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NEW CRANE BUMPER DESIGN WITH AN ENERGY ABSORPTION
DEVICE SYSTEM

Summary. This article presents research carried out using physical data from the
experimental construction of an overhead crane. This article aims to determine the dynamic
behaviour of the cart-pendulum system when the hoisting mechanism hits the new bumper
design at the end of the girder support structure with selected speed and bumper material
to the length of the wire rope. This research shows the influence of the horizontal speed of
the hoisting mechanism on the bumper force during a collision with a standard buffer and
its modifications. The presented model can be the basis for modelling more complex cases,
and its assumed role (i.e. the ability to determine the angle of deflection of the rope during
an impact) has been confirmed and is possible to use in a specific case of an overhead crane
on an industrial scale. Preliminary analysis of the construction of the bumper considered
reveals its positive features, aiming, among other goals, to reduce the acceleration and force
acting on the crane cart in emergency situations.

1. INTRODUCTION

Cranes are one of the most widely used devices in the industry sector, performing tasks involved in
transporting cargo from one place to another. A characteristic feature of these machines is the
intermittent nature of the work cycle and the need to perform hundreds of thousands of cycles during
the machine’s life. For this reason, knowledge of the dynamics of load movement and transport plays a
significant role in the context of positioning and control of mechanisms and loads involving the load-
carrying and supporting structure. Overhead cranes are used in production plants, landfills, halls and
warehouses and in the transport processes of various machine components and bulk and unitized goods
over short distances. Because they work above the storage and/or production area, they are a great
alternative to, for example, forklift trucks [1, 2].

A crane bumper (or industrial buffer) is a device installed to absorb the energy of a moving crane,
thereby protecting the crane, the building in which it may operate and personnel in the immediate area
from damage caused by impact with other cranes or end stops on the track. Today crane bumpers are
divided into two types: energy-consuming bumpers — mainly hydraulic bumpers (Figs. la—c) but also
those made of composites and polyurethane (Fig. 1d) — and storage type bumpers (spring bumpers and
rubber bumpers). There has been rapid development in hydraulic bumpers (Figs. 1a—c) with capacities
and lengths to meet the demands of increasing crane weights and speeds. When the hydraulic bumper is
subjected to an impact pressure, the kinetic energy is transferred to the piston by the plug and the
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accelerating spring. The bumper working case is equipped with a spring, piston, cylinder and oil. The
movement of the piston squeezes the oil in the working case so that it pushes the spring to compress and
squeeze the oil from the annular gap into the reservoir. When a crane with a spring bumper hits an
obstacle, the impact energy is converted to the spring compression energy. A similar situation applies
to the rubber bumper.

According to [3], when calculating the bumper forces, the effects of suspended loads that are
horizontally unrestrained (free to swing) should be considered. However, when the crane speed is
reduced before a collision with the buffers, the load may sway forward with the compression of the
bumpers. In this case, the mass of the load and the braking deceleration before hitting the bumper (as
well as on impact) should be taken into account as an additional horizontal force. The buffer/bumper
forces shall be calculated considering the distribution of relevant masses and the bumper’s
characteristics [4, 5] (mainly the construction and material that affect the principle of operation and,
most importantly, the characteristics of a given bumper). Regarding non-linear characteristics, the
design, modelling and measurement tasks are difficult. However, such characteristics give better results
by compensating the impact energy more effectively than bumpers with a linear characteristic [6].

