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A comparative analysis of the optimal starting mode of the tower crane slewing mechanism in terms of speed under
asymmetric (task 1) and symmetric (task 2) constraints on optimal control is presented in a scientific article. A two-mass
dynamic model was used for the research, whose motion in time is described by a system of two second-order differential
equations. In the course of further research, the system of two second-order differential equations was reduced to a single fourth-
order differential equation. After performing the appropriate transformations, the fourth-order differential equation was
presented in Cauchy form and the initial and final conditions of motion were given, under which the load oscillations will be
eliminated after the turning mechanism reaches a steady speed.The optimisation task itself was reduced to the task of
unconditional minimisation of a complex integral-terminal functional, where the terminal component is responsible for the
fulfilment of the final boundary conditions, and the integral component is responsible for the speed of the mechanism. A series
of 54 experimental studies (27 for each of the tasks under investigation) was planned, in which the independent factors were the
length of the flexible suspension (which was 10, 15 and 20 metres), the load projection (which was 5, 15 and 20 m), and the load
mass (which was 500, 2000 and 5000 kg).During the theoretical studies, the main assessment was carried out according to the
following indicators: the duration of the system acceleration to the steady-state speed value; the maximum deviation of the
flexible suspension of the load from the vertical; the maximum and root mean square values of the power in the drive and the
acceleration of the load.The results of the analysis showed that when using asymmetric constraints for optimal control (task 1),
the acceleration time of the studied system to a steady state speed increases compared to symmetric constraints (task 2) in the
range from 1.23 to 15. 28 %, and the maximum values of kinematic characteristics decrease from 5.46 to 42.85 % and energy
indicators from 0.48 to 27.83 %.
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Introduction. The effective operation of the tower crane slewing mechanism in the practical
implementation of the optimal speed-of-operation start-up mode requires that the drive of the studied
system operate in the least stressed mode possible. Ensuring such a drive operation mode during the
slewing mechanism start-up is possible by using asymmetric constraints on the optimal speed-of-
operation control of this system.

The effectiveness of using asymmetric constraints on optimal control in comparison with
symmetric constraints is determined by conducting a comparative analysis of the main indicators of
system motion under different constraints.

Analysis of publications. In [1], a “suppression-excitation” approach is presented for online
trajectory generation of corresponding systems with uncertain motion. In this study, a framework is
proposed that allows designing kinematic reference trajectories and detecting flexible modes of
uncertain systems during motion in order to improve their tracking efficiency.

In [2], using an artificial neural network, an input signal generation technique is proposed that
allows for effective control of tower crane load oscillations with different variations in the length of the
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flexible suspension. The effectiveness of the proposed method is confirmed by experimental studies
using a laboratory tower crane with simultaneous tangential and radial movement.

In the article [3] a method of increasing the efficiency of a robotic manipulator with a corresponding
grab grip during the transportation of wood in the woodworking industry is proposed. The efficiency of
the manipulator is increased by planning the trajectory of movement, during which the oscillations of the
grab grip are damped. The dynamic programming method was used during the calculations.

In [4], it is proposed to control the oscillations of a crane system during underwater load
transportation based on a neural network. Neural networks are designed to compensate for unknown
parameters in the formulated problem. The corresponding simulation results are presented, allowing to
verify the effectiveness and reliability of the proposed control method.

In work [5], using the maximum principle, the problem of determining the control laws of the jib
crane slewing mechanism was solved. An algorithm for searching for optimal control of the jib crane
productivity was found and substantiated. The optimal mode of motion of the slewing mechanism of
the laboratory model of the jib crane was calculated.

The article [6] presents an original microprocessor control system for a bridge crane model based
on the Arduino microcontroller. The proposed control system allows for the implementation of control
laws that are optimal in terms of speed, which makes it possible to eliminate oscillations of the load
fixed on a flexible suspension after the crane stops, as well as to perform its precise positioning in the
shortest possible time with a minimum number of control mode switching.

In [7], the methodology for selecting the optimal structure of tower crane mechanisms from a set of
possible technical solutions is described. The effectiveness of the optimization is tested in dynamic
conditions, taking into account the stiffness of the ropes. Finding a global optimal design solution
gives the best combination of the operation of various mechanisms, in which the value of undesirable
dynamic indicators is significantly minimized at the stage of designing the metal structure.

In [8], the researchers formalized the dynamics of a ship-to-ship motion system with jib cranes during
load transfer from one ship to another. To estimate unknown system disturbances (wave oscillations, ship
motion), an appropriate (FISMO) observer was used. A (DEE) mechanism was created that determines
the type of disturbances that have an effect on the system (beneficial or harmful). Based on the
disturbance estimation, a robust trajectory tracking controller was developed, which allows for accurate
load delivery and elimination of residual vibrations of load mounted on a flexible suspension.

