energies

Article

Impact of Increased Travel Speed of a Transportation Set on the
Dynamic Parameters of a Mine Suspended Monorail

Kamil Szewerda *(, Jarostaw Tokarczyk !

check for

updates
Citation: Szewerda, K.; Tokarczyk, J.;
Wieczorek, A. Impact of Increased
Travel Speed of a Transportation Set
on the Dynamic Parameters of a Mine
Suspended Monorail. Energies 2021,
14, 1528. https://doi.org/10.3390/
en14061528

Academic Editor:

Nikolaos Koukouzas

Received: 15 February 2021
Accepted: 8 March 2021
Published: 10 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Andrzej Wieczorek 2

1 KOMAG Institute of Mining Technology, Pszczyriska 37 Street, 44-100 Gliwice, Poland; jtokarczyk@komag.eu
Faculty of Mining, Safety Engineering and Industrial Automation, Silesian University of Technology,
Akademicka 2 Street, 44-100 Gliwice, Poland; andrzej.n.wieczorek@polsl.pl

*  Correspondence: kszewerda@komag.eu

Abstract: The method of increasing the efficiency of using one of the most common means of
auxiliary transport in underground coal mines—suspended monorails—is presented. Increase of
velocity is one of the key parameters to improve the efficiency and economical effect related with the
underground auxiliary transport. On the other hand, increasing the velocity results in bigger value of
force acting on the suspended monorail route and its suspensions. The most important issue during
increasing the velocity is ensuring the required safety for the passengers and not overloading the
infrastructure. In order to analyze how increasing velocity influences the level of loads of the route
suspension and the steel arch loads, the computational model of suspended monorail was developed.
The computational model included both the physical part (embedded in the program environment
based on the Multi-Body System method) and the components of the monorail control system.
Two independent software environments were cooperating with each other through the so-called
co-simulation. This model was validated on the base of results obtained on the test stand. Then, the
numerical simulations of emergency braking with different values of velocity were conducted, which
was not possible with the use of physical objects. The presented study can be used by the suspended
monorail’s producers during the designing process, and leads to increase the safety on underground
transportation routes.

Keywords: mining transport; suspended monorail; stand test; multi-body system; numerical calcula-
tion; coal mines

1. Introduction

Suspended monorails are one of the basic auxiliary transportation means in under-
ground mining plants. The design of the monorails allows the transportation of materials
as well as the personnel. The design of the monorails is constantly developed to improve
both transportation possibilities, safety [1-3], and at the same time, the distances between
the shaft and the mining face are being extended, both as a result of the expansion of mining
fields and as a result of organizational changes. As the length of the routes increases, the
time the personnel spends commuting to the workplace also increases. The popularity
of suspended monorails is due to many advantages, including: High lifting capacity and
efficiency; the possibility of using long, branched routes; possibility of avoiding obstacles
on the floor, and easy reloading of floor mounted railways. Moreover, in suspended mono-
rails, the route is isolated from the floor, which, in certain geological and mining conditions,
may uplift and deform [4—6].

The maximum permissible speed of a suspended monorail during the people move-
ment depends on the country and the applicable law, and is 1-3.3 m/s. In some European
countries, preparatory work to introduce legislative changes increasing the maximum per-
missible speed of suspended monorails during personnel movement has been underway
in recent years [7-9]. Both manufacturers of suspended monorails, who improve their
machines, and mining plants that use this type of transportation are interested in increasing
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this speed limit. The main benefit of increasing the speed of monorails is the extension of
the effective working time of the personnel, which translates into measurable economic
benefits and an increase in the profitability of the coal mining process.

Of course, for safety reasons, the speed limit will be increased on the route sections
that are properly prepared and tested. Ensuring the load to a single roof support arch
below 40 kN (in a certain case, a load of 50 kN is allowed with the consent of the mining
plant operation manager, providing the results of the calculations) is one of the criteria the
route must meet that the suspended monorail can move along it.

Contrary to railways, where the rails are stationary and integrated with the ground,
there are extensive and detailed methods of identifying vibrations of the running com-
ponents [10]. In suspended monorails the route is assembled, lifted, and stabilized by
means of slings, which changes the flow of forces between the means of transport and its
surroundings. Increasing the speed is possible with maintain the existing level of safety.

Determining the forces in slings with the use of analytical methods is difficult due to
the fact that the suspended line is a system that is statically indeterminate. Therefore, the
numerical MBS method was used.

