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Dynamic analysis of the joint movement
of the hoisting and slewing mechanisms
of a boom crane

Abstract. To increase the productivity of boom cranes, the operation of individual mechanisms is combined. At the same
time, dynamic loads on structural elements, drive mechanisms and loads on a flexible suspension increase, which reduces
the reliability of crane operation and increases energy losses. Therefore, the research aims to consider the problem of
the dynamics of the joint movement of the mechanisms for load slewing and hoisting of a boom crane. To study the
dynamics of the joint movement of the mechanisms, the boom system was represented by a mechanical system with
6DOF, where the basic movement of the mechanisms and the oscillatory movement of the structural links with elastic
and dissipative properties, as well as the load on a flexible suspension in the plane of crane slewing and hoisting were
considered. For such a mechanical system of a crane, the differential equations of the joint motion of the crane slewing
and hoisting mechanisms were developed. The obtained equations are a system of the second order nonlinear differential
equations, for solving which a numerical method in the form of a computer program was used. Using the developed
program, the dynamics of the joint movement of the mechanisms of a jib crane with specific numerical parameters
were calculated. Based on the calculations, a dynamic analysis of the joint movement of the mechanisms for slewing
and hoisting the load of a jib crane with a hoisting boom was carried out, which revealed high-frequency vibrations of
links with elastic and dissipative properties, as well as low-frequency oscillations of the load on a flexible suspension.
The greatest impact of oscillations is observed during the start-up of mechanisms, where high-frequency oscillations
dampen during the transient process, and low-frequency oscillations dampen over a fairly significant period. To improve
the dynamic properties of the mechanisms for turning and hoisting a load during their joint movement, it is proposed to
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Dynamic analysis of the joint movement...

optimise the mode of movement in the areas of transient processes (start-up, braking). The research results can be used
in the development and operation of cranes in mechanical engineering, construction, and other industries

Keywords: tower; drive; slewing; load; flexible suspension; oscillation; amplitude

INTRODUCTION

Heavy loads are moved by various types of cranes: over-
head, container, rotary and tower cranes. They are used in
industry and construction. To increase the productivity of
boom cranes, the combined operation of several mecha-
nisms is often used. T. Yang et al. (2019) found that, in par-
ticular, it is quite common to combine the operation of the
load hoisting mechanism and the crane’s slewing mecha-
nism. At the same time, with such operation of crane mech-
anisms, dynamic loads increase in their drive elements
and structures. These loads have a significant impact on
the reliability of the structure and energy consumption.

M. Ambrosino et al. (2020) traced the relationship be-
tween performance and dynamic loads in a crane system.
O. Podolyak et al. (2022) investigated the dependence of
the dynamic load on the crane on the swing movement
of the load. Mathematical methods were used to build a
mathematical model of motion dynamics describing the
transient processes of the DEK-251 diesel-electric crawl-
er crane (Soviet Union). The dynamic loads are estimated
according to the design schemes. V. Lovejkin et al. (2020)
focused on the dynamic analysis of flexible crane systems
with programmable constraints. It is established that dur-
ing the start-up process, oscillations occur that can affect
the capacity and reliability of the crane. It is proposed to
optimise start-up modes to reduce oscillations and im-
prove performance. Q. Wu et al. (2020) considered the dy-
namic analysis of a crane with a double pendulum and a
distributed mass beam.

Therefore, the need to study the dynamics of boom
cranes when the mechanisms for hoisting and slewing the
crane are in operation is determined. It is necessary to
consider the low-frequency oscillations of the load on a
flexible suspension and the high-frequency vibrations of
links with elastic and dissipative elements.

To improve the efficiency of a crane system (speed and
positioning accuracy, etc.), the angular oscillations of the
load must be kept within small limits, which is achieved
by using a controller (Zhang, 2019). Research on the con-
trol of crane systems is widespread and long-term. Howev-
er, most control methods have been proposed mainly for
overhead or container cranes (Jaafar et al. 2019), and the
number of control methods for tower cranes is much small-
er than for overhead cranes. The strength and wear of the
crane and its parts: body, jib, and boom, can be assessed
by numerical analysis (Buczkowski & Zyliriski, 2021).

A. Mohammed et al. (2019) suggested a method for
controlling the input signal alongside a logic algorithm
strategy for tuning the acceleration of a trolley. The pol-
ynomial function is defined as an input to accelerate the
trolley to move the load along a certain trajectory that

meets the system constraints while achieving the desired
end conditions. X. Wang et al. (2019) proposed a unified
symplectic pseudospectral method for motion planning
and control of 3D-guided overhead cranes. I. Umaru et
al. (2021) showed a hybrid control system for oscillation
damping and precise positioning of the trolley in gantry
crane systems. The hybrid control system combines the
formation of an input signal with zero oscillations and
the zero derivative of oscillations to suppress oscillations.
A. Mohammed et al. (2023) demonstrated an optimised
controller using a multi-objective genetic algorithmic op-
timisation strategy. The purpose of the proposed method
is to minimise the residual oscillations of the crane load
that occur when the load is moved from one position to
another, starting from non-zero initial conditions.

