GX2 . axZ ayz 6y2j
—=—=J-0tmy | X, —=4X, —+ Y, —=+ +
droc ! 2(26(1 20 P00 %0
Ox3 . Oxg oy . Oy ( Oxy Xy . Oyy 6)}4j
1| Xy =4 Xy — Pyt Py — [+, | Xy Xyt Py~ Yy — |
3(36a a0 0 a0 S M e e P e

Jr+J3)B+m,| x +Xy) —+ Yy 4 Py —= |+
d 5[3 ( 2 3)[3 2( 2 An 5[3 2 B Y2 V2

+ms| X3—= & aﬁ+j}3 8y3 8y3 my| Xy oy kX &y tiy Py ’ ).}48)}_4 ;
6[3 op 6[3 6[3 op op op op

. 0xy . Oy .. O .0y Ox; . Ox
i—aT =my [.X'Z 2 +Xo 2 +)) 2 %) a)(}]z J+m3 (x3 -3 +X3 3
3

dt 0U, 0U; 0U; 0U; 0U; 8U3
j53§')}72 »3 52};3 J+m4(554 6622 FXy 222 +4 86)(;/2 +V4 68)(}]43 J;

jtaa—g= 2( 2%+'2%+ 26@)}_\)2+y266y_2j+m3(¥366i+ 3%+

+y3%+)"3%J+m4(x4ai+ 4 66)&\4: +4 66)»: + V4 66)3)
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Take partial derivatives of potential energy (6):
v ( ¥, 6y_3+m ay4jg’

o Cop  Cop top
6a aa Ja Ja oo
ov 0 0
=| m, J’3 m, V4 o
oU, 6U3 oU,
ar 0y
=my—-g. 8
av 4 v 8 ®)

The variation of the displacement of the rods of the hydraulic cylinders is
expressed by the variation of the generalized coordinates:

ou, . ouU,
=F—LiF 2,
Q(x 1 da. 2 oo,

Oy, = . ®)
where: F; - efforts in lifting the first jib section; F, - efforts in the hydraulic
cylinder of the second jib section; Fj - efforts in the hydraulic cylinder to move

the telescopic jib section.

Substituting expressions (7 - 9) into the system of equations (4), we obtain a
system of differential equations of motion of the manipulator in the process of
changing the departure of the boom system with the cargo when the three main
motions of the boom system are combined:

@ . 0 . Ox
J1a+m2(xz_2+y2%}+m3(x36_3+y3%j+m4(x48—;+
. Oy ov, ouU, ( o Vs o ay4j
+y,— |= FE . N N ,
y4 aocj Yoo 7 da kml 2o oo P oa 4w )
Ox 9 . Ox3 .. 0
o5 s oo G5 B
(10)
P 6x4 6)’4 —_F ou, ( ayz 6y3 m (3)/_4 .
_3_+ _3 _ T 4 4 - _ 3 N 4 :
m{ You, euy ) "\ Mo, auy )T P\ M aus T aus )°
Xq o ay4 6y4
+3, =2 =, =2
m4(X4 2 V4 avj my PY g

Find the coordinates of the driving mechanisms that are part of the system of
equations (11).
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AB=U, = {40* +OB* =2 40- OB -cos (6, +a.—0;). (11)

CF =U, =|CD* + DF? —2.CD- DF -cos(£CDF). (12)
To determine, ZCDF first consider the four link mechanism EDFG
(Fig. 2), and define the diagonal DG:

DG = |EG? + DE* -2 EG - DE - cos (£ DEG)). (13)
ZDEG =n—(05+p—a). (14)
After substitution of expression (13) in dependence (14) we obtain:
DG = EG? + DE* =2 EG - DE -cos(85 +B - a). (15)
Using the sine theorem, we write:
SinDEG _ SinZEDG (16)
DG EG

myg

Fig. 2. The kinematic scheme of the drive of the second jib section

From equation (16) we find:

EG-sin(0s +p—
2ADE = aresin| 2G-S0 #B=a)) (17)
DG
We find the angle Z/FDG from the expression:
FG? = DF?* + DG? —=2-DF - DG -cos ZFDG. (18)
Then:
DG* + DF? — FG*
ZFDG = arccos . (19)
2-DF -DG

Adding expressions (18) and (20), we find the angle ZEDF :
EG-sin(0; +p—a 2 2 _pG2
ZEDF = arcsin sin(0 +p—a) tarccos| PG~ +DF” —FG™ | (20)
DG 2-DF-DG
Now can find the angle ZCDF :
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Z/CDF =n— Z/EDF —6,. Q1)
After substitution of expression (21) in dependence (12) we obtain:
U, =CD? + DF? +2.CD-DF -cos(ZEDF —8,). (22)

To move the links of the boom system, hydraulic cylinders develop driving
forces, which are determined by mechanical characteristics.

