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COMPUTER-AIDED SELECTION OF THE STABILISING SYSTEM PARAMETERS OF
THE MOBILE TRANSPORT AND ASSEMBLY MANIPULATOR
IN MINING EXCAVATIONS

Shifting masses in a confined space in the company of other machines and devices, which limits
the manoeuvring and transport area, poses a significant problem in every field of industry, especially
with underground mining. The works involved in transporting and manoeuvring masses in underground
workings are challenging and are most often performed using various auxiliary machines or manually.
Hence the need arose to develop a device carrying out activities related to the shifting of masses with the
assumed maximum value. The device was created as a result of cooperation between FAMA sp. z o.0.
and the AGH University of Science and Technology in Krakoéw, Poland. The mining modular transport
and assembly unit (MZT-M) enables assembling and transporting various masses, especially the elements
of the roadway support in the face. The primary function of this device is its movement in the excavation
along with the transported mass and delivering it to a specific place. Therefore, an important issue is to
ensure the module’s stability in different phases of its operation (lifting, transport, manoeuvring, feeding,
lowering) due to the limited space in the excavation. That is why an analytical model and specialised
software were created to determine the design parameters of the device as a function of its operating
phases, especially the counterweight’s mass. As previously mentioned, an analytical model (physical,
mathematical) with equations and applications written in Microsoft Visual Studio and Matlab was used
for this purpose. It is beneficial at the design or construction changes stage. Calculation results are docu-
mented in the form of numerical summaries and graphs.
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1. Introduction

One of the key processes in underground mines is the driving of workings. The excavation
and, later, the exploitation of such a working requires moving various elements of the support,
machines and devices included in the equipment used in the face. It is then necessary to use
various types of transport devices, stationary or mobile manipulators for this purpose [1,2]. The
most difficult thing in such a working, and more precisely in the face, is to transport and install
the elements of the roadway support [3] due to very little free space (Fig. 1) [4,5]. This applies
to all types of supports, mainly the yielding arch support type LP [6,7].

The erection of the frame of the yielding arch support involves mounting its elements in
the face with the use of a roadheader [8,9], suspended rails [10] and moving equipment [3]. This
process, as can easily be seen, is performed manually, so it is particularly strenuous and requires
a lot of physical effort. This applies to the transport of support arches and other elements of the
support frame, the lining and the assembly of the support frame itself. Hence the idea to use
a device enabling the transport of various masses, including the elements of the support frame,
from the place of its storage to the face, in front of the shearer, and their delivery to the place of
installation [1,11,12]. Currently, such devices available on the market do not fulfil the above-
mentioned functions due to the dimensions of the excavation and the technical equipment of the
face (roadheader, conveyors, dust removal devices, ventilation and power supply).

Fig. 1. View of the mining face of a gallery drilled with a roadheader

The concept of using the MZT-M in the mining face has been shown in Fig. 2. The manipu-
lator consists of a boom mounted on a runway beam, a stabilising foot and a hydraulic power
pack. The feed drive (tractor) enables the equipment to travel along the track of the suspended
monorail (Fig. 2a) [1,13]. When transporting support elements or other masses, the modular
transport and assembly unit (MZT-M) must be balanced due to the suspension of the rail on
chain strings in the excavation, whether or not this is done symmetrically (transverse and lon-
gitudinal stability, the load on the transport beam bogies). Then it is necessary to determine the



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

value of the counterweight and its location. On the other hand, the operation of the boom itself
(manoeuvring) requires stabilising the whole unit, for example, supporting it against the side of
the excavation with a stabilising foot (Fig. 2b). However, it is also necessary to determine the
longitudinal stability and the load on the transport beam bogies.

Determining the value of the mass needed to balance the device during transport required
developing a physical and mathematical model, described in detail in the article [1]. The math-
ematical model was next used to develop a specialised program enabling a multivariant analysis
of the manipulator load and to search for the most favourable solution (payload, design dimen-
sions of the boom, counterweight mass). Hence, the essential purpose of this article is to present
the computational capabilities of the above-mentioned computer program and its practical use
(kinematics, stability). It is the original part of this article, together with publications [1] and [2].
It should also be noted that the proposed original method of numerical calculations allows for
determining the limitations of the analysed device related to the permissible transported masses,
stability and operating range.

