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Increasing the productivity of jib cranes is an urgent problem of improving their operation. Combining the work of separate
mechanisms is one of the ways to increase the productivity of jib cranes. The aim of the study is to build a mathematical model and
conduct a dynamic analysis of the crane jib system with simultaneous operation of the derricking mechanism and lifting mechanism
of the load during a steady-state crane rotation. Methods for constructing discrete dynamic models of a jib crane by using Lagrange
equations of the second kind, numerical methods for solving the obtained differential equations, which are presented in the form of a
computer program at a steady-state crane rotation, and methods for dynamic analysis of crane mechanisms are used in the conducted
research. The task of researching the dynamics of the simultaneous movement of the mechanisms for turning the boom, extending its
section and lifting the load during a steady-state crane turn is solved in the presented work. The method of dynamic analysis was
developed to study dynamic processes in the hydro-mechanical system of a jib crane during the simultaneous operation of crane
mechanisms. The crane boom system is represented by a dynamic model with six degrees of freedom, which takes into account the
main movement of the mechanisms and the oscillations of the links and the load on a flexible suspension. The kinematic, dynamic,
and energy characteristics of individual links of the crane jib system with simultaneous operation of several mechanisms are
determined on the basis of the constructed mathematical model. The high-frequency oscillations of the drive links of the load lifting
mechanism and the low-frequency oscillations of the load on a flexible suspension are investigated. It was found that high-frequency
vibrations of the links damped within the start-up process, while low-frequency vibrations of the load practically did not damp and
continued throughout the entire movement cycle.

Drive modes that ensure smooth movement of the actuators, which leads to reduced loads and increased reliability of the
crane are recommended to minimise oscillatory processes of simultaneous movement of the jib system mechanisms.

Keywords: boom turning mechanisms, boom section extension, load lifting, oscillatory processes, dynamic loads.

Introduction. One of the ways to increase the productivity of jib cranes is to combine the
simultaneous operation of several mechanisms. Dynamic loads in structural elements and drive
mechanisms increase during such operation of jib cranes. These loads become especially dangerous
during transient processes (starting, braking, changing speed). Such operation of crane mechanisms
affects the reliability of jib cranes. In this regard, determining the actual dynamic loads and studying
oscillatory processes in the elements of the jib system during the simultaneous operation of several
mechanisms is an important task.Jib cranes often combine the operations of changing the outreach and
lifting the load when performing loading, unloading and installation operations. In this regard, there is
a necessity to investigate the dynamic processes during the joint operation of the mechanisms for
changing the outreach and lifting the load during the steady-state rotation of a jib crane with a
retractable jib section. The task of studying the dynamic processes during the joint movement of the
mechanisms for turning and extending the boom section and lifting the load during a steady-state crane
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turn is relevant, as it allows us to identify the real loads during the operation of jib cranes and in the
future to make decisions about the possibility of combining the operation of certain mechanisms.

Analysis of publications. The study of dynamic processes in the operation of crane mechanisms
and, in particular, their simultaneous use remains an urgent problem. The simultancous use of crane
mechanisms in operation makes it possible to increase the productivity of a crane, but at the same time,
the loads in the structural elements increase.

The peculiarities of controlling the electric drive of the mechanism for changing the boom reach
during the simultaneous rotation of a jib crane with a suspended load are described in [1]. The dynamic
loads during the simultaneous movement of these mechanisms were also studied. The authors of work
[2] considered the joint movement of the mechanisms for lifting the boom and the load of a jib crane.
The authors modelled the dynamics of the simultaneous movement of the mechanisms and performed a
dynamic analysis. It is established that during the simultaneous operation of the mechanisms, the crane
operates with overloads. In [3], the loads due to the influence of load sway on the dynamic
characteristics of the crane and the accuracy of its positioning are determined on the basis of a multi-
mass model of a tower crane.The authors of work [4] modelled the dynamics of a tower crane during
the operation of the slewing mechanism. A significant swaying of the load and its significant impact on
the crane's performance are noted. Paper [5] modelled the dynamics of the trolley movement
mechanism at a steady-state crane rotation. In addition, the minimisation of the driving torque, which
has an impact on the swaying of the load, was carried out. The authors of [6] performed a modelling of
the dynamics of a tower crane with a load and investigated the dynamic response of the crane caused
by pendulum oscillations of the load on a flexible suspension. In article [7], the dynamics of the
simultaneous movement of the mechanisms for changing the outreach, lifting the load, and turning the
crane is modelled. A dynamic analysis of the simultaneous movement of the three mechanisms was
carried out, as a result of which overloading of the mechanisms was revealed. The authors of article [8]
investigated the dynamics of the swing oscillations of the load of a double-jib bridge crane and showed
the effect of these oscillations on the crane's characteristics. The dynamics of a three-dimensional
crane system with a suspended load and the determination of dynamic loads are described in work [9].
Dynamic loads and stresses in the crane structure were also determined. The authors of article [10]
carried out modelling of the dynamics and control of a five-stage crane jib system and identified the
loads acting on the structural elements. The authors of [11] carried out experimental studies of the
dynamics of the simultaneous movement of the mechanisms for turning and moving the crane trolley
with the load of a tower crane, which confirmed the adequacy of the constructed mathematical models
of the dynamics of a tower crane. In article [12], a dynamic analysis of the movement of a container
crane was carried out, taking into account the adhesion between the load and the gripping device. It is
shown that dynamic loads have a significant impact during the start-up and braking of a container
crane. In work [13], dynamic modelling, dynamic analysis, and control of a five-section retractable jib
crane were performed and implemented. Article [14] shows that the dynamics of a jib crane's
movement is influenced by the sway of the load on a flexible suspension, the reduction of which leads
to an increase in the efficiency of the crane.The authors of work [15] showed that reducing dynamic
loads and swaying of the load leads to an increase in the reliability of jib cranes. The researchers of
work [16] developed a mathematical model of the dynamics of the joint movement of the mechanism
for changing the outreach and rotation of a tower crane, and also conducted a dynamic analysis of the
simultaneous movement of these mechanisms. The analysis showed an increase in dynamic loads. A
method for controlling and managing the movement of jib crane mechanisms to minimise load
oscillations was developed in article [17]. In work [18], the issues of controlling load oscillations on a
flexible suspension and the vibration characteristics of the structural elements of a jib crane are
considered. The authors of article [19] investigated the dynamics of the joint movement of the load
lifting mechanisms and changes in the boom reach and identified the causes of load oscillations on a
flexible suspension.

