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Abstract:

The article concerns the computational model for analysing the stability of the BEV LHD loader. Works were car-
ried out to develop an innovative, light battery-powered loader, which was the subject of an R&D project imple-
mented in cooperation with Bumech S. A. Compared to the existing solutions of loaders with similar load capacity,
this one is distinguished by the use of an individual electric drive in each wheel and a replaceable battery. A phys-
ical and mathematical model was developed taking into account the specificity of the BEV LHD loader. In the
model, the masses of the battery, individual drives, the platform and excavated material are taken into account
separately. The developed model allows determining the loader wheel pressure on the floor, depending on the
location of its components’ centres of gravity, the turning angle of the machine, the amount of excavated material
in the bucket and the position of the bucket. The input parameters also include the longitudinal and transverse
excavation slope angles. In addition, the model enables determining the inner and outer turning radius of the
loader. To verify the theoretical model, dynamic simulation tests were carried out. The results of simulation anal-
yses confirmed the correctness of the developed theoretical model. The model was used to prepare a calculation
sheet for analysing the stability on the basis of the adopted parameters. In the article, selected results of the
conducted stability analyses have been presented, along with the proposed parameters ensuring the loader’s
stability. The developed theoretical model enables a quick assessment of the loader’s stability, which, due to a
number of innovative solutions, differs from existing designs. The structure of the loader at the design stage is
subject to numerous modifications, which affect the distribution of the centres of gravity of individual compo-
nents. The developed model of the loader is a useful, parameterized tool that allows assessing the stability and
the values of the turning radii of the machine.

Key words: self-propelled mining machines, LHD loaders, machine stability, parametric modelling, dynamic sim-
ulations, mathematical model, battery power

INTRODUCTION

LHD (load, haul, dump) loaders are wheel loaders with
front dumping buckets. They belong to the most common
self-propelled mining machines that are used in the room
and pillar mining system in underground mines. What
makes them different from conventional loaders is their
low height, which allows reaching places with a very low
roof. One of the major elements of the LHD loader is a rear
body 1 seated on an oscillation axle 5 (Figure 1a). Between
the rear body 1 and the oscillation axle 5 there is a joint 6

with a horizontal axis (Figure 1b). The articulated oscilla-
tion axle is responsible for the ability to ride on an uneven
surface, as shown in Figure 1c. The rear body 1 is con-
nected to the platform 2 by means of a joint 4 with a ver-
tical axis. The articulated connection of the rear body and
the platform with hydraulic cylinders is responsible for the
turning of the machine. The bucket 3 is attached to the
platform 2. The bucket 3 is attached by means of a suita-
ble kinematic system that allows it to be lifted and ro-
tated. The Z and T systems shown in Figure 1d are the
most commonly used.

© 2022 Author(s). This is an open access article licensed under the Creative Commons BY 4.0 (https://creativecommons.org/licenses/by/4.0/)
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Fig. 1 Diagram of the construction of the articulated LHD loader
of the drilling rig:

a. general view of the machine from above,

b. rear view of the rear body with an oscillation axle,

c. ride on an uneven surface

d. kinematic systems T and Z (Fig. d from [1])

The LHD loader, due to the necessity of crossing the junc-
tions of headings, turns in the joint by an angle of up to
42°. Such a machine is stable when its centre of gravity
(blue point) is inside the triangle (red lines) defined by the
centres of the front wheels and the rear axis centre (Fig-
ure 2a). The lines connecting these points are called the
tipping edges. When the machine is turning, the centre of
the rear axis shifts, and at the same time, the resultant
centre of gravity of the machine moves significantly to-
wards the tipping edge, reducing the machine’s stability
(Figure 2b). Therefore, at the design stage, it is necessary
to control the position of the centre of gravity, taking into
account the full turn of the machine, the position of the
bucket as well as the longitudinal and transverse inclina-
tion of the working.
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Fig. 2 Condition for articulated LHD loader stability (description
as before):
a. ride straight ahead, b. maximum turn

The article is devoted to a light battery-operated LHD
loader with the designation EV-LKP1, which is the subject
of the project carried out in cooperation with Bumech S.
A. The EV-LKP1 loader with a total weight of 20,000 kg,
including a capacity of 4,000 kg, is intended for use partic-
ularly in underground mines. It is a BEV (battery electric
vehicle) loader. Battery-powered LHD loaders have been
available on the market for several years, for example the
A4 model from Artisan and the L140B model from Ara-
mine (Figure 3). The A4 loader has a capacity of 4,000 kg,
while the L140B model is the smallest battery-operated
loader on the market with a capacity of merely 1,300 kg.
The largest underground battery-operated LHD loaders
have a load capacity of 14,000 kg (ST14 produced by Epi-
roc) and even 18,000 kg (LH518B produced by Sandvik).

