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This article present the results of research optimization mode of movement the manipulator’s jib
that established on an elastic base with known rigidity. The results this works shows ways is
significantly reduce the oscillations of the loaded power elements of the manipulator's boom system.
Since the main external factor of oscillation perturbation in the metal structure of the manipulator is
the driving moment of the drive, so here we use the target optimization function in the form of the
root mean square value of the driving moment of the drive mechanism. The dependence of the driving
moment of the drive was determined from the dynamic equations of motion of the manipulator, which
are built based on Lagrange equations of the second kind. The selected criterion for optimization
mode of movement the manipulator is presented in the form of an integral functional, and the search
for its minimum value had carried out using the methods of variation calculus.

The results of the study make it possible to develop a control system for the drive during the
design of the manipulator and during its operation, as well as to assess the dynamics of oscillations of
such structural elements of boom systems of cranes. Implementation of the obtained optimal modes of
movement can be carried out using a hydraulic drive.

Keywords: manipulator, boom system, optimization, criterion, root mean square moment, elastic
base, oscillation minimization.

Introduction. Manipulation systems have a wide range of potential
applications in the construction industry. Such solutions are dominant in the
technological processes of logistics of cargo movement and in hoisting and
transport machines. Manipulators use as actuators to move in the space of
special working bodies. General purpose hydraulic manipulators have become
widely used [1, 2]. In the development and implementation of modern models
of such systems, the main indicator of their choice is competitiveness, which
depends on design solutions, reliability and low cost of operation.

In the existing studies, the modeling of dynamics the manipulation systems
based on the assumption that all parts of the manipulator's mechanical system
and its support mechanism are absolute rigid, and the support base are horizontal
[3-5]. In general, this assumption is true for many stationary systems, but in
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mobile transport technology machines, which actually work on different support
surfaces, the mechanical properties of which are not known in advance or
difficult to predict, there are cases of loss of machine stability or increase the
dynamics of rolling motion. This is due to the action of significant unbalanced
contact forces from the mobile mechanical system of the machine on the support
mechanism and the supporting base and their resistance to external loads and can
be cause by spatial movements of the chassis of the manipulator's mobile
platform during its operation [6]. Important aspect of modeling manipulation
systems is to take into account the elasticity of the manipulator, which will affect
the accuracy of technological and transport work [7, 8].

Therefore, in order to increase the reliability of modeling of kinematics,
dynamics and strength of manipulation systems, it is necessary to perform
modeling of manipulators taking into account the influence of elasticity of links
and backlashes in kinematic pairs. For the manufacturers of industrial works,
taking into account the elasticity of the hinges and legs is important in terms of
providing the given position error, and for mobile systems, it is important in
terms of forming a picture of dynamic loading of the supporting mechanism [2].

Manipulators usually have a complex hematic structure, which is essentially a
broken kinematic chain with a given number of degrees of movement. Each link
of the manipulator’s kinematic chain has its own mass and geometric
configuration and kinematic pairs of the fifth class make their connection -
cylindrical or prismatic. Cylindrical kinematic pairs provide rotational
movement relative to the longitudinal or transverse axis of the link and prismatic
provide translational movement of one link along the other. This creates
telescopically connection links of the kinematic chain. This complexity of the
configuration of the manipulator, taking into account the elasticity of the links
imposes significant difficulties in its mathematical model. Therefore, at the
initial stage of research on the dynamics of manipulators, it is desirable to use
simplified calculation schemes, which can it will be to use to assess the
relationship between control parameters and external perturbations in the system.

Analysis of publications. The problem of unbalance of the jib system of
the manipulator on an elastic basis was considered by the authors in [9, 10],
but qualitative and quantitative assessment of the impact of driving force
created by the hydraulic drive system on the dynamics of the elastic support
mechanism is not considered. In [9], the method of synthesis of the optimal
mode of motion of the manipulator on an elastic basis by kinematic
characteristics have presented, but optimization by the function of the driving
moment was not considered.

In [11] which proposed a method of balancing the potential energy of
deformation of the metal structure of the elastic boom of the manipulator by
the amount of kinetic energy that occurs during oscillations of unbalanced
masses of the boom system. The authors consider the stability conditions of a
mechanical system using the Lyapunov function.

