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STUDY OF THE DYNAMICS OF THE MOVEMENT MECHANISM
OF AN OVERHEAD CRANE AS A COMPLEX ELECTROMECHANICAL SYSTEM
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The article studies the dynamics of the crane movement mech-
anism to take measures for their reliable operation and reduce
the wear of movement mechanisms. For this, the following as-
sumptions are accepted: transverse motion is not considered,
the dynamics of engines and electric drive is not considered;
the crane is presented in the form of a seven—mass system, the
load suspension is adopted as rigid.

It has been established that account of flexibility of the rope,
with which the load is suspended, does not significantly affect
(no more than 10%,) the values of the largest dynamic loads in
elastic connections; therefore, when determining the loads in
the elastic connections of the movement mechanisms, it is pos-
sible to use a system with an elastic mechanism and a rigid
suspension of the load. The processes in the movement mech-
anisms of load-lifting cranes are considered, using the calcu-
lated seven-mass dynamic scheme of structures. During the
mechanism operation the oscillations occur in its metal struc-
tures and transmission shafts, in addition, the load sways
(which, together with a rope of length L, forms a pendulum
with a moving suspension point).

The graphs show the forces in the longitudinal, transverse
beams of the crane and the linear speeds of wheels, with an
external force applied to each wheel of 21700 N. All three
types of oscillations have different frequencies, which allows
them to be considered on simpler two-mass models. But when
using synchronous rotation systems (SRS) on the movement
mechanism, which are often prone to oscillations, the pro-
posed model is better suited, because it takes into account the
interaction of the SRS and the mechanism at different vibra-
tion frequencies. With these loads, the mismatch of the path of
the sides Ax. does not exceed 0,025 m, the relative swing of
the load x; is not more than 0,25 m.

The article found that according to the seven-mass model,
when a driving force is applied, mechanical oscillations arise
in which three frequencies of interaction are observed. For the
crane designs discussed in the article, these frequencies are
0,2, 0,95 and 6,4 Hz, to study a more complete picture of the
processes, it is necessary to consider the transverse displace-
ment of the crane and the dynamics of electric drive move-
ment.

The parameters of the calculated scheme for output data of the
bridge are determined. Based on obtained results the calculat-
ed scheme of crane movement mechanism was constructed.
The system is converted into a three-axle, the first of which is

the rotor of engine, the second - the first gear together with
the coupling, and the third - the axle with two gears.
Keywords: overhead crane, elasticity, design, load suspen-
sion, dynamic load, oscillations, force.

Introduction. Overhead cranes are widely used in
mechanical engineering, metallurgical production, nu-
clear power plants and other industries. Overhead cranes
are heavily loaded machines, their daily load reaches
70-80%, the load capacity is 75-85% of the nominal, the
actual operating mode of the cranes is often overesti-
mated compared to the standard. Despite the fact that
the designs of overhead cranes have been improved for
many years, premature failures of the crane system
(crane-crane runway) still occur. In addition to opera-
tional and technological causes of failures (unscheduled
maintenance, violations of operating rules, etc.), design
imperfections of crane assemblies can serve as causes.
The most characteristic causes and consequences of
premature failures include the short service life of crane
wheels and crane rails, fatigue failure of end beams, de-
struction of low-speed shafts of movement mechanisms
with mounted gearboxes, loosening and wear of the
track gauge, wheel derailment [1].

The objective. The role of technological cranes
that presented in modern steelmaking can hardly be
overestimated, their number in a converter shop can
reach several dozen. To take measures for their reliable
operation and reduce the wear of movement mecha-
nisms, it is necessary to study the dynamics of the crane
movement mechanism, which is an objective of this
work.

Research results. The following assumptions are
accepted: transverse motion is not considered, the dy-
namics of engines and electric drive is not considered,
the crane is presented in the form of a seven—mass sys-
tem, the load suspension is adopted as rigid. It has been
established [2] that account of flexibility of the rope,
with which the load is suspended, does not significantly
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affect (no more than 10%) the values of the largest dy-
namic loads in elastic connections; therefore, when de-
termining the loads in the elastic connections of the
movement mechanisms, it is possible to use a system
with an elastic mechanism and a rigid suspension of the
load.

