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Abstract

Introduction. The dynamic loads during the start-up of a bridge crane can cause excessive stress in the structure and
components, leading to potential safety hazards and increased wear and tear. To reduce the influence of the dynamic
loads, various strategies can be implemented including optimization of the acceleration and deceleration profiles, using
the soft start controls, implementing the vibration damping systems. It is vital to ensure that the proper crane maintenance
and inspection protocols are in place. By reducing the impact of dynamic loads during the start-up, the overall
performance and longevity of a bridge crane can be improved, ultimately enhancing safety and efficiency of the industrial
operations. The present research offers a new approach to improving the efficiency and safety of industrial operations by
providing a more precise account of the dynamic loads during the start-up of a bridge crane. The objective of this study
is to develop a mathematical model for investigating the mechanical properties of the bridge cranes by analyzing the
dynamic loads that occur during lifting operations.

Materials and Methods. The development of the mathematical model was based on the kinetic model of the system,
which included three connecting blocks and two flexible connections for a more accurate description of the bridge crane
structure. Lagrange’s equations incorporating the information about the geometry and structure of a bridge crane were
used. They made it possible to describe the motion of a system with the multiple elements and degrees of freedom.
Processing and analysis of the results of the mathematical model were carried out in the MATLAB program using the
Runge-Kutta method.

Results. As a result of the research, a mathematical model was developed to study the dynamic loads affecting a bridge
crane during lifting operations. Graphs describing the dependences of speed, acceleration, load, and rope angle over time,
and their influence on the crane beam were plotted. The changes in these parameters over time, including their maximum
values, were analyzed. The reasons for load changes and factors influencing the extension of lifting machines’ service
life as well as reducing metal consumption during production thereof were identified.

Discussion and Conclusion. The developed mathematical model and its numerical solution using the specialized software
(MATLAB) allow for conducting the dynamic analysis of the bridge crane structures and determining the optimal design
solutions. The analysis of the factors influencing the load changes leads to the conclusion that the use of this model can
significantly reduce the load magnitudes and metal consumption, as well as increase the service life of lifting machines.
The results obtained with the developed mathematical model and its numerical solution are useful for optimizing the crane
structures, providing compliance with the operational requirements, and extending the service life of lifting machines.
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AHHOTAUMSA

Bgeoenue. JlnunaMuydeckyie Harpy3Ky BO BpeMsl 3allyCKka MOCTOBOT'O KpaHa MOTYT BbI3bIBaTh H30BITOYHBIE HAIIPSKEHUS B
KOHCTPYKIIMH, TIPUBOAS K ITOTEHIHMAIBHBIM PHUCKaM M yBEIHUYECHUIO M3HOCA. [\ CHIDKEHHS BIMSHUSA IWHAMHIECKUX
Harpy30K MOXXKHO NPUMEHATH Pa3IMYHBIE CTPATETHH, BKJIIOYAs ONTHMH3ALMIO MPOQHIEH YCKOPEHHS M 3aMeIUICHHS,
HCIIOJIb30BAHNUE IIUIABHOTO ITyCKa, BHEAPEHUE CHCTEM aMopTH3anuu. BaxHo obecneunBaTh MCIOIHEHHWE MPABHIIBHBIX
TIPOTOKOJIOB OOCITYKMBaHHS W MHCTICKIIMN KpaHOB. [lyTeM CHIKEHHs BO3JCHCTBHS JUHAMHYECKUX HArpy30K BO BpeMs
3aIlyCcKa MOXKHO YJYYIIUTH OOIIYIO MPOM3BOANTEIBHOCTh M JJONTOBEYHOCTh MOCTOBOTO KpaHA, NMOBHICUB B KOHEYHOM
utore 6e30macHoOCTh ¥ 3(h(HEKTUBHOCTH MPOMBIIUICHHBIX onepauuii. JlaHHoe nccieroBaHue npeaiaraeT HOBbIH 1M0IX01
K TMOBBINIEHUIO 3((EKTHBHOCTH W 0E€30MacHOCTH MNPOMBIIUICHHBIX OIepaluid 3a cyer OoJiee TOYHOrO ydera
JMHAMMYECKUX Harpy3oK MOCTOBOTO KpaHa Ipu Imycke. Llemb paboTel — pa3paboTka MaTeMaTHUecKOi MOAEIH JUis
N3Yy4YCHUS MEXaHUYCCKUX CBOMCTB MOCTOBBIX KpaHOB IIYTEM aHaIn3a JUHAMHUYECKUX HAIr'py30K, BOSHUKAIOIINX BO BPEMsL
MOABEMHBIX OTIEpALIHiA.

