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Minimisation of the Driving Torque of the Derricking Mechanism 
of a Tower Crane during Steady Load Hoisting

Abstract. Efficient use of a tower crane often requires combining various operations, such as hoisting load and derricking. 
In the case when the load is hoisted at a steady speed, the problem of optimal control of the trolley movement mechanism 
arises, which goes beyond engineering calculations and is a scientific and applied problem. Its relevance is related to 
improving the controllability of crane mechanisms, increasing the capacity and reliability of the crane, and improving 
the energy efficiency of its drive mechanisms. These indicators are related to the choice of optimisation criteria. Thus, 
the purpose of the study is to optimise the starting mode of the derricking mechanism according to the criterion 
of the RMS value of the driving moment during a steady load hoisting. To achieve this goal, the following methods 
were applied: dynamics of machines and mechanisms, mathematical modelling, integral and differential calculus, and 
the ME-D-PSO method. For the boundary conditions, parameters are selected that eliminate load oscillations on the 
flexible suspension when the derricking mechanism slews to the steady-state driving mode. Based on the results of 
optimisation of the joint movement of mechanisms for derricking and load hoisting, graphical dependences of kinematic, 
dynamic, and energy characteristics of the start-up transition process are constructed and their analysis is carried 
out. The obtained dependences reveal the conditions for eliminating load oscillations on a flexible suspension during 
steady-state movement and reducing dynamic loads and energy losses during the start-up of the derricking mechanism. 
To implement the optimal start mode of the derricking mechanism during steady load hoisting, it is recommended 
to use optimal control of the drive mechanisms. The results obtained should be applied to the development of new 
and modernisation of existing motion control systems for tower crane mechanisms
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INTRODUCTION
When operating tower cranes, it is quite common to com-
bine the operations of movement of mechanisms. There are 
cases when one of the mechanisms performs a steady move-
ment, and at this time another mechanism is switched on. 
The operation of mechanisms in this mode leads to an 
increase in dynamic loads caused by high-frequency oscilla-
tions of the links of drive mechanisms and the metal struc-
ture of the crane, and low-frequency oscillations of the load 
on a flexible suspension.

The most common case is the operation of crane 
mechanisms, when the load hoisting mechanism performs 

a steady movement with the process of starting or braking the 
derricking mechanism. Due to the significant dynamic loads 
in the mechanisms during such movements, there is a need to 
reduce them. Therefore, there is a need to choose such a mode 
of movement of the derricking mechanism, in which its driving 
torque would be minimal.

The review of scientific studies on this topic indicated 
the relevance and significant interest of the world scien-
tific community in research aimed at improving the reli-
ability and efficiency of loading and unloading processes, 
including by optimising the operating modes of modern 
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crane mechanisms, which complies with safe conditions and 
provides trouble-free operation of hoisting and transport 
machines. 

During the operation of tower cranes (and not only 
tower cranes), the payload performs a complex movement, 
in which a number of mechanisms work simultaneously, the 
operation of which has both mutual and general effects on 
the crane system [1; 2]. This feature requires the operator to 
be precise in choosing the operating modes of crane mech-
anisms, since the error can have dramatic consequences. 
Therefore, scientific investigation is often aimed precisely 
at improving the efficiency of controlling hoisting processes. 
Thus, in the study [3], a comprehensive review of crane con-
trol strategies is performed, where, along with a thorough 
analysis of control schemes for various types of crane sys-
tems that have been performed since 2000, an overview 
of modelling single - and double-lever crane systems is pro-
vided. A valuable contribution to the development of the 
theory of control of crane systems is the classification of 
strategies for the development and improvement of means 
of controlling the working processes of crane mechanisms, 
which systematises the scientific search that aims to optimise 
operating modes.

A typical line of scientific research is an attempt 
to improve the reliability and trouble-free operation of 
all mechanisms of crane systems. With the development of 
automation tools, first analogue and then digital, research-
ers focused their efforts on the development of theoretical 
foundations and practical research of the operating modes 
of a very wide arsenal of crane mechanisms: from conven-
tional controllers [4] to neural networks, technical vision 
systems, and artificial intelligence [5-7]. This thesis also 
applies to specific crane manipulators [8]. The increase in 
requirements for the quality of loading and unloading pro-
cesses has caused the expansion of the methodological tools 
of researchers in the construction of mathematical models 
of crane systems. At the same time, as noted in the study [9], 
the large-scale, fast, and modular development of tower 
cranes has brought significant problems of construction 
safety in difficult working conditions. The study simulates 
changes in the rotation angle. The obtained data should be 
used to improve control systems.

The purpose of [10] is to investigate the dynamic 
indicators of crane system mechanisms during crane opera-
tion and develop computer training methods to improve the 
quality of crane operator training. The researchers imple-
mented a powerful visualisation interface for displaying the 
dynamic behaviour of the crane. The study results allow 
developing an effective programme for training operators 
of construction tower cranes.

The method of reducing oscillations for fast crane 
operation is substantiated in [11]. Researchers from the Fac-
ulty of Civil Engineering of the National Taiwan University 
conducted analytical studies to test the three-stage con-
trol method proposed by the authors, which aims to reduce 
the angles of oscillation during the operation of a tower 
crane at high speed. The method is based on the physical 

laws of motion of a double pendulum and uses fixed values of 
acceleration and deceleration to reduce the oscillation angle 
and frequency. Checking the mathematical model showed 
that the working cycle time is proportional to the square 
root of the working distance at a constant oscillation angle 
and no oscillation.