The EV-LKP1 loader, compared to existing solutions with
similar load capacity, is distinguished by the use of an in-
dividual electric drive in each wheel (in-wheel-drive) and

has a removable energy storage (battery swap). An im-
portant aspect of this loader operation is the possibility of
quick battery replacement, thanks to which energy stor-
age discharge results merely in a short maintenance break
and the loader can quickly resume its work. The design of
the loader drive system makes it possible to recover en-
ergy when the machine is braking and going down a hill,
which may translate into an extended working time be-
tween subsequent battery swaps. The design solutions
used in the discussed loader require the development of
appropriate computational models to assess the loader’s
stability at each stage of design.

Fig. 3 Selected models of BEV LHD loaders (Artisan A4 model,
Aramine L140B model)

LITERATURE REVIEW

LHD loaders are widely used in underground mining. In re-
cent years, an accelerated development in mining ma-
chines construction, including LHD loaders, has been ob-
served, especially in the field of battery power, support
systems, remote control and work autonomy.

Currently, modern methods and tools are used to design
and test working machines, including mining machines. In
various scientific and research centers, work is carried out
on the wear of cutting tools [2], bolt load [3, 4], mining
methods [5] or dynamic simulations, etc. [6, 7, 8, 9].
CAD/CAE programmes are applied, theoretical models
and tests stands are developed The works concern calcu-
lations and testing of an artificial bottom of a mining shaft
[10], the use of neural networks in simulations [11], nu-
merical simulations of the mining process [12] or numeri-
cal analyzes according to appropriate standards [13].
More and more attention is paid to ergonomics and occu-
pational safety [14]. A growing number of new solutions
of machines and machine elements are being developed
You can find articles of mechanized roadway supports
[15], battery-powered machines [16], mulchers [17], min-
ing automation and robotization [18] or automatic drilling
rigs for mining and tunnelling [19].

From the beginning of the process of designing this type
of machine, especially an articulated one, it is necessary
to analyse the values of mass and the location of the cen-
tres of gravity of the key components in order to assess
the stability of the entire machine. Stability is influenced
by the longitudinal and transverse inclination of the exca-
vation, the turning angle of the machine body, the posi-
tion of the bucket as well as the amount and manner of
distribution of the excavated material. Currently, there
are no theoretical models enabling a quick analysis and
assessment of the stability of so designed machines. Sim-
ulation tests can be done using CAD/CAE tools. However,
such tests are time-consuming and require the develop-
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ment of appropriate models for each machine, which lim-
its the possibility of conducting a comprehensive analysis
for many variants of parameters in a short time.
Information on the machine’s stability can be obtained
from empirical tests on truck scales and from test runs.
Practice shows that the minimum load from mass forces
of one wheel on the ground of more than 1,000 kg guar-
antees stability of this type of machines in a horizontal ex-
cavation. Such measurements, however, can only be car-
ried out for a ready-made machine, and the model de-
scribed in the article is used at the stage of designing a
unique LHD loader.

The stability of various types of working machines is a
well-known problem, which has been described in the
subject literature. The problem of tipping stability comes
down to the analysis of the location of the machine's cen-
tre of gravity in relation to the tipping edge [20]. Machines
typically prone to overturning, such as cranes, are fre-
quently the subject of research and articles [21, 22, 23,
24]. However, these are design solutions with different
operational characteristics than LHD vehicles, which usu-
ally work after prior levelling and in a stationary manner.
In the case of cranes, the tipping moments and the stabi-
lizing moment as well as the tipping stability coefficient
are calculated. It is therefore not necessary to calculate
the load of mass forces at specified points.

As regards the analysis of vehicle stability, the subject lit-
erature provides general theoretical models for the four-
wheel chassis itself [25] or for vehicles with multiple axes
[26]. One of the articles discusses an interesting articu-
lated machine, but on a caterpillar chassis, for which the
Authors presented a complex dynamic theoretical model
and the results of analytical research [27].