To consider the processes in crane movement
mechanism, we will depict the structural elements in the
diagram. The calculated seven—mass dynamic scheme
of the movement mechanism is shown in article [3]. It
contains: two reduced masses my;, my of impellers
(with electric motors), two reduced masses of idle
wheels mg3;, my, masses m;, m, of the crane end beams
(the mass of the crane cross beam is evenly distributed
between m; and m,, the mass of the cart is taken into ac-
count in mass m,), mass of cargo ms; elastic connections
are taken into account by the stiffness coefficients: ¢;, —
the transverse beam of the crane, ¢, ¢,, ¢; ¢, — halves of
the end beams of the crane; L; — the length of the sus-
pension of the load; F;, — elastic force in the cross beam
of the crane; F;, F,, F; F,— forces in the end beams of
the crane; Vi, Vo Vi Vaw Vi, Vs — linear speeds of the
crane wheels and central points 1, 2 of the end beams of
the crane bridge; x; — linear movement of the load rela-
tive to the point 2 of the load suspension; Ap — skew
angle of the transverse beam of the crane.

During the mechanism operation the oscillations
occur in its metal structures and transmission shafts (due

4

to the presence of an elastic connection between the
masses m; and m;), in addition, the load sways (which,
together with a rope of length L, forms a pendulum
with a moving suspension point). Dynamic loads in
elastic connections of movement mechanisms can ex-
ceed static loads by 3+7 or more times [4, 5], and pen-
dulum oscillations of the load cause uneven movement
of cranes movement mechanisms or trolleys and create
inconvenience during their operation.

To solve the above problems, an appropriate crane
control system is needed, which would ensure the syn-
chronism of the movement of the crane longitudinal
beams. But often synchronous rotation systems tend to
oscillate, so their interaction with the movement mecha-
nism is of great interest. To study such interaction, a
model of the movement mechanism is needed, built on
the basis of the calculation scheme in one of the applied
modeling packages, for example, in MATLAB and
SIMULINK. The data of a bucket crane with a lifting
capacity of 100 tons of the converter shop of the Al-
chevsk Steel Works (mj, = my, = mz, = my = = 31250
kg, m; =42500 kg, m,=127500 kg, m;=100000kg, c;, =
2.5%10° N*m, ¢; = ¢; = ¢; = ¢4 = 20¥10° N*m, L, = §
m, friction coefficient k; = 0,0062). The graphs show
the forces in the longitudinal (Fig. 1,a), transverse (Fig.
1,b) beams of the crane and the linear speeds of wheels
1, 2 (Fig. 1,c), with an external force applied to each
wheel of 21700N.
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Fig. 1. Graphs:
a — elastic force F; in the longitudinal beam; b — elastic force F; in the transverse beam; ¢ — wheel speeds Vy;, Vi,
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Fig. 2. Graphs of relative displacements of load x,; and sides of the crane Ax,

It follows from the graphs that torque and velocity
oscillations have three components: suspended load os-
cillations w, = 1,25 rad/s; oscillations due to compliance
of the transverse beam w, = 6 rad/s; oscillations due to
the compliance of the longitudinal beams w, = 40 rad/s
[3].

All three types of oscillations have different fre-
quencies, which allows them to be considered on sim-
pler two-mass models. But when using synchronous ro-
tation systems (SRS) on the movement mechanism,
which are often prone to oscillations, the proposed
model is better suited, because it takes into account the
interaction of the SRS and the mechanism at different
vibration frequencies. Figure 2 shows the deviation of
the load from the suspension point and the linear mis-
match of the path traveled by the sides of the crane.
With these loads, the mismatch of the path of the sides
Ax. does not exceed 0,025 m, the relative swing of the
load x; is not more than 0,25 m [3].

The mechanical part of the electromechanical sys-
tem contains all the connected moving masses: the en-
gine, the transmission and the actuator. A direct idea of
the moving masses of the system and the mechanical
connections between them is given by the kinematic
scheme of the electric drive, one of the variants of
which is shown in Fig. 3.

Engine M through the first gear z,/z, drives a long
intermediate shaft, which through two gears z3/z4 trans-
mits energy to the wheels (runners) of the crane bridge.
The total mass of the bridge m,, consists of the masses

of the bridge itself, the trolley and the load. The bridge
is moving at speed V. Shafts and axes of runners have
limited stiffness, which is determined by specific coeffi-
cients C;. In the elements of the movement mechanism
of the bridge there are forces of friction (in gears, wheel
axles, wheels on rails by flanges), and also forces of re-
sistance of rolling on rails.