The evolution of information technologies and com-
puter graphics has contributed to the development of auto-
mated methods for modelling loading and unloading pro-
cesses. Virtual models allow investigating and predicting 
possible dangerous or inefficient actions of crane mecha-
nisms. In the study [12], the authors focused on develop-
ing a mathematical model to support modelling and vis-
ualisation of cranes as the most important equipment in 
terms of project control. The researchers proposed a math-
ematical model that can more accurately represent the 
detailed activity of the crane. The computer programme 
developed by the researchers simulates and visualises the 
operation of crane mechanisms in real time. The created 
animation provides interactive functions.

The development of mathematical models is a special 
aspect of experimental research in the field of engineering. 
Thus, in studies [13] and [14], mathematical models are con-
structed, and a system of second-order linear differential 
equations describing the dynamics of transverse displacement 
of the centre of mass is obtained.

Slovak researchers conducted experiments using 
a three-dimensional laboratory model suitable for research 
in the field of mechanism control. Their study [15] is devoted 
to the identification of a dynamic model and the develop-
ment of a trolley position controller along the boom of 
a tower crane, and damping load oscillations.

In [16], a mathematical model of a jib crane is proposed, 
which considers the degrees of freedom that characterise 
the selected type of system. The researchers developed 
a nonlinear control law that uses all states of the model. 
Verification of simulation results with real physical parame-
ters shows the effectiveness of the proposed control scheme 
even in the presence of wind disturbances.

In the study [17], the author formulated optimisa-
tion criteria in the form of quadratic functionals for each 
tower crane mechanism. Minimisation of functionals 
allowed the researcher to obtain a set of optimal parame-
ters of crane mechanisms, in which their interaction should 
be effective. An innovative feature of the presented solution 
is an integrated approach to optimising multi-drive systems, 
aimed at reducing the oscillations of a load suspended on 
a flexible suspension and minimising the forces acting on 
the rope. This approach, combined with the method of selec-
tive analysis of mechanism structures, can be developed as 
a method for synthesising globally optimal configurations 
of interacting mechanisms [17].

Based on the materials of the review of research on 
this topic, it was concluded that the scientific community 
focuses a lot on the problems of optimising the parame-
ters of crane mechanisms and ensuring the reliability and 
safety of loading and unloading processes. At the same time, 

Minimisation of the driving torque of the derricking mechanism...



45
Machinery & Energetics. Vol. 13, No. 3

V. Loveikin et al.

various programmes and methods of experimental research 
are used. However, showing special interest, this study will 
focus on the provisions and experience of using the meta-
heuristic optimisation method in these problems – the Particle 
Swarm Optimisation method (PSO) [18].

First of all, PSO is identified with an evolutionary 
algorithm, which is applied with considerable success to 
solving various engineering and technological problems [19; 
20]. Since its first publication in 1995 [21], the algorithm has 
been constantly modified. It seems that at present there is 
not a single scientific field where various variants of PSO 
did not have their application for solving a wide range of 
optimisation problems. This is evidenced by the study by 
F. Marini and B. Walczak [22], where the researchers empha-
sise the importance of choosing the right PSO metaparam-
eters. E. Hussain et al. [23] note that due to their flexibility, 
these algorithms can solve various optimisation problems 
in various fields, especially in engineering and computer 
science. The researchers summarised and analysed some 
of the most influential and diverse developments in vari-
ous aspects of the PSO algorithm since its initial formula-
tion. A comprehensive study [24], which was conducted by 
a team of researchers who are representatives of various 
scientific fields, revealed positive aspects and weaknesses in 
PSO algorithms. However, the researchers agree that PSO is 
a promising candidate for optimising a wide range of real-
world optimisation problems. Eight potential research areas 
were identified to further improve the efficiency of PSO 

optimisation. One example of improving the effectiveness 
of PSO can be the study [25]. The problem of limited opti-
misation was considered to study PSO. The optimal set of 
parameters determined by sensitivity analysis was verified 
by comparison with other metaheuristic methods. In [26], 
a modified metaeuristic ME-PSO particle swarm method is 
also used to solve the nonlinear optimisation problem.

The purpose of this study is to solve the problem of min-
imising the driving torque of the drive mechanism for derrick-
ing when working together with the load hoisting mechanism 
by selecting the driving mode of the drive mechanisms.

The originality of the study consists in solving the 
scientific and applied problem of optimising the movement 
control of the derricking mechanism of a tower crane, pro-
vided that the load is hoisted at a steady speed. A special 
feature of this problem is the methodology for solving it, 
which consists in reducing it to the problem of uncon-
strained minimisation of a complex function, the minimum 
of which is found by the modified particle swarm method.

MATERIALS AND METHODS
To achieve this goal, the following methods were applied: 
dynamics of machines and mechanisms, mathematical mod-
elling, integral and differential calculus, and ME-D-PSO.