As a criterion for optimization in the study of boom systems of
manipulators with flexible links also use the functions of energy storage by the
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elastic element during the spatial movement of the load [12, 14], the value of
which is proposed to be minimized.

The problem of stability of construction hoisting machines related to the
deformation of the bearing surface is shown in [15], where, in particular, the
limit pressure for different bearing surfaces, which is in the range from
100 kN/m’ to 2000 kN/m’.

In [16] the problem of overloading and overheating of the power drive of
the manipulator boom, which arises due to dynamic loads, which are known to
be formed during start-up and braking due to vibrations of elastic parts of the
boom and imbalance of masses [1, 2, 8].

Therefore, it should be note that the issue of manipulator dynamics taking
an elastic characteristic of links and support base is relevant because a number
of authors in different variations considers it, but such studies are not enough
to solve this problem. In the particular, it is not known how the mode of
operation of the boom system of the manipulator will affect the dynamic loads
in the structural elements, as well as how to move the boom of the manipulator
with minimal power consumption of the drive. In this work is propose to
consider the optimization problem on the criterion of minimum average-
weighted value of the driving moment for the simplified scheme of the
manipulation with spring support chain, which characterizes flexibility not
only of the supporting surface, but also of metal construction of the machine.

Purpose of the paper. The purpose of the study is to increase the efficiency
of the manipulator on an elastic basis by optimizing the mode of movement of
the drive mechanism in the process of changing the departure of the load and
study the behavior of the boom system of the manipulator when working on
the developed mode.

Research results. For research, we use a simplified dynamic model of the
boom system of the manipulator with the load in the plane of change of
departure (Fig. 1) [10].

The adopted dynamic model consists of rigid boom links in length /; and a
support frame in length /,. The support frame has two support points, one of

which is common to the boom support joint and is assume rigid and the other
replaced by a movable elm, which reflects the elastic properties of the
deformed support mechanism and support surface and have characterized by a
reduced coefficient of elasticity of ¢. The drive mechanism in the form of a
hydraulic cylinder is placed between the boom and the support frame and is
attached to the boom at a distance «; and to the support frame at a distance a,
measured from the rigid boom base.

The dynamic model provides the following assumptions:

- the cargo concentrated weight m is rigidly fastened to the end of the
shooting of the manipulator;

- the centers of mass of the boom m, and the support frame m, are locate in
the middle of the respective elements and regardless of the geometry of these

parts are at distances %ll and %12 from the rigid support hinge of the boom;
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- the friction and backlash in kinematic pairs did not taken into account;
- the mechanical boom system was placed on a horizontal support base.

Fig. 1. Dynamic model of the boom system of the manipulator
with hydraulic drive mounted on an elastic base

The generalized independent coordinates are the angle ¢ of rotation of the
support frame relative to the horizontal surface, which will occur due to elastic
deformation of the support joint and the angle of rotation of the boom a relative to
the horizontal, which change will be determined by moving the drive cylinder rod.

The change in the departure of the load is performed by the manipulator in a
completely constant space and will be determined by the angular coordinate of
rotation of the boom of the manipulator a relative to the horizontal base. This
angular coordinate depends on the joint movement of the system due to the
oscillations of the support frame and the rotation of the manipulator boom
relative to the support frame, that is

a=y+Q. (1

In [1, 17, 18] it is shown that the use of D'Alembert principle for Lagrange
equations allows to obtain explicit mathematical models that reflect the
influence of rotational and translational motion of the boom system elements
of a complex structure on its dynamics and are best suited for solving problems
management. Therefore, in the framework of Newton's theory on the
application of Lagrange equations of the second kind, a mathematical model of
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the considered holozoic boom system is defined, which is written as next
system of recurrent differential equations [9]

(J, +mI2)d =M —(m+ %) gl  cosa o
Jro=-M -m,gl, COS(P_Clzz((P_(Po),

where J, and J, — moments of inertia of the boom and the support frame

relative to the point of their rotation; & and ¢ — angular accelerations of the

boom and the supporting surface; M — external driving moment of the drive;

¢, —the initial deviation of the reference link (hereinafter accepted = 0).

