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Development and analysis of kinematics of working unit

of self-propelled drilling ma-chine

Self-propelled drilling rigs are widely used in the underground mining. Their main task is
to drill holes in the rocks where explosive charges are to be placed. An important feature
of this type of machine is its ability to drill holes according to the blasting parameters
defined in the documentation. Precision regarding the hole distribution and angular
deviation is crucial for fragmentation of the rocks. This paper presents the results of
a kinematic analysis of the working unit of a drilling rig designed for KGHM Polska
Miedz S.A. The authors determined the design and construction aspects influencing
the accuracy of the drilling boom positioning. The working field of the described system

was equal to 45 m”.
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1. INTRODUCTION

In the room-and-pillar mining systems of KGHM,
the deposit is cut by chambers and belts with a width
of approximately 7 m and a height of up to 5 m.
The width of the excavations at the cutting stage is up
to 7 m. The height of the excavations in the cutting
stage depends on the thickness of the ore seam and
operational requirements of the self-propelled ma-
chines; it can be up to 4.5 m [1, 2]. Drilling works are
performed by specialized self-propelled mining ma-
chines and rigs (which are also used in the construc-
tion of road tunnels). Their task is to drill holes in
the rock where explosive charges are to be situated.

A common feature of these machines is the working
unit (or units) placed in the front part on which
the boom with the drill is mounted (Fig. 1).

The variety of construction of this type of machine
and its equipment results from the specifics of its ap-
plication. Depending on the type of mine, these ma-
chines must meet certain requirements [3]. In the
mining conditions, the main criteria for selecting
the drilling rigs are the overall dimensions of the ma-
chine (length, width, and height), minimum turning
radius, and work field of the drill. When the machines
are used in tunnel construction, the requirements are
mainly focused on the largest possible operating field.
Currently, a common requirement for this type of

Fig. 1. Mobile mining machine Face Master 1.7L
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machine is the ability to maintain a parallel direction
for all drilled holes in the whole work field, which en-
sures that the blast holes are made in accordance with
a specified metric (automatically or semi-automatic)
and, in the case of controlling the working unit by an
operator, significantly shortens the time of adjusting
the boom relatively to the face [3, 4].

This paper presents the methodology and res-
ults of work related to the development of the kine-
matics of the working system of a self-propelled drill-
ing rig with an assumed working area of 8.4 X 5.6 m,
which is adapted to the operational conditions of
KGHM [1, 2].

The work was carried out as part of the Smart
Growth Operational Program in the project “A new
generation of the modular, battery-powered, drilling,
and bolting machines designated for operation in un-
derground copper ore mines and mineral resources”
(POIR number 01.01.01-00-D011/16), whose aim is
to develop, produce, and implement innovative self-
-propelled battery-powered mining machines for
drilling and bolting.

The works include the development of the kine-
matic system of the working unit, taking into account
the operational conditions and technical capabilities
of the individual components.

The scope of work included the following:

— structural synthesis of the working unit,

— development of the kinematics of the working
unit,

— geometric synthesis of the working unit,

— determination of singular configurations,

— conducting simulation tests,

— determining the working fields along with straight
line mechanism errors.
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2. STRUCTURAL SYNTHESIS

2.1. Problem identification

The drilling process requires us to adjust the drill
bit at any point in the working field and setting the
desired axis orientation of the tool. The basic condi-
tion for the drilling rig is moving the drill axis in the
working field, which is defined as a fragment of the
plane parallel to the face of the machine (Fig. 2a) [3].

From a structural point of view, the working ele-
ment should have four degrees of freedom (W = 4) —
displacements along the Z and Y axes and rotations
around the axes of displacement. Theoretical mobili-
ty can generally be written as follows:

W=W,+W.+Wy (1)
where:
W - theoretical mobility,
W, — mobility of passive element,
. — mobility of active elements,

Wy, — intermediary chain mobility.

Structural synthesis according to Equation (1) can
be carried out with different assumptions. Their ap-
propriate selection limits the number of solutions and
allows for more simplified choices.

The designated structural scheme is the basis for de-
termining the possible kinematic schemes. The Class 11
kinematic pair may take different forms. Taking into
account the design and operational criteria, the pairs
with translational movement were omitted. Guided by
the simplicity of the solution, it was assumed that the
boom is connected to the body of the machine and to
the frame of the drill using universal pairs (Cardan
joints). This solution enables us to adjust the drill bit
at any point of the working field while maintaining the
desired orientation of its axis (Fig. 2b) [3].

=

Fig. 2. Required degrees of freedom of drill unit frame (a) and kinematic scheme of drilling rig boom (b)
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2.2. Results of structural synthesis

The presented kinematic scheme (Fig. 2b) only ful-
fills the condition of the desired degrees of freedom
that the drill frame must have. The operating condi-
tions of the machine cause the fact that a direct impo-
sition of motion in the rotary joint is not feasible.
Therefore, the next stage of synthesis is to define the
mechanisms that will impose that movement; at the
initial stage of the synthesis, these joints will be treat-
ed as the active pairs. Due to the high values of the
moments, it was assumed that the kinematic input
would be achieved through the hydraulic cylinders [3].