The jib system of a tower crane (Fig. 1) is presented 
as a holonomic mechanical system consisting of absolutely 
solid bodies, except for the traction rope of the trolley move-
ment, which has elastic properties.

Figure 1. Dynamic model of joint movement of mechanisms for derricking and load hoisting: 1 – drive drum
of the trolley; 2 – saddle jib; 3 – trolley; 4 – traction rope; 5 – flexible load suspension; 6 – load
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The elastic properties of the rope are represented 
by the stiffness coefficient С or С' depending on the direc-
tion of movement of the trolley, and the flexible suspension 
of the load, which oscillates in the plane of trolley move-
ment mechanism.

In the accepted dynamic model, the linear coordi-
nates of the trolley's centre of mass are used as general-
ised coordinates z, and load x, and the angular coordinates 
of rotation of the trolley drive drum φ. Deviation of the 
load rope from the vertical is carried out in the plane of 
trolley movement mechanism by an angle ν. At the same 
time, the length of the flexible load suspension l changes 

at a constant rate V and is expressed by the following 
dependence:

l=l0+Vt,                                          (1)

where t – time; l0 – initial length of load suspension.
To create equations of motion of the accepted 

dynamic model of the boom system (Fig. 1) the second order 
Lagrange equations are used:

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜑̇𝜑𝜑𝜑 −

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜑𝜑𝜑𝜑 = 𝑀𝑀𝑀𝑀 −

𝜕𝜕𝜕𝜕П
𝜕𝜕𝜕𝜕𝜑𝜑𝜑𝜑 ;

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑧̇𝑧𝑧𝑧 −

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧 = −𝑊𝑊𝑊𝑊 −

𝜕𝜕𝜕𝜕П
𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧 ;

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑥̇𝑥𝑥𝑥

−
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥

= −
𝜕𝜕𝜕𝜕П
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥

,

 
                        (2)
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where T, П – kinematic and potential energy of the system, 
respectively; M – driving torque on the shaft of the elec-
tric motor of the derricking mechanism, reduced to the axis 
of rotation of the drive drum; W – resistance force to trolley 
movement.

The vertical component of the movement of the centre 
of mass of the load is determined by the dependence:

𝑦𝑦𝑦𝑦 = (𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) cos 𝜈𝜈𝜈𝜈 = (𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) cos �
𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 − 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� .        (3)

Taking the time derivative of equation (3), the ver-
tical component of the velocity of the centre of mass of the 
load is found:

𝑦̇𝑦𝑦𝑦 = 𝑉𝑉𝑉𝑉 cos �
𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� − (𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) sin �

𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� 

�
(𝑥̇𝑥𝑥𝑥 − 𝑧̇𝑧𝑧𝑧)(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) − 𝑉𝑉𝑉𝑉(𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧)

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)2 �.          (4)

Since the first component of equation (4) is more 
than an order of magnitude larger than the second com-
ponent, so in further calculations only the first component 
will be used, i.e.:

𝑦̇𝑦𝑦𝑦 = 𝑉𝑉𝑉𝑉 cos �
𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� .                              (5)

Then the kinetic energy of the mechanical system 
of joint movement of mechanisms for derricking and load 
hoisting is presented in the following form:

𝑇𝑇𝑇𝑇 = 1
2
𝐼𝐼𝐼𝐼1𝜑̇𝜑𝜑𝜑2 + 1

2
𝑚𝑚𝑚𝑚3𝑧̇𝑧𝑧𝑧2 + 1

2
𝑚𝑚𝑚𝑚[𝑥̇𝑥𝑥𝑥2 + 𝑦̇𝑦𝑦𝑦2]= 

=1
2
𝐼𝐼𝐼𝐼1𝜑̇𝜑𝜑𝜑2 + 1

2
𝑚𝑚𝑚𝑚3𝑧̇𝑧𝑧𝑧2 + 1

2
𝑚𝑚𝑚𝑚 �𝑥̇𝑥𝑥𝑥2 + +𝑉𝑉𝑉𝑉2 cos2 � 𝑥𝑥𝑥𝑥−𝑧𝑧𝑧𝑧

𝑙𝑙𝑙𝑙0+𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
��.       (6)

In this case, the potential energy of the same sys-
tem, considering the equation (3), is determined by the 
dependence:

П =
1
2𝐶𝐶𝐶𝐶

(𝜑𝜑𝜑𝜑𝜑𝜑𝜑𝜑 − 𝑧𝑧𝑧𝑧)2 − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) cos �
𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� .       (7)

where I1 – the moment of inertia of the drive of the der-
ricking mechanism is reduced to the axis of the drive drum; 
m3, m – according to the weight of the trolley and load; r – 
radius of the drive drum of the derricking mechanism; g – 
gravity acceleration.