Many studies concern agricultural machines, articulated
and with rigid frames. Such machines must also be as-
sessed in terms of stability due to their work in a terrain
with longitudinal and transverse slopes. For this purpose,
both static and dynamic models as well as the results of
empirical research are used [29, 30].

As regards articulated mining machines, a number of
works related to drilling rigs and bucket loaders can be in-
dicated. One of the articles describes a comprehensive
model with a spreadsheet for analysing the stability of
two-boom drilling rigs [31]. The authors verified and vali-
dated the developed model using various methods, in-
cluding a comparison of the results with the results of em-
pirical research. Another article is concerned with working
machines’ tipping stability, with a focus on various solu-
tions of bucket loaders [32]. The authors concentrated on
the proprietary test stand enabling empirical assessment
of stability and verification of theoretical models. This
stand allows simulating the inclination of an articulated
machine model while measuring the pressure of the
wheels on the ground. In another article, the same au-
thors conducted a comprehensive study of the loader sta-
bility and developed their own theoretical model. As a re-
sult, they proposed changes positively influencing the sta-
bility of the articulated wheel loader [33].

Similarly, another team studied the stability of an articu-
lated bucket loader in several subsequent articles [34, 35,
36]. Various dynamic models and several versions of the
loader in scale were developed. The results obtained from
the theoretical models were verified by the test results. In
addition to typical situations, a ride over obstacles of var-
ious shapes and sizes was also analysed.

Due to the use of battery swap and drive replacement in
each wheel, it was necessary to develop a dedicated com-
putational model enabling a quick analysis of the ma-
chine's stability. The application of models known from
the subject literature was not sufficient. The loader under-
goes frequent modifications at the design stage, and each
change in the geometry, mass or position of the centre of
gravity of its components is analysed in terms of stability.

METHODOLOGY OF RESEARCH

The aim of the work in question was to develop a compu-
tational model and a spreadsheet for assessing the stabil-
ity of the new solution of the BEV LHD loader. In the first
step, a physical model of the machine was developed
based on the analysis of the existing LHD loaders while
taking into account new design solutions. A number of as-
sumptions were specified, and, next, the physical model
was expressed in the form of a mathematical model. A
static computational model was created. The model was
saved as a transparent spreadsheet in the MathCad Prime
Express programme. Then, the developed model was ver-
ified using the Dynamic Simulation module in the Auto-
desk Inventor Professional environment. The subject of
the research is a unique LHD loader, which is currently be-
ing designed, therefore it is not possible to use empirical
research. The developed spreadsheet was used to evalu-
ate the stability of various variants of the EV-LKP1 loader.
Next, parameter values guaranteeing the stability of the
machine, regardless of the turning angle, inclination or
the amount of excavated material in the bucket, were pro-
posed. In order to facilitate the interpretation of the re-
sults and due to the typically practical nature of the
model, all calculations were performed using weights ex-
pressed in kilograms. So in the article “force” or “pres-
sure” mean load from mass forces.

PHYSICAL AND MATHEMATICAL MODEL OF THE LHD
LOADER

Due to the need to develop an analytical model allowing
a quick assessment of the LHD loader’s stability, a number
of assumptions were specified. The model must enable
calculating the wheel pressure on the ground in horizontal
and inclined excavations, as a function of a number of pa-
rameters. The model was developed for an articulated
machine with an oscillation axle on a wheel chassis. Ac-
cording to the design, the machine can move in workings
with a maximum longitudinal slope of + 17° and a trans-
verse slope of + 5°, Determining the location of the centre
of gravity of the LHD loader requires its mass to be distrib-
uted into individual components that perform relative
motion.
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In the first step, the loader was divided into four masses:
rear body, oscillation axle, platform, bucket. Such a model
turned out to be insufficient. The use of a battery swap
and replaceable drive in each wheel required detailed
analyses. The influence of the change of the drive sys-
tem’s mass as well as the lack of energy storage on the
machine’s stability had to be taken into account inde-
pendently. Therefore, a detailed theoretical model was
developed, divided into seven components represented
by point masses (Figure 4). Two variants were considered
— one with a battery installed at the end of the machine,
and the other — in the middle of it. In both versions, the
removable energy storage is related to the rear body. Pre-
liminary simulations revealed that it was sufficient to sep-
arate the front drive’s mass from the mass of the platform
and to assume the weight of the oscillation axle together
with the rear drive. The machine was divided into the fol-
lowing components:

m;— rear body mass without oscillation axle and battery,
my— mass of oscillation axle with rear drive,

my,— battery mass with housing,

m,— platform mass without front drive,

m,— front drive mass,

m; — bucket mass,

m, — excavated material mass.
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Fig. 4 Division of the loader into seven-point masses in two var-
iants (description in the text)