The authors of [9] developed an optimal fuzzy adaptive-robust controller for systems with an
insufficient number of actuators. The basic structure of the controller is built on “feedback
linearization”, which allows making a nonlinear system more linear for control. The effectiveness of
the proposed controller was tested on a fourth-order inverted pendulum model, which is a classical
nonlinear unstable system. By using adaptive logic (through a fuzzy system), the controller can
dynamically adjust its parameters to changing conditions and uncertainties, while maintaining stability.

In the article [10], the researchers propose to eliminate the oscillations of a tower crane mounted on
a flexible suspension during the combined movement mode of the trolley movement and boom rotation
mechanisms. The authors propose to use a hybrid control strategy that combines two approaches. The
first of which is “feed-forward”, which allows you to form a command for movement in such a way as
to minimize the excitation of the load oscillations. The other is “feedback”, which consists in
hierarchical control with a variable structure, which makes it possible to carry out a stable and stable
minimization of load oscillations and control the position of the load trolley.

In [11], a dynamic analysis of a self-propelled jib crane (DEK 251) was performed with the
combined operation of the lifting, turning and load-out mechanisms. Based on the results of the
dynamic analysis, it was proposed to optimize the motion modes at the moments of starting and
stopping the above mechanisms. This will increase the productivity of the self-propelled jib crane.

The authors of the article [12] present the formulation of the optimal control problem for the
dynamic system "crane-load". The main attention is paid to the acceleration period, which satisfies the
condition of minimum duration and elimination of oscillations of the load fixed on a flexible
suspension. An objective function is developed that ensures the fulfillment of the final boundary
conditions and an analysis is carried out from the point of view of its topological features.

The article [13] proposes a method for suppressing load oscillations in a knuckle-joint suspension
during the simultaneous motion of two links of a boom system. The control problem is stated as a
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multi-criteria optimization one based on minimizing the RMS values of the generalized power and the
drive-mechanism power. The application of ME-PSO enables efficient exploration of the solution
space across multiple epochs, leading to robust convergence toward optimal motion profiles. As a
result, discrete optimal values of the kinematic and power characteristics of the loader-crane boom
system are obtained. The optimized motion mode derived through the ME-PSO-based framework
significantly enhances the loader crane’s operational performance, reliability, and energy efficiency,
while effectively reducing load oscillations.

From the analysis of literary sources, it was found that the main problems are minimizing vibrations
and determining the optimal trajectory of movement of a load mounted on a flexible suspension, to which
a significant number of works are devoted. However, the issue of analyzing the main characteristics under
symmetric and asymmetric constraints on the optimal speed control of the tower crane slewing
mechanism has not been given attention. Therefore, the proposed work is devoted to this issue.

Purpose of the paper.The purpose of this work is to conduct a comparative analysis of the main
characteristics of the optimal speed-of-motion mode of the tower crane slewing mechanism under
asymmetric and symmetric constraints on the control of this system.

To achieve the goal, it is necessary to solve the following tasks:

1) formulate the optimal control problem for the system under study;

2) plan theoretical (experimental) research;

3) solve the optimization problem when varying the system parameters;

4) analyze the results obtained;

5) draw conclusions from the research based on the analysis.

Research results.The dynamic model of the tower crane slewing mechanism, shown in Fig. 1, was
used to perform the research [14].

The motion of the researched system (Fig. 1) in time is described by the following system of
differential equations [14]:

$,=(g/L)}(91~9,)-
The system of differential equations (1) is reduced to a single fourth-order differential equation,
resulting in:
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Fig. 1. Dynamic model of the tower crane slewing mechanism
differential equation (2) is represented in Note: ¢, — angular coordinate of rotation of tower, jib and drive
the form of Cauchy [1 5]: elements reduced to the crane rotation axis; ¢, — angular coordinate
of rotation of the load fixed on the flexible suspension; M, M, —
driving moment of the drive and moment of static resistance forces

N=r2 of the crane rotation reduced to the crane rotation axis, respectively;
Yy =35 (5) Ji —moment of inertia of the drive, tower and boom elements

. 5 _ reduced to the crane rotation axis; g — acceleration of free fall; L and
y3=U-Q5—y,-Q. R — length of the flexible suspension and outstretched load,

respectively [14]
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Acceleration of the researched system to the value of the steady angular velocity, taking into

account the system of equations (5), occurs under the following boundary conditions of motion [15]:
{y1 (0) = y2(0) = y3(0) = 0; ©6)
(1) = or; y2(T) = y3(T) = 0,

where wr — the steady angular velocity of the crane's slewing mechanism; 7 — the total acceleration
time of the system to the steady angular velocity of the crane's slewing mechanism. Satisfying
boundary conditions (6) allows achieving the steady angular velocity of the system w7 at time T with
elimination of load oscillations on a flexible suspension. Minimising the value of 7 allows for an
increase in the productivity of the crane's slewing mechanism.