Next, the study finds derivatives of equations (6) and 
(7), which are necessary for system (2):

⎩
⎨

⎧
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 0; 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= −𝑚𝑚𝑚𝑚𝑉𝑉𝑉𝑉2 cos �
𝜕𝜕𝜕𝜕 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� ∙ sin �

𝜕𝜕𝜕𝜕 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� ∙

1
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ;

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧 = 𝑚𝑚𝑚𝑚𝑉𝑉𝑉𝑉2 cos �

𝜕𝜕𝜕𝜕 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� ∙ sin �

𝜕𝜕𝜕𝜕 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� ∙

1
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ;

 

(8)

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜑̇𝜑𝜑𝜑 = 𝐼𝐼𝐼𝐼1𝜑̇𝜑𝜑𝜑;  

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑧̇𝑧𝑧𝑧 = 𝑚𝑚𝑚𝑚3𝑧𝑧𝑧𝑧; ̇  

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑥̇𝑥𝑥𝑥 = 𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥; ̇

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜑̇𝜑𝜑𝜑

= 𝐼𝐼𝐼𝐼1𝜑̈𝜑𝜑𝜑;  
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑧̇𝑧𝑧𝑧

= 𝑚𝑚𝑚𝑚3𝑧𝑧𝑧𝑧 ̈ ;  
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑥̇𝑥𝑥𝑥

= 𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥 ̈ ;
 

̇

 
            (9)

𝜕𝜕𝜕𝜕П
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(φr − z);                                (10)

⎩
⎨

⎧
𝜕𝜕𝜕𝜕П
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = −𝑐𝑐𝑐𝑐(φr − z) + mg sin �

𝑥𝑥𝑥𝑥 − 𝜕𝜕𝜕𝜕
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� ;

𝜕𝜕𝜕𝜕П
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 = −mg sin �

𝑥𝑥𝑥𝑥 − 𝜕𝜕𝜕𝜕
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� .

 

           (11)

Given that the angular coordinate 𝜈𝜈𝜈𝜈 =
(𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧)
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  does

not exceed 12°, then it is taken in equations (8) and (11) 
sinν≈ν, and cosν≈1; dependencies (8) and (11) will have the 
form:

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 0; 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 𝑚𝑚𝑚𝑚𝑉𝑉𝑉𝑉2

𝑥𝑥𝑥𝑥 − 𝜕𝜕𝜕𝜕
(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)2 ;

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 = −𝑚𝑚𝑚𝑚𝑉𝑉𝑉𝑉2

𝑥𝑥𝑥𝑥 − 𝜕𝜕𝜕𝜕
(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)2 ;

.
  (12)

𝜕𝜕𝜕𝜕П
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= −𝐶𝐶𝐶𝐶(𝜑𝜑𝜑𝜑𝜑𝜑𝜑𝜑 − 𝜕𝜕𝜕𝜕) − mg sin �
𝑥𝑥𝑥𝑥 − 𝜕𝜕𝜕𝜕
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉� ;  

𝜕𝜕𝜕𝜕П
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 = mg

𝑥𝑥𝑥𝑥 − 𝜕𝜕𝜕𝜕
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉. 

(13)

After substituting equations (9), (10), (12), and (13) 
in (2) a system of differential equations of the mechanical 
system of joint movement of mechanisms for derricking and 
load hoisting is obtained:

⎩
⎪
⎨

⎪
⎧

𝐼𝐼𝐼𝐼1𝜑̈𝜑𝜑𝜑 = 𝑀𝑀𝑀𝑀 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝜑𝜑𝜑𝜑𝐶𝐶𝐶𝐶 − 𝑧𝑧𝑧𝑧);

𝑚𝑚𝑚𝑚3𝑧̈𝑧𝑧𝑧 − 𝑚𝑚𝑚𝑚𝑉𝑉𝑉𝑉2
𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)2 = −𝑊𝑊𝑊𝑊 + 𝐶𝐶𝐶𝐶(𝜑𝜑𝜑𝜑𝐶𝐶𝐶𝐶 − 𝑧𝑧𝑧𝑧) + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

𝑥̈𝑥𝑥𝑥 + 𝑉𝑉𝑉𝑉2
𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)2 = −𝑚𝑚𝑚𝑚
𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 .

  
(14)

From the last equation of system (14), the coordinate 
of the trolley's centre of mass is expressed:

𝑥𝑥𝑥𝑥 − 𝑧𝑧𝑧𝑧 = −
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑉𝑉2
(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)

𝑥̈𝑥𝑥𝑥.                         (15)

From equation (15):
z=x+ẍP                                        (16)

where P – transfer function determined by the dependency:

𝑃𝑃𝑃𝑃 =
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑉𝑉2
(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)

.                             (17)

Now, the time derivatives of equation (16) are taken 
and the speed and acceleration of the trolley are deter-
mined, including the third and fourth derivatives, which 
will be used in further studies:

𝑧̇𝑧𝑧𝑧 = 𝑥̇𝑥𝑥𝑥 + 𝑥̈𝑥𝑥𝑥𝑃̇𝑃𝑃𝑃 + 𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃̇ ;                               (18)

𝑧̈𝑧𝑧𝑧 = 𝑥̈𝑥𝑥𝑥�𝑃̈𝑃𝑃𝑃 + 1� + 2𝑥𝑥𝑥𝑥𝑃̇𝑃𝑃𝑃 + 𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃;                      (19)

𝑧𝑧𝑧𝑧 = 𝑥̈𝑥𝑥𝑥𝑃𝑃𝑃𝑃 + 𝑥𝑥𝑥𝑥�3𝑃̈𝑃𝑃𝑃 + 1� + 3𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑃̇𝑃𝑃𝑃 + 𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃;                (20)