The location of the actuator fixing points between
the adjacent elements connected by the rotary joint
exact the need to increase the overall dimensions of
the universal cross pairs. This phenomenon is mainly
undesirable for the pairs connecting the boom with
the machine body (where high impact forces are act-
ing). The solution to this problem is to increase
the space between the axis of the universal pair by re-
placing the cross with the proper element. An addi-
tional advantage of this solution is the fact that the
distance between the axes is a parameter that can be
selected and, thus, affect the kinematics and strength
properties of the working unit.

The full kinematic scheme of the boom mechanism
and geometrical conditions after implementing the
drive components are shown in Figure 3 [3]. In the case
of the actuator re-possible for lifting the drill frame,

a different solution was adopted than in other cases.
This is due to the fact that this actuator is the only one
positioned between adjacent elements forming a ro-
tatory joint. The choice of such a solution was forced
by the construction and design aspects.

Assuming the coaxiality of pairs A and D, the me-
chanisms of lifting the boom and rotator are always
in one plane. To obtain a straight-line mechanism in
planar motion, triangles AHBI and AMGF must al-
ways be similar, with the similarity scale is equal
to the hydraulic coefficients W), of actuators P1 (HI)
and P2 (FM). The dimensions and orientation of
these triangles can be arbitrary. This enables us to
consider the additional criteria in the process of de-
signing the fixing points such as decreasing stresses,
selecting the proper gear ratio angle, avoiding colli-
sions, fostering producibility, or selecting actuators
with the standard-sized dimensions. While designing
the fixing points of the actuator attachment points,
special attention should be paid to the fulfilment of
the similarity condition for the minimum length
of the real actuators.

Livinp2 2W) - Linin p1 (2)

Failure to meet Condition (2) results in a theoreti-
cal solution or requires a special manufacturing of
the actuator of the lifting of swivel P2. This should
proceed in a similar fashion to the case of a turning
straight-line mechanism (Fig. 4) [3, 4].
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Fig. 4. Scheme of turning straight line mechanism (top view) of FM 1.7 & LE drilling rig boom
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A characteristic feature of the boom turning mech-
anism is that, when lifting the boom (rotation in Pair B),
it rotates around the axis of Pair A. This phenomenon
occurs while maintaining the constant length of turn-
ing cylinder S1 (Fig. 4). As a consequence, it is impos-
sible to keep the boom axis on one plane while lifting.
This situation does not only occur in configurations
where the axes of the B and N pairs are collinear.
Theoretically, there are two such configurations;
however, for the structural reasons, none of them ex-
ists in the case of designing a turning mechanism.

The reason for why the boom does not take place
on one plane (for a constant length of actuator S1) is
shown in Figure 5. While lifting the boom, Point P
is on the trajectory being a circle with the radius
of BP ‘and the center situated on the axis of pair B.
Keeping the boom axis within one plane requires that
the EP distance changes in a function of boom lifting
angle EP = f(0,). On the other hand, distance EP is
the result of the constant length of section EN and
actuator S1. It is not possible to comply with both of
these conditions for any constant turning angle o.
By the appropriate selection of the basic dimensions,
this undesirable phenomenon may only be mini-
mized. A similar situation takes place in the case of
the mechanism responsible for the relative move-
ment between the rotor and boom.

Fig. 5. Spatial kinematic scheme of lifting and turning
mechanisms of FM 1.7 LE drilling rig boom

Finally, guided by the limiting of the straightness
error criterion and design considerations, the mount-
ing points of the actuators responsible for the boom
turning and of the rotator were chosen. The remain-
ing dimensions of the straight-line mechanism were
also assumed. In this process, special attention was
paid to the kinematic system, which should not reach
any singular configurations.

The geometric parameters of the FM 1.7 LE drill-
ing rig (which are specified above) meet all the pa-
rameters and design assumptions. As has been
shown, the developed turning and lifting straight line
mechanisms are not ideal systems due to the accepted
technical constraints. They can cause some errors
in straightness Ay and Az measured in the turning and
lifting planes during movement in the assumed work
field. Therefore, the determined geometric parame-
ters were verified by numerical simulations in the
software for the dynamic analysis of multibody sys-
tems such as MSC Adams or LMS DADS.

3. NUMERICAL SIMULATIONS

For the purpose of further research, a full simula-
tion model with the turning and lifting actuators of the
boom working in the straight-line systems has been
built for the developed kinematics of the working unit
of the designed FM 1.7 LE drilling rig (Fig. 6) [3].
The LMS DADS system was selected for the simula-
tion. The model was used to investigate the system for
the occurrence of the singular configurations to ana-
lyze the errors in straightness Ay and Az and to de-
termine the exact boundaries of the drilling rig work-
ing field.