(b)

Fig. 2. Diagram of the MZT-M in a gallery system with arch in the transport position: a) side view,
b) top view: 1 —boom, 2 — beam, 3 — support slide, 4 — hydraulic power unit, 5 — CHM-15 tractor,
6 — control panel, 7 — suspended rail [1]

2. Analytical model of the manipulator for determining
its stability

Determining the mass of the counterweight of the manipulator in question is related to
the process of transporting the support elements or other masses in the excavation. Then, along
the entire transport route, the device cannot come into contact with the sides of the excavation
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(arch support) and other objects located in it. On the other hand, the work of the device at the
place of shifting (supplying) the support elements or other masses requires stopping the manipu-
lator and expanding it (stabilising). Hence, in both cases, the balance of the device is disturbed,
and the required location, especially in the transport position, is lost as a result of changing the
position of the boom and the supporting structure of the counterweight and stabiliser [14,15].

As mentioned before, the starting point was a creation of a physical and mathematical
model of the manipulator [1]. For this purpose, the boom model was used. Based on the analyti-
cal model, the boom structure and kinematics were considered, and relationships that allowed
describing the values important for the assessment of the boom’s stability as a function of its
construction parameters were determined. The above dependencies enable determining the x;
and y, coordinates of the manipulator’s centre of mass. Next, knowing the location of the cen-
tre of mass of the entire boom (x,, y,) and its resultant mass Gy, it is possible to determine the
counterweight Gy, (stabilising foot) for the variant of manipulator ride with the payload G, of
up to 650 kg (Fig. 3).

Gy =Gg, + Gg, + Gg, + Gp, + G5, + Gy + Gy (1)

where: G —resultant mass (weight), kg; G, —mass (weight) of the first actuator, kg; G —mass
(weight) of the first arm, kg; G, — mass (weight) of the second actuator, kg; G, — mass (weight)
of the second arm, kg; G, — mass (weight) of the third actuator, kg; G), — mass (weight) of the
gripping part, kg; G, — payload (support arch), kg.
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Fig. 3. Diagram of the manipulator in the transport position
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where: G, — mass (weight) of the stabilising foot, kg; /5, — length of the arm of the stabilising
foot, m.

The above dependencies provide a basis for determining the influence of the manipulator
design parameters on its balance (position, stability) during transport (advance speed v, < 1 m/min)
and its stabilization (advance speed v, = 0 m/min) in the working position. This applies in
particular to the mass of the counterweight G, the boom tilt angle oy and the length of the
stabilizing foot arm /.

It is equally important to determine the load on the transport beam bogies (points A and B),
a simplified diagram of which is shown in Fig. 4 (longitudinal stability). Then the beam is loaded
with the additional mass (weight) of the hydraulic power unit G, and the drive G, and additionally
the mass of the counterweight G,. It is required that the reaction in point A is always positive, and
the load on the bogies does not exceed the value resulting from the permissible load of individual
support arches (40 kN) to which the rails are suspended [1].
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Fig. 4. Simplified diagram of the transport beam loading
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Note that the longitudinal stability can be considered correct when the reactions R, and Rp,
are positive and each is lower than 40 kN. The value of these reactions (longitudinal stability) is
particularly influenced by the distance between them (/; + /, + /3) and the manipulator’s range
LZW,. Hence, it may be necessary to install an additional mass G, for the reaction in support A
to be positive.

RAy = Gz + Gn + Gst + Gw 7RBy (6)
Rgy=[(G:+ G) [+ Gy (bt ) + Gy (b + b+ 5+ 1)1 (1 + h+ 1) (7

3. Characteristics of the computer application

For the purposes of creating a prototype of the manipulator and correcting its dimensions
and kinematics, an appropriate application was developed using the created prior analytical
model [1]. It enables quick verification of design assumptions in terms of design parameters of
individual manipulator elements. Currently, such simulation tests are very commonly used to
facilitate the design process and introduce possible model changes [16,17].

The application allows for verifying the impact of changes in the structural dimensions of
the manipulator’s components on its kinematics and stability. Fig. 5 shows the start-up window
of an application written in the Microsoft Visual Studio environment, whereas Fig. 6 presents its
main calculation window, also written in the Microsoft Visual Studio environment.