𝑧𝑧𝑧𝑧𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑥̈𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 + 4𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃 + 𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼�6𝑃̈𝑃𝑃𝑃 + 1� + 4𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝑝̇𝑝𝑝𝑝 + 𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃 .   (21)

The time derivatives of the transfer function (17) 
used in equation (18)-(21):

𝑃̇𝑃𝑃𝑃 = 𝑉𝑉𝑉𝑉
𝑔𝑔𝑔𝑔 + 2𝑉𝑉𝑉𝑉2

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)

�𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑉𝑉2
(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)�

2 ;                           (22)

Minimisation of the driving torque of the derricking mechanism...
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𝑃̈𝑃𝑃𝑃 =
2𝑉𝑉𝑉𝑉6

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)3 �𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑉𝑉2
(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)�

3 ; (23)

𝑃𝑃𝑃𝑃 = −
6𝑉𝑉𝑉𝑉7𝑔𝑔𝑔𝑔

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)4 �𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑉𝑉2
(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)�

4 ;                  (24)

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
24𝑉𝑉𝑉𝑉8𝑔𝑔𝑔𝑔2

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)5 �𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑉𝑉2
(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)�

5. (25)

From the second equation of system (14), the equa-
tion of the angular coordinate of the drum of the trolley 
movement mechanism is found using the relation (15). As 
a result, the following is obtained:

𝜑𝜑𝜑𝜑 =
1
𝑟𝑟𝑟𝑟 �𝑧𝑧𝑧𝑧 +

1
𝐶𝐶𝐶𝐶

(𝑚𝑚𝑚𝑚3𝑧̈𝑧𝑧𝑧 + 𝑚𝑚𝑚𝑚𝑥̈𝑥𝑥𝑥 + 𝑊𝑊𝑊𝑊)� ; (26)

𝜑̇𝜑𝜑𝜑 =
1
𝑟𝑟𝑟𝑟 �𝑧̇𝑧𝑧𝑧 +

1
𝐶𝐶𝐶𝐶

(𝑚𝑚𝑚𝑚3𝑧𝑧𝑧𝑧 + 𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥)� ; (27)

𝜑̈𝜑𝜑𝜑 =  
1
𝑟𝑟𝑟𝑟 �𝑧̈𝑧𝑧𝑧 +

1
𝐶𝐶𝐶𝐶

(𝑚𝑚𝑚𝑚3𝑧𝑧𝑧𝑧𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)�. (28)

After substituting (26) and (28) into the first equa-
tion of system (14), the dependence of the driving moment 
of the drive of the derricking mechanism on the horizontal 
coordinate of the centre of mass of the load and its time 
derivatives are obtained:

𝑀𝑀𝑀𝑀 =
𝐼𝐼𝐼𝐼1
𝑟𝑟𝑟𝑟 �
𝑧̈𝑧𝑧𝑧 +

1
𝑐𝑐𝑐𝑐

(𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑚𝑚𝑚𝑚3𝑧𝑧𝑧𝑧𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) +

+(𝑚𝑚𝑚𝑚3𝑧̈𝑧𝑧𝑧 + 𝑚𝑚𝑚𝑚𝑥̈𝑥𝑥𝑥 + 𝑊𝑊𝑊𝑊)𝑟𝑟𝑟𝑟
�. (29)

Substituting expressions (19 and (21) in depen- 
dence (29):

𝑀𝑀𝑀𝑀 = �
𝐼𝐼𝐼𝐼1
𝑟𝑟𝑟𝑟 + 𝑚𝑚𝑚𝑚3𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟 +

+
𝐼𝐼𝐼𝐼1
𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟

(𝑚𝑚𝑚𝑚3𝑧𝑧𝑧𝑧𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) + (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑊𝑊𝑊𝑊)𝑟𝑟𝑟𝑟.               (30)

To reduce dynamic loads in the jib crane during the 
joint movement of the mechanisms for derricking and load 
hoisting, the movement mode of the derricking mechanism 
will be optimised. Since the purpose of the study is to min-
imise the driving moment of the derricking mechanism, 
therefore, its RMS value is taken as a criterion for optimising 
the movement mode of the jig system (MRMS) at start:

𝑀𝑀𝑀𝑀с.к = �
1
𝑡𝑡𝑡𝑡1
� 𝑀𝑀𝑀𝑀2𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡1

0

�

1 2⁄

→ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, (31)

where t – time; t1 – duration of starting the derricking 
mechanism.

The selected optimisation criterion reflects the 
effect of loads on the drive elements and structures of the 
boom system, so it must be minimised. During the move-
ment of the derricking mechanism on the start-up sec-
tion with a steady load hoisting, it is necessary to provide 
boundary conditions that eliminate oscillations in the load 
on the flexible suspension when switching to a steady mode 
of movement of both mechanisms:

�
𝑡𝑡𝑡𝑡 = 0:  𝑥𝑥𝑥𝑥 = 𝑧𝑧𝑧𝑧0, 𝑥̇𝑥𝑥𝑥 = 0,  𝑧𝑧𝑧𝑧 = 𝑧𝑧𝑧𝑧0,   𝑧̇𝑧𝑧𝑧 = 0,  𝜑𝜑𝜑𝜑 = 𝑧𝑧𝑧𝑧0 𝑟𝑟𝑟𝑟⁄ ,  𝜑̇𝜑𝜑𝜑 = 0; 