Fig. 1. Types of bumpers mounted on a crane structure: a) a hydraulic bumper on a crane structure, b) and
¢) a hydraulic bumper on a hoisting winch structure and d) a plastic bumper

Currently, many models addressing the cart-pendulum problem have been presented in the literature,
but there is a lack of literature on the cart-pendulum problem with elastic rope type in analysis situations
when a crane hits the bumper, especially with different kinds of unusual constructions of energy
absorption devices (EADs). This gap is critical in terms of crane dynamics and load positioning [7].
Aguiar et al. [8] proposed a model to assist in the design of a fuzzy controller based on the concept of
parallel compensation. The solution guarantees closed-loop Lyapunov stability, bounded control inputs,
quick positioning of the supporting cart and suppression of load oscillations and collisions. In [9] an
output feedback controller was proposed for the stabilization of the inverted pendulum on a cart in the
presence of uncertainties. It has a multi-time-scale structure that allows independent analysis of the
dynamics in each time scale, and singular perturbation methods were effectively utilized to establish
exponential stability of the equilibrium. Similar anti-swing control methods were proposed in [10] and
for the double pendulum crane in [11]. Two control techniques were analyzed in [12].
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In this paper, a sliding mode controller to stabilize the pendulum and a state feedback controller to
keep the pendulum upright and handle disturbances up to a certain point are proposed. Analysis of
controlling and Lyapunov-based design methods for the variable length pendulum, which simulates the
hoisting of the crane load, was presented in [13]. Similarly, a methodology for designing controllers that
attenuate the payload swing angle in two-dimensional overhead crane systems with varying rope lengths
was proposed in [14].

In some situations, the speed control system or limit switches simply do not work or do not work
properly. Then, there is a high risk that the cart will hit the bumper with a proportionately large force,
depending on the value of the speed at the time of impact and friction in the wheel-rail contact.
Additionally, other impact forces occur during the use of cranes (e.g. loads caused by skew) [15].
Another threat is that of several cranes on the same track. Not only must these cranes be properly steered
to increase efficiency, but the possibility of their collision must also be anticipated [16, 17]. Therefore,
it is important for such large machines to minimize the impact of dynamic forces on the structure or
completely eliminate them [18]. In a previous paper [19], a multisensor-driven real-time crane
monitoring system was presented consisting of load tracking, obstacle detection, worker detection,
collision warning and 3D visualization modules. Such research provides important findings in terms of
the challenges and limitations of implementing a crane monitoring system. However, despite advanced
control systems, any electronic system is unreliable. Failure of control systems can cause considerable
damage to property and threaten lives [20, 21]. Hence, appropriate buffers, as purely mechanical
devices, minimize the impact of dynamics on structures [22].

The purpose of this article is to present a phenomenological model that allows the simulation of the
impact of the crane cart on the bumper, assuming that the rope is elastic, with or without damping
properties.

2. TEST OBJECT

The proposed test object is an overhead travelling crane with a total capacity of 5000 kg. Table 1
shows the general characteristics of the considered overhead crane, and Fig. 1 shows the construction
under discussion. As shown in Fig. 1, there is a cart pendulum system connected in a series with a rubber
buffer system. In the model under consideration, the buffer, its steel construction and the cart with a
load on a rope were taken into account. The buffer includes two parts. The first is steel construction with
a mass of 47 kg and a rubber buffer 010 DZg with a mass of 1.5 kg. For further calculations of impact,
the velocity of the cart (crane winch) was assumed to be 0.6 m/s, which is the maximum speed of the
crane winch of the structure under consideration.

Table 1
Characteristics of the experimental crane
Description Symbol Dimension Value
Lifting capacity 0 [t] 5
Span L [m] 20
Lifting height Hp max [m] 16
Operating speed Lifting Vi [m/s] 0.208
Winch driving Vi [m/s] 0.600
Maximum impact force at the bumper at 0.5V; Z, N 30e3
Braking distance at 0.5V; Sh m 0.52

The main purpose of this article is to study the dynamic behaviour of the car-elastic-pendulum system
when it hits the buffer at the end of the girder at a selected speed. The results indicate the influence of
energy-absorbing systems of the cart-elastic-pendulum (CEP) on the cart deceleration and bumper force
to the angle of deflection of rope with a given load. For analysis, a type of buffer made of rubber was
selected for testing. The data of the materials used are shown in Table 2.
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Based on the geometric model presented in Fig. 2, the numerical finite element model was built using
Autodesk Inventor software [24]. The model was loaded with a static force, and the stiffness of the
tested bumper was determined based on the deflection. Its dissipation factor value was defined using a
Rayleigh proportional damping model. Specified values will be used in further analysis to determine the
dynamic behaviour of the cart-pendulum system.