The first and second equations of system (2) are interrelated, which is
determined by the next dependence

sin(o — @) 3)

b

M = Faa,

\/a]2 + a% —2a,a, cos(o — @)
where F; — the force on the rod of the hydraulic cylinder.

From the first equation of system (2) we express the driving moment M,
which depends on the coordinate o and has the next form

M = (J, +mlI?)é + (m + %)gll cosa . (4)

The criterion for optimizing the mode of change of the departure of the
manipulator boom was taken as the root mean square value of the driving
torque, because this component will significantly affect the oscillations of the

mechanical system of the manipulator on the bearing base
/2

f
M, - tlezdt , )
1y

where ¢ — the time; ¢, ¢, — the initial and final value of the time at which you

want to determine the optimal law of motion.

Minimize criterion (5) want to reduce the undesirable power properties of the
system. Practical implementation will have at least a square of the moment, then
for the considered system the objective function will be the following expression

4 2
I= j{ul +mI)d + (m+ L) gl, cos a} dt — min . (6)
) 2

The result of substituting the sub integral expression of the functional (6)
into the Euler-Poisson equation, we obtain a differential equation, which is a
condition of its minimum

—%MCT sin oc(MCT cosa + 2an('i) +

uv)
+2J (—%MCT(dz cosa+asina)+ o an}o (7)
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or

2

w .

(oc)—('icM‘“vr sina—i&cosa—l(&J sinoccosa =0, ®)
np Jup np

where J, =J, +mli; M =gL,Cm+m).

Equation (8) is a nonlinear differential equation of the fourth order, which
cannot be analytically integrated. In the Mathematica program applied an
approximate numerical method for solving the differential equation (8) under
boundary conditions (9).

The manipulator jib system on the eclastic base has the following
parameters: m; = 300 kg; m,= 100kg; m= 900kg;, /,= 4 m; /,= 2 m;
Ji =§m]l]2 i Jo =%m2122; g= 9,81 m/s*; ¢(0) = 0; y(0) = 45°% o (0)= 45°
a(t,)=85%c=510" N/m.

To minimize criterion (6) taking into account expression (8) it is necessary
to provide boundary conditions of motion. For example, for the mode of
movement of a mechanical system with sections of full run, the boundary
conditions are as follows:

t=0,aa=0a,,0=0;
©)

t=t,o=0;,0=0,
where o, =a(0) — the boom initial position; o, =0, +®f /2 — the boom
position at the time #,; ® — the boom speed of rotation.

On Fig. 2-4 shows graphs of the kinematic characteristics of the boom
rotation, which provide the implementation of equation (8) under boundary
conditions (9). After substituting the found numerical solution of equation (8)
into the dependence (4), the law of change of the driving moment of the drive

is found, which is obtained because of the minimization of criterion (8) under
boundary conditions (9).
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Fig. 2. Graphs of change of angular coordinate of the manipulator’s boom
at duration of movement: (a) — 1 sec.; (b) - 3 sec
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Fig. 3. Graphs of change of absolute angular speed of the manipulator’s boom

at duration of movement: (a) - 1 sec; (b) - 3 sec
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Fig. 4. Graphs of change of absolute angular acceleration of the manipulator’s boom
at duration of movement: (a) — 1 sec.; (b) — 3 sec

In Fig. 5 shows graphical dependences of the change of the driving moment
of the drive in the area of movement of the boom from 45° to 85° for different
durations.
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Fig. 5. Graphs of change of the driving moment of the drive of the manipulator
at duration of movement: (a) - 1 sec.; (b) - 3 sec

Substituting the optimal law of change of the driving moment in the second
equation of the system (2) and solving it under the initial conditions: ¢ = 0,