The most important geometrical parameters are the dis-
tances between the wheels and the machine's joint as
well as the quantities describing the position of the bucket
with excavated material. In addition, the machine turning
angle and a change in the position of the bucket with ex-
cavated material both vertically and horizontally should
be taken into account (Fig. 5).

Fig. 5 Values adopted for the computational model (description
in the text)

Machine geometry:

b, — front wheel track,
I, — front axis distance,
b: — rear wheel track,
I+ — rear axis distance,

Zko — height of oscillation axle joint,

R — outer radius of the tyre in free condition,

Values of masses of the centres of gravity:

m;— rear body mass without oscillation axle and battery,
my — oscillation axle with rear drive,

my, — battery mass with housing,

m, — platform mass with front drive,

m, — front drive mass,

m; — bucket mass,

m, — excavated material mass.

Local coordinates of the centres of gravity:

X, Y, Z: — position of the centre of gravity of the rear body
without oscillation axle and battery,

Xk, Vi, Zk— position of the centre of gravity of the oscillation
axle with rear drive,

Xb, Yb, Zb — position of the centre of gravity of the battery
with housing,

Xp, Yo, Zp— position of the centre of gravity of the platform,
Xp, Yo, Zp — position of the centre of gravity of the platform
without front rear,

Xn, Yn, Zn — position of the centre of gravity of the front
drive,

X, Yk, Zk — position of the centre of grvity of the bucket,
Xu, Yu, Zu — position of the centre of gravity of the exca-
vated material.

Machine variables:

¥y —machine turning angle (positive angle to the right, neg-
ative angle to the left),

X, Zky — bucket forward and upward movement,

yu — assymetry of excavated material in the bucket.

The plus sign of the coordinates was used as shown in the
figure; if the centre of gravity was on the other side of the
axis, the minus sign was applied. This enabled simulating
an alternative position of individual centres of gravity,
which was used to analyse the battery mounted to the
rear body at the end of the machine and in the middle of
the machine, between the rear axis and the joint of the
machine.

The specified geometric parameters have been described
in the diagrams in a way facilitating their accurate and
easy determination. The coordinates of the centres of
gravity as well as the cooridnates of the wheel centres and
the oscillation axle change depending on the chassis turn-
ing angle and the position of the bucket. For the purpose
of analysing the entire loader, it is necessary to assign the
values of x, y, z coordinates in the global system.

Given the construction of the machine, the centre of the
coordinate system was related to the platform, and its
origin was assumed to be in the joint at the floor level.
Therefore, formulas for coordinates in the global system
were derived. In the formulas, the previously adopted
subscripts with an additional designation ,c” were ap-
plied. In addition to the previously adopted subscripts,
wheel numbers ,,x” from 1 to 4 were also assigned with
the ,xo” coordinate for the oscillation axle. The location of
the global system and the way of marking the coordinates
are shown in green for several selected centres of gravity
in Figure 6.
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Fig. 6 Selected x, y, z global coordinates of the machine

The equations enabling determination of the global coor-
dinates for the analysed case are presented below. They
were derived using standard transformations and formu-

las for vector transformations and rotations.
Coordinates of the centre of gravity of the rear body:

xte = =g +x;) - cos(y) — y; - sin(y) (1)
Vie = =l + x¢) - sin(y) + y; - cos(y) (2)
Ztc = 2t (3)

Coordinates of the centre of gravity of the oscillation axle
with drives:

Xke = —(le +x5) - cos(¥) — Yy - sin(y) (4)
Yie = (e +xi) - sin(y) + i - cos(y) (5)
Zge = 2y (6)
Coordinates of the battery’s centre of gravity:
xpe = —(lt + %) - cos(y) = yp - sin(y) (7)
Ybe = —(le + xp) - sin(y) + vy, - cos(y) (8)
Zpc = 2Zp (9)
Coordinates of the platform’s centre of gravity:
Xpe = b + % (10)
Ypec = Wp (11)
Zpc = Zp (12)
Coordinates of the centre of gravity of the front drive:
Xne = lp +xp (13)
Yne = ¥n (14)
Zne = Zn (15)
Coordinates of the bucket’s centre of gravity:
Xie = by +x; + xpy, (16)
Yice =N (17)
Zie =2zt 2z (18)
Coordinates of the excavated material’s centre of gravity:
Xye =l + 2, + X3y, (19)
Yuc = Yu (20)
Zye =2y t Zpy (21)