Thus, the problem of determining the actual dynamic
loads that arise during the joint operation of the crane
hoisting and slewing mechanisms is quite relevant, as it
reflects the real conditions of boom cranes during oper-
ation. Therefore, the research aims to determine the dy-
namic loads in the elements of boom cranes during the
joint operation of the mechanisms of the hoisting and
crane slewing.

MATERIALS AND METHODS

The boom system of the crane was represented by a me-
chanical system consisting of absolutely rigid links of the
crane slewing and hoisting mechanisms. At the same time,
the traction rope of the hoisting mechanism has elastic and
dissipative properties, and the flexible load suspension os-
cillates in the crane outreach and slewing plane and has
dissipative properties. In addition, the slewing mechanism
drive has elastic and dissipative properties. All the ele-
ments of the drive of the hoisting mechanism were con-
nected to the axis of the drive drum, and the drive of the
slewing mechanism to the crane’s rotation part (column).
The hoist rope forms a poly-sling system in which the load
is suspended.

Based on the aforementioned, Figure 1 shows a dy-
namic model of the boom system with the combined move-
ment of the slewing and hoisting mechanisms, which has
6 degrees of freedom. The generalised coordinates of this
system are the angular coordinates of the rotation drive a,
the drive of the hoisting mechanism }, the crane rotation
part ¢, the load slewing y and the linear coordinates of the
load centre of mass when moving in the plane, where coor-
dinate x changes and hoisting in the vertical plane u.

The boom system is subject to the driving forces of
the crane’s slewing drive mechanisms M, and load hoisting
M,, as well as the torque of the resistance forces in the
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swivel part of the crane M, and the mass of the load with
the gripper and the bock-and-tackle system. In addition,

elastic and dissipative forces act in the elastic elements of
the drive mechanisms and the flexible load suspension.

Figure 1. Dynamic model of a boom system
with simultaneous movement of the turning and hoisting mechanisms
Note: generalised angular coordinates of the drive of the slewing mechanism ¢, drive of the load hoisting mechanism g, the
rotation part of the crane ¢, rotation the load y and the linear coordinates of the centre of mass of the load when moving in the
plane of starting position change x and hoisting in the vertical plane u; driving forces of the crane slewing drive mechanisms
M, and load hoisting M,, moment of resistance forces in the rotation part of the crane M;; I,, I, — the moments of inertia of the
drives of the crane’s rotation part and the drive drum of the hoisting mechanism, respectively, are reduced to the axes of the
slewing and hoisting mechanisms; I, - moment of inertia of the crane slewing part relative to its rotational axis; y - vertical
coordinate of the load’s centre of mass; z — initial value of the load starting position; v — angular coordinate of deviation from
the vertical of the poly-sling system of the load hoisting mechanism; C,, C, - the stiffness coefficients of the drive mechanisms
for rotation and hoisting the load are reduced in accordance with the axes of rotation of the crane and the drive drum of the

hoisting mechanism; A, B, C - initial, intermediate and final positions of the load during movement

Source: compiled by the authors

To build a mathematical model of the joint movement
of the load hoisting and crane slewing mechanisms, repre-
sented by the dynamic model in Figure 1, the second order
Lagrange equations were applied:

40T o _ .. 9P _OR
dtga da 1 oa oa’
daT 9T _ P dR
deop op 2 op op’
dar  or P 9R
dag a9 0 ag  o¢
doT 9T _ 9P OR 1)
deoy oy oy oy’
49T 9T _ 9P 4R
dtox  ox  ox  0x’
daT 9T _ 9P R
atgu ou  ou  ou’

where T, P, R — are the kinetic and potential energy of the
system, respectively, and the Rayleigh dissipative function;
M,, M, - driving torques of the drive mechanisms for crane
slewing and hoisting, summed up according to the rota-
tion part of the crane and the drive drum of the hoisting
mechanism (torques M, M, are determined from the me-
chanical characteristics of electric motors according to the
Kloss formula (Lovejkin et al., 2020)); M, — the moment of
resistance forces in the rotary part of the crane, reduced to
the rotation axis.