Considering the above, it is proposed to use a comprehensive integral-terminal criterion as an
optimisation criterion, which is presented in the form of the following functional [15]:

CrCOMPLEX _ 7 TER .y —> min. (7)

In expression (7), the integral component of the criterion allows minimising the value of 7, while
the terminal component allows achieving the final boundary conditions of the system's motion (6).
w=10%w;" is a weighting coefficient that reflects the need to ensure the final conditions of motion (6)
and reduces the dimension of the TER criterion to the dimension of T.

At the same time, the integral functional of the complex optimisation criterion (7) has the form:

T 3
jd;:T:ztﬁmin, (8)
0 i=1

and the terminal criterion is determined by the following dependence:

TER=[A], =1 (D) -0p)? 43T Q72 433107, ©)
where A, is the vector of deviation of phase coordinates from their final (desired) values (6).
Optimal control must meet the following conditions in order to take into account the overload
capacity of the drive of the system under investigation: [15]:

UM]N SUvi—lZType < MAX - (1 O)

Here U,y and Uy x — the lower and higher limits of optimal control change, respectively.

This research proposes to consider two types of constraints on optimal control. The first type is
characterised by asymmetric constraints on optimal control, while the second type is characterised by
symmetric constraints.

Asymmetric constraints on optimal system control are as follows:

M, x—M
Uppax = MA; =
1
Urypir= M (11
Urin= JO’

1
where M,y — maximum torque acting on the rotating part of the crane. The U,y value corresponds to
the operation of the system when the electric drive is switched off (movement occurs solely due to the
action of the static resistance torque of the M/, system).

Symmetrical constraints on optimal system control are described by the following expression:

U _Myux—M,
MAX = J, > ( . 2)
U =
TYPE2 “M,, 0 —M,
Uyin= J -
1

The solution of optimisation problems 1 (11) and 2 (12) was performed according to the main
parameters of the system under study, which are listed in Table 1.

The length of the load offset change (R, m), the length of the flexible load suspension (L, m) and
the reduced mass of the load on the flexible suspension (m, kg) are proposed to be used as parameters
that vary when solving optimisation problems 1 (11) and 2 (12). The levels of variation of the proposed
parameters are summarised in Table 2.
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Table 1
Values of the main parameters of the tower crane slewing system

Parametername Unitofmeasurement Symbol Numericalvalue
Maximumtorque Nm MMAX 149.3-103
Combinedmomentofstaticforceresistance Nm MO 12.6:103
Combinedmomentofinertia kg - m2 1 1.5-106
Steadvangularvelocity rad/s oT 0.089

Table 2

Levels of variation in the parameters of the slewing mechanism

Parameter Value
Load overhang (R, m) 5
Length of flexible load suspension (L., m) 10 15 20
Total load mass (m. kg) 500 | 2000 | 5000 [ 500 [ 2000 | 5000 | 500 | 2000 | 5000
Expneriment number 1 2 3 4 5 6 7 8 9
Load overhang (R, m) 15
Length of flexible load suspension (L., m) 10 15 20
Total load mass (m. kg) 500 ] 2000 | 5000 [ 500 [ 2000 | 5000 | 500 | 2000 | 5000
Expneriment number 10 11 12 13 14 15 16 17 18
Load overhang (R, m) 20
Length of flexible load suspension (L., m) 10 15 20
Total load mass (m. kg) 500 | 2000 | 5000 [ 500 [ 2000 | 5000 | 500 | 2000 | 5000
Expneriment number 19 20 21 22 23 24 25 26 27

In total, it is proposed to solve the optimisation problem 54 times, 27 times for each of the types studied.
The indicators proposed for assessing the acceleration of the turning mechanism to a steady speed

are as follows:

= The duration of the mechanism's acceleration to a steady speed;
= The maximum deviation of the load from the vertical;

= Maximum power in the mechanism drive;

= Root mean square power in the mechanism drive;

= Maximum acceleration of the load;
= Root mean square acceleration of the load.

The RING-ROT-PSO optimisation method [16] was used to determine the optimal control in terms
of speed for the optimisation problems under study. The values of the parameters used to solve the

problem are listed in Table 3.

Table 3
Values of the RING-ROT-PSO optimisation method parameters and the range of target function
arguments
No Parameters Dimensionality Numerical value
t, b, 1 S from 0.1 to 6.0
Total number of particles in the swarm . 50
3 Total number of iterations pleees 200
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Research results

As a result of a multi-stage solution of optimisation problems (7), (11) and (12), the values of the
researched indicators for each experiment were determined. For problem 1, the values of the
researched indicators are summarised in Table 4. For problem 2, the values of the studied indicators
are presented in Table 5.