The characteristics are presented in the form of quadratic relationships
between the acting forces and the displacement rates of the rods of the hydraulic

cylinders:
4 -U
F=ped -2
1

4 -U
Ey=P -4, 1_2_U2’
o
4-U.
F =P 4 [I- 3Q 3, (23)

where: P, - fluid pressure in the hydraulic system; 4, 4,, 4; - respectively, the
piston area of the hydraulic cylinders of the first jib section, the second jib
section and the telescopic jib section; Ul,Uz,U3 according the speed of the

cylinder rods of the first jib section, the second jib section and the telescopic
section. The flow of the working fluid flowing through the hydraulic distributor
to provide the hydraulic cylinders with the required start mode and speed of
movement of the boom system is determined by the following dependencies,
respectively, for the hydraulic cylinder of the first jib section, the second jib
section and the telescopic jib section:

O =u-f- fﬂ
P
0, =M'f2'1 2.AP2;
P
Qg=u-ﬁ-,/2'§%, (24)

where: AR,AP,,AP; - respectively the pressure drop in the cylinders; u -

coefficient of consumption of working fluid; £, f5, /3 - according of the area
cross-sectional of the hydraulic distributor; p - the specific gravity of the liquid.

To calculate the dynamics of change of departure of the boom system of the
manipulator we use the following output parameters: m; =350 kg, m, =155kg,
my = 65kg, my =500kg, /| =4m, [, =2 m, l; =0,8m, AO =1,6m,
OB=0,5m, CD=1,6m, DF=0,425m, FG=0,425m, FEG=0,425m,



ISSN 2410-2547 183
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

DE=0,255m, P,=20-10°Pa, 4, =0,012265m*, 4, =0,00915m?,
43 = 0.00185 m?, 0, =0,192 rad, 0, =1,378 rad, 0; = 0,384 rad,
0, =0,157rad, 65 =1,57rad, p= 850kg/m3 . Initial conditions of manipulator
movement: a[0]=-0.3, &[0]=0, B[0]=-1.2, B[0]=0, U;[0]=1, U5[0]=0,
v[0]=0, v[0]=0.

Substituting the initial parameters and initial conditions into the system of
equations (10) and solving it, the graphical dependences of the kinematic and
force characteristics of the manipulator with the cargo are determined and
constructed (Fig. 3 - Fig. 7). The following assumptions were made when
solving the equation system:

- switching time of the hydraulic distributor is 0,1 s;

- the cross-sectional area of the hydraulic distributor varies according to linear
law.

B, rad
a, rad 0.2
0.1 / _04
ts _
1 2 3 5 ¢ ° 08
-0.1 -0.8
02 -1.0 r
S
-03 "1 2 3 4 5 6
(@) (b)

Fig. 3. Graphical dependencies of angular displacement:
(a) the first jib section; (b) the second jib section

From the system of equations (10) and expressions (11-22), the
displacement of the rods of the hydraulic cylinders, respectively, of the first jib
section, the second jib section, and the telescopic jib section were determined.
Depending on the movement of the rod of hydraulic cylinders, the angular
movement of the first jib section and the second jib section is determined.
Analyzing the graphical dependences of movement of the units of the boom
system (Fig. 3), it is possible to determine, in accordance with the geometric and
kinematic characteristics, the functional dependence of the angular movement of
the boom system units in accordance with the linear movement of the rods of
hydraulic cylinders.