From the literature review, it follows that in order to determine loads and vibrations in the
structural elements of a hydraulically operated jib crane, it is necessary to conduct a dynamic analysis
during the joint movement of the mechanisms for turning and extending the boom section and lifting
the load during a steady-state crane turn.
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Recently, research related to modeling, control, analysis of dynamics, and optimization of the
movement of cranes or their mechanisms has become widely spread [1-18]. Dynamic analysis and
control of a bridge crane with several hoisting mechanisms using sliding mode control is carried out in
the study [1]. A dynamic analysis of an offshore boom crane and a study of its nonlinear control were
carried out by the authors of the article [2]. The results of the dynamic analysis of a tower crane with a
rotating boom using multibody system simulation, as well as using the Kane method, are given in
studies [3,4]. The dynamic analysis of the container crane, taking into account the effect of coupling
between the cargo and the spreader, is given in the article [5]. A dynamic analysis of the movement of
a cable crane with dual winches and the determined loads in the traction body and the structural
elements was carried out in the work [6]. The authors of the article [7] developed a mathematical
model of the dynamics of the joint movement of the mechanisms of lifting, turning, and changing the
outreach of the crane, and also investigated their combined movement. The joint movement of the
mechanisms for changing the departure and rotation of the tower crane, where the simulation of the
dynamics of the movement was carried out, as well as the optimization of the starting of the
mechanisms was considered in the work [8]. It was established that the crane works with overloads
when the mechanisms move together. The authors of the article [9] carried out a numerical simulation
of the dynamics of the movement of the trolley-cargo-carrying rope system in a rope crane and
determined the loads acting on the structural elements of the crane. The load from the influence of the
swinging of the load on a flexible suspension on the dynamic characteristics of the crane and the
accuracy of the positioning of the load are established in the study [10] based on the constructed multi-
mass model of the tower crane. A dynamic analysis of the influence of the design of the new traveling
wheels of the bridge crane on the stresses in the structural elements that occur during the movement of
the crane was carried out in [11].

The authors of the article [12] developed a model for the formation of reference teams for
oscillation control of multi-mode flexible mechanical systems for studying the dynamics of a double-
pendulum bridge crane. The study of a reliable observer against rocking of 2D crane systems with
lifting and lowering of the cargo was carried out in work [13]. The motion control system of two wired
hammer head tower crane, which allows to improve the movement modes of the crane mechanisms, is
given and described in the article [14]. The authors of the study [15] developed an anti-sway tracking
control of tower cranes with delayed uncertainty using a robust adaptive fuzzy control.

The dynamic characteristics of jib crane mechanisms can be improved by optimization of the
parameters and movement modes of crane mechanisms. In the article [16], the optimization of the
parameters of the crane mechanisms made it possible to significantly reduce the oscillation of the jib
crane and its mechanisms. The authors of the studies [17,18] developed methods for optimizing the
modes of movement of crane mechanisms, which allow to minimization of the effect of dynamic loads
and vibrations of the structural elements of the crane and cargo. To dynamically assess the movement of
crane mechanisms and detect loads and oscillation in the structural elements of a jib crane, there is a need
to conduct a dynamic analysis when the boom and load lifting mechanisms are simultaneously started.