Coordinates of the location of the contact of the wheel
marked with number 1:

X, = —l; - cos(y) + % - sin(y) (22)

Y1 =l - sin(y) == cos(y) (23)
Coordinates of the location of the contact of the wheel
marked with number 2:

X, = —l; - cos(y) —%' sin(y) (24)

Y2 = =l - sin(y) + = cos(y) (25)
Coordinates of the location of the contact of the wheel
marked with number 3:

X3 = lp (26)

b
y3= (27)

Coordinates of the location of the contact of the wheel
marked with number 4:

Xs = lp (28)
b
Va = _?p (29)

Coordinates of the location of the oscillation axle (marked
with number ,,0”):

xo = =l - cos(y) (30)

Yo = —l¢ - sin(y) (31)
The values of global coordinates allow deriving formulas
for the location and mass of the centre of gravity of the
loader. The mass of the oscillation axle with the rear
wheel, which is a separate element in the calculations,
was ignored in the formulas quoted below. The centre of
gravity of the loader without the oscillation axle can be

calculated from the following formulas:
My XMy XpctMp Xpct My XnctMyXieHMy Xyc

Xcbk = (32)

Me+Mp+Mp+My+mp+my

_ Mg YeetMp YpctMp Ypc+ M YnctMiYict My -Yuc 33
Yevke Metmp+mp+mp+m+my, (33)
_ My ZectMp ZpctMyp Zpct My Znct My Zic+ My Zyc

Zepk = (34)

Mme+mp+mp+mp+m+my

Mepx = My + My + My, + My +my +my, (35)

Next, the load acting on the machine’s joint should be cal-
culated in order to determine the values of the wheels’
pressure (load from mass forces) in a horizontal excava-
tion:

X3~ Xcbk
my=——">--m
e cbk (36)

The values of the load from mass forces of individual
wheels on the floor, expressed in mass, can be calculated
from the following formulas:

my =m +my—m, (37)

m, = Mo Yo=Y +mg Yie—Y1) (38)
2 Y2=Y1

Ma = Mepk Y ebk—Ya) —Mo' Vo—Va) (39)
3 ¥Y3=Ya4

my = Meprg — My — M3 (40)

The excavation may be inclined: longitudinally — longitu-
dinal slope angle a or transversely — transverse slope an-
gle 8. The transverse and longitudinal angles are meas-
ured in directions that are perpendicular in relation to
each other, relative to the vertical (Figure 7). The xyz sys-
tem is a local system related to the centre of gravity of the
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analysed self-propelled mining machine. Due to the lim-
ited values of the longitudinal (a < £17°) and transverse (a
< £5°) angles, simplified calculations were applied.

ground

Fig. 7 Diagram for determining the distribution of the force of
gravity in an excavation inclined:

a. longitudinally a > 0 and transversely 6 = 0,

b. transversely 8 > 0 and longitudinally o = 0

Based on the analysis of the distribution of gravitational
force, the formulas for its individual components were ex-
pressed as follows:

G, = G sin(a) (41)

Gy = G sin(B) (42)

G, = G\/cosz(a) —sin?(B)

orG, = G\/cosz(ﬁ) — sin2(a)

w6 = \/COSZ(,B) —sin?(a) > G, =G - WG (44)

An excavation with a longitudinal and transverse slope re-

quires developing further formulas to calculate the wheel

pressure on the floor. Taking into consideration both in-

clinations simultaneously, the components of the gravity

force of the oscillation axle and the rest of the machine
can be expressed as:

(43)

Mepkx = Mepy - Sin(a) (45)
Mepry = Mepy - SIN(B) (46)
Mepz = Mepr - WG (47)
My, = My, - sin(a) (48)
My, = My - Sin(pB) (49)
My, =my, - WG (50)

Knowing the components of gravitational force that load
the machine, one can write formulas for the load compo-
nents acting the joint:

mo, = Mepky (X3—Xcpi) (51)