Mamepuanvt u memoodsl. PazpaboTka MaTeMaTHIECKOW MOZEIH OblIa BBITOJIHEHA HA OCHOBE KMHETHYECKOH MOJEIH
CHCTEMBI, BKIIOYAIOUIEH TPH COCOMHUTENBHBIX OJIOKa M J1Ba THOKHMX COEAMHEHHUS i1 0oyiee TOYHOTO OIMCAHUS
KOHCTPYKIIMM MOCTOBOTO KpaHa. lcronp3oBaHbl ypaBHeHus Jlarpanka, BKIOUaoIe HHGOPMAIIUIO O TEOMETPUH U
CTPYKTYpE MOCTOBOTO KpaHa. OHH MO3BOJIMIIH OIMCATh JBIKEHNE CHCTEMBI C HECKOJIBKUMH JIEMEHTaMHU 1 HECKOJIBKIMHU
cTereHsaMu cBoOoabl. O0paboTKa M aHANHU3 PE3yIbTATOB MAaTEMATHIECKON MOAENH OBLIN MPOU3BEICHBI B IPOTrpaMMe
MATLAB c npumenenueMm metoaa Pynre-KyTTsl.

Pesynvmamut uccnedosanus. B pesynbrate nccienoBaHus Obula pa3paboTaHa MaTeMaTHYeCKast MOAENb ISl M3YYeHHS
JUHAMHYECKHUX HAarpy30K Ha MOCTOBOI KpaH BO BpeMs HOABEMHBIX orepaimii. IlocTpoeHsl rpaduky, ONMCHIBAOLIHE
3aBUCHMOCTH CKOPOCTH, YCKOPEHUSI, HArPY3KH M yIJia KaHaTa OTHOCUTEIBHO BPEMEHHU U MX BIMSHHE Ha 0ajKy KpaHa.
[Ipoananu3upoBaHO W3MEHEHHE ATUX MApaMETPOB BO BPEMEHH, BKIIIOYAs MX MaKCHMajbHbIe 3HaueHus. OrnpenenaeHsl
NPUYMHBI U3MEHEHUH HArpy3Ku U (pakTopbl, BIUSIONIME HA YBEJIMYCHUE CPOKA CIY)KObI U CHIDKCHHE METAIIOEMKOCTH
IIpy MPOU3BOACTBE NOABEMHBIX MAIllNH.

Obcysrcoenue u 3axnouenue. PazpabotanHas MaTeMaTHuecKas MOJENb U €€ YHCIEHHOE PelleHHe C MCIIOJIb30BAaHUEM
CHENHATH3UPOBAHHOTO TporpaMMHoro obecnedeHus (mporpamma MATLAB) mo3BossiOT MPOBOANTE JHHAMUYECKUH
aHaIM3 KOHCTPYKIMH MOCTOBOTO KpaHa M ONPEAENIATh ONTHMAalbHbIE KOHCTPYKTUBHBIE PEIICHUS. AHAIN3 (aKTOPOB,
BIMSIONINX Ha W3MEHEHHE Harpys3KH, MO3BOJISIET CHEeNaTh BBIBOJ, YTO IIPH HCIIOIB30BAaHWU JAHHOW MOJENN MOKHO
3HAYNTEIHHO CHU3UTDH BEIMYMHY Harpy30K M METAJUIOEMKOCTb, a TAK)KE YBEJINYUTH CPOK CITYKOBI ITOEMHBIX MAIIHH.
Pe3ynbTaThl, MomydeHHBIE P TOMOIIH pa3pab0TaHHOW MaTeMaTHYeCKOH MOJIEIH, U €€ YHCIEHHOE PEIICHNE TOIE3HBI
TIPY ONTHMU3AIUHN KOHCTPYKIIMU KPAHOB, 0OECIIEYEHIH COOTBETCTBHS ONEPAIMOHHBIX TPeOOBaHUI U IPOJVICHUN CPOKa
CITy>KOBI ITOJTbEMHBIX MaIlInH.

Ki1roueBblie ¢j10Ba: MOCTOBOM KpaH, JUHAMUYECKas Harpy3Ka, KHHETHYECKast MOJIENb, MOBEM IPYy30B, TMHAMUYECKUI aHAITN3

Jna murupoBanusa. Aunrtubac .P. MonenipoBaHue IMHAMHUYCCKUX HArpy30K, BO3IACHCTBYIOIIMX HAa MOCTOBOW KpaH B
MOMEHT mycka. Advanced Engineering Research (Rostov-on-Don). 2024;24(2):190-197. https://doi.org/10.23947/2687-
1653-2024-24-2-190-197

Introduction. The analysis of dynamic processes in the mechanical part plays an important role in the development
of new overhead cranes and modernization of existing ones in order to reduce loads on control devices and extend their
service life [1].

The bridge crane is subjected to dynamic loads during non-static operations, such as acceleration and braking. Analysis
of these processes allows identifying hidden impacts on the dynamic behavior of the bridge crane. Therefore, it is
paramount for the researcher to make an optimal design choice to reduce these loads, ensuring that the crane can meet the
required operating conditions [2].