Fig. 2. Considered test object of a crane

Table 2

Material data

Rubber bumper material properties
Density 1.25 [g/cm?]
Poisson's coefficient 0.49 [-]
Young’s modulus| E |0.003 [GPa]

< |

3. PHENOMENOLOGICAL MODEL OF A RESEARCH OBJECT

The subject of research presented in this part of the article is a CEP system with and without an EAD,
whose mathematical models can be used to simulate the movement of the hoist load of the overhead-
travelling crane. Concerning the research topic described in the introduction to this article, Fig. 3
presents the phenomenological model of a cart moving horizontally, equipped with a pendulum with an
elastic wire rope without damping. The physical data of the model considered are presented in Table 3.

In Fig. 2, the CEP system without an EAD is presented, where mass m is a hoist load, which relates
to elastic wire rope with stiffness, c;, and m,, is the mass of the cart. Damping factor b is included in
the model to consider the influence of friction between the wire rope and rope drum. The parameters b,
and ¢, (and ¢y, b,) parameters are included for the simulation of rubber buffer damping and stiffness.
The second part of the phenomenological model is an inverted physical pendulum, which represents a
steel construction of a buffer holder (Fig. 2), where h,, is the height of its construction, m, is its mass
and b,; and c,4 are the rotational damping and stiffness of the buffer holder construction.

Considering the simulation of a collision with the buffer, the dynamic model (Fig. 3) has been created
by adding a model of the collision by using a gap &, which is presented in Equations (2-6).

The model was based on the concept of generalized coordinates and the phenomenological model

presented in Fig. 3 after applying the second kind of Lagrange equation (1):
d aEk> 0E, O0E, O0Eg
—_— | = ——+—+—_:F-,':1,2,...,n 1
dt(@q] dq; 0dq; 04, id (1

where: ¢ - time [s]; qj - generalized displacement [m]; ¢; - generalized speed [m/s]; n - number of degrees
of freedom [-]; F; - generalized force [N]; Ex - kinetic energy [J]; E,, - potential energy [J]; Er - dissipation
function [J/s].
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Table 3
Physical parameters describing the dynamic system

No Symbol Value Dimension | No Symbol Value Dimension
1 m 1800 kg 14 b le3 Ns/m

2 My 2020 kg 15 hzd 0.585 m

3 m;z 47 kg 16 Czd 40.5e6 Nm/rad
4 \ 0.6 m/s 17 b:d 8.3¢4 Nms/rad
5 dwire_rope 12e-3 m 18 8m c 6.53¢e6 N/m

6 g 9.81 m/s? 19 8m bi 3.2640e4 Ns/m

7 u 0.05 - 20 2 m c 2.61e7 N/m

8 HUe 0.05 - 21 2 m bi 1.3056e5 Ns/m

9 / 2,8 m 22 Cz 8.5e5 N/m

10 Jzd 5.36 kgm? 23 b: 1.7€3 Ns/m
11 Ce 2.5¢4 N/m be le3 Ns/m
12 Me 500 ke

13 0 1 m

Dynamic motion equations were formulated (3). In the model under consideration, the velocity of mass
m suspended on the rope is given by the following equation:

Fig. 3. Phenomenological model of the considered cart pendulum system with a standard bumper

dt

) @)+ (3

2 = 62+ 2ty + 1) (5 4 265+ (29) cos(o) (20) 24

dy
dt

)+ (&) @

Considering the relevant functions’ defining excitations, the system of four non-linear differential
equations shown below was obtained:

o+ () +20+0 () (7) +
(3?21>+ y—Q +l)(d0) +<ddztxz>sm(@)—0

iy s () +2m () (2

2

d
e (T

dt?