X3—Xo

_ Mepkz' (X3=Xcp) HMcebkx Zepw

Moz

(52)

X3—Xq
The above dependencies can be used to calculate the load
of mass forces of wheel pressure on the ground, ex-
pressed in mass:

Myy = Mz + Moz — My (53)
m _ muz'(}’o_y1)+mkz‘(YRc_y1)+mky'ch+m0y'Zko (54)
n Y2=y1
m _ mcbkz'()’cpw_yzl)"'mcbky'Zcbk_moy'zcbk_moz'(J’O_J’y) (55)
3n Y3=Va
Myn = Mepz — Moz — M3p (56)

The key operational parameter of self-propelled articu-
lated mining machines is the inner and outer turning ra-
dius. Therefore, additional formulas enabling its calcula-
tion were derived on the basis of the developed diagram,
which is presented in Figure 8.

The value of the turning radii depends on the geometry
and the turning angle of the machine. Depending on the
specific values, the minimum turning radius of the loader
can be limited by the front or rear part of the machine.
To determine the turning radii, it is necessary to take into
account the additional parameters presented in Figure 8:
Rw —inner turning radius,

Rzt — outer turning radius resulting from the rear part of
the machine

R;» — outer turning radius resulting from the front part of
the machine,

b.— machine width,

b;— bucket width,

It — distance from the joint to the end of the rear part,

Ipc — distance from the joint to the end of the front part,
Vp — auxiliary angle,

Ipt — auxiliary length.

Fig. 8 Diagram for determining the turning radii of the LHD
loader (description in the text)

The developed diagram was used to derive formulas for
subsequent parameters, including the turning radii:

Ly = 1)/2(1 + cos(—|y])) (57)

Yp=a sin (%) (58)
R,=1," cot(yp) —% (59)
Ryp = J (oe —1,)" + (R + ”C;bl)z (60)
Ry = \/(—ztc +1,)" + (R, +b,)? (61)

VALIDATION OF THE ANALYTICAL MODEL BY MEANS OF
SIMULATION TESTS

The developed computational model was verified by com-
paring the results with the results of model studies con-
ducted in the Autodesk Inventor Professional environ-
ment, in the Dynamic Simulation module. A virtual, sim-
plified model of the machine was developed (Figure 9a)
and multi-variant simulations were carried out to check
the values of wheel pressure on the floor, depending on
the parameters describing the structure and the turning
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angle of the machine. The set parameters were: machine
geometry, values of the subassemblies’ masses, location
of the centre of gravity of the subassemblies and the angle
of longitudinal and transverse inclination of the excava-
tion. The angle of inclination in the virtual environment
was simulated by changing, respectively, the x, y, z com-
ponents of gravitational acceleration acting on the sys-
tem. Sample results of wheel pressure forces during the
turning of the loader have been shown in Figure 9 b

a)
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b)

Fig. 9 a) Virtual model of the LHD loader, b) sample results of
stability tests

ASSESSMENT OF THE STABILITY OF THE BEV LHD LOADER
The designed LHD loader is characterized by a number of
new solutions, which result from the use of a removable
energy storage and the installation of drive motors in each
of the wheels. At the design stage, several variants of this
machine were developed, therefore it was necessary to
constantly verify their stability and analyse the possible
turning radii. A calculation spreadsheet was developed so
as to assess individual variants of the loader design based
on the previously discussed parameters regarding the in-
dividual masses and geometrical dimensions of the ma-
chine.

The results of multivariate simulations show that the
greatest impact on the stability of the modelled vehicle is
exerted by the location of the energy storage, which is the
consequence of both its dimensions and significant mass.

Initially, the plan was to locate it in the rear part of the
machine, behind the operator. However, the results of
preliminary stability analyses showed that for the adopted
design assumptions and the assumed operational param-
eters of the designed loader, location in the middle part
of the machine was more advantageous. It was therefore
proposed to place the energy storage between the rear
axis and the loader joint. The subject of the analyses pre-
sented in this paper will be this version of the loader. Fig-
ure 10 shows two selected variants of the EV-LKP1 loader
with a battery at the end (1) and in the middle of the ma-
chine (l1).