𝑡𝑡𝑡𝑡 = 𝑡𝑡𝑡𝑡1:  𝑥𝑥𝑥𝑥 = 𝑧𝑧𝑧𝑧0 +
𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦𝑡𝑡𝑡𝑡1

2 ,  𝑥̇𝑥𝑥𝑥 = 𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧 = 𝑧𝑧𝑧𝑧1,   𝑧̇𝑧𝑧𝑧 = 𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦,  𝜑𝜑𝜑𝜑 = 𝑧𝑧𝑧𝑧1 𝑟𝑟𝑟𝑟⁄ , 𝜑̇𝜑𝜑𝜑 = 𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦 𝑟𝑟𝑟𝑟⁄ . (32)

The boundary conditions (32) are presented as 
dependences of the horizontal coordinate of the centre 

of mass of the load and its time derivatives up to and includ-
ing the fifth order:

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑡𝑡𝑡𝑡 = 0:  𝑥𝑥𝑥𝑥 = 𝑧𝑧𝑧𝑧0, 𝑥̇𝑥𝑥𝑥 = 0,  𝑥̈𝑥𝑥𝑥 = 0,  𝑥𝑥𝑥𝑥 = 0,  𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = −

𝑊𝑊𝑊𝑊 �𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑉𝑉2
𝑙𝑙𝑙𝑙0
�

𝑚𝑚𝑚𝑚3𝑙𝑙𝑙𝑙0
;  𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼 = 3

𝑊𝑊𝑊𝑊 ∙ 𝑉𝑉𝑉𝑉 �𝑔𝑔𝑔𝑔 + 2𝑉𝑉𝑉𝑉2
𝑙𝑙𝑙𝑙0
�

𝑚𝑚𝑚𝑚3𝑙𝑙𝑙𝑙02
;

𝑡𝑡𝑡𝑡 = 𝑡𝑡𝑡𝑡1:  𝑥𝑥𝑥𝑥 = 𝑧𝑧𝑧𝑧1 = 𝑧𝑧𝑧𝑧0 +
𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦𝑡𝑡𝑡𝑡1

2 ,  𝑥̇𝑥𝑥𝑥 = 𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦, 𝑥̈𝑥𝑥𝑥 = 0,  𝑥𝑥𝑥𝑥 = 0,  𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = −
𝑊𝑊𝑊𝑊
𝑚𝑚𝑚𝑚3

.
𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑉𝑉2

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡1)
𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡1

,

𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼 = 3
𝑊𝑊𝑊𝑊 ∙ 𝑉𝑉𝑉𝑉
𝑚𝑚𝑚𝑚3

∙
𝑔𝑔𝑔𝑔 + 2𝑉𝑉𝑉𝑉2 (𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡1)⁄

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡1)2 . (33)

The proposed optimisation problem (31), (33), con-
sidering the expression of the driving moment (30) for the 
dependences of the transfer function (17) and its time deriv-
atives (22),..., (25), cannot be solved by analytical methods. 
Therefore, an approximate solution to this optimisation 
problem is used. The essence of the approximate method 

for solving problems (31), (33) is reduced to the problem of 
a class of multiparametric functions that satisfy the boundary 
conditions (33) and provide a minimum of the integral func-
tion (31). The class of multiparametric functions on which 
the solution of the optimisation problem is located is defined 
as the solution of the following boundary value problem:

MRMS
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where L(x) – an operator that depends on the function x(t) 
and its time derivatives.

The solution of the boundary value problem (34) has 
two unknown parameters 𝑥𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄   and 𝑥̇𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄  . Operator L(x) for 
the set optimisation problem is taken as a fourteenth-order 
differential equation, i.e.: L(x)=xXIV(t). As a result of solv-
ing the boundary value problem (34), the expression of the 
functional (31) is formed:

𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 = 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟�𝑥𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄ , 𝑥̇𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄ , 𝑡𝑡𝑡𝑡1 �,                          (35)

Which is a nonlinear function of unknown argu-
ments 𝑥𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄ , 𝑥̇𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄   and t1. To find the following values 𝑥𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄   
and 𝑥̇𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄   in which the functional (31) acquires a minimum 
value, a ME-D-PSO was used [27]. Its use does not require 
continuity and differentiation of criterion (35) and does 
not impose strict requirements on the optimisation prob-
lem. After constructing the functional dependency (35), it is 
possible to apply the ME-D-PSO method and find the opti-
mal values of unknown parameters 𝑥𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄   and 𝑥̇𝑥𝑥𝑥𝑡𝑡𝑡𝑡1 2⁄   . When 

solving the optimisation problem, the following parameters 
of the method are used: the rate of reduction of the crite-
rion AR = 0.005; the number of particles (swarm popula-
tion) is 50; the number of iterations is 40. The given param-
eters of the method allow effectively using computational 
resources when solving the optimisation problem of deter-
mining the desired driving mode of the drive mechanism.

For calculations, the jig system of a tower crane 
with a jig saddle with the following parameters was used: 
m=5000 kg; m3=300 kg; I1=50,16 kg∙m2; r=0,15 m; z0=10,0 m; 
l0=16,0  m; C=7,24∙105  N∙m; g=9,81  m⁄s; W=5500  N; 
V=0,85 m⁄s; t1=5,0 s.