The yellow colour shows the actuator strokes (input data), the counterweight G, as well as
R, and Rp,, reaction forces (calculation results). A graphic illustration of the calculation results
(boom kinematics) was prepared using an application written in the Matlab environment. The
advantage of this environment is the rich set of available functions, while the disadvantage is
the large size of the application after its compilation.
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Fig. 5. Application page of the program for determining the manipulator’s stability
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Fig. 6. Main application calculation window with exemplary dimensions in the MS Visual Studio environment

Fig. 7 shows the view of the application written in Matlab for the case of the maximum
extension of the actuators. Similarly to the application written in the MS Visual Studio environ-
ment, where numerical values are determined, it also enables quick verification of the influence
of design parameters on the manipulator’s kinematics. Additionally, the graphic application
reflects the manipulator’s position. In the upper part of the application, three sliders allow chang-
ing the degree of extension of each actuator. The application also draws the system of forces
for longitudinal stability. It is easy to see that multi-variant calculations are possible. Addition-
ally, security measures have been introduced associated with the introduction of incorrect data,
especially design data.
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Fig. 7. Exemplary main application calculation window in the MS Visual Studio environment
. . .
4. Example of the practical use of the application

The aforementioned applications were utilised to analyse the manipulator’s structure while
taking into account its two phases of operation. The first analysis concerned the transport phase
in an excavation with a payload reaching up to 650 kg, whereas the second one concerned the
phase in which this mass is shifted during downtime. First, numerical calculations were carried
out using the design data of the manipulator, and then an experiment was carried out on a real
object.

As mentioned before, the transport phase requires the manipulator to be balanced so that
none of its elements come into contact with the excavation sides or other objects in the roadway
during the ride along the rail. In this case, the most advantageous position of the manipulator
and its extension arm (transport position) should be determined. Next, the value of the counter-
weight G, the arm tilt angle oy and its length /; should be determined for this configuration.

It has been assumed that the manipulator will be suspended at a height of 4 m from the floor
(a,,) on the left side of the excavation. Of course, for such a system, the trajectory of the manipula-
tor tip movement should be determined for the minimum and maximum strokes of the actuators
(L1, L, 13). Tt will then allow choosing its most advantageous position from the point of view of
the counterweight value. The position of the manipulator in the vertical plane for the minimum
and maximum extensions of the actuators has been shown in Figs. 8 and 9, but the maximum
manipulator’s range has been shown in Fig. 10.
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Fig. 8. Movement trajectory of the manipulator tip’s movement for the minimal extension
of the actuators (/; = [, = [3=0)
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Fig. 9. Movement trajectory of the manipulator tip’s movement for the maximum extension
of the actuators ([,sl = lxlmaxa 152 = lsZmaxa 13'3 = ls3max)



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

12

4000
3500

3000

2500

Y [mm)

2000

1500

1000

500 L L L L L L s
0 500 1000 1500 2000 2500 3000 3500

X [mm]
Fig. 10. Movement trajectory of the manipulator tip’s movement for its maximum range
(lxl < Z.Ylmaxa ISZ = ls2maxa l.v} = Zx3max)

Fig. 11 shows the curve of the G,; counterweight value as a function of the agy arm tilt
angle for the minimum (lsl = lslmina 152 = lsZminn ls3 = ls3min) and maximum (Zsl = lslmaxa 152 = ls2maxa
lis = l3max) €xtensions of the actuators (LZWyin, LZWmax) and the maximum (7 < /gmaxs
L = lpmax I3 = l3max) manipulator range (LZW,,,,..,)- It turns out that the mass of the counterweight
Gy, (transverse stability), which should be expected taking into account equation (2), increases
with the tilting of the manipulator (o). Based on these calculations and graphs, it is easy to
determine the most favourable value of the counterweight so that the reactions in the R4, and R,
supports have permissible values (up to 40 kN) during the mass transport up to 650 kg. The arm tilt
angle cannot be greater than 20°, and the counterweight reached 1500 kg. However, after reach-
ing this angle value, it becomes necessary to stabilise the manipulator with the stabilising foot.