2

d?e
)+m(y+l)cos@<d 2)

)sm(@) =-T, +E

doe

dt

) +glsin(@)+ (y+1) (d

2

Xq
)cos(@) =F

3)

) cos(0)
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hzdzmzd dzlp
3 dt?

dy .
) + bzdl (E) + Czdll»b - ghzdmzd Sl‘l’l(l,b) = _hzdFZ

where bumper force is described as
0, l$l<é

d(é-9¢
. (§ = 8sgn() + b, (Gd—sf"@))) §1> 6

4
{ - hzdlp — Xq ( )
_ 66 b, b,
Cz_c1+c2 b, + b,

Moreover, T is the sliding friction between the surface of the cart and the rail. This parameter was
considered assuming only its kinetic value in the model; more complex friction models like in [23] are
recommended for future simulations.

d
T, = pg(m, + m)SLgn( ;q) (5)

The second model presented in Fig. 4 had a modified bumper construction. In this case, the bumper
construction was supported on a frictionless base with a connection to an EAD. Based on the model
presented in Fig. 4, dynamic motion equations were formulated as follows. In this model, the damping
of the wire rope was added and denoted as a parameter b;.

Fig. 4. The phenomenological model of the considered cart pendulum system with modified bumper

(y+ D2 <d20> +2(y + )( )(CZ)) +— b (((11(;)) + glsin(@) + (y + l)( al! )cos(@) =

(Z?;) +— y y+D (dQ)Z + (dd:z )sm(@) + b, (?1};) =0
al! ) +m(y+1cosO (f?) m(y + ) sin(0) (‘Z—f)z +2m ((2{) ((Z ) cos(0) +

2

2

d
(o +m) (5
©)

d’y\ .
+m Iz sin(0) = -T,; + F,

3 W) - ghzdmzd Sin(lp) + Cehzd(hzdlpb - xe) = _hzsz

hzdzmzd <d2.¢)
dt?
The obtained system of motion equations is inertia coupled. The model built directly on their basis

(i.e. the Matlab\Simulink model) contained algebraic loops on the signal lines representing the second
derivatives of generalized coordinates. The standard way to solve the problem of algebraic loops is to

d*x, dx,
m (2 ) = coCruath = %) = bellaath = 20) + coxe = —megmesign ()
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break them with the signal delay element. Doing this, however, affect the accuracy of numerical
calculations. The delay signal is a sort of extra damping in the system, which, in this case, is difficult to
physically justify. Due to the accuracy of numerical calculations, the inertial decoupling of the system
of motion equations is advisable.

4. SIMULATION RESULTS

The research plan included carrying out a series of simulations of the proposed models. Two different
lengths of the wire rope were considered, modelling a situation where the brakes do not work at all and
the cart hits the buffer with the full assumed speed, which in this case is 0.6 m/s. The control unit shown
in Fig. 5 was used to achieve the effect of driving the cart from starting up to turning off the drive
through the limit switch without the influence of the braking system.

+ > PID

Y

0.6

True |¢ 0

- Fy()

I »a
|—< 0 1€
CEP memory

False [€ r\ <

V'“_ | E
v
>
g o +
> >=0 —>
5 > -

Fig. 5. Force Fy (t) control system

The control system was based on a PID controller and several conditions related to the current
distance of the cart from the bumper and the set value of this gap. The system generates a force F, (t),
causing the crane cart to accelerate to 0.6 m/s. Then, when the cart’s buffers and the bumper come into
contact (i.e. when the limit switch is turned on), the drive is disengaged but without the braking force.
This experiment aimed to verify an emergency that may occur in the event of the operation of cranes.

Every simulation included two variants: VAR A involved a CEP system without an EAD, and VAR
B involved a CEP system with an EAD.

— , x104
é 2 T T T T T T T T T
= y (VAR A)
:
20 AN y (VAR B)
O
L
&2 .
©
k]
©
3_4 | I 1 1 1 I 1 | I
0 1 2 3 4 5 6 7 8 9 10

Time (seconds)
Fig. 6. Oscillogram of the rope elongation for L=2 m
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Fig. 7. Oscillogram of the rope elongation for L=8 m

The system was forced by F;(t) in the initial phase of the start-up of the cart. The cart movement
was simulated at the set value of force and the distance between the cart and the bumper so that the
cart’s speed at the impact was 0.6 m/s. Figs. 6—17 present selected results of the simulations.