Purpose of the paper. The purpose of this study is to build a mathematical model of the dynamics
of movement and conduct a dynamic analysis of the crane boom system with an extendable boom
section when the mechanisms for turning the boom and extending its section and lifting the load at
steady-state rotation of the crane move together.

Research results. The dynamic model shown in fig. 1 is presented to study the dynamics of
changes in the outreach and lifting of the load during a steady-state crane rotation of the jib system. In
this model, the boom consists of a main 1 and an outrigger 2 section. The extendable section of the
boom is driven by a hydraulic cylinder located inside the main section. The boom is rotated by a
hydraulic cylinder 6, which is pivotally connected to the crane's turntable by a cylinder and to the
boom section by a rod. The load lifting mechanism 4 consists of a hydraulic drive, a gearbox, a drum 5
and a flexible load suspension, which is represented by a single chain hoist 3. The drive with a
hydraulic motor and gearbox sets in motion the drive drum 5, on which the rope of the load lifting
mechanism is wound. The dynamic model of the boom system consists of absolutely rigid and
elastically dissipative links. The rope of the load lifting mechanism has elastic-dissipative properties,
while the boom root and extension sections, the load and the drive elements are absolutely rigid links.
The flexible load suspension performs pendulum oscillations in the plane of outreach change and has
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2 dissipative  properties. The drive
/ elements of the load lifting mechanism
' are reduced to the axis of rotation of the
drive drum. In the present study, the
outreach change mechanism consists of
mechanisms for turning the boom and
extending the boom section. At the
same time, the study of the movement
of the mechanisms for changing the
outreach of the boom and lifting the
load was carried out at a steady-state

7 crane rotation.
. Thus, the dynamic model of the
“  boom system with hydraulic drive
i mechanisms for simultaneous boom
- rotation, extension of its section and
lifting of the load at a steady-state crane
rotation is represented by a hydro-
mechanical system with six degrees of
freedom (Fig. 1). The generalized
coordinates of this system are the
angular coordinates of the boom
rotation ¢, the drum of the lifting

Fig. 1. Dynamic model of the crane jib system with joint operation meCham,sn,l B, the crane turnt'able ¢ and
of the mechanisms for changing the outreach and lifting the load at a the 'deV1at10n from the vertical of the
steady-state crane rotation flexible load suspension v, as well as

the linear coordinates of the movement
of the extendable boom section z and the length of the flexible load suspension u. Since the crane
rotation mechanism operates in a steady-state mode, we assume that the angular velocity of the rotating
platform is constant, i.e. @=const, and its angular coordinate is determined by the relationship

P=p,+at, (D

where ¢ is the time coordinate; ¢, is the initial value of the angular coordinate of the crane's
slewing platform; w is the angular velocity of the crane's slewing platform.

The elements of the boom system are subject to gravitational forces from the weight of the main
and extension boom sections, the weight of the load, as well as driving forces in the hydraulic
cylinders of the boom slewing mechanism F and the movement of the extension boom section F>. The

force Fi creates a moment M; that acts on the boom and turns it. In addition, the torque of the
hydraulic motor of the load lifting mechanism M3 is applied, which is reduced to the axis of rotation of
the drive drum. In the elastic-dissipative rope of the load lifting mechanism, elastic and dissipative
forces act, and when the flexible load suspension deviates from the vertical, a dissipative moment acts.

The Lagrange equation of the second kind was used to construct a mathematical model of the
dynamics of the joint movement of the mechanisms for changing the outreach and lifting the load
during a steady-state crane rotation. These equations have the following form:

d oT oT oIl

; :M] 5
dtoa Oa oa
d oT oT oIl OR

dtop o  ° o op
doT _oT_,. ol oR
dto: oz * of oz
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where T, 11, R are the kinetic and potential energy of the system and the dissipative Rayleigh function,
respectively; M, M3 — driving torques of the drives of the boom rotation and lifting mechanisms,
reduced according to the rotation of the boom and the drive drum of the lifting mechanism; F is the
driving force of the hydraulic cylinder for moving the extendable boom section.

The kinetic energy of the combined movement of the mechanisms for turning the boom, extending
its section and lifting the load during a steady rotation of the crane is determined by the following
dependence:

B

1 : 1, 1 51 |
T:E[J1+J2+m2(z+L)(z+L—l)](a2+a)2(cosa)2)+ Emzz2 +5J3ﬁ2 +5J4a)2+5m(x2+y2+x2w2), 3)

where J; is the moment of inertia of the main boom section relative to the axis of its rotation; J; is the
moment of inertia of the extendable boom section relative to the axis of its base; J3 is the moment of
inertia of the drive of the load lifting mechanism reduced to the axis of rotation of the drum; J4 is the
moment of inertia of the crane turntable relative to its own axis of rotation; m», m are respectively, the
masses of the extendable boom section and the load; x, y are horizontal and vertical coordinates of the
centre of mass of the load in the plane of change of the load outreach; / is length of the extendable
boom section; L is length of the main boom section.
The potential energy of the jib system with the joint movement of the mechanisms for changing the

outreach and lifting the load at a steady-state crane rotation is represented by the following dependence