In [3], a dynamic model of a crane lifting system was developed, using which an accurate direct numerical integration
method was proposed for calculating the dynamic loads of the system.
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Papers [4, 5] studied dynamic loads in a metal structure, taking into account fatigue of the metal material. However,
the researcher neglected the impact of forces from the drive of the lifting mechanism operating with artificial parameters.

In [6], dynamic loads in a bridge crane were determined during the operation of a lifting mechanism when hoisting a
load suspended on a rope. The most important case studied was the effect of dynamic loads on the crane when removing
a load from a solid foundation, at the moment of lifting-off.

Steel structures of bridge cranes experience non-stationary loads with different stress amplitudes and asymmetry of
the working cycle [7]. To study the real load of bridge cranes under typical operating conditions, constant recording of
their stress state is required, which is labor-intensive [8]. Therefore, statistical processing of the obtained results is used
to assess the loading elements of metal structures of bridge cranes [9]. This involves changing individual components of
the total load of metal elements, such as the gravity of the load being lifted, the angle of rotation of the load, and weather
loads, and then summing them according to the laws of probability theory [9,10]. This approach is less labor-intensive
than a comprehensive study of loading under typical operating conditions. However, determining the probabilistic
characteristics of individual random loads also takes time, so the method for calculating load combinations is widely used
in crane construction [11].

In [12], it was found that during the stage of selecting the rope slack, the value of the stator current of the electric
motor of the lifting mechanism did not depend on the mass of the suspended load. However, as the load increased, the
time of its rise also increased, and at the stage of separating the load from the surface, the amplitude values of the current
increased. Furthermore, a noticeable difference appeared after five periods of mains voltage from the beginning of the
stage. However, the researcher neglected the significant influence of forces arising from the drive of the lifting mechanism
working with artificial elements.

By using the developed mathematical model, the research aims at optimizing the design of bridge cranes through
studying the dynamic loads that occur during lifting operations, ensuring that the crane has the ability to meet the required
operating conditions.

Materials and Methods

Kinetic Model of the System under Study. When developing a kinetic model of the system under study, it can be
represented that the construction of a bridge crane for a given motion form consists of three connecting blocks and two
flexible joints, and has the form shown in Figure 1:
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Fig. 1. Bridge crane kinetic model

mp — mass of the main bridge, moving along the X-axis; mp — mass of the lifting mechanism, moving along the Y-axis;
mg — payload; Kp and Cz — elasticity modulus and damping coefficient of the main bridge; Kz and Cr — elasticity
modulus and damping coefficient of the ropes; o — swing angle of lifting mechanism winding.

Derivation of Kinetic Equations Reflecting the Motion of the Dynamic Model

Mathematical equations representing the motion of the dynamic model are derived from the partial differential
Lagrange equation, which is considered to be one of the best methods used specifically in cases where the system consists
of more than one element and when it has several degrees of freedom.
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where 7 — kinetic energy; U — potential energy; D — damping energy; O — external forces affecting the whole system;
q: — common system of coordinates; i — degrees of freedom of the model under study.
Kinetic energy equation:

T=0.5mpgz%2 +0.5mpz% +0.5mzz2 +0.5J - &2, “)
Potential energy equation:

U=05K,z3+0.5K,(z5 —ra+zz)>. (5)

Damping equation:

2

D =0.5C525+0.5C, (25 —re+25)". (6)

System equations:
(mp+mp)ig+Kpzp+K, (zp—ro+zg)+Cpzp+Cr(zz—ra+zg)=0, ©)
*mGZG+K,(zG—r(x+zB)+C,(z'G—ro'L+z'Bj=O, ®)
S+ Kr(o—zg—zp)+C.or(0—2g—Z25)=M,—M,, )

where M, M.— resistance momentum and lifting mechanism momentum; J — inertia of rotating mass of the lifting mechanism.

Numerical Solution of a Mathematical Model Using the Fourth-Degree Equation of Runge-Kutta

The numerical solution of equations (7-9) was obtained using the Runge-Kutta method in the MATLAB program.
The dynamic equations were derived within the program, incorporating the input data and a set of commands to process
these equations. The resulting graphs illustrate the interconnections between the various blocks and components of the
crane structure under consideration.

The Conditioning of the Input Values Required to Solve the Model

The study was conducted on an ACE type bridge crane consisting of three parts (Fig. 2):

— lifting trolley;

— main bridge, which supports the lifting mechanism;

— end trucks, which support the main bridge.

i

Fig. 2. Main parts of a bridge crane ACE

To align the operation of the bridge crane with a standard set of coordinate axes, the following assumption was made:

— the lifting trolley functions as a unit responsible for raising a load along the Z-axis and allows for horizontal motion
along the Y-axis relative to the main bridge, which is the axis along which the crane moves.