As the weight of the suspended monorail used for the crew movement is much
lower than the mass of the assembly dedicated to the transportation of heavy materials
(e.g., powered roof supports or longwall shearer components), exceeding the maximum
permissible load to the roof support arches is unlikely. However, three aspects should
be taken into account in the context of increasing the maximum permissible speed of the
monorail moving the personnel. The first one is the fact that the dynamic overloads in
emergency situations, such as emergency braking, are greater than the loads resulting from
static calculations. Second, increasing the travel speed will result in an exponential increase
in kinetic energy and side-sway amplitude [11]. This energy must be dissipated during the
emergency braking process. In connection with the above, it is necessary to verify the level
of dynamic overloads in the suspensions of the suspended monorail route, which directly
affect the yielding roof support [7,12-15]. The results of the authors” analyses of loads to
the suspensions of the suspended monorail’s route in terms of the possibility of increasing
the permissible speed of the monorail while moving the personnel is presented. Based on
the emergency braking tests carried out on the test track, it was possible to validate the
suspended monorail calculation model. This model was used in numerical simulations to
assess the impact of changing the speed of a suspended monorail on the load to the route
suspensions.

2. Test Stand and Computational Model

Test stand was built at the premises of one of the manufacturers of suspended mono-
rails. The stand uses an innovative type of 4 m long rails to stabilize the route and increase
the personnel’s comfort during travel. The rails design is the result of implementation of
the European INESI project [7]. The length of the entire route on the test track was 90 m.
Figure 1 shows the test stand.

Figure 1. View of the test stand [2].
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Each rail joint at the test stand was connected to a traverse, suspended from the stand
frame with two chains. Successive pairs of chains were alternately installed vertically
(perpendicular to the longitudinal axis of the rail) or they were deflected, forming the
shape of the letter “V” (Figure 2).

Figure 2. Method of rail suspension: Straight suspensions (left); V-shaped suspensions (right) [7].

Fourteen force transducers were fitted to the selected suspensions to record the tensile
force in the suspension during the monorail travel or braking. The sensors were designed
in such a way to replace three chain links in the suspension (Figure 3).

Figure 3. Force transducers installed in the rail suspensions [7].

The suspended monorail was accelerated to the set speed with which it was moving
along the test track, and at the end of the test track, the transportation set stopped. The
second option was accelerating the transportation set and then initiating emergency braking
at a selected point on the route. Apart from the tensile forces acting in the suspensions, the
speed and acceleration of the monorail were recorded during the tests.

A computational model of the suspended monorail, consisting of two parts: the
dynamic part and the dynamic part control module, was developed at the later stage.

Recreation of the suspended monorail with the route on the test stand is the dynamic
part of the computational model. The dynamic part of the computational model was built
using the software analyzing the kinematics and dynamics of multi-body systems. This
part of the model is shown in Figure 4.
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Figure 4. Computational model of a suspended monorail on the test stand [7].

Computational model consists of:
e 383 rigid bodies:

Operator’s cabin (7 rigid bodies);

2x rack-and-pinion drive (2x 6 rigid bodies);

diesel power pack (11 rigid bodies);

cabin for crew transportation (33 rigid bodies);

braking trolley (24 rigid bodies);

tension rod (5 rigid bodies);

route rail (23 rigid bodies);

components of the route suspensions (268 rigid bodies).

(CNONONONONONONG

13 cylindrical, 111 revolute, 298 spherical, and 15 fixed joints;
7 vectors of forces and torques (there are 2 driving torques; 4 braking forces, 1 braking
torque);

e 18 spring—damping elements (located in the suspension system of operator’s cabin,
cabin for crew transportation, and in the braking trolley);

e 1172 3D items of the contact model.