H%c[ﬂr—(z—zo)(uo—u)n]2+<m1yl+m2y2+my)g, 4)

where c is the stiffness coefficient of the rope of the cargo hoisting mechanism, reduced to the axis of
rotation of the drive drum; » — the radius of the drive drum of the cargo hoisting mechanism; n — the
pulley block ratio of the hoisting mechanism, g — acceleration of gravity; m; - mass of the main boom
section; y, y1, y2 are vertical coordinates of the centres of mass of the main and extendable sections of
the boom and the load, respectively; uo, zo - initial coordinate values of the length of the flexible load
suspension and the movement of the extendable section of the boom, respectively.

The dissipative function of the Relay system has the following form

| A
R:Ebl(ﬂr—z+nu) +Eb2V2 , (5)

where b1, b are the damping coefficients of the elastic elements, respectively, of the drive of the cargo
hoisting mechanism and the deviation from the vertical of the flexible suspension of the cargo.
The coordinates of the load and boom sections are represented by the following expressions:

x:(z+L)cosa+usinv; y=(z+L)sinu —ucosv ; (6)

1. 1) .
yIZELsma, y1:[z+L—Ejsma. @)

From expressions (6), it can be seen that the position of the load in the plane of change of overhang
depends on four generalised coordinates: «,v,z and u.

The methodology for constructing a mathematical model of a crane jib system with joint movement
of mechanisms is given in [2], so only the final result is presented here. After determining the
necessary derivatives in accordance with system (2) from the kinetic energy (3), potential energy (4),
and Rayleigh function (5) and substituting them into the same system, the differential equations of the
joint motion of the mechanisms for turning the boom, extending its section, and lifting the load during
the steady-state rotation of the crane are obtained:
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The system of differential equations (8) includes partial and full derivatives of the coordinates of
individual links of the boom system. These derivatives were determined for the dynamic model of the
crane boom system shown in Fig. 1. Below are the partial derivatives of the coordinates of the boom
and load by generalised coordinates:

%:chosa, ¥ (z+ lj cosa; %zsina; 9
oa 2 oa 2 0z
ox Oy
5:—(2+L)sma " =(z+L)cosa; (10)
?:cosa; Z—yzsina; (11)
zZ z
x . oy
—=sinv; ——=—cosV; (12)
ou ou
ﬁzucosv; a—y:usinv; (13)
\ ov
) )
s?:—(erL)cosa %:—(2+L)sma, (14)
2, )
y:—usina; a—sz/:ucosa; (15)
2 2
ox ——sing; ~2 =cosa; (16)
000z 000z
*x 3 ) %y

=CosV; =sinv; 17
oudv oudv

o*x B Gzy 3 o*x 3 62y B (18)
oadu Oodu Oadv Oaov

The first full time derivatives of the coordinates of the centre of mass of the cargo from expressions
(6) were found:

Ox .0x .0Ox .0x
=Q—+z—+u—+V—
da 0z du oV

y= aay AP (19)
oda 0z Ou Ov

Taking into account the first and second partial derivatives of the coordinates given in (10), (18),
the second full time derivatives of the coordinates of the centre of mass of the cargo are presented:
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The driving force in the drive hydraulic cylinder 6 of the boom swing mechanism is determined as
follows:
A
Fi :pnlAl _Q_l1 (22)

s:\/a2 +b*~2abcos(0-A+a); s'ia—bsin(e—/ﬂa). (23)
s

The torque that turns the crane boom is determined through the force in the hydraulic cylinder 6 F
M,=Fh, (24)
where

he \/46126‘2 —(a*-b*+5%)? .
2s
Here: & is the flowing action of the force F relative to the axis of the lower boom joint; p,i is
working pressure in the cavity of the boom lift hydraulic cylinder; A, is cross-sectional area of the
boom lift hydraulic cylinder piston; Q; is working fluid consumption by the boom swing hydraulic
cylinder; a, 8 - respectively, the length of the boom slewing cylinder mounting post and the angle of its
inclination to the horizon; b, A - length of the hydraulic cylinder lever on the boom and its angle of
inclination to the boom axis; s - length of the hydraulic cylinder in working condition.
The driving force in the hydraulic cylinder for extending the boom section is represented by a
dependence similar to (22)

(25)

hFy=p,,4, l—ﬁ; (26)
&)
where p,» - working pressure in the cavity of the boom section extension hydraulic cylinder; 4 - cross-
sectional area of the boom section extension hydraulic cylinder piston; (0> - working fluid consumption
by the boom section extension hydraulic cylinder; Z - stroke rate of the boom section extension
hydraulic cylinder.
The driving torque on the shaft of the hydraulic motor of the load lifting mechanism is represented
by a quadratic dependence on the angular velocity of the shaft and is reduced to the axis of rotation of
the drive drum:

M=(M +(Kw0—ﬁ\iﬁ—l(i2/?2\in. (27)
k i L C"OJ J

Here

:Mn _Mp(l_(wn/wo)).