The considered scheme clearly shows the position
that in the general case the mechanical part of the elec-
tric drive is a system of bound masses that moving at
different speeds rotating or translationally. Under load,
the elements of the system (shafts, supports, gears) are
deformed, because the mechanical connections are not
absolutely rigid.

The masses and stiffness of the bonds in the kine-
matic chain of the drive are different. The greatest mass
and the least rigidity of connections have a decisive in-

fluence on the movement of the system. Therefore, one
of the first tasks in the design and study of the electric
drive is to compile calculation schemes of the mechani-
cal part, taking into account the possibility of neglecting
the elasticity of sufficiently rigid mechanical connec-
tions and approximate consideration of the influence of
small masses. This is a graphical representation of a sys-
tem in which the masses (moments of inertia) are repre-
sented by rectangles whose areas are proportional to
these inertia, and the stiffness of the connections be-
tween them is represented by lines whose length is pro-
portional to the pliability. Due to the presence of gears,
different elements of the system move at different
speeds, so compare directly their moments of inertia .J,,
mass my, stiffness of connections Cj, Cy, displacement
Ag;, AS, , etc. is impossible. To compile the calcula-

tion scheme of the mechanical part of the electric drive,
it is necessary to bring all the parameters of the kine-

matic circuit to one movement (engine or working
body).

Fig. 3. Kinematic scheme of the movement mechanism
of crane bridge

The condition for compliance of the given calcula-
tion scheme with the real mechanical system is the ful-
fillment of the law of conservation of energy (kinetic,
potential), as well as the elementary work of all forces
acting in the system, the moments of possible displace-
ments.

When designing and researching electric drives,
the moments of inertia, mass, stiffness of connections of
real elements are usually known, and the forces acting
in the system are either set or calculated based on the in-
itial data of the mechanism and the conditions of its
technology [6].

Definition of parameters of calculated scheme at
such initial data of the bridge:

Bridge mass mz=2600 kg;

Load mass m;=20000 kg;

Movement speed V' =75 m/min;
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Wheel diameter d,, =0,4 m;

Diameter of pins d, =7,5 cm;

Coefficient of rolling resistance on rails /=0,05 cm;

Coefficient of friction when sliding in the
1 =0,07 pins;

Friction of the flange of the wheels on the rails

take into account by the coefficient K=0,07;
Gear efficiency 1 =0,95;

Flywheel moments of gears and coupling ele-
ments:
GD! =0,2 kgm* GD; =3,4 kgm’; GD =2,4 kgm’;
GD; =20  kgm’ with  the  wheel);
GD’ =0,4 kgm®.

Coefticients of rigidity of:

engine shaft C,; =1,8-10° Nm;

shaft C; =5,6-10° Nm;

wheel axles C,, =500-10° Nm;

The internal viscous friction in the transmission el-
ements due to the complexity of its receipt is taken into

account by the total reduced scattering coefficient i/, at

(together

a level corresponding to the logarithmic decrement of
vibration damping 4, =0,25.
The engine has the following data:
P, =175 kW; n,, =945 rpm; 4,, =2,8;
J, =0,142 kgm’.

Gear ratios
Z, 65 Z, 67
l:—2:—24,06;z'2=i3=—4=—=4,79.
Z, 16 Z, 14

Total gear ratio from the engine shaft to the wheel
axles
i=i-i,=4,06-4,79=19,45.
Total efficiency coefficient of gears
n=mn-1,=095-0,95=0,9.
The total moment of resistance at the loaded crane
that brought to engine shaft
My, =1 (my +mL)-g'(/,trp +f)K/’ lin =
_0,2-(26000+20000)-9,81-(0,07-0,0375+0,0005)-1,3

9,45-0,9
=21 Nm.
Rated and starting torque of the engine
P,-10°
M,=—2~ ___ 7500 =75,8 Nm;

®70,105-n, 0,105-945
M, =084, -M, =0,8-2,8-75,8=170 Nm.