The model has 720 DOF (degrees of freedom). A 3D contact model was defined
between: Braking pads and route rail; rollers and route rail; and drive gears and route rail.
It was defined as combination of virtual spring and damper located between solid bodies
being in contact. During interaction between these two bodies, the length of virtual spring
decreases, and there is some penetration of one body into the second body (in this model,
the maximum value of penetration is 1 x 10~* m). The next very important parameter of
contact is contact force, which was calculated according the Formula (1) [16]:

F - { max(k(x; — x)® — cx, 0) atx <xq ’ 1)
0 atx > xp
where:
e  F—contact force;
e  K—stiffness of the virtual spring;
o xj—length of the virtual spring at the moment of the bodies contact;
e x—instantaneous length of the virtual spring;
e  e—virtual spring linearity coefficient; e = 1 means a linear relationship;
e c—damping coefficient of the virtual damper;
e x—relative speed of interacting bodies.
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The damping coefficient
Equation (2) [16]:

doesn’t have constant value, which change according the

0 atp <0
(p) = cmax(%p2 — hz—spg’) at0 <p <h, 2)
Cmax atp > h

where:

c—damping coefficient;

Cmax—maximum damping coefficient;

h—penetration depth of one solid into another;

p—function describing dependence of the damping factor c on the depth of the solid
penetration.

In the computational model contact parameter values were set as following:

e 3D contact between rollers and gears with the rails:

O Virtual spring rigidity coefficient k = 7 x 10° N/m;

@) damping coefficient cmax = 7 X 10* N-s/m;
O maximum penetration depth hpax =1 x 10~% m;
O virtual spring linear coefficient e = 2.2.

e 3D contact between braking pads with the rails:
O Virtual spring rigidity coefficient k = 9.5 x 108 N/m;

O damping coefficient cmax =1 X 10° N-s/m;
O maximum penetration depth hpax =1 X 1074 m;
@) virtual spring linear coefficient e = 2.2.

The second part of the computational model, which is the implementation of the
control system for the dynamic part of the computational model, was developed in the
Matlab/Simulink environment. Then, by defining the input/output signals from each
part of the computational model and by using the parallel simulation technique [17-19],
numerical simulations using the developed computational model were carried out. This
technique allows simulations in various software environments. In this way; it is possible
to integrate various domains with each other, or to evaluate complex mechanical systems
in the defined criteria states, e.g., cooperation of multi-body systems with hydraulic
systems [20], thermal energy management in the mechanical systems [21], or verification
of dynamic parameters of a moving vehicle in difficult land conditions [22]. The diagram
of the signals flow between the various parts of the computational model is shown in
Figure 5.

The simulations of the emergency braking process were carried out in accordance with
the algorithm presented in Figure 5. The simulation process began with the activation of
driving torque. The velocity of the suspended monorail was constantly monitored, during
the simulation. After reaching the maximum value of the velocity (declared as a boundary
condition), the driving torques were deactivated and the emergency braking procedure was
started by activating the braking forces and torques. When the velocity of the suspended
monorail was equal 0 m/s, the braking process was deactivated, and the simulation was
stopped. In addition, the monorail acceleration values were recorded throughout the
simulation. On their basis, it was determined whether during emergency braking there
were excessive overloads affecting the operator and passengers of the transportation set.

During normal operation of the suspended monorail and in emergency situations,
such as emergency braking, the operator and transported crew are affected by vibrations
and dynamic overloads related to the change of the acceleration/deceleration level. The
analysis of these values allows for the acquisition of appropriate knowledge in order to
increase the level of comfort and safety of passengers, in particular operators who are
more exposed to the occurrence of vibrations [23-27]. The results of the work related to the
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analysis of the impact of vibrations and dynamic overloads on the human body and the
method of their minimization have been published in [28].

Forces in every
suspensions Boundary conditions

Vymax — maximum

allowed velocity

Dynamic part of V, — current velocity
computational model
of suspended
monorail

Control system
ACC, — current acceleration of computational
model

M, — driving torque

ol v o1y, M,.., — braking torque =i =
w Fyam — braking force

START Acceleratjng Braklng- STOP
. ) (M, —active ; (M, — deactive ; imulati
simulation - simulation
Fham ; Mpam - deactive) Fram  Mpam - active)

INFORMATION:
Deceleration — unacceptable
(too high value)

INFORMATION:
Deceleration - acceptable

Figure 5. The structure and flow of signals in the computational model of the suspended monorail.

3. Validation of the Computational Model

Time processes of the force in the selected transducers, the forces measured during
stand tests, and those calculated in numerical simulations, were compared to verify the
correct operation of the computational model. Two passes were selected for comparison;
first for speed 3 m/s and one for 5 m/s. For each speed, the forces were compared in
one pair of vertical suspensions and one pair of diagonal suspensions. When the set was
passing at a speed of 3 m/s, the forces in vertical suspensions marked with the symbol (C5
and C6) and diagonal suspensions marked with the symbol (C2 and C4) were compared. In
addition, for the travel speed of 5 m/s, the forces in vertical suspensions marked (C5 and
C6) and diagonal suspensions marked with symbols C8 and C9 were compared (Figure 6).