The kinetic energy of the boom system during the joint
movement of the mechanisms for rotation and hoisting the
load was expressed through generalised coordinates and is
represented by the following dependence:

1, . 1 5 1 H 1 . . H
T=-La®+, L%+ ¢+ m(¥* + 5% +9%x), (2)

where I, I, - the moments of inertia of the drives of the
crane’s rotation part and the drive drum of the hoisting
mechanism, respectively, are reduced to the axes of the
slewing and hoisting mechanisms; m - load mass; I, — mo-
ment of inertia of the crane slewing part relative to its rota-
tion axis; y — vertical coordinate of the centre of load mass.

The potential energy function of the joint movement

system of the slewing and hoisting mechanisms:

P=:
2

Ci(p—a)®+ % C,(nu-pr)? —mgucosv, (3)
where C,, C, - the stiffness coefficients of the drive mech-
anisms for rotation and hoisting the load are reduced fol-
lowing the axes of rotation of the crane and the drive drum
of the hoisting mechanism; r - radius of the drive drum of
the load hoisting mechanism; n — multiplicity of the load
hoisting mechanism; g — free fall acceleration; v — angular
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coordinate of deviation from the vertical of the block-and-
tackle system of the load hoisting mechanism.

The Rayleigh dissipative function is expressed by the
following relationship:

=1by(p—a) +ib(nu=pr) +1bv2 (4

where b, b,, b - Dissipation coefficients of elastic ele-
ments, respectively, of the drives of the mechanisms for
slewing and hoisting the load, as well as the flexible load
suspension.

To find the coordinate of the deviation from the verti-
cal of the load rope (block-and-tackle system) (Fig. 1), the
following geometric relationships are used:

AB =x-7; BC = x(¢ —¥); 2ABC =2 -2, (5)

AC =VAB? + BC?
= [G-22 +x2 @ - 9 20— Dx@ - ) sin Y

Since during the operation of cranes, the deviation of
the load rope from the vertical does not exceed 12°, then
it is possible to assume sin £=* w =2 w which will result in:

—2AB-BC-cos £ABC =

AC = J(x =2 +x2(§ —P)* = x*($ — ) + 2x(p — ¥)? =
=/ =2 + zx($ — )*. (M)

Given the latter expression, the angular coordinate of
the deviation of the block-and-tackle system from the ver-
tical was determined by the dependence:

N e LR ) o) ®

where z — initial load starting position.

Dependencies were used to determine the vertical co-
ordinate and velocity of the centre of mass of the load dur-
ing the joint operation of the mechanisms for hoisting the
load and the crane slewing:

Y=Uucosv; y =1 cosy - vusinv. 9)

The derivatives of the kinetic energy required for the
system of equations (1) are found:

ar _or _or _

oa 0B 0 a¢ 0__m1p26 —myau (10)
§—Z=11a —Izﬁ —I3¢;g—£=mx21/}; (11)
=mi; o =my s =my (12)

e e (13)
%Z—; = mx2) + 2mxxy; :t ZT mi; (14)
g = Mt M (1)

Several derivatives included in expressions (9)...(15)
were found:

dy .0V . . vy . e
2= 4 sinv — o+ ua) SinV —uv——cosv;

u u u
dy v . (16)
—— = COSV —UuU_—Sinv.
u u

y=ticosv - uvsiny - vusiny - tvsiny -v2ucosy = ficosy -

- 2uvsiny -vucosy - vusinv. a7

Partial derivatives of the potential energy of the sys-
tem were taken, which was expressed by dependence (3):

aP

= =9 a); 2 aﬁ = —C,r(nu— Br); (18)
Z_Z = Cyn(nu — Br) —mg(cosv — uZ—Zsinv); (19)
%_ C1(¢—a)+mgusmvg¢ (20)
:—;—mguﬁsmv a—P—mgug—;sinv. (21)

Expressions (18), and (21) contain partial derivatives
of the function of the load rope deviation from the vertical
by generalised coordinates. These derivatives were deter-
mined:

1
= = —2)* + 2x(d — )% (22)
ov _ 1 zx(¢—¥) .
¢~ uJx—2)2+zx(p-P)2’ (23)
o _ 1 zx(¢-Y) . (24)
P uJ(x=2)2+zx(p—-9)%’
v _ 1 (x-2)+z(-)2/2 25)

ax ~ uJ(x-2)2+zx(P—P)Z

Partial derivatives of the Rayleigh dissipative function:

Z—Z = —by (¢ — @); Z—; = —b,r(ni — Br); (26)
oo = byn(nit— fr) + bv 3, @7)
g—g=b1(¢—d)+bv:—; (28)
=V s = 29)

Angular rate of deviation of the load rope from the
vertical:

v=— {(x—z)-x+z[Je(¢—w)Z/2+x(¢—w)(<i>—fp)] _
v V=27 +zx(p—)?
‘U= (x = 2)% + zx(¢ — P)? } (30)