The elements of the mechanisms during operation
may reach positions that are kinematically uncertain.
Such positions of the mechanism are commonly
either called singular configurations or singular loca-
tions. A singular configuration of a mechanical sys-
tem is one in which the system’s behavior cannot be
predicted (cannot be determined). The system in
the singular position changes its dynamic and kine-
matic properties (movement ceases to be controlled).
The values of some parameters (force, velocity and
acceleration) become unknown or approach infinity.
Derivatives of the constraint equations of the me-
chanical system have no solution while being in this
position, indicating a mathematical singularity. Near
the singular configuration, small modifications in
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Fig. 6. Solid model of FM 1.7 LE drilling rig: a) boom lifting, rotator lifting, and frame rotation mechanisms;

b) top view of model with marked mechanisms of boom and turntable rotation

the input parameters (velocity, force) may cause large
changes in the output parameters (or the opposite
may occur). In some cases, reaching the singular posi-
tions by the elements due to a significant increase
in the forces may lead to damage or even the destruc-
tion of the system. During its design, singular posi-
tions should be taken into account, and the system
should not be allowed to reach such configurations.
Therefore, one of the widely considered and impor-
tant design problems is to determine the discussed
configuration of the mechanisms and analyze the be-
havior of the mechanisms in the singular locations.
In the developed kinematic system, the dimensions
of the elements and drives have been selected in such
a way that any singular positions occur for the kine-

z [m]

matics, ensuring the achievement of the assumed
work field.

3.1. Selected simulations results

The simulation studies of the system allow us to
above all determine the real range of movement of
the drilling rig and, consequently, determine the actu-
al working field. The parameters that impart motion
in the system were the elongation and shortening
of actuators P1, P2, S1, and S2 operating in the hy-
draulic straight-line mechanism. The simulation tests
of the boom were carried out while the element was
fully extended. The obtained field of work is present-
ed in Figure 7.

Fig. 7. Total work field of FM 1.7 LE drilling rig determined by three extreme positions of drill: vertical
(for rotation angle o,,= 0°) and horizontal (for rotation angles o,= 90° and o,= -90°)
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Additionally, an error analysis was performed by
simulating the movement of the boom on the selected
lines of the work field. In Figure 8, the authors pre-
sented the field of operation with the scheme of the
lines selected for testing: p-25, p0, p15, p30, p45, s-38,
s-19, s0, s19, and s38. In addition, the P;; measure-
ment points (i =0, ..., 5;j = 1, ..., 7) have been desig-

nated in the working field, and the exact error values
have been determined.

An example of the simulation scheme and specifi-
cation of determined errors Ay — turning straight line
mechanism, Az — lifting straight line mechanism, and
for motion along the selected horizontal line is pre-
sented in Figure 9.
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Fig. 8. Front view of operation field of FM 1.7 LE drilling rig with marked sample lines and points P,
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where detailed values of straight-line mechanism errors Az (lifting) and Ay (turning) were determined
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Fig. 9. Study of straight-line mechanism precision while moving frame (point L,,) along p-15 line in function of
rotation angle o (-38° < o < 38°) extension change of turning actuator with constant lifting angle o, = -25°
constant extension of lifting actuator); a) simulation scheme; b) line p-15 location; c) obtained errors of lifting Az
and turning Ay straight line mechanisms
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4. CONCLUSIONS

As a result of the carried-out studies, the structure,
kinematics, and geometry of the working unit of
a new Face Master 1.7 LE battery-powered drilling
machine were developed for a given working field
(HxW —5.6 x 8.1 m) as well as for the specified lift-
ing and turning angle of the boom.

In the first part of the research, a structural synthe-
sis of the boom mechanism was performed. The aim
of the work was to provide the required number of
degrees of freedom to the drill. The authors selected
a basic scheme of the boom; it allows for the possibil-
ity of the drilling rig to operate both when there is
a kinematic coupling of the proper pairs of the active
elements as well as when they operate completely in-
dependent of each other.

In the next stage, a kinematic scheme of the boom
was selected, which was then complemented with
chains containing active elements (actuators). With
the full kinematic scheme, the basic dimensions were
defined. While designing the geometry of the boom’s
kinematic, all assumptions and constraints were tak-
en into account (maximum ranges of motion, type
and geometry of the actuators, hydraulic coefficients
of the straight-line mechanisms, dimensions of the
mounting plate, and type and geometry of the drill
frame, rotator, etc.).

The process of defining the basic dimensions has
been divided into two phases. The first specified the
geometry for the lifting mechanism. In the second
step, the dimensions of the turning mechanism were
determined. The process of defining basic dimensions
was carried out for the assumption that the main task
of the drilling rig is working in coupled actuator system.

The primary criterion of the quality of operation of
the designed boom straight line mechanism was to
maintain a constant orientation of the drill axis at
each point of the working field. Unfortunately, fulfill-
ment of the structural requirements entailed the ne-
cessity to deteriorate the quality of the obtained
straightness of the system. For this reason, the tedious
process of designing the dimensions of the kinematic

system was necessary. The purpose was to obtain er-
rors in the straightness of the drill axis below 1°.

Finally, the authors obtained the kinematic system
of the FM 1.7 LE drilling rig, which reaches the re-
quired field of work of the drill.
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