A slight increase in the duration of the system acceleration to the steady-state speed under
asymmetric constraints on optimal control (task 1) compared to symmetric constraints (task 2) is
observed when comparing the results presented in Table 4 and Table 5. The values for the remaining
indicators increase under symmetric constraints.

Table 4
Values of the research indicators for problem 1
Parameter Value
Experiment number 1 2 3 4 5 6 7 8 9

System acceleration time to steady state speed
(7.5 3.47 | 3.42 | 3.41 | 4.07 | 4.05 | 4.02 | 4.58 | 4.56 | 4.52

Maximum deviation from the vertical of the
flexible load suspension (6, rpax) 2.73 | 2.66 | 2.87 | 3.45 | 3.47 | 3.52 | 4.06 | 4.06 | 4.12

Maximum power in the system drive (P, kW) |13.20(12.53|13.12|13.19|13.18|13.15|13.21|13.13 | 13.12
Maximum load acceleration (m/s?) 0.070 | 0.069 | 0.076 | 0.068 | 0.069 | 0.070 | 0.067 | 0.068 | 0.069
Root mean square power in the drive (P, kW) 3.77 | 3.56 | 3.87 | 3.61 | 3.63 | 3.66 | 3.52 | 3.50 | 3.54

oot mean square acceleration of the load. 1.0 63 | 0,022 | 0.025 [ 0.021 | 0.022 0.022 | 0.021 [0.021 | 0.021

Experiment number 10 11 12 13 14 15 16 17 18
(S}/’ngamlera“o““me“’SteadyswteSpeed 3.45 | 335 | 3.24 | 4.05 | 405 | 3.77 | 453 | 437 | 417

Maximum deviation from the vertical of the
flexible load suspension (6, rpax) 2.80 | 3.01 | 3.26 | 3.53 | 3.53 | 4.15 | 4.14 | 438 | 4.83

Maximum power in the system drive (P, kW) | 13.24|13.32|13.19|13.36 | 13.36 | 13.34 | 13.21 | 13.11 | 13.07
Maximum load acceleration (m/s?) 0.073 10.082 [ 0.096 [ 0.071 [ 0.071 | 0.095 | 0.069 | 0.095 | 0.093
Root mean square power in the drive (P, kW) 3.82 1398 | 411 | 3.71 | 3.71 | 4.16 | 3.56 | 3.71 | 4.06

ooy mean square acceleration of the load 1 ¢ 054 0,026 0.029 | 0.022 | 0.022 | 0.028 | 0.021 | 0.027 | 0.027

Experiment number 19 20 21 22 23 24 25 26 27

System acceleration time to steady state speed
(T %) 3.43 1 3.29 | 3.25 | 4.00 | 3.82 | 3.69 | 4.47 | 4.25 | 4.06

Maximum deviation from the vertical of the
flexible load suspension (6, rpaz) 2.88 | 3.16 | 3.46 | 3.57 | 3.95 | 443 | 4.18 | 4.64 | 5.27

Maximum power in the system drive (P, kW) | 13.36|13.29 | 13.22|13.25|13.24|13.17|12.97|13.13 | 13.79
Maximum load acceleration (n/s?) 0.076 [ 0.090 | 0.104 { 0.072 | 0.087 | 0.107 | 0.071 | 0.086 | 0.108
Root mean square power in the drive (P, kW) 390 | 4.07 | 3.73 | 3.72 | 3.99 | 443 | 3.54 | 3.90 | 4.53

ooy mean square acceleration of the load 16 054 | 0,028 | 0.031 |0.023 | 0.026 | 0.030 | 0.022 | 0.026 | 0.030

The increase in the duration of the system acceleration under asymmetric constraints (task 1) is due
to the fact that during the second (intermediate) stage of motion #,, the drive is switched off and the
system moves due to the moment of static resistance force M. For an adequate assessment of the
results obtained, the values of the discrepancy in the acceleration time of the system for a series of all
theoretical studies are summarised in Table 6.

The increase in the values of the other studied indicators (maximum deviation from the vertical of
the flexible suspension of the load, maximum and root mean square values of power in the drive,
maximum and root mean square acceleration of the load) under symmetrical control constraints is due
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to the fact that such constraints are characterised by a more intense mode of operation of the drive of

the mechanism of the researched rotation mechanism system.