The partial derivatives of function (30) are taken, and
the result is:

v

a 1
rink iR CRRI L (Rl D €2
ap 8¢ u (x—2)+zx(p-9)?’
ov _ov _ 1 z@-Y) .
oy~ oy uJ(x=2)2+zx(p-P)?’ (33)
v _ v _ 1 x+z[(p-)?/2-1] (34)

9% o9x u (x—2)2+zx(p—P)2
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After substituting expressions (9), (10), (14), (15),
(18)..., (21), (26), ... (29) into system (1), a system of dif-
ferential equations of motion of the joint movement of the
mechanisms for slewing and hoisting the load of a boom
crane is obtained:

11‘? =M; +Ci(p—a)+ b (¢ —a); )
LB =M, + Cyr(nu — fr) + by(nit — fr);
I;p = =My — C,(¢p — ) — mgu%sinv -
i . . 0v
—bi(¢p— ) — bvﬁ,

- i v . .0
mx% + 2mxxy = —mgu#smv - bvé; (35)
mi — mxp? = —mgu%sinv - bv%;
m(iicos v — 2uv sinv — v2ucos v — u sinv) cosv =

= —Cyn(nu — Br) + mg(cosv — uZ—Zsinv) -

—byn(nit — fr) — bv 2.

The resulting system of second-order differential
equations is nonlinear and cannot be solved by analytical
methods, so a numerical method is used to solve it, which
is presented in the form of a developed computer program
in the Wolfram Mathematica software. The following initial
conditions for the joint movement of the mechanisms for
slewing and hoisting the load are used:

Ug-4

t=0,a=24=0p=2%p=0p="2
Cy r

T

. . (36)
U=0,x=z=40mx=0,¢p=0,¢ =0, =0, =0.

The calculations of the dynamics of the joint move-
ment of the mechanisms for slewing and hoisting the
load of a boom crane were performed for the following

&, rad/s

"Il

tc
"'5 0 15 20 25
-0.05

-0.10
a)

b) 01 02 03 04 05

V. Loveikin et al.

initial data: I, = 71626.115 kg:m?* I, = 1249.93 kg:m?
I, = 4920738.85 kg'm? C, = 6626669.045 (N-m)/rad;
C,=150796 (N-m)/rad; m = 2000 kg; z=40 m; u=20 m;
r,=0.25m;n=4;M_,=85N-m;M_,=487.5N-m; M  =36.8N-m;
M_,=195 N'm; u, =1355.2; u,=116.56; n,=0.86; 1,=0.85;
w,, = 104.67 rad/c; o, = 157 rad/c; o, = 95.04 rad/c;
o, =153.86 rad/c; A, =2.8; 1,=2.5; b=21-10° %ng;
b1=1-105%"§; b2=1.5-105%"§;g=9.81 m/c?.

RESULTS AND DISCUSSION

As a result of numerically solving the system of differential
equations (35) under the initial conditions of movement of
the mechanisms (36) using the developed computer pro-
gram for a specific hoisting boom crane, graphical depend-
ences of kinematic, dynamic, and energy characteristics
were built. Figure 2 shows the graphical dependences of
the angular velocities of the drive mechanisms for crane
slewing and hoisting, plotted following the axes of rotation
of the crane and the drive drum of the hoisting mechanism.
The angular velocity graph of the slewing mechanism drive
(Fig. 2a) shows that during the 5-second start-up period,
there are alternating speed oscillations with an amplitude
of -0.09 to +0.07 rad/s and a frequency of 1.4 s!, followed
by reaching a steady-state value within 15 s. This mode of
starting the slewing mechanism leads to significant dy-
namic loads in the drive elements and the rotary column.
Since this study considers lowering the load, the drive
mechanism for hoisting the load almost instantly (with-
in 0.1 s) acquires the steady-state angular velocity of the
drive drum (Fig. 2b). In this case, significant dynamic loads
also act, but they take on an instantaneous value and in the
steady-state movement section, the angular velocity of the
drive drum takes on a constant value.