The moments of losses in wheel pairs that brought
to the engine shaft
_AM, (-mM, (1-0,9)-21

AM,,, = =0,7 Nm.
wpP 3 3
Moments of inertia and mass are given.
Gears:

J,=GD] /4=0,2/4=0,05 kgm®,;

J,=GD; /4’ =3,4/(4-4,06”) =0,053 kgm’;
J, =GD; | 4i’ =2,4/(4-4,06") = 0,045 kgm®;
J, =GD; /| 4i* =20/(4-19,45°)=0,013 kgm®;
Coupling
J,=GD> /4i’ =0,4/(4-4,06") =0,006 kgm?;
Bridge with load
Jy=(my+m W /@ =(m,+m,)r, /i’ =
=(26000+2000)-0,2° /19,45 = 4,86 kgm’.

The values of the stiffness coefficients of the shafts
and wheel axles:

engine shaft C,, =1,8-10°Nm;

shaft C; =C, /i’ =5,6-10° /4,06 =0,34-10°Nm;
wheel

C, =C,/i* =5-10°/19,45" =1,32-10° Nm.
Based on the obtained results, the calculation

scheme of the crane movement mechanism can be pre-
sented as shown in Fig. 4, a.
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Fig. 4. Calculated scheme of the movement mechanism
of overhead crane (according to Fig. 3)

As can be seen from the scheme, significant inertia
in the system is the mass of the bridge J,,, the first

gear pair (J, +J,) and the engine rotor J,. Two shafts
have significant susceptibility. Therefore 2(J, +J,)
can be connected with J,,, and J,, — (J, +J,) with,
replacing two parallel branches with series-connected
C; and C;, on one elastic connection with the stiffness
coefficient
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C. o C;-Cy, :20,34~106 -1,32-10°
2T clya, (0,34+1,32)10°

The system is converted into a three-axle, the first

of which is the rotor of engine, the second - the first

gear together with the coupling, and the third - the axle

with two gears (Fig. 4, b). The first mass is connected to

the second by an elastic bond with C; =C,,, the sec-
ond to the third by a bond with C,,. The starting mass
of the engine is applied to the first mass, to the second -
the moment of losses in the first gear AM,,, to the
third - the moment (M,, —AM,,) of technological re-

sistance and losses in two transfers. Further simplifica-
tion of the scheme is obtained by combining the first
two masses with each other and replacing all elastic
bonds with a single one with a stiffness coefficient.

¢ _CuCy _1810°-0,54-10°

e, +Cy, 2,34-10°
Such a two-mass system with inertia

J=J,+J +J,+J, and J, =2(J,+J,)+J,, has an

m

=0,54-10° Nm.

=0,415-10°Nm.

elastic connection between them with stiffness C,
v, =0,4 (4,=0,255),
which reflects all the dissipative forces arising in such a
system (Fig. 4, ¢). A moment is applied to the first mass
is(M s—AM,.) and a moment of resistance to the sec-
ondis (M;—-AM,,) .

Conclusions. When studying the dynamics of an
overhead crane without transverse displacement, it was
established that according to the seven-mass model,
when a driving force is applied, mechanical oscillations
arise in which three frequencies of interaction are ob-
served. For the crane designs discussed in the article,
these frequencies are 0,2, 0,95 and 6,4 Hz; to study a
more complete picture of the processes, it is necessary
to consider the transverse displacement of the crane and
the dynamics of movement electric drive.

and scattering coefficients
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PynneB €.C., Pomanuenko FO.A., JlineBuu A.O. JocJi-
JKeHHs1 JMHaAMIKM MeXaHi3My nepeMillleHHsI MOCTOBOIO
KPaHy K CKJIA/IHOI eJIeKTPOMeXaHi4HOol cucTeMH

V' ecmammi nposedeno docnioscenns ounamiku mexawi-
3MY nepecysamtsa Kpaua Os 8HCUmms 3ax00i6 wooo ix Haoili-
HOI pobomu ma 3HUdICeHHs 3HOCY MeXAaHi3Mi nepecyeanisl.
Jns yvoeo npuiinamo maxi npunyuwjeHHs. He po3eisaoacmbCs
nonepeynHuil pyx, He po32NA0AEMbCA OUHAMIKA O8USYHIE Ma
eneKmponpueody;, Kpam npeocmaeieHull y 6uenadi cemu-
Macoeoi cucmemu, niogic BAHMANCY NPUUHATNULL HCOPCIMKUM.