The results of stability and turning radius tests for variant
(1) have been presented in Table 1, Table 2 and Figure 11.
In this variant, the machine positioned straight ahead is
stable for the situation with excavated material, without
excavated material and without the battery. On the other
hand, if the turning angle reaches approximately 30°, the
machine loses stability only in the case of an empty
bucket, and for a turn by ca 40° — also a full bucket. The
input parameters for the model are presented in Tables 3-
6. Variant (Il) and other variants are calculated in the same
way.

1020

1040
2400

1600
Aauve

3819 (2819)

3855 3011

330

2140
1715 3215

6866

1800

Fig. 10 Two selected variants of the EV-LKP1 loader with a bat-
tery at the end (1) and in the middle of the machine (Il)
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Table 1 7,000
_— _ o Full bucket
Results of stability tests for variant (1) during
a ride straight ahead 6,000 = Empty bucket
Full bucket Empty bucket Without battery
(4000 kg) Empty bucket without battery >/000
weight | share | weight | share | weight | share 2000
[kgl % [kgl % [kgl % ’
Wheel 1| 5579 29% 6 368 41% 4923 37% 3,000
Wheel 2| 5579 29% 6 368 41% 4923 37%
Wheel 3| 4302 22% 1514 10% 1959 15% 2,000
Wheel 4| 3940 20% 1151 7% 1596 12% m
Total 19400 | 100% | 15401 | 100% | 13401 | 100% 1,000 |
:;‘I’S"t 8242 | 42% | 2665 | 17% | 3555 | 27% . ‘
Rear Wheel 1 Wheel 2 Wheel 3 Wheel 4 a.
axis 11158 | 58% | 12736 83% 9 846 73% 10,000
m Full bucket
Table 2 8,000 m Empty bucket
Results of stability and turning radii tests
for variant (I) with a turning angle of 30 °and 40° 6,000
Turn a = 30° Turn a = 40°
Full bucket Empty Full bucket |Empty bucket 4000 [ |
bucket
weight|share |weight|share |weight|share | weight | share 2,000
kgl | % | [kel | % [ [kg]l | % | [kel | %
b 0 [ |
E 5415 | 28% | 6283 | 41% | 5259 | 27% | 6197 | 40% Wheel 1 Wheel 2 Whee'g Wheel 4
= -2,000 b.
~ Fig. 11 Sample results of stability tests for variant (I):
O | 5415 | 28% | 6283 | 41% | 5259 | 27% | 6197 | 40% a. ride straight ahead,
-; b. machine turn by 30°
P Table 3
® 1003 6% | 325 | 2% | -60 | 0% | -08a | -6% Geometrical values of the E.V-LKI?I loader - ariant (1)
o. arameter esignation alue [mm
-; N P t D t Value [mm]
1. |Front wheel track b, 1200
< 2. |Front axis distance lp 940
8| 7477 | 39% | 3160 | 21% | 8942 | 46% | 3990 | 26% 3. |Rear wheel track bt 1200
= 4. |Rear axis distance I 1128
Oscillation axle joint
.% 5. height Zko 800
£ [ 8570 | 44% | 2835 | 18% | 8882 | 46% | 3006 | 20% 6. |Wheel outer diameter R 625
o
fra
- Table 4
S Weight of the EV-LKP1 loader subassemblies — variant (i)
= 10830| 56% (12 566| 82% |10518| 54% |12 394 | 80% No. Subassembly Designation | Value [kg]
(] N
o 1 R”eatr bodyIW|thoutbI me 3000
Radius| Rw | Rzp | Rzc |Radius| Rw | Rzp | Rzc osciflation axlé assembly
[mm]: [2708] 4723 |5 182|[mm]: [ 1783 3891 |4 442 2. Platform My 5000
3. | Oscillation axle assembly my 2 000
4 Bucket with e.xcavated m 1000 = 5 000
material
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Table 5
Location of the centres of gravity of the EV-LKP1 loader
subassemblies — variant (1)

Table 8
Results of stability tests for the variant with the proposed
positions of the centres of gravity

Ride straight ahead a = 0° Full turn a =40°

Empty

bucket | Fullbucket Empty bucket| Full bucket

weight| share |weight|share | weight | share |weight |share
kel | % | [kel | % | [kgl | % | kel | %