K ; (28)

w, (wo_wn)
M,, M, are respectively, the starting and rated torques of the hydraulic motor of the load lifting
mechanism; @,,®, — nominal and synchronous angular velocity of the hydraulic motor shaft of the

hoisting mechanism; 7 — transmission ratio of the drive of the hoisting mechanism.; # - efficiency of the
drive of the load lifting mechanism.

Research results

The system of second-order differential equations (8) together with expressions (9), ..., (29) is
nonlinear, so a numerical method was used to solve it. The equations are solved under the following
initial conditions of the joint movement of the mechanisms for changing the outreach and lifting the
load at a steady-state crane rotation:
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1=0:a=ay, &=0, f="L€ B=0,u=uy,i=0,v=0,v=0, z=z,, 2=0. 29)
cnr

The dynamic analysis of the joint movement of the mechanisms for changing the outreach and
lifting the load during a steady-state crane rotation was carried out at the following values of the
parameters of the crane jib system: m=4500 kg, m;=1800 kg, m>=900 kg, J1=48600 kg- m>,
J=12675kg- m?, J=1183 kg- m?, ¢ =1,25- 10° Nm/rad, /=6,5 m; L=9,0 m, i=41,34, #=0,85,
pm=14+ 10°N/m?, p,p=14+ 10° N/m?, 4,=0,0314 m?, 4,=0,0050 m?, Q;=0,00178 m3/s, 0>=0,00075
m’/s, w¢=157 rad/s, ®,=119,25 rad/s, u¢=6,0 m, n=4, g=9,81 m/s?>, M,=133 Nm, M,=199,5 Nm, a=1,5
m, b=2,1 m, 4=0,0872 rad, 6=0,3189 rad, «¢=0,5857rad, r=0,208 m, 5=1,8- 10°Nm/(rad/s),
b>=1,1-10° Nm/(rad/s), z0=0, =157 rad/s.

As a result of numerically solving the nonlinear system of differential equations (8, taking into
account expressions (9), ...,(29) under the initial conditions (29) of the process of joint movement of
the mechanisms for changing the outreach and lifting the load during the steady-state rotation of a
hydraulically operated jib crane, graphical dependences of kinematic (Figs. 2-8), dynamic (Figs.
9,...,12), and energy (Figs. 13,...,15) characteristics were constructed.

0.0005 0.0010 0.0015 0.0020 0.0005 0.0010 0.0015 0.0020
(@) (b)

Fig. 1. The driving of velocity (a) and acceleration (b) of boom section extension

@ (b)

Fig. 3. The driving of angular velocity (a) and acceleration (b) of boom turning
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Fig. 2 shows that the speed and acceleration of the extension of the hydraulic cylinder rod during
the start-up of the boom section extension mechanism change smoothly without oscillations. The
velocity (Fig. 2, a) varies according to a parabolic law, and the acceleration (Fig. 3, b) - according to a
law that is close to linear. The start-up process of this mechanism is carried out with a short duration of
0.001 s, which leads to a significant maximum acceleration of 220 m/s? and, as a result, large dynamic
loads acting on the boom and the extension section.

The process of starting the boom rotation mechanism, which is shown in Fig. 3, is also carried out
in a short period of time (0.2 s), which leads to a significant maximum value of the angular
acceleration of the boom, which reaches 3.8 rad/s>. This results in increased dynamic loads and low-
frequency oscillatory processes of speed and acceleration, which decay by the end of the start-up
process. Subsequently, the boom rotates in a steady-state mode with a constant angular velocity.

@ ' )

Fig. 4. The driving of angular velocity (a) and acceleration (b) of the drive drum

(@ (b)

Fig. 5. The driving of linear velocity (a) and acceleration (b) of the change in the length of a flexible load suspension

At the beginning of the movement, the velocity and acceleration (Fig. 5) of the change in the length of
the flexible load suspension have a clearly expressed oscillatory character, which is caused by a
significant value of the maximum acceleration, which is 33 m/s?. At the same time, the rate of change in
the length of the flexible load suspension changed by sign to opposite values. However, the oscillatory



120 ISSN 2410-2547

processes damped down within 0.2 s and then
the speed changed smoothly to the steady- 0.05)
state value of the load lifting mechanism.

Figure 6.a shows a graph of the deviation 0.04
from the vertical of the flexible suspension
of the load, which looks like a sinusoid 0.021
shifted relative to the abscissa axis. This
character of the graph is caused by the fact
that the flexible suspension additionally
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deviated from the action of the centrifugal
force on the load, which occurs during the

operation of the rotation mechanism. At the /\ )

beginning of the movement, high-frequency 2 0 & 8 10
fluctuations in the rate of deviation from the
&

vertical of the flexible suspension are
observed, which are the source of low- . (@)

frequency vibrations of the load on the |

flexible suspension. After a short period of 0.04
time (0.2 s), the high-frequency oscillations

dampen, and the low- and the low-frequency |
oscillations practically do not dampen, as 0.02

can be seen from Fig. 6.