B, rad/s
1.4

1.2
1.0}
0.8
0.6
0.4
0.2

Figure 2. Angular speeds of drive mechanisms

Note: a) slewing; b) hoisting
Source: compiled by the authors

The graphical dependences of the angular accelerations
of the drive mechanisms for crane slewing and hoisting
(Fig. 3) confirm the results of the analysis of the angular ve-
locities of these mechanisms. From Figure 3a, it can be seen
that at the start-up section of the slewing mechanism, the
drive elements exhibit alternating oscillations of angular ac-
celerations with a maximum oscillation amplitude of 1.5 rad/
s2. After the start-up process, the acceleration oscillations of
the slewing mechanism drive dampen and are practically

zero in the steady-state motion area. When the load hoisting
mechanism is started, the angular acceleration of the drive
almost instantly increases to a maximum value of 40 rad/
s? and then instantly decreases to zero. The instantaneous
maximum acceleration of the hoisting actuator is an order
of magnitude greater than the instantaneous maximum ac-
celeration of the slewing actuator, but this action is instan-
taneous without further oscillations, which is not the case
with the slewing actuator, which has damped oscillations.
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a)

t,c

/"3, rad/s?
40
30
20
10

t,c

01 02 03 04 05

b)

Figure 3. Angular accelerations of drive mechanisms

Note: a) crane slewing; b) load hoisting
Source: compiled by the authors

Figure 4 shows the angular velocity and accelera-
tion of a crane slewing column. Figure 4a shows that the
steady-state value of the column’s angular velocity is
reached after approximately 13 seconds of movement. At
the same time, at the beginning of the start-up, within 5
seconds of movement, high-frequency speed oscillations
with a small amplitude are observed. Subsequently, dur-
ing the steady-state movement, there are slight low-fre-
quency fluctuations in the column speed caused by the

¢, rad/s

0.07
0.06
0.06
0.04
0.03
0.02
0.01

t,
5 10 15 20 25°°¢
a)

oscillations of the load on the flexible suspension. At the
start-up section, high-frequency alternating oscillations
of the column’s angular acceleration are observed for 5
seconds of motion (Fig. 4b). Such a change in accelera-
tion leads to the appearance of alternating dynamic loads
in the column during the first seconds of start-up. Sub-
sequently, the acceleration of the column decreases with
minor low-frequency oscillations and tends to zero by the
25% second of movement.

@, rad/s?

0.020
0.015
0.010
0.005

-0.005 5 10 15 20 25
b)

Figure 4. Angular velocity (a) and acceleration (b) of the crane column

Source: compiled by the authors

The linear velocity and acceleration of the axial
movement of the load (Fig. 5) have a familiar oscilla-
tory character caused by the centrifugal force when the
crane is turning and the action of the horizontal com-
ponent of the load’s gravity when the load rope devi-
ates from the vertical. As can be seen from Figures 5a

x, m/s?
0.15
0.10
0.05

/\

L
0 25

-0.05 5 10 1

-0.10
-0.15

a)

and 5b, these oscillations require a significant duration
of movement to dampen, which is not often enough for
cranes to operate. Therefore, at the end of the crane’s
movement cycle, it is necessary to cease the load oscil-
lations, which takes time and leads to a decrease in the
crane’s productivity.

X, m/s?
0.05 /\
/\ v/ t,c
5 0 15 0 25
-0.05
b) -0.10

Figure 5. Linear velocity (a) and acceleration (b) of the load in the plane of starting position change

Source: compiled by the authors

Figure 6 shows the graphs of angular displacement,
speed, and acceleration of the deviation from the vertical

of the block-and-tackle system of the load hoisting mech-
anism. From Figure 6a, it can be seen that the deviation of

Machinery & Energetics. Vol. 14, No. 4
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the load chain from the vertical initially (during the first
five seconds of movement) increases, and then low-fre-
quency oscillations are observed with a decrease in the val-
ue of the deviation. At the same time, the deviation of the
load hoist from the vertical does not change its sign, which
indicates the dominant role of the centrifugal force of the
load when the crane is turning. The rate of change of the
deviation of the hoist from the vertical (Fig. 6b) consists of
low-frequency and high-frequency components of oscilla-
tions in a section lasting up to 5 seconds, and then only the

V. Loveikin et al.

low-frequency component of oscillations remains, which
fading over time. The angular acceleration of the deviation
from the vertical of the load sling (Fig. 6¢) also has a familiar
high-frequency component of oscillations up to 5 seconds
of movement, and after that, insignificant low-frequency
oscillations of acceleration are observed, which practically
dampen by 25 seconds of movement. Moreover, the ampli-
tude of high-frequency oscillations significantly exceeds
the amplitude of low-frequency oscillations of the angular
acceleration of the load sling deviation from the vertical.

v, rad/s? v, rad/s 7, rad/s?
0.04 0.020 0.04
0.03
0.03 0.015 0.02
0.010 :
0.01
0.02 0.005 i V/\ te
0.01 AN\ LN e 001 5~ 1015 20 25
' \/0 19 20 257 002
t,c -0.005 20.03
a) 5 10 15 20 25 b) o