Figures 6 and 7 show the difference between the oscillation of vertical movement of the load. The
values are mainly connected with the damping properties of the rope that was added to the second model
and the EAD system (Figs. 6 and 7; VAR B — system with an EAD).

T T T T T T T T T

w xq' (VAR A)
E 05 xq' (VAR B) |
2
3
© 0
>
T
8

-0.5 | | | | i ]

0 1 2 3 4 5 6 7 8 9 10

Time (seconds)

Fig. 8. Cart speed oscillogram for L=2 m

The amount of elongation is related to the basic length of the rope. As can be seen, at the moment of
collision (1.8 s from start-up; Figs. 8 and 9), there was a rapid increase in the amplitude of vertical
vibrations of the load suspended on a flexible wire rope. As can be seen in Fig. 7, the effect of the rapid
deceleration of velocity (Figs. 8 and 9) associated with hitting a high-stiffness bumper induced a much
greater increase in the vibration amplitude compared to the VAR B variant, where the effect of
increasing vertical vibrations was reduced using the EAD absorber system. This effect was intensified
by the considerable length of the wire rope (which reduced the rope’s stiffness). The reduction of the
vibration amplitude can also be seen in Fig. 6 for the 2-m-long rope.

T T T T T | T T T

w xq' (VAR A)
E 05 xq' (VAR B) [
2
3
°© 0 i
> \/
T
8

-0.5 | I i ] | i | 7

0 1 2 3 4 5 6 7 8 9 10

Time (seconds)

Fig. 9. Cart speed oscillogram for L=8 m

Observed values and the length of the rope [ = 8 m had a maximum of 2.99¢ — 4 m for VAR A
and 5.14e — 5 m. A similar situation occurred for the system with a 2-m-long rope; for VAR A, the
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maximum value was 1.03e — 4 m, and for VAR B, it was 2.07e — 5 m, which gives a reduction of
vertical vibrations by 480% for a rope with a length of 8 m for the variant with the EAD system, and a
reduction of 400% for the system with a rope length of 2 m.

As can be seen in Figs. 8 and 9, the impact velocity was 0.6 m/s, which caused the rope to be
deflected by 14 deg for a 2-m-long rope (Fig. 10) and 5.7 deg for an 8-m-long wire rope (Fig. 11). As
can be seen for a short section of the rope (i.e. a load suspended at a high height), the use of the EAD
system made it possible to reduce load swing (Fig. 10) by 40.5% when hitting a buffer.

T T | T T | T T [

L | | | _ , _ O (VAR A)
0.2 O (VAR B)

Rope swing angle [rad]
o

Time (seconds)
Fig. 10. Oscillogram of the angular displacement of the mass on the rope for L=2 m

o T T T T T I T T T
E ook | , . | | , | O (VARA) |
o O (VAR B)
[<)]
c
@©
)]
£
%
2
O -0.2 t 1
[\ | I I | I I | 1 I
0 1 2 3 4 5 6 7 8 9 10

Time (seconds)
Fig. 11. Oscillogram of the angular displacement of the mass on the rope for L=8 m

Figs. 8 and 9 also show that the model with the EAD system caused a mild loss of speed (1-2 seconds
of simulation) to the sudden stop in the case of the system with a traditional buffer. Naturally, this
significantly impacted the values of accelerations and decelerations, thereby affecting the components
of the crane cart.

Figs. 12 and 13 show the oscillograms showing the changes in accelerations and decelerations for
the tested systems. As can be seen in both cases (i.e. regardless of the length of the rope), the use of the
EAD system allows for an almost seven-fold reduction in deceleration at the moment of collision.