Table 5
Values of the research indicators for problem 2
Parameter Value
Experiment number 1 2 3 4 5 6 7 8 9
System acceleration time to steady state speed
(T.s) 3.08 | 3.09 | 3.09 | 3.48 | 3.47 | 347 | 3.88 | 3.89 | 3.89
Maximum deviation from the vertical of the
flexible load suspension (6, rpaz) 369 | 371 | 3.72 | 467 | 464 | 465 | 579 | 5.83 | 5.84
Maximum power in the system drive (P, kW) 14.02 | 14.09 | 14.09 | 15.35 | 15.29 | 15.31 | 16.93 | 17.00 | 17.02
Maximum load acceleration (m/s”) 0.122 | 0.123 | 0.123 | 0.125 | 0.124 | 0.124 | 0.132 | 0.133 | 0.133
Root mean square power in the drive (P, kW) 4.08 | 411 | 411 | 442 | 440 | 441 | 482 | 485 | 4.85
Root mean square acceleration of the load (m/s?) | 0.035 | 0.035 | 0.035 | 0.034 | 0.034 | 0.034 | 0.035 | 0.035 | 0.035
Experiment number 10 11 12 13 14 15 16 17 18
System acceleration time to steady state speed
(T.s) 3,10 | 3.10 | 3.14 | 3.54 | 3.54 | 357 | 390 | 3.89 | 3.90
Maximum deviation from the vertical of the
flexible load suspension (4, rpax) 372 | 374 | 376 | 484 | 488 | 494 | 585 | 590 | 595
Maximum power in the system drive (P, kW) 14.11 | 14.11 | 13.73 | 15.71 | 15.77 | 15.58 | 17.04 | 17.12 | 16.96
Maximum load acceleration (m/s”) 0.123 | 0.124 | 0.121 | 0.128 | 0.129 | 0.127 | 0.133 | 0.134 | 0.133
Root mean square power in the drive (P, kW) 4.12 | 414 | 413 | 454 | 458 | 4.61 | 485 | 490 | 4.92
Root mean square acceleration of the load (m/s?) | 0.035 | 0.035 | 0.035 | 0.035 | 0.035 | 0.035 | 0.035 | 0.036 | 0.035
Experiment number 19 20 21 22 23 24 25 26 27
System acceleration time to steady state speed
(7.s) 301 | 3.13 | 321 | 3.53 | 3.55 | 362 | 388 | 3.89 | 398
Maximum deviation from the vertical of the
flexible load suspension (6, rpax) 367 | 3778 | 3.66 | 483 | 494 | 488 | 585 | 593 | 598
Maximum power in the system drive (P, kW) 13.97 | 14.02 | 13.34 | 15.70 | 15.77 | 14.46 | 17.03 | 17.08 | 16.15
Maximum load acceleration (m/s”) 0.122 | 0.124 | 0.109 | 0.128 | 0.129 | 0.118 | 0.133 | 0.134 | 0.126
Root mean square power in the drive (P, kW) 4.03 | 415 | 420 | 455 | 461 | 452 | 486 | 491 | 491
Root mean square acceleration of the load (m/s?) | 0.035 | 0.035 | 0.034 | 0.035 | 0.035 | 0.034 | 0.035 | 0.035 | 0.034
Table 6
Values of the discrepancy in the system acceleration time, %
Name Value. %
Experiment number 1 2 3 4 5 6 7 8 9
Duration of system 1123 | 9.64 | 938 | 1449 | 1432 | 13.68 | 1528 | 14.69 | 13.93
acceleration to steady ) ) ) ) ) ) ) ) )
Experiment number 10 11 12 13 14 15 16 17 18
Duration of system 10.14 | 7.46 | 3.08 | 1259 | 1259 | 530 | 13.90 | 10.98 | 6.47
acceleration to steady : : : : : : : : :
Experiment number 19 20 21 22 23 24 25 26 27
Duration of system 1224 | 486 | 123 | 1175 | 7.06 | 1.89 | 13.19 | 847 | 1.97

acceleration to steady

The value of the discrepancy in the acceleration time of the mechanism to a steady velocity (Table

6) ranges from 1.23% (experiment 21) to 15.28% (experiment 7).
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The values of discrepancies for a series of all theoretical research are entered in Table 7.

Table 7
Significance of differences in the researched indicators, %
Name Value
Experiment number 1 2 3 4 5 6 7 8 9

Maximum deviation from the vertical of

the flexible suspension of the load 26.01 28.30 | 22.84 | 26.12 | 2521 | 24.30 | 29.87 | 30.36 | 29.45

Maximum power in the system drive 5.84 11.07 6.88 14.07 13.79 14.10 | 21.97 22.76 2291
Maximum acceleration of the load 42.62 4390 | 3821 | 45.60 | 4435 | 43.54 | 49.24 | 48.87 | 48.12
Root mean square power in the drive 7.59 1338 | 5.83 1832 | 17.50 | 17.00 | 26.97 | 27.83 | 27.01

Root mean square acceleration of the load 34.58 37.14 | 28.57 | 38.53 | 35.29 | 35.29 | 40.00 | 40.00 | 40.00

Experiment number 10 11 12 13 14 15 16 17 18

Maximum deviation from the vertical of

the flexible suspension of the load 24.73 19.51 | 1329 | 27.06 | 27.66 | 1599 | 29.23 | 25.76 | 26.38