Figure 6. Poly-harness system deviation from the vertical

Note: a) angular changes, b) speed, c) velocity
Source: compiled by the authors

The driving torque of the electric motor (Fig. 7a) and
the elastic torque in the transmission mechanism (Fig. 7b)
of the rotation drive during the start-up phase change in
an oscillatory mode with a high oscillation frequency for
up to 6 seconds. Then, these moments decrease and take
on steady-state values by the 25" second of movement.
The maximum value of the driving torque is 100 kNm,
and the elastic torque in the transmission mechanism
is 120 kNm. Such a change in the driving torque leads to
a significant increase in dynamic loads of an oscillatory

M, N'm
100000
80000
60000
40000
20000

I t,c
5 10 15 20 25

nature in the structural elements and the drive, as evi-
denced by the graph of the elastic moment in the trans-
mission mechanism, where the maximum value of the
elastic moment is 20% higher than the maximum value
of the driving torque. To reduce the dynamic loads in the
elements of the boom system during the joint movement
of the mechanisms for turning and hoisting the load,
there is a need to eliminate oscillations and increase the
smoothness of the change in the driving torques of the
drive mechanisms.

M, N-m

120000
100000
80000
60000
40000

20000 L —
t,c

—ZOOOOU' 5 10 15 20 25

Figure 7. Crane rotational torques

Note: a) driving, b) elastic
Source: compiled by the authors

Figure 8 shows a graph of the power change of the
slewing mechanism drive, which shows that at the begin-
ning of the start-up, up to 5 seconds of movement, there
is a familiar oscillating character of power change with
its maximum value of 4.0 kW. Subsequently, the power
changes smoothly and by the 25™ second of movement,
its steady-state value is established. The reason for the

oscillations in the power change of the slewing drive
mechanism is the oscillatory nature of the drive torque
change, which depends on electromagnetic transients
in the electric motor. Therefore, to eliminate oscillatory
processes in the boom crane mechanisms, it is necessary
to optimally control electromagnetic transients in the
drive motors.

Machinery & Energetics. Vol. 14, No. 4
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P, W

4000

2000

Figure 8. Diagram of power variation
of the drive of the turning mechanism
Source: compiled by the authors

The research results obtained were compared with
those of other authors. O. Podolyak et al. (2022) presented
the construction of a mathematical model of the dynamics
of the boom crane movement when three mechanisms work
jointly: trolley movement, slewing, and load hoisting. Dif-
ferential equations of motion are presented that describe
the joint movement of the mechanisms without consider-
ing the elasticity of the links, but no numerical calculations
are used in the constructed model. The study considers the
elastic-dissipative properties of the drive mechanisms for
crane hoisting and turning with the calculation of kinemat-
ic, dynamic, and energy numerical characteristics. At the
same time, a significant influence of oscillatory processes
on the dynamics of movement of the mechanisms for slew-
ing and hoisting loads is shown. V. Lovejkin et al. (2020)
considered a dynamic model of the motion of two mech-
anisms for the trolley movement and crane slewing, which
considers the oscillations of the load on a flexible suspen-
sion, but all other links of the mechanisms are assumed to
be rigid bodies. As a result of the calculation, the maximum
rotation and acceleration speeds were obtained, which are
0.1 rad/s and 0.03 rad/s?, respectively, while in the pres-
ent article, the maximum speed in the slewing mechanism
is 0.07 rad/s and the acceleration is 0.022 rad/s%. N. Sun et
al. (2019) built a mathematical model of the dynamics of
load movement on a flexible suspension. They developed
the differential equations of motion and conducted exper-
imental studies, which showed that the maximum devia-
tion of the load from the vertical is 0.11 rad. In the pre-
sented study, a similar result is 0.041 rad, which is almost
2.5 times less compared to the result obtained by N. Sun et
al. (2019). M. Ambrosino et al. (2020) developed a mathe-
matical model of the dynamics of movement of crane slew-
ing and boom hoisting mechanisms with load oscillations
on a flexible suspension in the plane of the trolley move-
ment and crane slewing. As a result of the calculations, the
maximum values of the load rope deviations from the ver-
tical were obtained, which are 0.047 rad, In the proposed
article, a similar result is 0.041 rad, which is almost the

same as the result obtained by M. Ambrosino et al. (2020).
R. Miranda-Colorado (2021) presents a new robust con-
troller to dampen the oscillation of the deflection angle
of a crane load suspension with a variable cable length.
E. Jarzebowska et al. (2020) investigated the vibrations of
flexible systems with programmable constraints. The auto-
mated procedure allows the analysis of both rigid and flex-
ible systems. An example of a crane with a flexible boom
and programmable constraints is demonstrated. S. Wang et
al. (2019) studied an anti-error device with a triple cable
mechanism for cranes that eliminates the disadvantages
of existing methods of reducing oscillations. J. Wang et
al. (2022) analysed a three-degree-of-freedom anti-er-
ror method for damping crane load oscillations on a ship.
I.A. Martin et al. (2021) developed an anti-error control sys-
tem for a crane on a ship with multiple degrees of freedom.