91082

C14,C15

c10.c11 cz.cn

Figure 6. Arrangement of the force transducers on the measuring path: start of the ride (A), end of
the ride (B)
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The time curves of forces in vertical suspensions are presented in Figure 7.

20.00
18.00
16.00
14.00
12.00

10.00

Force [kN]

Time [s]

== msensor C5 - simulation ===:sensor C6 - simulation

===sensor C5 - stand test ——sensor C6 - stand test

Figure 7. Force values in the vertical suspensions at travel speed 3 m/s.

Forces in the diagonal suspensions at travel speed 3 m/s are presented in Figure 8.

30.00
25.00
20.00

15.00

Force [kN]

10.00

===-sensor C2 - simulation -=-=--sensor C4 - simulation

——sensor C2 - stand test ——sensor C4 - stand test

Figure 8. Force values in the diagonal suspensions at travel speed 3 m/s.

Forces in the vertical suspensions at travel speed 5 m/s are presented in Figure 9.
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4.00 (e |

0.00
o 1 2 3 4 5
5 Time [s]
===:sensor C5 - simulation ===-sensor C6 - simulation
——sensor - C5 - stand test ——sensor C 6 - stand test

Figure 9. Force values in the vertical suspensions at travel speed 5 m/s.
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Forces in the diagonal suspensions at travel speed 5 m/s are presented in Figure 10.

Force [kN]

Time [s]

or C8 - stand test ——sensar €8 - stand te

Figure 10. Force values in the diagonal suspensions at travel speed 5 m/s.

Table 1 shows the maximum forces in the selected suspensions, recorded on the test
stand and calculated by numerical simulations. The percentage difference of the results
obtained in the numerical calculations in relation to the values measured on the stand is
also given.

Table 1. Maximum forces in each route suspension [kN].

' Ca.lculate.d Measured on the Test Stand Diffe‘rence Calculated in
in Simulation [kN] Relation to the Measured
[kN] Value [%]
Travel speed 3 m/s
Max. force in suspension C5 (vertical) 17.97 17.3 3.84
Max. force in suspension C6 (vertical) 17.93 17.78 0.87
Max. force in suspension C2 (diagonal) 27.2 22.25 223
Max. force in suspension C4 (diagonal) 27.49 25.27 8.79
Travel speed 5 m/s
Max. force in suspension C5 (vertical) 18.66 17.42 7.13
Max. force in suspension C6 (vertical) 18.71 18.14 3.18
Max. force in suspension C8 (diagonal) 25.71 20.75 23.9
Max. force in suspension C9 (diagonal) 28.27 27.29 3.57

The biggest difference was observed in the case of C8 and C2 suspensions. They are
diagonal suspensions. The role of diagonal suspensions is to stabilize the suspended mono-
rail track in the axis of travel. Depending on how the monorail is accelerated (acceleration
in the speeding up phase), different forces acting on the rail are generated. As a result of
these forces, the route of the monorail moves, and the role of the diagonal suspensions is to
limit the range of this movement. In a situation when the suspensions chains are loosened,
position of the traverse of a given rail joint can change. This results in an increase in the
range of the monorail route movement, and the disproportions between the forces in a pair
of diagonal suspensions increase. The described phenomenon explains large differences
in the values of the maximum forces recorded on the test stand in the sensors installed
diagonally

4. Analysis of the Results

After the verification of the calculation model, emergency braking of the suspended
monorail assembly from the speeds equal to 1, 2, 3, 4, 5, and 6 m/s was simulated. During
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the simulation, the forces were recorded in each suspension of the monorail route. As only
forces in the selected suspensions were measured on the test stand, in the computational
model, the marking and numbering of the following suspensions were changed. Figure 11
shows the markings and numbers of each suspension along the section, where emergency
braking took place.

L1 L17 L18
L8 L9 L10 L11 L12 L13 L14 L15 ‘

«
-

J ‘vI I, v\ /' vIIv \ / II

Figure 11. Marking and numbering of suspensions with force sensors in the computational model.

Moreover, emergency braking was simulated in two variants, differing in the value
of the braking force. In the first simulation variant, emergency braking with full force of
braking devices was used. In the second variant, the braking force was reduced by 50%.