Having solved the system of equations with initial parameters and initial
conditions, graphical dependences of speeds of movement of rods of drive
hydraulic cylinders (Fig. 4) and respectively elements of the boom system
(Fig. 5) were constructed with the condition of simultaneous movement of the
first jib section, the second jib section, the telescopic jib section and cargo.
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Fig. 4. Graphical dependences of speeds of
movement of rods of hydraulic cylinders:
(a) the first jib section; (b) the second jib
section; (c) telescopic jib section

Acceleration of rod of the
hydraulic cylinder of the telescopic jib
section (Fig. 4(c)) occurs within 0.1 s,
which corresponds to the time of
movement of the hydraulic control
valve spool. The speed of movement
of the rod of the hydraulic cylinder is
0.058 m/s, and with further movement
is accompanied by dynamic loads.

Exit to on the steady motion of the
first boom section and the second
boom section (Fig.5), occurs in
accordance with of the rod steady
motion of hydraulic cylinder. The
angular speed of movement of the
first section of the jib is 0.077 rad/s, at
the beginning of steady motion, with
further movement has a slight
decrease.

The decrease in the angular speed
of movement coincides with the
decrease in the linear velocity of the
rod of the hydraulic cylinder
(Fig. 4(a)). The angular speed of
movement of the second jib section at
the beginning of steady motion is 0.2
rad / s, with further movement has a
slight decrease. A gradual decrease in
the angular speed of the first jib
section and second jib section with

steady motion, caused by the kinematic parameters of the manipulator and,
accordingly, the oscillatory movement of the cargo (Fig. 7).

@', radls
0.08

0.06
0.04
0.02
} t, s

1 2 3 4 5 6
(2)

£, radls
0.20

0.15
0.10
0.05

T t, s
1 2 3 4 5 6

(b)

Fig. 5. Graphical dependences of the angular speed of movement of the links of the boom system:
(a) the first jib section; (b) the second jib section
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As can be seen from the graphical P,, Pa
dependencies, the pressure at the 20«10’
beginning of the motion is equal 15x107
2-10’Pa, which corresponds to the 1.0x107
pressure of the working fluid in the ' .
hydraulic  system. Upon  further LI ts
movement of the boom system and their 123456
exit in a steady motion, the pressure in p. p @
the hydraulic cylinder of the first jib z a
. .. . . 2.0x10
section and the second jib section is .
. . 1.5x10
equal to 5-10°Pa, and is accompanied ;
by dynamic loads. This is caused by the UIUESY
5.0x10°

inertial component of the units of the
boom system and, accordingly, the
occurrence in it and the elements of the
hydraulic drive of dynamic loads caused
by the oscillatory movement of the
cargo (Fig. 7).

Taking into account the inertial
components of the units of the boom
system and the fluctuations of the
working fluid pressure in the hydraulic
cylinders, the dependence of the cargo
oscillation at the end of the jib was
constructed (Fig. 7). From the graphical
dependence you can see the
characteristic correspondence of the

SUAA A=y

Ps,
2.0x107

1.5%107
1.0x107
50x10°

123 4586 7

(b)
Pa

12345606 0

(©

Fig. 6. Graphic dependencies of pressure
change in the hydraulic cylinder: (a) the first

jib section;

(b) the second jib section; (c) the
telescopic jib section

deviation of the cargo from the vertical (Fig. 7), which coincides in time with
the dynamic loads in the elements of the hydraulic drive (Fig. 4), links of the
boom system (Fig. 5) and fluctuations in the working fluid pressure (Fig. 6).
Based on the initial conditions, there is no deviation of the cargo at the
beginning of the movement. At the beginning of the steady movement of elements

of the boom system
(Fig. 4 - Fig. 5) the cargo
deviation is maximized
and equals 0,34rad .

v, rad
0.4}

0.2t
Such  high load
variability  results in |
considerable  dynamic

loads in the elements of
the boom system and the
elements of the hydraulic
drive of the manipulator.
Thus reducing its