Maximum power in the system drive 6.16 5.95 3.93 1495 | 1528 | 14.50 | 22.47 | 23.42 | 22.93
Maximum acceleration of the load 40.65 33.87 | 20.66 | 44.53 | 44.96 | 25.19 | 48.12 | 29.10 | 30.07
Root mean square power in the drive 7.28 3.86 048 | 1828 | 1899 | 9.76 | 26.59 | 24.28 | 17.47

Root mean square acceleration of the load 3142 | 25.71 | 17.14 | 37.14 | 37.14 | 20.00 | 40.00 | 25.00 | 22.85

Experiment number 19 20 21 22 23 24 25 26 27

Maximum deviation from the vertical of

the flexible suspension of the load 21.52 42.85 5.46 26.08 | 20.04 | 29.71 | 2854 | 21.75 | 11.87

Maximum power in the system drive 4.36 5.20 0.89 15.60 16.04 8.92 23.84 23.12 14.61
Maximum acceleration of the load 37.70 27.41 458 | 43.75 | 32.55 932 | 46.61 | 35.84 | 14.28
Root mean square power in the drive 3.22 1.92 11.19 | 1824 | 13.44 1.99 | 27.16 | 20.57 | 7.73

Root mean square acceleration of the load 3142 | 20.00 | 8.82 | 3428 | 2571 | 11.76 | 37.14 | 25.71 | 11.76

The range of discrepancies in the researched system indicators (Table 7) is:
= for the maximum deflection of the load fixed on a flexible suspension from 5.46% (experiment 21)
to 42.85% (experiment 20);
= for the maximum power value from 0.89% (experiment 21) to 23.84% (experiment 25). The root
mean square value of power from 0.48 (experiment 12) to 27.83 (experiment 8);
= for maximum load acceleration from 4.58% (experiment 21) to 49.24% (experiment 7). The root
mean square acceleration of the load ranged from 8.82% (experiment 21) to 40.0% (experiments 7-9
and 16) respectively.

The corresponding graphical dependencies of the researched indicators were constructed for some
experiments. For asymmetric constraints on optimal control (task 1), the corresponding graphical
dependencies are presented in Fig. 2.

At the same time, the corresponding graphical dependencies for symmetric constraints on optimal
control (task 2) are shown in Fig. 3.

Conclusions. A comparative analysis of the optimal starting mode of the tower crane slewing
mechanism in terms of velocity under asymmetric and symmetric constraints on optimal control has
been performed. A series of 54 full-factor experiments (27 for each of the studied tasks) was planned
for comparative analysis.

The independent factors were: the length of the flexible suspension (10, 15 and 20 m), the mass
(500, 2000 and 5000 kg) and the outreach (5, 15 and 20 m) of the load. The evaluation indicators were:
the time required for the system to accelerate to a steady state velocity; the maximum deviation of the
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flexible suspension load from the vertical; the maximum and root mean square values of the drive
power; and the maximum and root mean square values of the acceleration of the load attached to the
flexible suspension.
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Fig. 1. Graphical dependencies of the researched indicators for ~ Fig. 3. Graphical dependencies of the researched indicators for
the corresponding experiments with asymmetric control the corresponding experiments with symmetrical control
constraints (task 1): Note: (a) — experiment No. 1; (b) — constraints (task 2): Note: (a) — experiment No. 1; (b) —
experiment No. 13; (c) — experiment No. 27; deviation from experiment No. 13; (c) — experiment No. 27; deviation from
the vertical of the flexible suspension of the load (black solid the vertical of the flexible suspension of the load (black solid
curve); angular velocity of rotation of coordinate ¢; (grey curve); angular velocity of rotation of coordinate ¢; (grey
solid curve); power in the drive (black dashed curve); solid curve); power in the drive (black dashed curve);
acceleration of the fixed load (grey dashed curve) acceleration of the fixed load (grey dashed curve)

The calculations showed that with asymmetric constraints on optimal control (task 1), compared to
symmetric constraints (task 2), the system acceleration time increases from 1.23 to 15. 28%, and the
maximum deviations of the load from the flexible suspension point decrease from 5.46 to 42.85%. The
range of the maximum and root mean square values of the power in the system drive is from 0.89 to
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23.84% and from 0.48 to 27.83%, respectively, and the maximum and root mean square values of load
acceleration range from 4.58 to 49.24% and from 8.82 to 40.0%, respectively.