A study was conducted on a prototype bridge crane with a lifting capacity of 10 tons and a width of 21.5 meters. The
following characteristics were considered:

— payload: mg = 10,000 kg;

— mass of the two main bridges: mp = 8,100 kg;

— mass of the lifting mechanism with the trolley: mp = 700 kg.

When determining the input values, all the laws of designing the structures of lifting devices were followed, and the
connections of all components were taken into account. The main factors considered were:

— power of the drive of the lifting mechanism along the Z-axis;

— stiffness coefficient of the steel structure (Kp);

— stiffness coefficient of the rope (K,);

— damping coefficient of the metal frame (Cp);

— damping coefficient of the ropes (C,).
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Table 1
Shows the elements of the design structure of the bridge crane that was studied.

Element name Value Unit of measurement Notation
Load 10 Ton me
Crane mass 8,100 Kg mg
Trolley mass 700 Kg mp
Crane length 21.5 m L
Height of lift 5 m H
Beam device degree 2 - A
Gear box ratio 4.5 - i
Coil radius 0.25 m R
Rope diameter 16.5 mm dy
Engine power 30 kW N,
Speed of the engine rotor core 905 r.p.m ny
Rope stiffness coefficient 11169.8 N/mm Kz
Rope damping coefficient 239344 N/mm K,
Rope damping coefficient 83.37 N.sec/m C,
Metal frame damping coefficient 30.29 N.sec/m Cp

Research Results

Study of the Model Operation Using a Computer
Structural Behavior of a Metal Bridge Crane under Momenta Loads
The structural behavior of a metal bridge crane during the process of lifting a load is depicted by three curves (Fig. 3).
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Fig. 3. Coordinates of vertical motion, speed and acceleration of the COG of the bridge cranes versus time curves

In Figure 3, the first curve shows the coordinates of the bridge crane along the ordinate axis as a function of time.
During lifting, some vibration of the crane's metal structure is observed for 5-10 seconds, which then stabilizes and does

not affect its rigidity.

The second curve in this figure depicts the change in the speed of the center of gravity of the bridge crane over time.
During lifting the load, the speed initially increases and then gradually decreases until stabilization. This indicates that
the center of gravity of the bridge crane assumes a stable position within the specified time period, during which the

vibration stabilizes.

The third curve reflects the change in the center of gravity of the bridge crane over time. It is noteworthy that the
acceleration value at the moment of lifting the load is 0.07 m/s?, with the dynamic load reaching its maximum.°®
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Load Curves

Figure 4 shows three curves that reflect motion of the load during the crane operation at the time of lifting.
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Fig. 4. Coordinates of the speed and acceleration of the load lifting versus time curves

In Figure 4, the first curve reflects the change in the position of the center of gravity of the load over time during its
lifting to a certain height, calculated by the program, by rotating the drum by 180 degrees and then stopping. The height
of the load suspension indicated on the graph is 0.78 m.

The second curve on this graph shows the change in the lifting speed of the load over time. When the drum rotates,
the lifting speed of the load initially increases, then gradually decreases until it stabilizes.

The third curve represents the change in the acceleration of the load lifting over time. At the moment of lifting the
load, the acceleration reaches a maximum value of 0.26 m/s? in 0.8 seconds, and then stabilizes.

From the analysis of these three curves, it can be noticed that the stabilization time of the crane operation is almost constant.

Coil Angle Curve

Figure 5 shows the dependence of the winding rotation on time in degrees.
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Fig. 5. Coil Angle Curve

Figure 5 shows the change in the angle of rotation of the drum over time. The rotation angle stabilizes when reaching
a value of 180 degrees, after which it remains stable, meaning it repeats.
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Discussion and Conclusion. Analysis of the above graphs leads to the following conclusions.

The mathematical model and algorithms allow for a detailed study of the motion of a bridge crane at all stages.
Adjusting the winch operation and improving the metal structure of the crane have many positive aspects, including
reducing dynamic displacements in the metal frame of the crane and transmission elements (such as clutch, gearbox,
motor, and pulleys), as well as in the hoisting ropes. This reduction in dynamic loads leads to a decrease in rapid wear of
these elements. Additionally, cost savings on maintenance and the development of an optimal metal structure design are
achieved, as well as an increase in the crane's service life. This is evident from changes in the center of gravity of the
load, speed, and acceleration during its lifting over time. It has been established that the height of the load during lifting,
which is directly related to the length of the hoisting ropes, as well as the mass of the lifted load and the design of the
main bridge, including its shape and dimensions, significantly influence the dynamic loads experienced by the structure.

The mathematical model offers a new approach to improving the efficiency and safety of industrial operations by
providing a more precise understanding and accounting for dynamic loads during the start-up of a bridge crane.
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