Such an approach was aimed at emphasizing the high impact of the braking method
on the forces loading the route suspensions while increasing the speed of the monorail. The
maximum tensile forces in each suspension, recorded during the simulation of emergency
braking at different speeds, are presented in Tables 2 and 3. In the tables, each cell is
divided into two parts by a dashed line. The upper part (above the dashed line) shows the
results of the simulation of braking at 50% of the braking force, while the lower part of the
cell (under the dashed line) shows the values obtained in the simulations with full braking
force.

Table 2. Maximum forces in suspensions recorded during simulation of emergency braking at different travel speeds

(suspensions L5-L11).

Speed [m/s]/Simulation

Max. Force  Max. Force Max. Force  Max. Force = Max. Force = Max. Force = Max. Force

Variant in L12 [N] in L13 [N] in L14 [N] in L15 [N] in L16 [N] in L17 [N] in L18 [N]

50% Fj, 3275 1181 1190 1614 1607 1282 1284
1

100% Fy, 3162 957 9,53 1768 1607 1282 1284

50% Fj, 8771 1181 1190 2969 4210 1282 1284
2

100% Fy, 7547 972 958 2006 1607 967 955

50% Fj, 25,058 13,981 13,988 7845 5892 1282 1284
3

100% Fy, 43,828 4035 4011 3752 3296 1359 1352

50% Fp, 25,058 13,981 13,988 7845 5992 1282 1284
4

100% Fy, 48,407 13,887 13,950 4593 5191 1252 1228

50% Fp, 31,728 18,272 18,176 24,138 21,749 2737 2723
5

100% Fy, 50,923 29,997 29,970 27,381 27,508 3403 3384

50% Fp, 29,874 18,337 18,353 37,681 21,827 15,460 15,471
6

100% Fy, 32,701 16,775 16,832 55,218 32,193 17,286 17,272

* Fh—Dbraking force.
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Table 3. Maximum forces in suspensions recorded during simulation of emergency braking at different travel speeds

(suspensions L12-L18).

Speed [m/s]/Simulation

Max. Force  Max. Force Max. Force  Max. Force  Max. Force Max. Force = Max. Force

Variant in L12 [N] in L13 [N] in L14 [N] in L15 [N] in L16 [N] in L17 [N] in L18 [N]

50% Fyp, * 3275 1181 1190 1614 1607 1282 1284
1

100% Fy, 3162 957 953 1768 1607 1282 1284

50% Fy, 8771 1181 1190 2969 4210 1282 1284
2

100% Fy, 7547 972 958 2006 1607 967 955

50% Fy, 25,058 13,981 13,988 7845 5892 1282 1284
3

100% Fy, 43,828 4035 4011 3752 3296 1359 1352

50% Fy, 25,058 13,981 13,988 7845 5992 1282 1284
4

100% Fy, 48,407 13,887 13,950 4593 5191 1252 1228

50% Fy, 31,728 18,272 18,176 24,138 21,749 2737 2723
5

100% Fy, 50,923 29,997 29,970 27,381 27,508 3403 3384

50% Fy, 29,874 18,337 18,353 37,681 21,827 15,460 15,471
6

100% Fy, 32,701 16,775 16,832 55,218 32,193 17,286 17,272

* Fh—braking force.

During emergency braking, the highest forces were recorded in the suspensions—
stabilizing the position of the suspended monorail route. With the increase of the speed at
which the emergency braking took place, the recorded dynamic overload in the suspensions
increased. The maximum forces in the suspensions recorded for each analyzed driving
speed of the set are shown in Figure 12.

60,000

50,000

40,000
z
¢ 30,000
= m 50% braking force
LS m 100% braking force

20,000

10,000

0
1.00 2.00 3.00 4.00 5.00 6,00
Velocity [m/s]

Figure 12. Maximum forces in the suspensions, in relation to maximum speeds, when braking with
full and reduced braking force.

Based on the presented results, the increase in the force in the most loaded suspensions
was calculated in relation to the value recorded at the lowest analyzed speed of 1 m/s
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(Table 4) and in relation to the maximum speed of the suspended monorail, accepted by
the legal regulations during transportation of people, i.e., 2 m/s (Table 5). The tables show
the base value to which the other values were compared. The difference in forces was
presented as force increase expressed in [N], and as a percentage increase in relation to
the base value, both in relation to the simulation with full braking force and simulation in
which the braking force was reduced by 50%.