The increase in the duration of the system acceleration to a steady velocity under asymmetric
constraints is due to the fact that at the intermediate stage of acceleration, the drive is switched off and
the system moves only under the action of the static resistance torque. The decrease in the rest of the
researched indicators is due to the fact that asymmetric restrictions are characterised by a less intense
drive start-up mode of the researched system. Therefore, for optimal velocity modes, it is advisable to
use asymmetric restrictions for optimal control.
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Jloseiixin B. C., Pomacesuy FO. O., [louka K. 1., Cmexno O. B., Jlawko A. I1.
AHAJII3 ONITUMAJIBHOTI'O 3A IIBUAKOAIEIO PEXKUMY IYCKY MEXAHI3MY ITOBOPOTY
BAIITOBOIOKPAHA INTPU OBMEKEHHSX HA KEPYBAHHSA

VY HaykoBiii CTaTTI HpPEACTABIEHO MOPIBHSUIBHUI aHali3 ONTUMAJBHOIO 32 MIBUJAKOMIEI0 PEKUMY IIyCKY MeEXaHi3my
MOBOPOTY OAIUTOBMH KpaHa INpU HECUMETPUYHUX (3a1ada 1) Ta cUMETpUYHHUX (3a7adqa 2) OOMEXKEHHSAX Ha ONTHUMaJbHE
KepyBaHHs1. J|JIs1 IPOBEACHHS JOCIIKEHb BUKOPHCTaHA ABOMACOBA AMHAMIYHA MOJICIb, PYX SAKOI B 4aci OMHCYEThCS CHCTEMOIO
i3 1BOX AM(epeHLiiHUX PIBHAHb JPYroro MopsaKy. ¥ Xo/i MoJaabuioro J0CHiKEHHs, CUCTEMY i3 IBOX JudepeHiliHi piBHIHb
JIPYroro nopsaaky O0yio 3BefeHO 10 OAHOro Aud)epeHLiHHOro piBHAHHA YeTBepToro nopsaxy. ITicis npoBeaeHHs BiAMOBIAHUX
NepeTBOPEHb, Au(epeHIiiiHe PiBHAHHSA YETBEPTOro MOpsAAKy, Oyino mpexacraBieHo y ¢opmi Komri ta HaBeJeHO MOYaTKOBI i
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KIiHIIEBI YMOBHM PyXy IpH BUKOHAHHI, SIKMX KOJMBAHHS BaHTaXy OyqyTh YCyBaTHCS IiClIsi BUXOAY MEXaHi3My IIOBOPOTY 10
3HAYeHHs ycrajeHoi mBuakocTi.CaMy onTuMizaniiHy 3aady Oyio 3BEAEHO 10 3aja4i 6e3yMOBHOI MiHIMi3allil KOMIIJIEKCHOTO
IHTErpajgbHO-TEPMIHAIBHOTO (YHKILIOHAY Jie TepMiHaJbHA CKJIaJ0BA BiANOBIJA€ 3a BUKOHAHHS KIHIEBMX KpailOBUX YMOB, a
iHTerpajbHa CKJIaJoBa 3a IIBHJKOJI0 MexaHi3My. CrulaHOBaHO cepito i3 54 eKclepUMEHTaJbHUX JOCHiIKeHb (1o 27 s
KOXKHOT 13 JIOCIIIJDKYBaHUX 33/1a4), B AKUX HE3aJIKHUMH YMHHUKAMU BUCTYIIAJIM JOBXXHUHA THYYKOro HijBicy (sika cranoBmia 10,
15 ta 20 merpiB), BUIIT BaHTaxy (10 ctaHOBUB 5, 15 Ta 20 M), a TakoX Ta Maca BaHTaxy (BoHa ckiagama 500, 2000 Ta
5000 kr). ITiz yac MpoBeEHHS TEOPETUYHUX JIOCIIIPKEHb OCHOBHA OLlIHKA MPOBOAMIACS 32 HACTYIHUMHU IOKa3HUKaMU, a caMe:
TPUBAJIICTh PO3TOHY CUCTEMH JI0 3HAUEHHS BEJIMYMHH YCTaJICHOT IIBUJIKOCTI; MAKCUMAJIbHE BIIXHJICHHS BiJl BEPTHKAJI 'HYYKOTrO
Mi/IBICY BaHTAXy; MakCUMaJbHE Ta CEPEIHbOKBAIPATHYHI 3HAYCHHS IMOTY)XKHOCTI B NPUBOAI Ta NMPHUIIBUALICHHA BaHTaxy.3a
pe3yJbTaTaMH MPOBEACHOTO aHANi3y BCTAHOBJICHO, IO INPH BHUKOPHCTAHHI HECHMETPUYHHX OOMEXKECHb HAa ONTHMAJbHE
KepyBaHHA (3a7a4a 1) 30LIbIIYETHCS TPUBAIICTH PO3rOHY JOCIHIUKYBAHOI CHCTEMH 0 3HA4YEHHS YCTaJEHOI LIBHAKOCTI IpH
MOPIBHAHHI NOPIBHSAHHI i3 CUMETPUYHUMHU OOMEXEHHAMHM (3anava 2) B nianasoni Bix 1.23 mo 15.28 %, a Takox 3MEHIIYIOTHCS
MaKCUMaJbHI 3HAYCHHS KIHEMATHYHUX XapaKTepUCTHK Bij 5.46 1o 42.85 % Ta eHepreTMuHHUX IMOKAa3HUKIB y Mexax Bix 0.48 no
27.83 %.