Bemanoeneno, wo obnix enyuxocmi xanama, 3a 0ono-
MO20I0 AK020 NIOBIUEHUTI BAHMANC, HECYMMEBO (He Oinvule
10%) nosnauacmvca HA 3HAYEHHAX HAUOINBUWIUX OUHAMIYHUX
HABAHMADICEHb Y NPYIUCHUX 36 A3KAX; MOMY NpU GUHAYEHHI
HABAHMAICEHb 8 NPYICHUX 38 AZKAX MEXAHI3MIE8 nepecy8anHs
MODICHA 6UKOPUCTOBYEAMU CUCIEMY 3 NPYICHUM MEXAHIZMOM
i dcoOpCmMKUM RIOGICOM BAHMAICY.

Poszenanymo npoyecu 6 mexauismax nepecyeanHs 6aH-
MaxconioiiManvHux Kpawié 3a O00NOMO2010 PO3PAXYHKOBOI
cemMu-macogoi OuHamiunoi cxemu koncmpykyin. Ilpu pobomi
Mexanizmy GUHUKAIOMb KOTUBAHHA 8 1020 MemanioKOHCMPYK-
Yisax I mpaHcMicCiliHuX 6anax, Kpim moeo, 6i00yeaemvcs pos3-
20UOYBAHHA 8AHMAICY (AKUL PA3OM 3 KAHAMOM OO0BICUHOI
VMBOPIOE MAAMHUK 3 PYXOMOIO MOUKOIO NIOGICY).

Ha epaghixax 6ynu nokazani 3ycuiis 6 no30082CHIl, No-
nepeunii 6anKax Kpawa ma JAiHIUHI WeuoKocmi Koaic, npu
npukaadenux 306niwnix 3ycunnax 21700 H 0o koscnozo kone-
ca. Bci mpu 6uodu Konuganv Mawomv pisHi 4acmomu, o 0o-
360715€ po3ena0amu ix Ha OLIbW NPOCMUX 080MACOBUX MOOe-
aAx. Ane npu GUKOpUCMAHMI HA MeXAHI3MI nepecy8amHs cuc-
mem cunxponnozo obepmanns (CCO), aAxi wacmo cxunvhi 00
KOMU6aHs, Kpauje nidiiioe 3anponoHoeana Mooeib, mak sx 60-
Ha epaxogye e3aemooito CCO ma mexanizmy Ha pi3HUX uac-
momax Koaueaws. Ilpu Oanux HaganmasiceHHax Hey3200JiceH-
HA wasaxy cmopin ne nepesuwye 0,025 m, gionocHe po3zeouidy-
sanus eanmaoicy ne oinvuie 0,25 m.

Y ecmammi ecmanoeneno, wo 3a cemu-macogoio mooen-
J0 NpU NPUKAAOEHHT PYWIIHO20 3VCULIA BUHUKAIOMb MEXAHI-
YHi KOIUBAHHS, 8 SIKUX CNOCMEPI2AEMbCsl MPU YACMOmu 83dc-
MOOIL. [nsi KoHcmpyKyitl Kpaua, po3ensauymozo y cmammi, yi
yacmomu cmanosasmo 0,2; 0,95 ma 6,4 I'y. /s docnioxcen-
H5l NOBHIWOT KapmuHu npoyecie HeoOXIOHUIl po3esid nonepe-
YHO20 3MilyeHHs KpaHa ma OUHAMIKU eleKmponpusooy nepe-
MIWEHHS.

Busnaueni napamempu po3paxynkooi cxemu npu euxio-
HUX OQHUX MOCma. Buxo0sauu 3 00epocanux pe3ynvmamis, no-
6y0o6ana po3paxyHKoga cxema Mexamizmy nepemiwjents kpa-
ny. Cucmema nepemeopioemvcs HA MPUMACOBY, NEPULOIO 6
AKIL € pomop 08u2yHa, Opyeoio — nepuia nepeoava pazom 3i
3 €0HY8ANLHOIO MYDmMOI0, a MPembo — MICI pa3om 3 080Ma
nepeoaiamu.

Knrwuogi cnosea: mocmosuili Kpaw, npysCHiCmbv, KOHC-
MpYKYis, Niosic aHMAMCY, OUHAMIYHE HABAHMAINCEHHS, KO-
8aHHS, 3YCUILTA.
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