T T T I T | T T T

xq" (VAR A)
xq" (VAR B) |

-
o

Acceleration of cart [mlsz]

Time (seconds)
Fig. 12. Cart acceleration oscillogram for L=2 m



14

T. Haniszewski, J. Margielewicz, D. Gaska, T. Opasiak

-
(2] T T T T T T
E X" (VAR A)
T 10f xq" (VAR B) |
o
G
c 0 R
i)
©
(3]
D -10 [~ T -
8 | | | | | 1
< 9 1 2 3 4 5 6 7 8 9 10
Time (seconds)
Fig. 13. Cart acceleration oscillogram for L=8 m
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Fig. 14. Oscillogram of the angular displacement of the bumper support structure for L=2 m

In connection with the torsional use of a flexible bumper, it will naturally deviate from the

equilibrium position, as shown in Figs. 14 and 15. It should be well known that the values obtained are
highly controllable depending on the necessary values of both the angle of maximum deflection of the
bumper and the reduction of acceleration by selecting the mass, m,, the elastic damping parameters,

Ce, b., and the friction coefficient, y,.

0.4

0.2

w (VAR A) []
v (VAR B)

Bumper swing angle [rad]

1

4

Time (seconds)

5

6

Fig. 15. Oscillogram of the angular displacement of the bumper support structure for L=8 m

Fig. 16. Impact force oscillogram for L=2 m
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As depicted in Figs. 16 and 17, the impact force had values of 2.4e4 N for l = 2 m and 2.13e4 N
for | = 8 m for VAR A, which is the standard construction of a buffer. These values were 2.99e3 N for
l =2mand 1.4e3 N for [ = 8 m for the second model proposed in this article with an EAD system.

<104
T T T | T T | I T
= 0 Fzd (VAR A) [ |
® Fzd (VAR B)
e
S-1F -
g
E 2 —
@
1 1 | 1 1 | | 1 1
0 1 2 3 4 5 6 7 8 9 10

Time (seconds)
Fig. 17. Impact force oscillogram for L=8 m

The new construction yields about seven times less impact force for a 2-m-long rope and 14 times
less impact for an 8-m-long wire rope. In this case, the acceleration of the cart was naturally smaller,
yielding a nearly seven-fold decrease in the acceleration of moving masses (Figs. 16 and 17).

5. CONCLUSIONS

This article presents a model that allows the simulation of a collision of a crane cart with a bumper
at the selected speed. The presented systems expressed in Equations (3) and (6) are inertially coupled.
Therefore, the direct determination of time courses of the tested signals was impossible due to the
occurrence of algebraic loops. Matlab/Simulink software offers a function to overcome this problem
using delays of the signal in the loop. Using a sufficiently small-time step, the problem of artificial
damping of the vibrations of the system, which has no physical justification, can be eliminated. The
proposed system of equations was not decoupled because the test simulations were only preliminary.
The proposed solution in the form of an EAD system for reducing forces and accelerations of the cart-
pendulum system in the crane has not been optimized in terms of parameter values. Hence, the values
of forces, angular displacements of the load and delays of the crane trolley did not necessarily reach the
minimum values. The selection of optimal parameters could significantly increase the efficiency of the
proposed EAD system, which is the purpose of further research on the discussed system.

Despite the use of basic methods to select these parameters, the obtained results of the simulation
tests are promising, especially in terms of the reduction of cart decelerations and the forces at the contact
of the buffer system. For example, for the considered parameters, the vertical vibrations were reduced
by 480% for a rope with a length of 8 m for the variant with the proposed EAD system. Further, the use
of the EAD system reduced load swing by 40.5% when the crane winch hit the buffer.

The presented model can be the basis for modelling more complex cases, and its assumed role (i.e.
the ability to determine the angle of deflection of the rope during an impact) has been confirmed and
can be used in a specific case of an overhead crane on an industrial scale. Preliminary analysis of
the construction of the bumper considered reveals its positive features, which aimed, among other goals,
to reduce the acceleration and force acting on the crane cart in emergency situations.
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