Figure 7.a shows a phase portrait of low-
frequency vibrations of a load on a flexible
suspension, which shows that these vibrations
are practically unattenuated during the
operation of jib crane mechanisms. This phase
portrait also shows high-frequency oscillations
at the beginning of the movement, which
decay rather quickly. The phase portrait of the
elastic vibrations of the traction rope of the
load lifting mechanism (Fig. 7, b) shows that
these vibrations dampen within three cycles.

Oscillatory processes are also observed in
the graphs of load speed and acceleration
(Figures 8 and 9) when the overhang and
lifting mechanisms are operating. In the first 0.025
case, these oscillations are practically
undamped, so they negatively affect the 0.020
operation of the outboard mechanism. In the
second case, the oscillations are quickly
damped, so they do not have a significant
impact on the mechanism.

The driving force in the hydraulic
cylinder of the boom lifting drive (Fig. 10,
a) at the beginning of the movement
increases sharply to 430 kN and in the same
way decreases to 300 kN, followed by a
slight gradual decrease according to a law
close to linear. When the driving force
decreases at the beginning of the movement, oscillatory processes occur (Fig. 10, b), which decay
rather quickly. At the same time, they cause fluctuations in the speed of the hydraulic cylinder rod
(Fig. 10, c¢), which are transmitted to the crane boom.

' 3 0’

(b)

(©)
Fig. 6.The driving of angular deviation from the vertical (a) and
velocity (b, ¢) of a flexible load suspension
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@

Fig. 7. The phase portraits of oscillations of a load on a flexible suspension (a) and a traction rope (b) of the lifting mechanism

The driving force of the hydraulic cylinder of
the boom section movement drive at the
beginning of the movement smoothly changes
from a maximum value of 210 kN to a steady-
state value of 25 kN according to a law close to
linear (Fig. 11,a). In this case, the change in
driving force is carried out almost
instantaneously in 0.001 s. The driving torque of
the load lifting mechanism also changes
smoothly (Fig. 11, b). Initially, the driving
torque increases smoothly from an initial value
of 6.0 kNm to 8.25 kNm, and then gradually
decreases to a steady-state value of 2.25 kN. At
the same time, there are no oscillatory processes
in the drives of the mechanisms for moving the
boom section and lifting the load, which is due
to the smoothness of the change in the driving
forces of the drives.

(@

L

(b)

Fig. 8. The graph of the rate of change of cargo departure

(b)

Fig. 9. The graph of change in speed (a) and acceleration (b) of lifting a load
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Fig. 10. The graph of change in the driving force (a, b) of the

boom lifting cylinder and the speed (c) of the rod extension

The drive power of the boom lifting mechanism
(Fig. 12, a) increases in the oscillatory mode to a
steady-state value of 13.0 kW. At the same time,
the oscillations of the drive power decay in 0.2 s,
i.e. during the start-up process. The drive power
of the mechanism for moving the boom section
(Fig. 12,b,¢) first instantly increases to a
maximum value of 7.0 kW, and then also
decreases to a minimum value of 1.9 kW
(Fig. 12, c). After that, the drive power gradually
increases in the oscillatory mode (caused by
oscillations of the load on the flexible
suspension) to 2.7 kW (Fig. 12,b). The drive
power of the load lifting mechanism (Fig. 12, d)
first gradually increases to a maximum value of
15.0 kW, and then also gradually decreases to a
steady-state value of 8.0 kW.

Conclusions. Based on the results of
studies of the dynamics of the joint movement
of the mechanisms for turning the boom,
extending its section and lifting the load at a
steady-state turn of a jib crane, the following
conclusions are proposed:

1. A dynamic model of the combined
movement of the mechanisms for turning the
boom, extending its section and lifting the load
during the steady-state turning a hydraulically
driven jib crane is proposed. This dynamic
model presents the main movement of the drive
mechanisms for turning the boom, extending its
section and lifting the load during a steady-state
turn of the crane. The elastic-dissipative
properties of the traction rope of the load lifting
mechanism, as well as low-frequency
pendulum oscillations of the load on a flexible
suspension, are also taken into account. The
dynamic model takes into account the
characteristics of the driving forces of the
hydraulic cylinders for turning the boom and
extending its section, as well as the hydraulic
drive of the load lifting mechanism. On the
basis of the developed dynamic model of the
boom system, a mathematical model was
constructed, which is described by a system of
nonlinear differential equations of the second
order. To solve the system of equations,

numerical methods applied using the developed computer program.