0.2t

Fig. 7. Graphical dependence of the cargo oscillation
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reliability and speeding up the failure of the mechanical system as a whole.
Conclusions. As a result of the research, a mathematical model of the
dynamics of change of departure in the plane of movement of the boom system
of the manipulator was constructed, provided that the motions of the elements of
the boom system were combined with the cargo. Dynamic analysis of the
mechanism of simultaneous movement of the first jib section, the second jib
section, the telescopic jib section, and the cargo oscillations is performed.
Graphical dependences of dynamic loads in the boom system and elements of
the hydraulic drive of the manipulator were obtained. The proposed
mathematical model makes it possible to determine the actual dynamic loads in
the elements of the manipulator design and drive mechanisms. The results
obtained can be used in further practical design of hydraulic manipulators.
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Jlogetixin B.C., Pomacesuu 10.0., Cnoodoba O.0., Jloseiikin A.B., [Touxka K.1.
MATEMATHYHA MOJEJb JUHAMIKHA 3MIHU BUJIHOTY CTPLJIOBOi CHCTEMHU
MAHINYJATOPA 3A OJJHOYACHOI'O INEPEMIIIEHHS ii IAHOK

3 METOI0 MiABUIIEHHS MPOAYKTHBHOCTI Ta HAAIHOCTI MaHIMyJsITOpa 3rifHO 3 HOPMATHBHO-
TEXHIYHOI0 JIOKYMEHTAIll€l0, sKa perijaMeHTye Oe3ledHy eKCIUTyaTalilo MaHIIyJIsaTopiB
JIONYCKAETBhCS CYMIIEHHS PYXiB 3 OJHOYACHUM IIEPEMIIIECHHSAM JCKIJIbKOX JIAHOK CTpPiJIOBOI
crcreMu. B pesyinbrari B poOOTi po3riissHyTa METOMKa TO0YI0BH MATEMAaTHYHOT MOZEI B IUIOLIMHI
3MIHM BHJIBOTY CTPIJIOBOI CHCTEMH MaHIIyJsTOpa i3 BaHTa)keM. MaTeMaTH4YHa MOZENb M00yI0BaHa
i3 BpaxyBaHHSM TPbOX OJHOYACHHUX PYXiB, a caMe, OJHOYACHOIO IEPEMIllleHHs Mepuoi CeKiii
CTpiny, APYroi cekuii CTPiim, TEIECKOMYHOI CeKLil CTPiM Ta KOJIMBAHHI BaHTaXy. Po3paxoBaHO
(yHKIIT 3MIHM KIHEMATHYHHX Ta AMHAMIYHHX XapaKTEPUCTHK CTPITIOBOI CHCTEMH 32 OIHOYACHOIO
nepemimenns ii nanok. IToOymoBa MaTeMaTH4HOI MOJENi BHKOHAHA i3 3aCTOCYBAHHSIM DIBHSIHbB
Jlarpanxa apyroro poay. Ilpu npoMy 3a y3arajibHEHi KOOPAHHATH MOJEJi MaHIiyJIsATOpa MPUIHSATO,
KYTOBI KOOPAMHATH IOJIOKEHHS JIAHOK CTPIJIOBOI CHCTEMH Ta KYTOBE BIIXWJICHHS BiJ BEpTHKaIi
BaHTA)XY. A MEXaHIUHI XapaKTEPHCTUKH TiPaBIiYHOTO IMPUBOAY, NPEACTABICHI Yy BHIJIAL
KBaJPATHYHHUX 3QJIEKHOCTEH MDK OIIOYMMH 3YCHILIMH Ta IMIBHIAKOCTAMH IEPEMIIICHb IITOKIB
rigpouuinapis. KepyBaHHs eneMeHTaMu NPUBOAY IMPEACTABICHO Yy BHUIVIAlL PIBHSAHb BHUTPATH
po60oUO0i pimMHY 31 3MIHOIO MJIOLII IPOXIJHOrO Mepepi3y riapaBIidHOro Po3NOAIIbHHUKA 32 JTiHIHHUM
3aKOHOM. B pe3ysibTaTi OTpuMaHoO piBHSHHS PyXy MaHIIYJITOpA 3 BpaXyBaHHSM BIUTHBY IHEPLiHHOT
CKJIaJOBOT KOXKHOI JIAHKH CTPLIOBOI CHCTEMH Ta BIUIMBY KOJMBAaHb BAaHTaXy HA JMHAMIYHI
HaBaHTAXXCHHS CJICMEHTIB METAJIOKOHCTPYKIl Ta €JIEMEHTIB TiJpaBiiuHOro npuBoay. Po3pobiiena
MaTeMaTH4Ha MOJEeNb 103BOJISIE TEOPETUYHO BU3HAYNUTU BIUIUB OJHOYACHOIO NMEPEMIIICHHS IIepIIO]
CeKwii CTpiaM, APYroi Cekiii CTPiIM Ta TENECKOIMIYHOI CEKIii CTPiJM Ha KOJIMBAHHS BaHTaXy, a
TaKoX BIUIMB KOJMBAHHJ BaHTAXY Ha AMHAMIYHI HABAaHTAXKCHHS, SKi HPH L[bOMY BHHHKAIOTH B
CTpIJIOBIi CHCTEMI Ta €IEMEHTAX TiIPaBIiYHOr0 IPHBOIY MAHIMyJIATOPA.