RESULTS AND DISCUSSION
As a result of solving the optimisation problem, graphical 
dependencies of kinematic parameters (Figs. 2 and 3), 
power (Fig. 4), and energy characteristics (Figs. 8 and 9) of 
the derricking mechanism during the start-up process are 
constructed.

Figure 2. Graphs of horizontal movement of trolley and load
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𝑚𝑚𝑚𝑚3

.
𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑉𝑉2 (𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡1)⁄

𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡1
,

𝑥𝑥𝑥𝑥𝐼𝐼𝐼𝐼 = 3
𝑊𝑊𝑊𝑊 ∙ 𝑉𝑉𝑉𝑉
𝑚𝑚𝑚𝑚3

∙
[𝑔𝑔𝑔𝑔 + 2𝑉𝑉𝑉𝑉2 (𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡1)⁄ ]

(𝑙𝑙𝑙𝑙0 + 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡1)2 .

 

                         (34)
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In Figures 2-4, the dark curve shows the characteristics 
of the trolley, and the light curve shows the characteristics 
of the load. Fig. 2 shows that at the beginning and end of 
the start, the movements of the trolley and load coincide. At 
the same time, during the start-up process, there are devia-
tions in the movements of the trolley and load, which indi-
cates the presence of oscillations of the load on the flexible 
suspension relative to the trolley. The change in the move-
ment of the load is smoother compared to the movement 
of the trolley.

Figure 2 shows graphical dependences of changes 
in the speed of the trolley and load during the start-up 
process of the derricking mechanism, which indicate that 

oscillations in the speed of both the trolley and the load are 
observed during movement. These oscillations are caused by 
the swinging of the load on the flexible suspension and the 
elastic properties of the traction body of the trolley.

At the end of the start-up process, the speeds of the 
trolley and load coincide, and the movements of the trolley 
and load coincide at this point in time (Fig. 2). This indicates 
that after the trolley movement mechanism is released, there 
will be no oscillations in the load on the flexible suspension.

Figure 4 shows that during the start-up of the mech-
anism, changes in the trolley movement of the acceleration 
of the trolley and load have an oscillatory character with 
a significant amplitude of oscillations.

Minimisation of the driving torque of the derricking mechanism...
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With an average trolley and load acceleration of 
0.11 m/s2 the maximum acceleration value of the trolley 
is 0.27 m/s2, and the trolley – 0.21 m/s2. At the beginning 
and end of the start-up process, the acceleration of the 
trolley and load takes zero values, which contributes to the 
smooth movement of the trolley and load in the area of sta-
ble movement of the derricking mechanism.

From a flat phase trajectory of load oscillations rel-
ative to the trolley (Fig. 5) it can be seen that during the 
start-up of the mechanism, changes in the trolley movement 
of oscillations fade out during two periods of oscillations. 
At the same time, the maximum deviation of the trolley and 
load movements is 0.32 m, and the maximum deviation of 
the trolley and load speeds reaches 0.21 m/s.

Figure 3. Graphs of horizontal speeds of trolley and load
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Figure 4. Graphs of horizontal accelerations  
of trolley and load
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Figure 5. Phase trajectory of load oscillations relative to 
the trolley
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Figure 6. Graph of the angular velocity of the trolley 
drive drum
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Angular velocity of the trolley drive drum (Fig. 6) 
changes from zero to a steady-state value if there are oscil-
lations during the start-up process. The presence of oscilla-
tions of the drive drum is caused by oscillations of the trolley 
and load on the flexible suspension.

Figure 7 shows that the acceleration of the drive 
drum also has an oscillatory character. At the same time, 
in the middle of the start-up, it takes the maximum value, 
which is 1.8 rad/s2, and at the end of the start-up reaches zero. 
This contributes to the normal operation of the drive drum 
during the steady movement of the derricking mechanism.

Figure 7. Graph of angular acceleration  
of the trolley drive drum
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Figure 8 shows that at the beginning of start-up, 
the driving moment of the drive mechanism for derricking 
from the moment of static resistance forces to the move-
ment of the trolley changes smoothly to a stable value, 
where moment oscillations are observed caused by the 
oscillations of the load on the flexible suspension. At the 
end of the start-up process, the driving moment gradually 
decreases to the value of the moment of static resistance 
forces. In the area of steady-state movement, in the absence 
of oscillations of the trolley and the load on the flexible 
suspension, the driving torque of the drive takes a steady-
state value corresponding to the moment of static resistance 
forces to the movement of the trolley. Drive power of the 
derricking mechanism (Fig. 9) during the start-up process, 
it changes from zero to a steady-state value in the presence 
of oscillations. These oscillations in the nature of the change 
are close to oscillations in the angular velocity of the drive 
drum of the derricking mechanism (Fig. 6).