KarouoBi ciioBa: 6amtoBuil KpaH, BaHTaX, IIBHJKOJISL, MEXaHi3M IOBOPOTY, OOMEKEHHS Ha ONTHMAllbHE KEpyBaHHS,
meroz Ring-Rot-PSO.

Loveikin V.S., Romasevych Yu.O., Pochka K.I., Stekhno O.V., Liashko A.P.
ANALYSIS OF THE OPTIMAL SPEED-BASED START-UP MODE OF THE TOWER CRANE SWING
MECHANISM UNDER CONTROL LIMITATIONS

A comparative analysis of the optimal starting mode of the tower crane slewing mechanism in terms of speed under
asymmetric (task 1) and symmetric (task 2) constraints on optimal control is presented in a scientific article. A two-mass
dynamic model was used for the research, whose motion in time is described by a system of two second-order differential
equations. In the course of further research, the system of two second-order differential equations was reduced to a single fourth-
order differential equation. After performing the appropriate transformations, the fourth-order differential equation was
presented in Cauchy form and the initial and final conditions of motion were given, under which the load oscillations will be
eliminated after the turning mechanism reaches a steady speed.The optimisation task itself was reduced to the task of
unconditional minimisation of a complex integral-terminal functional, where the terminal component is responsible for the
fulfilment of the final boundary conditions, and the integral component is responsible for the speed of the mechanism. A series
of 54 experimental studies (27 for each of the tasks under investigation) was planned, in which the independent factors were the
length of the flexible suspension (which was 10, 15 and 20 metres), the load projection (which was 5, 15 and 20 m), and the load
mass (which was 500, 2000 and 5000 kg).During the theoretical studies, the main assessment was carried out according to the
following indicators: the duration of the system acceleration to the steady-state speed value; the maximum deviation of the
flexible suspension of the load from the vertical; the maximum and root mean square values of the power in the drive and the
acceleration of the load.The results of the analysis showed that when using asymmetric constraints for optimal control (task 1),
the acceleration time of the studied system to a steady state speed increases compared to symmetric constraints (task 2) in the
range from 1.23 to 15. 28 %, and the maximum values of kinematic characteristics decrease from 5.46 to 42.85 % and energy
indicators from 0.48 to 27.83 %.

Keywords: tower crane, load,velocity, slewing mechanism, optimal control constraints, Ring-Rot-PSO method.
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Joseiixkin B.C., Pomacesuu FO.O., I[louka K.I., Cmexno O.B., Jlawko A.Il. AHANi3 ONTHMAJIBHOIO 32 HIBUAKOIIEI0 PeRUMY
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YV cmammi naseoeno nopisuAnbHUll AHANI3 ONMUMATLHO20 30 WIEUOKOOIEIO PEICUMY NYCKY MEXAHIZMY NOGOPONLy 6aumoseo2o
Kpana 3a HecuMempuyHux i cumempuynux obmesicensb kepysauns. [locniodicents 6UKOHAHO HA OCHOGI 0BOMACOBOT OUHAMIYHOT
Mooeni, 36e0eHoi 00 Ougepenyitino2o PIBHAHHA 4emeepmozo NOPAOKY 3 KpAtuosUMU YMOBAMU YCYHEHHS KOAUBAHL BAHMANCY.
Ilposedeno 54 excnepumenmu 3 6apilO6AHHAM OO06XMCUHU RIOGICY, BUILOMY ma Macu eanmaxcy. Bcmanoeneno, wo
Hecumempuuni oOMedcents 30IbULyIoms MpUeanicms po320Hy, Npome 3MEeHUYIOMb MAKCUMANbLHI  KiHeMamuyHi ma
eHep2emuyHi NOKA3HUKU CUCTEMU.
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Loveikin V.S., Romasevych Yu.O., Pochka K.I., Stekhno O.V., Liashko A.P. Analysis of the optimal speed-based start-up mode
of the tower crane swing mechanism under control limitations // Strength of materials and theory of structures: scientific and
technical collection - Kyiv: KNUBA, 2026. - Issue 116. - P. 251-262.

The paper presents a comparative analysis of the time-optimal start-up mode of a tower crane slewing mechanism under
asymmetric and symmetric control constraints. The study is based on a two-mass dynamic model reduced to a fourth-order
differential equation with boundary conditions ensuring load oscillations up pression. 4 total of 54 experiments were conducted
by varying the suspension length, out reach, and load mass. The results show that asymmetric constraints increase acceleration
time but reduce maximum kinematic and energy per formance indicators of the system.

Fig. 3. Ref. 16.
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