KumiouoBi ciioBa: mMaremaTiyHa MOAENb, 3MiHAa BHJIBOTY, CYMIIUCHHsS PyXiB, MaHImyssTop,
piBHsHHS Jlarpamxka pyroro poay, AMHaMi4Hi HABAHTAXKEHHSI, KOJIMBAHHS BaHTAXY.
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Loveikin V.S., Romasevich Yu.O., Spodoba O.0. Loveikin A.V., Pochka K.1I.,
MATHEMATICAL MODEL OF THE DYNAMICS CHANGE DEPARTURE OF THE JIB
SYSTEM MANIPULATOR WITH THE SIMULTANEOUS MOVEMENT OF ITS LINKS

In order to increase the productivity and reliability of the manipulator according to the normative
and technical documentation, which regulates the safe operation of the manipulators, it is allowed to
combine movements with the simultaneous movement of several elements of the boom system. As a
result, the paper methodology reviewed for constructing a mathematical model in the plane of the
departure change of the boom system of a manipulator with a load. The mathematical model is
constructed from the calculation of three simultaneous movements, namely, the simultaneous
movement of the first jib section, the second jib section, the telescopic jib section and the oscillation of
the cargo. The functions of changing the kinematic and dynamic characteristics of the boom system
with the simultaneous movement of its links are calculated. The construction of a mathematical model
is carried out using Lagrange equations of the second kind. Moreover, the generalized coordinates of
the manipulator model are taken as the angular coordinates of the position of the links of the boom
system and the angular deviation from the vertical of the cargo. And the mechanical characteristics of
the hydraulic drive are presented in the form of square dependencies between the acting forces and the
speeds of movement of the hydraulic cylinder rods. The control of the drive elements is presented in the
form of equations of the flow rate of the working fluid with a change in the area of the flow cross-
section of the hydraulic distributor according to a linear law. As a result, the equation of motion of the
manipulator is obtained, taking into account the influence of the inertial component of each link of the
boom system and the influence of cargo oscillations on the dynamic loads of metalware elements and
hydraulic drive elements. The developed mathematical model allows one to theoretically determine the
effect of simultaneous movement of the first jib section, the second jib section and the telescopic jib
section on cargo oscillation, as well as the effect of cargo oscillation on dynamic loads that occur in the
boom system and manipulator hydraulic drive elements.

Keywords: mathematical model, varying the radius, combination of movements, manipulator,
Lagrange equations of the second kind, dynamic loads, load oscillations.

Jogeiikun B.C., Pomacesuu FO.A., Cnoooba A.A., Jloseiixun A.B., Ilouxa K. /.
MATEMATHYECKAS MOJEJIb JUHAMUKA U3MEHEHUS BBLJIETA CTPEJIOBOM
CUCTEMbBI MAHUITYJISITOPA TP OAHOBPEMEHHOM NNEPEMEIIEHWUU EE
3BEHBEB