5012 | 31% | 3803 | 19% | 4962 | 31% | 3576 | 18%

5012 | 31% | 3803 | 19% | 4962 | 31% | 3576 | 18%

2988 | 19% | 6197 | 31% | 2564 | 16% | 4275 | 21%

No. Subassembly Designation [mxm] [mym] [mzm]
1 Rea.r bc.)dy without X, Vi, 2t 990 0 990
oscillation axle assembly
2. |Platform Xp, Yoy Zp | -370| 0 | 780
3. |Oscillation axle assembly Xk, Yir Zk 0 0 625
4 Bucek.t with excavated x,yz |1250| 0 | 940
material
Table 6
Variables of the EV-LKP1 loader subassemblies — variant (I)
No. Parameter Designation Range
1. |Machine turning angle o -40° + +40°
2. |Bucket lifting Z 940 mm
3. |Bucket extension X 1250 mm
4. |Uneven load of bucket Vi 0 mm ++450 mm

RESULTS OF RESEARCH

As a result of the analysis of many variants, differing not
only in the location of the battery but also in the wheel-
base, wheel track and the location of important heavy el-
ements, the researchers proposed several sets of the EV-
LKP1 loader parameters that allow obtaining full stability
regardless of the operating conditions.

One of the proposed solutions is based on the geometry
of variant () presented in Tables 3-6. New positions of the
centres of gravity were determined — they are presented
in Table 7.

Table 7
Proposed positions of the centres of gravity
of the EV-LKP1 loader

2988 | 19% | 6197 | 31% | 3512 | 22% | 8573 | 43%

5976 | 37% |12394| 62% | 6076 | 38% |12 848| 64%

10024| 63% | 7606 | 38% | 9924 | 62% | 7152 | 36%

Rear | Front Wheel 4| Wheel 3| Wheel 2| Wheel 1

axis | axis

Designa- X y z

No. Subassembly tion [mm] | [mm] | [mm]

Rear body without oscil- |m:—xt, y:, 100 0 990

lation axle assembly Zt
2. |Platform Mo~ | 00| 0 | 780
Vb Zp
3. |Oscillation axle M= X 0 0 625
Yk Zk
4 Bucke.t with excavated my—Xxi, yi, 1250 0 940
material Z

This data was used in stability tests, the results of which
have been given in Table 8 and Figure 12.

The results clearly indicate the full stability of the ma-
chine. It may be difficult in practice to achieve the pro-
posed positions of the centres of gravity. However, the
presented values allow achieving a pressure force distri-
bution of 40/60 and 60/40, respectively, for the machine
with a full and an empty bucket. The distribution values
commonly found in practice are 20/80 and 80/20, so the
centre of gravity of the rear body in the discussed design
can be significantly shifted to the rear of the machine.

7,000

W Full bucket
6,000 Empty bucket
5,000

4,000

3,000
2,000
1,000

0

Wheel 1 Wheel 2 Wheel 3 Wheel4 g,
9,000
8,000 W Full bucket
7,000 Empty bucket
6,000
5,000
4,000
3,000
2,000
1,000
0
Wheel 1 Wheel 2 Wheel 3 Wheel 4 b,

Fig. 12 Results of stability tests for the variant with the pro-
posed positions of the centres of gravity:

a. ride straight ahead,

b. machine turn 40°

CONCLUSIONS

Mining machines, similarly to machines used in many
other industries, are undergoing transformation, espe-
cially in the field of electric power supply as well as remote
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and autonomous work. Currently, nearly all mining ma-
chines typically equipped with combustion engines have
their electric, battery-powered counterparts. The use of
battery power is not only a change in the drive system de-
sign, but also a significant change in weight distribution.
This is of key importance for articulated machines, such as
LHD loaders, due to the need to ensure the stability of the
machine. The currently designed unique EV-LKP1 loader
required developing an appropriate computational model
for quick verification of the wheel pressure on the ground
and the assessment of possible turning radii. The devel-
oped model and spreadsheet were verified by simulation
tests in a virtual environment, which confirmed their cor-
rectness. The sheet is used for stability control in the pro-
cess of designing the EV-LKP1 loader. The conducted re-
search has demonstrated that seemingly small changes
frequently result in a loss of stability when the machine is
turning or when the bucket is empty. The loader design is
currently underway. However, after it has been com-
pleted and the machine constructed, empirical tests will
be carried out in order to further verify the developed
model.

The conducted analysis involved verifying many variants
and developing several sets of parameters ensuring the
machine’s full stability. The developed model and the pa-
rameterized calculation sheet are valuable, useful engi-
neering tools that can be applied for analysing BEV LHD
loaders and other articulated vehicles.
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