0=y, ¢@= 0, the law of oscillations of the support mechanism at the
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minimum action of the driving moment is obtained. On Fig. 6 and Fig. 7 shows
a graphical dependence of the simulation results.
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Fig. 6. Graphs of oscillations of the angle of the support frame of the manipulator
during the duration of movement: (a) - 1 sec.; (b) - 3 sec
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Fig. 7. Graphs of change in the relative angle \y of the manipulator boom rotation

during the duration of movement: (a) — 1 sec.; (b) — 3 sec

Discussion of results. The results of optimizing the mode of movement of
the manipulator mounted on an elastic basis by the criterion of the minimum
mean square value of the driving moment of the drive show that when
implementing this approach at the beginning of the drive the drive want create
a significant acceleration of the mechanical system (Fig. 4). There will also be
a significant power load on the drive (Fig. 5). When the average angular
velocity of the load has reduced by increasing the travel time in a given area of
change of the boom angle, there is a decrease in oscillations. From the graphs
in Fig. 2 (b) - Fig. 5 (b) as we can see there may be cases when at a very low
average angular velocity will move in the opposite direction. This is not due to
the possibility of the drive system in the start-up process to compensate for
external static load, and since the developed mathematical model does not
provide for restrictions on changing the angle, later in the calculations it leads
to errors due to symmetry of trigonometric functions.

This article presents an approach to optimization by the function of torque
similar to that considered in [19] for the mechanism of rotation of the tower
crane. Note that in the mechanism of rotation of the crane at the beginning of
the movement, there is no significant external load, in contrast to the
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mechanism of lifting the boom, and therefore to compensate for such a
moment at the beginning of the movement is not required. In the considered
scheme, the optimization model shows that at creation of the considerable
driving moment, that considerably exceeds value of the static moment visible
at movement for 1 with (fig. 5, and see), the system further has to react quickly
and create the moment in the end of movement with the opposite effect. In
further research, it is desirable to justify the value of the average angular
velocity for this method of calculation and to consider other limiting
conditions of movement of the boom of the manipulator, in particular the mode
of start and braking.

The dependence of the change in force in the drive hydraulic cylinder
during a given period of movement of the manipulator can be determined from
expression (3) in which it is necessary to specify certain characteristics of the
torque and angles of rotation. On Fig. 8 shows, the graphs of change force on
the rod of the drive cylinder at different values of a;, a, the size of the
installation of the cylinder in the studied kinematic scheme of the manipulator.
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Fig. 8. Graphs of change of effort on a rod of the hydraulic cylinder at an optimum mode of
movement at various design parameters of the manipulator:
(a)-fora;=05manda,=1m;(b)-fora;=1manda,=1m

The graphs on Fig. 8 show that the nature of the change in force on the rod
of the drive cylinder practically repeats the dependence of the change in drive
torque.

Conclusions. As a result, the mode of movement of the boom system of the
manipulator with elastic base optimized. The optimization criterion is the root
mean square value of the driving torque of the manipulator boom. The obtained
optimal mode of movement of the manipulator made it possible to minimize the
root mean square value of the driving moment of the drive mechanism during
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movement and reduce the oscillations of the boom and the elastic support part.
The obtained optimal mode of movement does not completely eliminate the
oscillations of the boom system of the manipulator. This can be explain by the
fact that the paper does not consider the feedback on the control and does not
take into account the impact of changes in the coefficient of elasticity of the
flexible element. To eliminate oscillations and practical implementation, it is
necessary to determine a set of optimal motion modes according to different
criteria for each specific case and establish criteria that lead to the elimination of
oscillations of the manipulator boom system.

To completely exclude oscillatory processes from the operation of the boom
system of the manipulator in the future it is necessary to investigate the
optimization function with a comprehensive criterion [20], which would take
into account not only the magnitude of the driving moment of the drive, but
also the intensity of its change over time.
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Cmamms naoditwna 21.06.2022

Jogetixin B. C., Miwyx /I.0., Miwyyk €.0.
ONTUMIBALIA PEXXAMY PYXY MAHINTYJIATOPA HA IPYKHIMN OIOPI 3A
KPUTEPIEM MIHIMYMY CEPEJJHBOKBAJIPATUYHOI'O 3HAYEHHSI
PYIIIAHOTO MOMEHTY IIPUBOY