Figs. 12 and 13 show the reaction value curves at points A and B as a function of the tra-
jectory of the manipulator tip movement in the vertical plane for the minimum and maximum
extensions of the actuators and the arm tilt angle a5y and for the maximum manipulator’s range
for the 6-metre distance of trolleys A and B (/; + [, + /3 = 6 m). Calculations and reaction value
curves in points A and B were performed for a 6 m beam, without a drive unit (G, = 0) and with
a drive unit (G, = 6.85 kN), where G, value is a function of the arm tilt angle agy. In both cases,
the manipulator obtains the correct longitudinal stability (R, > 0). During the operational tests,
it was found that the 6 m beam is too long for the turning circles of the mine workings, making it
difficult for the manipulator to pass and requiring disassembly of its drive unit. It resulted in the
necessity to shorten the beam to 2.95 m. As before, appropriate calculations were made, and the
longitudinal stability for the manipulator with a beam of 2.95 m was determined (Figs. 14, 15).
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Fig. 12. Reaction value curve at points A as a function of the trajectory of the manipulator tip movement
in the vertical plane for the minimum LZW,;, and maximum LZW,,, extensions of the actuators
and the arm tilt angle oy and for the maximum manipulator’s range LZW. ..,

ag, ]

where G,=0and G,=6.85kN (I.=1; + [, + [;=6m)

13

It turns out that the manipulator, as before, obtains the correct longitudinal stability (R 4, > 0) in

both cases.

Bearing in mind the transverse stability and the assumed value of the counterweight
(G4 = 1500 kg, agy = 20°) and the passage of the manipulator with a payload (G = 650 kg), it
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Fig. 13. Reaction value curve at points B as a function of the trajectory of the manipulator tip movement
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Fig. 14. Reaction value curve at points A as a function of the trajectory of the manipulator tip movement
in the vertical plane for the minimum LZW,,;, and maximum LZW,,,,, extensions of the actuators
and the arm tilt angle agw and for the maximum manipulator’s range LZW, ..
where G,=0and G,=6.85kN (/. =[; + , + [5=2.95 m)

becomes expedient to check the longitudinal stability for this configuration. The results of the
calculations are presented in Figs. 16 and 17. As before, the manipulator keeps the correct lon-
gitudinal stability, and the reaction values in points A and B (rear bogie A, front bogie B) have
positive and permissible values.
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Fig. 15. Reaction value curve at points B as a function of the trajectory of the manipulator tip movement
in the vertical plane for the minimum LZW,;, and maximum LZW,,,. extensions of the actuators
and the arm tilt angle oy and for the maximum manipulator’s range LZW, .,
where G,=0and G,=685kN ([,=1,+1,+13=2.95m)
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Fig. 16. Reaction value curve at points A as a function of the trajectory of the manipulator tip movement
in the vertical plane for the maximum manipulator’s range LZW, ., and the arm tilt angle agy,
where G,=0and G,=6.85kN ([, =1/, + [, + 5=2.95 m and 6 m)

The above example shows the possibilities of analytically determining the transverse and
longitudinal manipulator’s stability as a function of its design and mass parameters and determining
the counterweight mass value as a function of the arm tilt. Of course, it is also possible to search
for other solutions (combinations) that are important due to the requirements of the future user.
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Fig. 17. Reaction value curve at points B as a function of the trajectory of the manipulator tip movement
in the vertical plane for the maximum manipulator’s range LZW., ., and the arm tilt angle agyp,
where G,=0and G, =6.85kN (/. =1/, + l, + 5=2.95 m and 6 m)

The final verification of the model and the calculations were carried out in a hard coal mine
excavation, where the manipulator’s movement capabilities were tested (Fig. 18). This case was
considered in the support, stabilising foot (/557, agsr) and boom system, with the possible tilt of
the boom reaching up to 90° and load up to 650 kg. As before, it was found that the stabilising
foot had no contact with the support when the arm tilt angle was not greater than 20° and the
counterweight reached 1500 kg.

Fig. 18. View of the MZT-M installed in an underground excavation
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Conclusions

The aim of the developed manipulator model for supporting assembly works in underground

excavations was to describe its essential functions (kinematics, stability) analytically, taking into
account the counterweight mass. This model has been thoroughly described in previous publica-
tions [1,2]. A computer application was additionally written for this model, enabling the selection
of parameters of the stabilising system of the manipulator. This article presents the computational
capabilities of a computer program (application) and its use in practice.

Based on simulation and underground tests, it was found that the construction, design and

working assumptions were fulfilled, which allows for recommendations of the manipulator for
practical application in underground workings and the model and software — for design purposes.
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