2. On the basis of solving the mathematical model, a dynamic analysis of the joint start-up of the
mechanisms for turning the boom, extending its section and lifting the load at a steady-state turn of the
jib crane was carried out. As a result of the dynamic analysis, oscillatory processes and increased
dynamic loads in the drives and structure of a jib crane were revealed in the process of simultaneous
start-up of the mechanisms for turning the boom, extending its section and lifting the load during a
steady-state turn of the crane. The instantaneous change in the driving forces of the drive mechanisms
at the beginning of the start-up led to high-frequency oscillations of the kinematic and dynamic
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characteristics of the boom system, which quickly dampen. The high-frequency oscillations at the
beginning of the start-up of the drive mechanisms are the source of almost unattenuated low-frequency
oscillations of the load on the flexible suspension. The process of dampening these vibrations leads to
a decrease in productivity and an increase in energy consumption of the crane. To reduce low-
frequency oscillations, it is necessary to select the appropriate starting modes for drive mechanisms.

F3 N M. Nm
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100000 4000
50000 2000
00005 00010 00015 0.0020" — oM
(a) (b)

Fig. 11. The graph of the driving force of the hydraulic cylinder of the boom extension section (a) and the driving torque on the
drum of the lifting mechanism (b)
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Fig. 12.Power change graphs for boom lifting (a), boom section extension (b, ¢) and load lifting (d)
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3. As a result of the dynamic analysis of the simultaneous start-up of the mechanisms for turning
the booms, extending its section and lifting the load during the steady-state rotation of the jib crane, the
cause of the oscillatory processes was established, which is a rapid change in the driving forces of the
drives. To reduce oscillations in the design of the boom system, it is necessary to increase the
smoothness of the change in the driving forces of the drive mechanisms.

The research was carried out within the framework of the implementation of the thematic direction
"Development of mechanical engineering, materials science, instrument construction, production,
technologies, and transport" (scientific direction "Technical sciences") of the basic funding of NULES
of Ukraine (Agreement No. BF/38-2021 of 02.08.2021, Additional agreement No. BF/3-2024 dated
January 15, 2024).
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Jlosetikin B.C., Pomacesuu 1O. 0., Jloseiikin A.B., Jlawxo AL, Tlouka K.I.
JAHAMIYHHMIA AHAJII3 CYMICHOI'O PYXY MEXAHI3MIB 3MIHU BWIBOTY TA IIJIAOMY BAHTAXKY [IPH
YCTAJIEHOMY ITOBOPOTI CTPLIOBOI'O KPAHA

AKTyanbHOO TPOOIEMOI0 MOKPAIeHHsT POOOTH CTPINOBHX KPaHIB € IMiJBUIIEHHS IXHBOI HPOAYKTHBHOCTI. ONHMM i3 MUIIXIB
MiIBUILEHHS NPOXYKTUBHOCTI CTPUIOBHX KPaHIB € CyMIIleHHS POOOTH OKpeMHX MexXaHi3MiB. MeTO JOCIiIKeHHs € mo0yaoBa
MaTeMaTHYHOI MOJIENi Ta IPOBEICHHS JHHAMIYHOTO aHali3y CTPLIOBOi CHCTEMH KpaHa IIPU OFHOYACHIN POOOTI MEXaHI3MiB 3MiHU
BIJIBOTY Ta IMiJHOMY BaHTa)Xy HPH yCTAJIICHOMY ITIOBOPOTI KpaHa. B MpoBeeHHX JOCIIKEHHSIX BUKOPHCTAHO METOAU MOOYI0BH
JIMCKPETHHX JAMHAMIYHHX MOJENEeH CTPIJIOBOro KpaHa LUBIXOM BHKOPHCTAHHS PIBHSIHB Jlarpamika Apyroro poiy, YHCeiIbHi METOAN
PO3B’SI3yBaHHS OTPHMAaHUX [U(EpEeHIaNbHUX pIBHAHb, SIKi IPH YCTAICHOMY HOBOPOTI KpaHa HpPEACTAaBICHI y BHITIIL
KOMIT FOTEPHOI MPOrpaMH Ta METOM JUHAMIYHOrO aHajlidy KpaHOBHX MeXaHi3MiB. B mpescrapieniii poOoTi BupilIyeThes 3aqaua
JOCHI/UKCHHST JMHAMIKH OJHOYACHOTO PYXy MEXaHi3MiB IIOBOPOTY CTPLIH, BHCYBaHHs il CeKiii Ta MigioMy BaHTaXy IIpU
yCTaJICHOMY IOBOPOTi KpaHa. Jsi JOCIHIMKEHHS AMHAMIYHHMX IPOIECIB B TiApO-MEXaHIUHiH CHCTeMi CTPLIOBOrO KpaHa IIPH
OJIHOYACHIIT pOOOTI KPAHOBUX MEXaHI3MIB PO3pOOICHO METOIHMKY AMHAMiYHOro aHamizy. CTpinoBa cucTeMa KpaHa MpEACTaBICHA
JIMHAMIYHOIOMO/ICIUTIO 3 IIICThOMA CTYIICHSIMU BUIBHOCTI, [I¢ BpaXOBaHO OCHOBHHI PyX MEXaHi3MiB i KOJIMBAHHS JIAHOK Ta BAaHTAXKY
Ha THy4koMy migBici. Ha ocHOBI moOymoBaHOI MaTreMaTHYHOI MOJENI BH3HAYCHI KiHEMATHYHI, AMHAMIYHI Ta EHEpreTHYHi
XapaKTepUCTUKH OKPEMUX JAHOK CTPUIOBOI CHCTEMH KpaHa IPH ORHOYACHIH poOOTi MeKiIbKOX MexaHi3MiB. JlocmiukeHo
BHCOKOYACTOTHI KOJIMBAHHS JIAHOK MPUBOY MEXaHi3My IMiJHOMy BaHTa)y Ta HHU3bKOYACTOTHI KOJIMBAHHS BAaHTa)Xy HA THYYKOMY
mizBici. BcTaHOBJIEHO, 1110 BHCOKOYACTOTHI KOJIMBAHHS JIAHOK 3aTYXalOTh B MEXax IPOLECY IyCKY, @ HU3bKOYACTOTHI KOJMBAHHS
BaHTA)Xy IIPAKTUYHO HE 3aTyXaIOTh 1 TPUBAIOTH IIPOTATOM BCHOTO [IUKITY PYXY.