B poboti mnpencraBieHO pe3yNbTaTH [OCTIIKCHb ONTHMI3alil pPEeXUMYy pyXy CTpLUIH
MaHiImyJsITopa, SIKHi BCTAHOBJICHO HA INPYXKHY ONOPY 3 BiZOMOIO JKOPCTKiCTIO. MerTa maHOro
JIOCTIZKECHHS MOJIIrae B 3MEHIICHHI KOJIMBAaHb CTPIJIOBOT CHCTEMH MaHINyJIsTopa, 110 3a6e3neuuTh
HiBUIICHHS 3arajbHOi ¢(EKTUBHOCTI MaHiMyJsTOpa, AOBrOBIYHOCTI Ta HAIIWHOCTI €IEMEHTIB
HOro MeTaJoKOHCTPYKLii. JIOCSATHEHHS MOCTABJICHOI METH 3[iHCHEHO NUISIXOM 3aCTOCYBAaHHS
KEPOBAHOI'0 PEXKUMY POOOTH NMPHUBOAY 3 AWHAMIYHHM BPIBHOBOKCHHSAM IIPUBIJHOrO MEXaHi3My.
3acrocoByroun piBHsHHA Jlarpanka Apyroro poxy CkJIafeHo PiBHAHHS PyXy CTPiIM MaHimymsTopa
Ta BHM3HAYECHO BHpA3 y3arajlbHEHOrO PYyLIIfHOrO MOMEHTY HpPHBIZHOrO MEXaHi3My CTpioBOi
CHCTEMH MaHinyisitopa. B maHOMy IOCHIDKEHHI PO3MILIAAETHCS JIMIIE KYTOBE IEPEMilllCHHS
cTpinu MaHinynstopa. HespiBHOBakeHHH NPUBIOHUI PYLIHHNA MOMEHT CTPUIM MaHIIymsTOpa
OL[HIOETHCS CKJIAJ0BOI0 CyMAapHOro iHEpLiffHOro MOMEHTY PyXOMOI MacH CTPiIM 1 BaHTaxy Ta
CTATUYHHUM HaBAHTKCHHSM BiJ MacH CTPLIH 1 BaHTaXYy Ha NpuBigHui Mexanism. [IpyxHa omopa
MaHInmyJsITopa MpeACTaBieHa y BHUAI JIiHIHHOI MPYXKUHU 13 3aJaHUM KOe(iLieHTOM MpPYyXKHOCTI.
OCKiNIbKH ~ OCHOBHHM  30BHIIIHIM  ()aKTOPOM  BHHHUKHEHHS 30ypeHHS  KOJNMBaHb B
METAJIOKOHCTPYKIii MaHINyJlsaTopa € pPYIIiMHHA MOMEHT NpUBOJA, TOMY OYyJO 3aCTOCOBAHO
LI70BY (QYHKIII0 ONTHMI3aMLii, SKa OL[IHIOE CepeIHbOKBAAPATHYHE 3HAUCHHS PYLIIIIHOrO MOMEHTY
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IPHUBOIHOrO MexaHi3My. Bubpanuii kputepiit ontumizawii pexxuMy pyxy HpeICTaBICHO y BUIISIL
IHTerpanpHOro (yHKLIOHATy, a IMOMYK HOro MIHIMAJIbHOrO 3HAYEHHS 37iHCHEHO i3
3aCTOCYBaHHSIM METO/IB BapialliifHOro YnCICHH.

OtpuMaHi pe3ysibTaTH JOCIIPKEHHS MOXKHA 3aCTOCOBYBATH B CHCTEMI KepyBaHHS NPHUBOLOM
Ha eTali NPOEKTYBaHHS MaHIIyJsITOpa Tak i B mpoueci Horo excruryatamii. Tako OLIHEHO
JMHAMIKY KOJIMBaHb IOMIOHMX €JIEMEHTIB KOHCTPYKI[H CTPLIOBHX CHCTEM BaHTa)KONiAHOMHHX
KpaHiB. Peami3alis OTpHMaHMX ONTHMAIbHHX PEKHUMIB pyxXy Moxke OyTH 3aificHeHa mpu
BHKOPUCTAHHI TiIPaBIiYHOr0 IPHBOLY.

KawouoBi  cioBa:  MaHinmysisTop,  CTpijioBa  CHCTeMa,  ONTHUMIi3allis,  KpUTepiid,
CepeIHbOKBAIPATHYHUI MOMEHT, IIPYXKHa OIopa, MiHiMi3allis KOJIMBaHb.