M. Zhang et al. (2019) developed a dynamic model of
the movement of an overhead crane and simulated the dy-
namics of the movement of a load on a flexible suspension.
The maximum deviation of the load from the vertical was
determined to be 0.094 rad, while in the proposed study
this value reaches 0.041 rad, which is 2.29 times higher
than the result obtained. H. Ouyang et al. (2019) present-
ed a dynamic model of an overhead crane, however, which
is presented in the form of a double pendulum, and equa-
tions of motion describing transient processes (start-up,
steady-state motion, and braking) were developed. The
motion analysis was performed, and the method proposed
by H. Ouyang et al. (2019) and the method of continuous
sliding mode control (CSMC). The method proposed by
H. Ouyang et al. (2019) proved to be better than the CSMC
method, reducing the maximum values of load oscillations
by almost 3.5 times. Comparing the method proposed by
H. Ouyang et al. (2019) with the results obtained in the
proposed study, which are 0.024 rad and 0.041 rad, respec-
tively, it has a 1.7 times lower maximum amplitude of load
oscillations, in contrast to the results obtained in the pro-
posed article. However, it should be noted that the meth-
od proposed by H. Ouyang et al. (2019) is an optimization,
while the proposed article was based on the mechanical
characteristics of the engine (without optimization).

Considering the results obtained in the research and
studies of other authors, it can be stated that the study of
the dynamics of movement of crane mechanisms is rele-
vant, and the results obtained in this article are close to
those obtained by other authors.

CONCLUSIONS

Based on the results of the study of the dynamics of the
joint movement of the mechanisms for boom crane slew-
ing and hoisting, a mathematical model of the dynamics
of the joint movement of the mechanisms for slewing and
hoisting of the load of a boom crane with a hoisting boom
was built, which is a system of six nonlinear second order
differential equations. The developed model considers
the main motion of the drive mechanisms for the crane
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slewing and hoisting the load, as well as high-frequency
vibrations of the links of these mechanisms with elastic
and dissipative properties, as well as low-frequency oscil-
lations of the load on a flexible suspension. The solution
of the system of nonlinear differential equations for the
joint motion of the crane slewing and hoisting mecha-
nisms was found by the numerical method using a spe-
cially developed computer program.

Based on the results of the calculations, a dynamic
analysis of the joint movement of the mechanisms for
turning and hoisting the load of a boom crane was car-
ried out. The dynamic analysis of the joint movement
of the hoisting and slewing mechanisms revealed sig-
nificant dynamic loads in the elements of the drives
and the crane structure during the process of starting
the drive mechanisms. In the slewing mechanism ele-
ments, which have elastic and dissipative properties,
the authors found familiar high-frequency oscillatory
processes of kinematic, power, and energy characteris-
tics that dampen rather quickly. At the same time, the
low-frequency oscillations of the mechanism links and
the load on a flexible suspension decay rather slow-
ly or practically do not decay during the movement cy-
cle. This primarily applies to the load on the flexible
suspension, whose oscillations need to be dampened,
which takes time and reduces crane productivity. When
lowering the load during the start-up process, the hoisting

V. Loveikin et al.

mechanism is subject to instantaneous significant over-
loads that do not cause oscillations of the mechanism links.

It has been established that one of the reasons for the
oscillatory processes in the crane slewing mechanism is
the abrupt nature of the change in the drive torque. To
reduce oscillatory processes in the crane elements, it is
necessary to increase the smoothness of the change in the
driving torque of the drive mechanisms. Low-frequency
oscillations of crane structural elements, drive mecha-
nisms, and load on a flexible suspension are recommended
to be calmed by introducing boundary conditions of move-
ment after the passage of transient processes (start-up,
braking). The prospect for further research is to optimise
the modes of movement of drive mechanisms to minimise
dynamic loads on structural elements and eliminate oscil-
lations of the load on a flexible suspension.
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OnHaMiyHM aHani3s cyMicHoro pyxy
MeXaHi3MiB NigioMy Ta NOBOPOTY CTPIZIOBOro KpaHa