Table 4. Increase of maximum force in the most loaded suspension in relation to the force recorded during emergency brake
from the speed 1 m/s.

Increase Percentage Increase Increase Percentage Increase
of the Max. Force in the of the Max. Force in the of the Max. Force in the of the Max. Force in the
Suspension When Suspension When Suspension When Suspension When
Braking 100% Fy,[N] Braking 100% Fy[%] Braking 50% Fy,[N] Braking 50% Fy[%]
Base value—maximum
fo.rce in the suspension +33,407 ) +31,026 )
during emergency braking
from speed 1 m/s
Increase of max force at
speed 2 m/s in relation to +1373 +4.1 +2380 +7.7
1m/s
Increase of max force at
speed 3 m/s in relation to +10,422 +31.2 +4959 +16
1m/s
Increase of max force at
speed 4 m/s in relation to +15,509 +46.4 +6492 +20.9
1m/s
Increase of max force at
speed 5 m/s in relation to +17,517 +52.4 +3442 +11.1
1m/s
Increase of max force at
speed 2 m/s in relation to +21,811 +65.2 +6654 +21.5
1m/s

Table 5. Increase of maximum force in the most loaded suspension in relation to the force recorded during emergency brake

from the speed 2 m/s.
Increase Percentage Increase Increase Percentage Increase
of the Max. Force in the of the Max. Force in the of the Max. Force in the of the Max. Force in the
Suspension When Suspension When Suspension When Suspension When
Braking 100% Fy, * [N] Braking 100% Fy[%] Braking 50% Fy,[N] Braking 50% Fy,[%]
Base value—maximum
fo.rce in the suspension +34780 } +33,407 )
during emergency braking
from speed 2 m/s
Increase of max force at
speed 1 m/s in relation to —1373 -3.9 —2380 7.1
2m/s
Increase of max force at
speed 3 m/s in relation to +9048 +26 +2579 +7.7
2m/s
Increase of max force at
speed 4 m/s in relation to +14,136 +40.6 +4111 +12.3
2m/s
Increase of max force at
speed 5 m/s in relation to +16,143 +46.4 +1061 +3.2
2m/s
Increase of max force at
speed 6 m/s in relation to +20,438 +58.8 +4274 +12.8
2m/s

* F,—braking force.
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5. Discussion

The fact that the suspended monorail route is not rigid, and both the route and the
neighboring rails can change their orientation in relation to each other (possibility of
movement in the rail joint) is one of the reasons for the appearance of dynamic overloads.
As a result, the suspension may be momentarily loosened and then dynamically loaded.

Examples of rail displacements during emergency braking are presented in relation to
rail No. 5, during braking from a speed of 5 m/s. Figure 13 shows the rail displacement
along the longitudinal axis (Y axis) in line with the direction of travel of the monorail set,
both in simulations with full and reduced braking force. The maximum rail displacement
in this axis was 0.05 m when using the full braking force, while when using the braking
force reduced by half, this displacement was 0.0141 m.

-67.96
——100% braking force

-67.97

==50% braking force
-67.98

-67.99

Y axis position [m]

-68.00

-68.01

-68.02
000 040 080 120 160 200 240 280 320 360 400 440 480 520 560 6.00 640 6.80

Time [s]

Figure 13. Displacement of the rail No. 5 along the Y axis, during braking from speed 5 m/s.

Figure 14 shows the displacement of the rail No. 5 in the vertical axis (Z axis). The
maximum rail displacement in this axis was 0.0193 m when using the full braking force,
while when using the braking force reduced by half, the displacement was 0.0024 m.

1.82
===100% braking force

1.81

—50% braking force
1.81

7 axis position [m]

1.80

1.80 m

1.79
000 040 020 120 160 200 240 280 320 360 400 440 480 520 560 600 640 6.80

Time [s]

Figure 14. Displacement of the rail No. 5 along the Z axis, during braking from speed 5 m/s.
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Displacement of rails changes the traverse position in suspensions, which leads to
loosening of one suspension and excessive load to the other one of the pair of diagonal
suspensions stabilizing the monorail route. The successive stages of changing the position
of the traverse in the rail suspension and the way of loading the suspensions are shown in
Figure 15.

State 1 State 2
L1\1\\ /le L11 / L12
= fess , b ——". ] jec
State 3 State 4
11 /;12 :N\ /'/le
p S fet (— 1

Figure 15. Successive loads to the suspensions resulting from the change of the position of the
traverse in the rails suspensions.