C LCJIBIO ITOBBIICHU S IPOU3BOAUTEIILHOCTHU u HaJACXKHOCTHU MaHUITYJIATOpa  COIJIaCHO
HOPMATHBHO-TEXHUYECKON JOKYMEHTAallUM, KOTOpas PpErjlaMEHTUPYET OE30IacHYI0 3KCILTyaTaluio
MaHHITYJISITOPOB, JOIIYCKACTCA COBMCUICHHEC ZlBl/l)KeHl/lﬁ C OJHOBPEMCHHBIM NEPEMEIICHUEM
HECKOJIBKHX OJJIEMEHTOB CTPEJIOBOM CHCTeMbl. B pesynbrate B paboTe paccMOTpeHa METONHKa
ITOCTPOCHUA MaTemaTqucxoﬁ MOJCIM B INUIOCKOCTH HW3MCHCHUSA BbIICTA CTpeJ’lOBOﬁ CUCTEMBI
MaHHMIYJISITOpa € Tpy3oM. MaTemaTuueckas MOJENb IIOCTPOEHAa M3 pacyera TPeX OJAHOBPEMEHHBIX
JIBMDKEHMH, a MMEHHO, OJHOBPEMEHHOIrO IEPEMEILCHUs MEPBOH CEKLMU CTPElibl, BTOPOIl CeKLUH
CTpEJIbl, TEIECKOMUYECKOW CEKIMU CTpeibl M KojebaHus rpysa. Paccuutanbl (GYHKIMH M3MEHEHUS
KHHEMAaTUYCCKUX MU JUHAMHUYCCKHUX XapaKTCPUCTHUK CTpeJ'lOBOﬁ CUCTEMBI IIpU OJAHOBPEMCHHOM
HepeMelleHUN ee 3BeHbeB. [locTpoeHne MaTeMaTHUeCKONM MOJENN IPOBOJUTCS C HCIOIb30BAaHUEM
ypaBHeHui Jlarpamxka Broporo poxa. IIpu 3ToM 3a 00001EHHBIE KOOPAMHATHI MOJIEIIM MaHHITYJIATOPa
IPUHATO, YTJIOBBIC KOOPAUHATHI I1OJIOKCHUS 3BEHBEB CTpeJ'lOBOﬁ CUCTEMBI U YIJIOBOI'O OTKJIOHEHHUS OT
BEPTUKAJIA T'py3a. A MEXaHHUYCCKHUE XaPAKTCPUCTUKU TUAPABIUYCCKOrO NpUBOAA, MPEACTABJICHBI B
BUJIE KBAJIPaTHBIX 3aBUCUMOCTEH MEXy AEHCTBYIOIUMMHU YCWIMSMH M CKOPOCTAMH IEpEMEILEHUS
IITOKOB THAPOLUJIUHAPOB. anasnex—me DJICMCHTaMU IIpUBOJA IIPEACTABJICHO B BHUIC ypaBHeHuﬁ
pacxoma paboueil JKHIKOCTH CO CMEHOH IUIOLIAABI0 IPOXOJHOrO CEYCHHs T'MIPABIMYECKOrO
pacrpeznenurens 3a JIMHEHHBIM 3aKOHOM. B pe3ynbTaTe IOMY4€HO YpPABHEHHE JBHKCHHS
MaHMITYJIITOPA € YY€TOM BJIMSIHMS WHEPLIMOHHOM COCTABIISAIOLIEH KaXIO0ro 3B€Ha CTPEIOBOWH CHCTEMBI
U BIJIMAHHUA KOJ'leﬁaHl/lﬁ rpysa Ha OJAHAMHAYCCKHEC HArpy3kKd OJSJIEMCHTOB MCTAJUIOKOHCTPYKLIHUHA H
9JIEMEHTOB T'MJAPABIMYECKOro INpuBOAa. Pa3zpaboTaHHas MaTeMaTHyeckass MOJEIb IO3BOJISICT
TECOPETUYCCKU ONPEACIIUTD BIIMSIHUE OJHOBPEMEHHOI'O IEPEMEILCHUS nepBoﬁ CEKIUU CTPEIIbI, BTOpOl‘/i
CEKLIMH CTPEJIBI ¥ TEIECKOIMYECKO CeKIIMHU CTPENbI Ha KoJIeOaHus1 Ipy3a, a TAKKe BIMSHHUE KoJeOaHUH
rpy3a Ha JMHaMHUYECKHE HAarpy3KH, KOTOPBIE IIPU 3TOM BO3HHUKAIOT B CTPEJIOBOW CUCTEME U 3JIEMEHTax
TUPABIMYECKOrO MPUBOJA MAHHUITYIISITOPA.