[t MiHiMi3anil KOJTHMBAIBHHX MPOLECIB OAHOYACHOTO PYXY MEXaHi3MiB CTPLIOBOI CHCTEMH PEKOMEHIOBAHO OOMUPATH PEKHUMH
PYXy NpHUBOAIB, sIKi 3a0e3MedyroTh IUIaBHHN PyX BHKOHABYHMX EJIEMEHTIB, IO IPHUBOJHUTH JO 3MEHIICHHS HABaHTaXEHb Ta
TiIBUILEHHS HATIHHOCTI pOOOTH KpaHa.

KJ11040Bi cj10Ba: MeXaHi3MHU IOBOPOTY CTPLJIM, BUCYBaHHS CEKIIT CTPLJIM, MiIOMY BaHTaXy, KOJIMBAIIbHI MPOLIECH, AUHAMIYHI
HaBaHTAKCHHSL.

Loveikin V.S., Romasevych Yu.O., Loveikin A.V., Liashko A.P., Pochka K.I.
DYNAMIC ANALYSIS OF THE JOINT MOVEMENT OF DERRICKING MECHANISM AND LIFTING MECHANISM
OF A LOAD DURING A STEADY-STATE TURN OF A JIB CRANE

Increasing the productivity of jib cranes is an urgent problem of improving their operation. Combining the work of separate
mechanisms is one of the ways to increase the productivity of jib cranes. The aim of the study is to build a mathematical model and
conduct a dynamic analysis of the crane jib system with simultaneous operation of the derricking mechanism and lifting mechanism
of the load during a steady-state crane rotation. Methods for constructing discrete dynamic models of a jib crane by using Lagrange
equations of the second kind, numerical methods for solving the obtained differential equations, which are presented in the form of a
computer program at a steady-state crane rotation, and methods for dynamic analysis of crane mechanisms are used in the conducted
research. The task of researching the dynamics of the simultaneous movement of the mechanisms for turning the boom, extending its
section and lifting the load during a steady-state crane turn is solved in the presented work. The method of dynamic analysis was
developed to study dynamic processes in the hydro-mechanical system of a jib crane during the simultaneous operation of crane
mechanisms. The crane boom system is represented by a dynamic model with six degrees of freedom, which takes into account the
main movement of the mechanisms and the oscillations of the links and the load on a flexible suspension. The kinematic, dynamic,
and energy characteristics of individual links of the crane jib system with simultaneous operation of several mechanisms are
determined on the basis of the constructed mathematical model. The high-frequency oscillations of the drive links of the load lifting
mechanism and the low-frequency oscillations of the load on a flexible suspension are investigated. It was found that high-frequency
vibrations of the links damped within the start-up process, while low-frequency vibrations of the load practically did not damp and
continued throughout the entire movement cycle.

Drive modes that ensure smooth movement of the actuators, which leads to reduced loads and increased reliability of the crane
are recommended to minimise oscillatory processes of simultaneous movement of the jib system mechanisms.

Keywords: boom turning mechanisms, boom section extension, load lifting, oscillatory processes, dynamic loads.
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Increasing jib crane productivity requires combining the work of its mechanisms. This study develops a mathematical model and
dynamic analysis of the jib system with simultaneous operation of derricking and lifting mechanisms during steady-state rotation. A
six-degree-of-freedom model accounts for mechanism movements and oscillations. High- and low-frequency oscillations were
analyzed, revealing persistent low-frequency load vibrations. Smooth drive modes are recommended to reduce loads and improve
crane reliability.
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