Before braking, the suspensions are symmetrically loaded (state 1). Then, in a result of
braking and action of inertia forces, the route moves forward and up—the traverse in the
rail suspension rotates, and as the result, the L11 suspension is significantly more loaded
(preventing against further movement of the route), and the L12 suspension is loosened
and relieved (state 2). Then the track and rails return to their previous position, and the
position of the traverse as a result of the action forces the suspension position changes, and
the L12 suspension is dynamically hit and overloaded while loosening the L11 suspension
(state 3). Stabilization and return to the balanced position and symmetrical load to the L11
and L12 suspensions is the last stage.

The analysis of the recorded forces allows us to conclude that with the increase in the
maximum speed of the suspended monorail, the dynamic overloads during emergency
braking with full force increase. However, reducing the braking force by half results in
a significant reduction of the increase of the forces loading the route suspension. The
conclusion is that along with increasing the speed of the suspended monorail, proper
selection of the force and method of braking is extremely important.

6. Conclusions

The analysis shows the risk of significant dynamic overloads in the route suspensions.
The diagonal suspensions stabilizing the suspended monorail’s route are exposed to the
greatest overload. With the increase in the maximum driving speed, the accelerations
and overloads, as well as the vibrations acting on the operator and passengers of the
suspended monorail also increase. These aspects were presented in other studies [29]. The
simulations showed that in situations such as emergency braking, short dynamic overloads
occur already when braking from the speed of 3 m/s. However, it should be mentioned
that during tests a new type of rail, longer than the current one, was used (4 m long).
The use of such rails improves the comfort of people travel by providing a more stable
route and minimizing vibrations and overloads affecting people in the monorail, caused
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by improper assembly of the route. However, to distribute the weight of the suspended
monorail and rails over a greater number of roof support arches, the rails require applying
the special traverses at the rail joints. The analysis of the simulation results indicates that
this solution may contribute to the development of dynamic overloads during emergency
braking. Taking into account the aforementioned limitations and conclusions from the
analyses, as well as the benefits resulting from increasing the permissible speed of the
suspended monorail during the personnel movement, the authors believe that general
guidelines should be developed to ensure the safe use of the monorails while increasing the
permissible speed. One of the aspects concerns the way the monorail route is assembled
and the selection of route sections where moving at higher speeds will be safe. This aspect
includes both the appropriate selection of the route rails, the type of rail joint and the
method of its suspension, and in particular the method of the used lashings stabilizing the
route. It is also important to control the technical condition of the roof support arches to
prevent any disturbance in its stability.

Development of an appropriate method for releasing the emergency brakes is another
aspect related to minimizing dynamic overloads during emergency braking. At present, the
maximum braking force is activated in a very short time, resulting in significant dynamic
overloads, affecting both the route of the monorail and its suspensions, as well as people in
the passenger cabins and the operator of the monorail. The authors suggest development
of a special sequential method of braking, which due to the accepted increase of braking
distance will reduce dynamic overloads affecting both the route suspensions and people in
the monorail during braking. The use of these modifications will increase the safety of the
personnel during travel.

The novelty presented in the paper are both the results of the stand tests carried
out for the suspended monorail, in which the real values of the forces in the route slings
while driving the transport set were obtained, as well as the conclusions obtained from
the computational model. In both cases, dynamic overloads were obtained, which are
crucial for the suspended route. The forces were recorded with a frequency of 150 Hz by
using sensors which were specially designed and manufactured for this type of test. Due
to the specificity of the suspended monorail route, dynamic overloads can be obtained
in real conditions or on a specially prepared, full-size test stand. It is difficult because, in
the first case, the tests are carried out in conditions of potentially explosive atmosphere,
which is related to natural hazards. In the second case, in addition to the high costs of the
test stand, a transportation set should be assembled. After obtaining the results from the
conducted stand tests, it was possible to validate the computational model. Then, within
the computer environment, the “suspended monorail research program” was extended
with other variants that were not implemented on the real object.

The authors emphasize that the presented calculation results are intended to show the
impact of the braking system parameters (e.g., release time, braking force, number of braking
systems) on the time process of load to the suspensions of the suspended monorail’s route.
Modification of these parameters can significantly reduce the dynamic overload to all key
components of the route, which will translate into both an increase in the level of safety for
users of this type of transportation mean and extension of its service life.
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