KiroueBble cj10Ba: MaTeMaTH4yeckass MOJeb, M3MEHEHHE BbUICTA, COBMEILCHUE JBIKCHUIA,
MaHHITYJISITOP, ypaBHEHHE JlarpaHika BTOPOro pojia, IMHaMUYECKHE Harpy3KH, KojaeOaHus rpysa.
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Jloseiikin B.C., Pomacesuu FO.0., Cnoooba O.0., Jloseiikin A.B., Iouxa K.I. MaremaTrn4yHa
MO/eJIb AMHAMIKH 3MiHH BHWJIBOTY CTPIJIOBOI cHCTEeMH MAaHIiNmyJsiTopa 3a OJAHOYACHOTO
nepemimenHs ii 1aHok // Onip matepianiB Ta Teopis cnopya: Hayk.-texH. 30ipauk. - K.: KHYBA,
2020. — Bum. 104. - C. 175-190.

Ompumano pieHsHHs PYXY MAHINYIAMOPA 3 6PAXYEAHHAM GNAUGY THEPYIUHOT CKNA0B80I KONHCHOT
JMaHKU CMpINoeoi cucmemu ma GnIUEY KOIUSAHb BAHMANCY HA OUHAMIYHI HABAHMAICEHHS
enemenmie MemanoKoHCmpyKyii ma eremenmie 2iopaeniunoco npueody. Bcmamnoeneno eniug
00HOUACHO20 nepeMiujerHs nepuloi cekyii cmpinu, opyeoi cekyii cmpinu ma meneckoniunoi cexyii
cmpinu  Ha KOAUBAHHA BAHMACY, A MAKOJIC 6NIUG KOJNUBAHHS GAHMANCY HA OUHAMIYHI
HABAHMAdCeHHs, AKI NPU YbOMY SUHUKAIOMb 6 CMPIIosil cucmemi ma eiemenmax 2iopasniunozo
npu6ooy MaHinyIamopa.

In. 7. Bi6niorp. 19 Hass.

UDC 621.87

Loveikin V.S., Romasevich Yu.O., Spodoba O.O. Loveikin A.V., Pochka K.I. Mathematical model
of the dynamics change departure of the jib system manipulator with the simultaneous
movement of its links // Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles. — K.: KNUBA, 2020. — Issue 104. — P. 175-190.

An equation of motion of the manipulator is obtained taking into account the influence of the
inertial component of each link of the boom system and the effect of the oscillatory movement of the
cargo on the dynamic loads of the metalware elements and hydraulic drive elements. The influence
of the simultaneous movement of the first jib section, the second jib section and the telescopic jib
section on cargo oscillation, as well as the effect of cargo oscillation on dynamic loads that occur in
the boom system and manipulator hydraulic drive elements, is determined.

Fig. 7. Ref. 19.

VK 621.87

Jlosetikun B.C., Pomacesuu FO.A., Cnoooba A.A., Jloseiikun A.B., Ilouka K.JM. MaremaTu4eckasi
MOJeJIb JMHAMHMKHM M3MEHEHHsl BbLIeTa CTPEJIOBOIl CHCTEMbl MAHUINYJSITOPa NpPH
O/THOBPEMEHHOM IepeMelleHUH ee 3BeHbeB // CONpPOTHUBICHHE MATEPUAIOB U TCOPHS
coopyxenuid. — 2020. — Bein. 104. — C. 175-190.

Ionyueno ypasHenue OBUNCCHUS MAHUNYIAMOPA C Y4eMOM 6030€lCmeUs UHEPYUOHHOU
cocmasnsoueli Kaxcoo2o 36eHa CMpenosoli CUCHEMbl U 8030€lCMEUs KOIeOamenbHo20 08UNCEHUL
epy3a  Ha  OUHAMUYECKUE  HASPY3KU — INEMEHMO8  MeMmAIOKOHCMPYKYuu U  DIeMEHmMOos
euopasnuyeckozo npueoda. Onpedeneno enusinue 00HOBPEMEHHO20 NepemMeujetus nepeoul CeKyuu
cmpenbl, 8MOpoll CeKyuu cmpeivl U MeieCKONUYecKoll CeKyuu cmpeivl Ha KoaeOauus 2pysd, a
makdce ozdelicmeue KoaeOAHUl 2py3a HA OUHAMUHECKUE HA2PY3KU, KOMOopble npu 3mom
BO3HUKAIOM 6 CIMPENOBOl CUCMeEeMe U INeMEHMAX 2UOPAGIULECKO20 NPUEOOd MAHUNYISAMOPA.

Wn. 7. bubauorp. 19 Hass.
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