V. Loveikin et al.
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Comparing the results obtained with well-known 
studies, it is worth noting a significant variety of methods 
for solving problems similar to the one that was solved in 
this study. For example, in [5], the apparatus of artificial 
neural networks was used. As a result, it was possible to 
almost completely eliminate the pendulum oscillations of 
the load on the flexible suspension. However, such con-
trol actions of the system in a strict sense are not optimal. 
In [11], the authors obtained an optimal method for con-
trolling the movement of the crane movement mechanism 
in terms of speed. At the same time, it was assumed that 
the length of the flexible suspension of the load is constant, 
which distinguishes [11] from this study. In [16], the prob-
lem of eliminating the pendulum oscillations of the load is 
set quite broadly – five degrees of freedom of the system 
are considered, two of which correspond to the pendulum 
oscillations of the load. The results of the above study also 
allowed the authors to obtain a control corresponding to 
the absence of load oscillations in the tangential and radial 
directions at the end of acceleration. However, such control 
is also not optimal. The type of control is also different – 
it is a function of the phase coordinates of the system (the 

control obtained in this study is a function of time). In [17], 
the optimisation problem is presented in a variational for-
mulation, similar to this study. The range of issues consid-
ered is quite wide, which allowed the author to improve the 
dynamic and energy performance of the crane and mini-
mise the pendulum oscillations of the load. This makes the 
above study similar to this one. All calculations are given 
for a crane whose reach is changed by hoisting/lowering the 
beam, although the method is quite general and therefore, 
can obviously be used for other types of tower cranes.

CONCLUSIONS
In the conducted research, the problem of minimising the 
driving torque of the drive mechanism for derricking during 
a steady load hoisting is set and solved by selecting the 
driving mode of the drive. 

A mathematical model of the dynamics of the move-
ment of the derricking mechanism of a tower crane with 
a steady movement of the load hoisting mechanism is 
constructed, which considers the main movement of the 
drive mechanisms and oscillations of links with elastic prop-
erties. The model is a system of second-order nonlinear dif-
ferential equations that is reduced to a single sixth-order 
differential equation.

To optimise the starting mode of the derricking mech-
anism during the steady-state movement of the hoisting mech-
anism, an integral dynamic criterion was reasonably chosen, 
which is presented in the form of the RMS value of the driv-
ing torque of the drive during the start-up process. To solve 
the nonlinear optimisation problem of selecting the mode 
of movement of the drive of the derricking mechanism dur-
ing steady-state movement of the load hoisting mechanism, 
a modified metaheuristic method of a swarm of particles is 
used.

The results of optimisation of the driving mecha-
nism mode showed that minimising the value of the driv-
ing torque led to a reduction in dynamic loads acting on the 
elements of crane mechanisms, and the elimination of oscil-
lations of the trolley and load during the transition from the 
start-up process to the steady-state movement of the derrick-
ing mechanism. At the same time, oscillations of the trolley and 
load on a flexible suspension are observed at the start-up site.

Prospects for further study in this area are to consider 
other factors of the process of joint movement of mechanisms 
(for example, wind effects on load and trolley, the action of 
centrifugal force when the crane slews, etc.). The reasonable 
choice of a multiparameter function, on which an approxi-
mate solution of the problem is sought, also remains an open 
question. In addition, in subsequent studies, a transition will 
be made from a single (similar to (31)) to complex optimi-
sation criteria that could reflect several undesirable indica-
tors, which would allow the authors to more fully consider 
the requirements for the mode of movement of mechanisms.

Figure 8. Graph of the driving torque 
of the derricking mechanism drive

Figure 9. Power graph for the derricking actuator
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Мінімізація рушійного моменту приводу механізму зміни  
вильоту баштового крана при усталеному підйомі вантажу

Анотація. Ефективне використання баштового крана досить часто вимагає суміщення різних операцій, 
наприклад, підйому вантажу та зміни вильоту. У випадку коли вантаж піднімається при усталеній швидкості 
виникає задача оптимального керування механізмом переміщення візка, яка виходить за рамки інженерних 
розрахунків і представляє собою науково-прикладну задачу. Її актуальність пов’язана із покращенням керованості 
кранових механізмів, підвищення продуктивності та надійності роботи крана, покращенні енергоефективності 
його приводних механізмів. Вказані показники пов’язані з вибором критерію оптимізації. Отже, метою статті є 
оптимізація режиму пуску механізму зміни вильоту за критерієм середньоквадратичного значення рушійного 
моменту при усталеному підйомі вантажу. Для досягнення цієї мети були використані методи: динаміки машин 
і механізмів, математичного моделювання, інтегрального і диференціального числення, модифікований метод 
рою часточок ME-D-PSO. За крайові умови руху обрано параметри, які усувають коливання вантажу на гнучкому 
підвісі при виході механізму зміни вильоту на усталений режим руху. За результатами оптимізації сумісного 
руху механізмів зміни вильоту та підйому вантажу побудовані графічні залежності кінематичних, динамічних та 
енергетичних характеристик перехідного процесу пуску і проведено їхній аналіз. З отриманих залежностей виявлено 
умови усунення коливань вантажу на гнучкому підвісі при усталеному русі та зменшення динамічних навантажень 
та енергетичних витрат в процесі пуску механізму зміни вильоту. Для реалізації оптимального режиму пуску 
механізму зміни вильоту при усталеному підйомі вантажу рекомендовано використовувати оптимальне керування 
приводними механізмами. Отримані результати доцільно застосовувати для розробки нових і модернізації існуючих 
систем керування рухом механізмами баштових кранів
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Minimisation of the driving torque of the derricking mechanism...