Loveykin V.S., Mishchuk D.O., Mishchuk Ye.O.

OPTIMIZATION OF MANIPULATOR'S MOTION MODE ON ELASTIC BASE
ACCORDING TO THE CRITERIA OF THE MINIMUM CENTRAL SQUARE VALUE
OF DRIVE TORQUE

The results of studies of optimizing the mode of movement of the manipulator boom, mounted
on an elastic base with a known stiffness the paper presents. The purpose of this scientific research
is to reduce the oscillations of the manipulator turnout system, which will increase the overall
efficiency of the manipulator, durability and reliability of the metal structure elements. The
implementation of this goal have achieved by applying a controlled mode of operation of the drive
with dynamic balancing of the drive mechanism. Using the Lagrange equation of the second kind,
the equation of motion of the manipulator boom was compile and the expression for the
generalized driving moment of the drive mechanism of the manipulator boom system was
determined. This study considers only the angular displacement of the manipulator boom. The
unbalanced drive driving moment of the manipulator boom had estimated by the component of the
total inertial moment of the moving mass of the boom and load and the static load from the mass
of the boom and load on the drive mechanism. The elastic base of the manipulator was present in
the form of a linear spring with a given coefficient of elasticity. Since the main external factor of
oscillation, perturbation in the metal structure of the manipulator is the driving moment of the
drive, so we used the target optimization function, which estimates the root mean square value of
the driving moment of the drive mechanism. The main criterion for optimizing the mode of motion
was present in the form of an integral functional, and the search for its minimum value is carried
out using the methods of calculus of variations.

The results of this work can used by the drive control system at the design stage of the
manipulator and during its operation. The dynamics of oscillations of such structural elements of
boom systems of cranes is also estimated. The implementation of the obtained optimal modes of
movement can be carried out using a hydraulic drive.

Keywords: manipulator, boom system, optimization, criterion, root mean square moment,
elastic base, oscillation minimization.
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Jlogeuxin B.C., Miwyx [.0., Miwyx €.0. OnTumizanisa pexumMy pyxy MaHimyjasTopa Ha
npy:Hiii omopi 3a kpurTepieM MiHiMYMy cepeJHbOKBAAPATUYHOIO 3HAYEeHHsI pyuwiiHOrO
MOMeHTY npuBoay // Omip MaTepiaiiB i Teopis cropyn: Hayk.-tex. 30ipH. — K.: KHYBA, 2022. —
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Jlna cmpinogoi cucmemu Mauinyasimopa, SKUti 6CMAHOGICHO HA NPYICHY ONOPY 3 GI0OMOIO
HCOPCMKICMIO PO32TAHYMO OUHAMIUHE 8DIGHOBAICEHHS NPUBIOH020 MexaHismy. Hespienosacenuti
NPUGIOHUT  PYWIUHULL MOMEHmM CMpIAU  MAHIRYAAMopa OYiHIOEMbC  CKAA0060I0  CYMAPHO2O
IHepyitino2o MOMEeHmy pyXomoi Macu cmpinu i 6anmasicy ma CmamuidHum HAGAHMANCEHHAM G0
macu cmpinu i eaHmasicy Ha npusionuli mexawnism. Ilpysicna onopa mauinyiamopa npedcmasnena
Y 8UOI MHIUHOI NPYIHCUHU I3 3A0AHUM KOCDIYIEHMOM NPYHCHOCMI.

Tabuxn. -. In. 8. bibumiorp. 20 Ha3B.
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Loveikin V.S., Mishchuk D.O., Mishchuk Ye.O. Optimization of manipulator's motion mode on
elastic base according to the criteria of the minimum central square value of drive torque //
Strength of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.:
KNUBA, 2022. — Issue 108. — P. 403-415.

The dynamic balancing of the drive mechanism is considered for the boom system of a
manipulator mounted on an elastic support with a known stiffness. The unbalanced driving
moment of the manipulator boom is estimated by the component of the total inertial moment of the
moving mass of the boom and the cargo, the static load from the mass of the boom, and the load
on the drive mechanism. The elastic support of the manipulator is presented in the form of a linear
spring with a given elasticity coefficient.

Table -. Fig. 8. Ref. 20.
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