AHoTaUiq. 3a/11s TiABUIIEHHS TPOAYKTUBHOCTI CTPITOBUX KPaHiB 3[1i/iCHIOIOTh CyMillleHHS POGOTV OKPEMIX MEXaHi3MiB.
[py 1bOMY 3pOCTalOTh IMHAMIUHI HaBaHTasKEeHHS Ha elleMeHTH KOHCTPYKIIil, IPUBOAHMX MeXaHi3MiB i BAHTa)Ky Ha THYUKOMY
mizaBici, ki 3HMKYIOTh Hai/iHICTh POGOTH KPaHiB i MiABUIIYIOTh eHepreTyuHi BUTpaT. TOMy METOIO CTaTTi 6Y/10 PO3MISTHYTU
3a7javy IMHAMIKM CITIJIBHOTO PyXy MeXaHi3MiB ITIOBOPOTY Ta MiJjioMy BaHTa)Xy CTPiJIOBOTO KpaHy 3 MiZJIOMHOI0 CTPi/IOl0.
JInst mOoC/iAsKeHHS AMHAMIKY CITITBHOTO PyXy MeXaHi3MiB CcTpijioBa cucTeMa 6ysa rnpefcraBieHa MeXaHiuYHO CUCTEMOIO
3 IIiCTbOMa CTYIIeHSIMM BiJIbHOCTI, e BpaXxOBaHO OCHOBHMI PyX MeXaHi3MiB Ta KOIMBaJIbHMI PyX TAHOK KOHCTPYKIIii 3
NPYKHUMM Ta AVUCUIIATUBHUMM BJIaCTMBOCTSIMM, a TAaKOX BAHTa)XKy Ha THYYKOMY ITi/IBiCi B IJIOIIMHI IOBOPOTY KpaHa Ta
migiiomMy BaHTaxXy. 17151 TaKOi MeXaHiqYHO1 CHMCTeMM BaHTKOMIAOMHOTO KpaHa CKIageHo audepeHIiaqbHi piBHIHHS
CYMiCHOTO pyXy MexaHi3MiB IIOBOPOTY Ta MiAiiomMy BaHTaxy. OTpUMaHi piBHSHHS SIBJ/ISIIOTh COO0I0 CUCTEMY HeMiHiITHUX
IudepeHLiadbHUX PiBHSIHD IPYTOTr0O MOPSIAKY, AJIST PO3B’SI3yBaHHSI SIKMX BUKOPUCTAHO UMCETbHUI MeTO, Y BUTSAL
KOMIT'IOTepHOI Iporpamu. 3a JOIMOMOTr0I0 pO3po6ieHO1 ITporpaMu MpoBeieHi PO3paxyHK IMHAMIKM CITIJIBHOTO PyXy
MeXaHi3MiB CTPiJIOBOro KpaHa 3 KOHKPETHMMM YMCI0BMMM ITapaMeTpaMy. Ha 0CHOBI ITpoBeieHOr0 pO3paxyHKy 3/1i/iCHEHO
JOVHaMiuHMI1 aHai3 CIIIJIbHOTO PyXy MeXaHi3MiB IOBOPOTY Ta MiI/ioMy BaHTa)XXy CTPiJIOBOTO KpaHa 3 IMiJjJfiOMHOI0 CTPi/Olo, B
pe3y/bTarTi IKOT0 BCTAaHOBJIEHI BUCOKOUACTOTHI KOMBAHHS JIAHOK 3 IIPY>KHMUMM Ta JUCUIIATUBHUMMU BJIACTUBOCTSIMMU, & TAKOX
HM3bKOYACTOTHI KOJIMBAHHS BAHTaXy Ha THYYKOMY TiaBici. Haii6inbimii BIVIMB KOJMMBaHb CIIOCTEPIraeThCsl B MPOLIEC] ITyCKY
MeXaHi3MiB, [le BCOKOYaCTOTHI KOJIMBAaHHS 3aTyXaloTh [IPOTSTOM II€pexiHOTO MPOLIECY, @ HU3bKOUACTOTHI KOIMBaHHS
3aTyXalTh IIPOTITOM JOCTATHHO 3HAUHOTO MPOMIXKY 4acy. [I/ig MoKpaleHHs AMHAMiIUHMX BJIaCTUBOCTEN MeXaHi3MiB
IIOBOPOTY Ta MiJI/iOMYy BaHTaXYy IiJi 4ac iX CHiJIbHOTO PyXy 3alIPOIIOHOBAHO 3/1i/ICHIOBATY ONTMMi3allil0 PEXXUMY PyXy Ha
IiNSTHKAX TepexigHNX MPOoIieciB (ITyCK, ralbMyBaHHsI). Pe3yabTaT BOCITiIKeHb MOKYTb OyTH BUKOPUCTaHI ITPYU PO3POOIeHH]
Ta eKCIuTyaTallii BAaHTaXOIiI/IOMHMX KpaHiB B MalIMHOOYIyBaHHi, OYIiBHUIITBI Ta iHIINMX raay3six BUPOOHUIITBA
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