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Abstract:

The paper is devoted to the construction and design solutions of the power supply and drive systems of a proto-
type, lightweight LHD (Load-Haul-Dump) loader with an innovative "in-wheel drive" transmission system. The
loader is a Battery Electric Vehicle (BEV) with replaceable energy storage. It is intended for use in underground
mines with no explosion hazard, especially in metal ore mines. The developed model contains four independent,
electric drive systems installed in the road wheels. The paper presents the results of simulation tests, which ena-
bled estimating the required driving power and electricity demand in various regimes and working conditions of
the loader. The results of the calculations were used to determine the parameters of the drive system compo-
nents and the battery capacity. Challenges and problems faced by constructors of BEV LHD loaders with an in-

wheel drive have been pointed out.
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INTRODUCTION

LHD (load, haul, dump) loaders are wheel loaders with
front dumping buckets. They are used to transport
crushed excavated material in mines. Vehicles of this type
transport the spoil from the face to the transfer point,
moving back and forth along the mine tunnel, which is
usually several hundred meters long. Compared to typical
front loaders, they are distinguished by their low height
and high efficiency, as well as high manoeuvrability. The
low height of the loader enables reaching places in the
mine with a very low roof. LHD loaders belong to the most
common mining machines that are used in the room and
pillar system in underground mines, in particular when ac-
cess is difficult or dangerous.

One of the major elements of the LHD loader is a rear
body 1, connected with a platform 2 by means of a joint 4
with a vertical axis. The articulated connection of the rear
body and the platform with hydraulic cylinders is respon-
sible for the turning of the machine. A bucket 3 is attached
to the platform 2. Between the rear body / and the oscil-
lation axle 5 there is a joint 6 with a horizontal axis (Figure
1b). The articulated oscillation axle is responsible for the
ability to ride on an uneven surface. The drive units 8 are
mounted in the immediate vicinity of the road wheels,
while the battery 7 is located in the central part of the
loader.
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Fig. 1 Construction diagram of the articulated LHD loader:
a. general view of the machine, b. view of the rear body oscil-
lation axle

Due to the specificity of LHD loader working conditions, it
is desirable to reduce the emission performance of this
type of vehicles. Therefore, one of the directions of devel-
opment in the field of LHD loader construction is to re-
place conventional combustion drive systems with sys-
tems based on electric motors. An additional benefit re-
sulting from the use of electric drives is the simplification
of the machine design and the resulting increase in the
durability and reliability of the loader, also due to the sim-
pler diagnostics of systems with electric drives.

The article is devoted to a lightweight battery-operated
LHD loader with the designation EV-LKP1, which is the
subject of the project carried out in cooperation between
the Institute of Innovative Technologies EMAG and
Bumech S.A.

The EV-LKP1 loader is a BEV (battery electric vehicle) with
a removable energy storage (battery swap) located in the
middle part of the working machine (item 7, Figure 1a).
The use of battery swap is an important aspect of the
loader operation. The possibility to quickly replace the
battery in the event of its discharge is associated with a
short technical break, after which the loader is ready for
further operation. The construction of the loader's drive
system enables energy recovery during braking and
downhill drive, which should translate into an extended
working time between successive battery replacements.
To build the energy storage, a set of lithium-ion batteries
with a relatively large capacity was used, which ensures
satisfactory long-term operation of the machine. The cur-
rent capacity of the energy storage was selected so that
the drive system of the machine could ensure its compet-
itive performance. In the design process, great emphasis
was placed on the safety of the lithium-ion cells and the
functional safety of the energy storage. The safety in
guestion was achieved, among others, through the use of
a hierarchical system for monitoring and managing the
work of the team, along with a set of sensors and an active
temperature management system.

Against the background of existing solutions with a similar
load capacity, the loader in question is distinguished by
the use of an individual electric drive in each wheel (in-
wheel-drive) (item 8, Figure 1b). Each of the four drives
(motors with inverters and gears) makes up a separate

drive unit that ensures achieving the assumed driving and
braking conditions of the loader. It is equipped with an in-
dividual control system and a system to monitor working
conditions, as well as a cooling system.

LITERATURE REVIEW

In recent years, an accelerated development in the con-
struction of mining machines, including LHD loaders, has
be observed, especially in the field of battery power, sup-
port systems, remote control and work autonomy [1]. At
the same time, the process of designing machines for un-
derground mines requires the use of modern methods
that allow meeting the user requirements, while taking
into account extremely difficult working conditions [2, 3,
4].

In the case of machines operating in closed spaces with
limited air supply, electric motors can provide an effective
alternative to internal combustion engines. In such condi-
tions, the fact that the drive unit does not use oxygen and
does not release emissions is a particularly expected prop-
erty. Another benefit resulting from the use of electric
drives is high efficiency (close to 90%), which translates
into reduced heat emitted by the machine to the environ-
ment.

Challenges in the design of modern machines intended for
underground work also include occupational health and
safety issues, among others the frequently discussed
problem of excessive noise [7]. A significant advantage of
electric drives is clearly visible also in this aspect. In addi-
tion, the electric drive unit is less complicated [1, 8] in re-
lation to combustion systems, which translates into the
machine’s increased reliability and durability.

The income of a mine is directly dependent on the rate of
extraction, which is determined primarily by parameters
such as: loading, haulage and dumping, as well as: drilling,
blasting, roof support etc. [8]. The more often this cycle is
repeated, the higher the transport efficiency is. For this
reason, as well as for safety considerations, it is desirable
to automate LHD vehicles [9, 10]. This trend is consistent
with the direction of LHD loader development that in-
volves the use of electric drives, which, due to their spec-
ificity, make it possible to develop complex systems for
operating parameters control and monitoring.

Battery power of machines is a design and economic chal-
lenge [11]. In battery-powered electric vehicles, the range
(or working time) depends on the electrical capacity of the
storage. A higher battery capacity entails a larger vehicle
weight, which is counterproductive. It is important to
properly balance these aspects in LHD machines, primarily
by carefully planning the machine use and the user's work
organization. The economic aspect is expressed in both
the efficiency of transport (transport of empty energy
storage capacity) and the cost of the batteries them-
selves. In terms of construction, removable energy stor-
ages require an appropriate mechanical structure, ad-
justed to the rest of the vehicle with regard to dimensions,
while taking into account the method of installation and
replacement (potentially also the development of dedi-
cated systems on the machine itself). Another challenge
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could also be posed by the method and components used
to electrically connect the energy storage circuits.
Battery-electric vehicles (BEVs) with a four-wheel drive,
powered by multiple motors located on different axles,
are gaining popularity, especially commercial vehicles, of-
fering excellent dynamics and safety. They create new
possibilities in terms of traction control and the use of
anti-lock braking systems (ABS) [12, 13]. The key issue in
such a solution is appropriate distribution of the energy
flow between the power source and individual drive units.
This applies to drive as well as braking solutions [14, 15].
Among the construction solutions available on the market
of battery-powered LHD loaders with a load capacity sim-
ilar to the case discussed in this study, there is the Artisan
A4 haul truck. It has a load capacity of 4 tons and is
equipped with batteries having a capacity of 88 to 133
kWh and a total drive power of 250 kW [16]. Another so-
lution is Sandvik's LH518B loader, with a load capacity of
18 tons, equipped with three electric motors (2x180 kW
on the front axle and one 180 kW motor on the rear axle),
powered by a 353kWh battery [17]. A similar model, but
with a slightly smaller working capacity, is the Scooptram
ST14 loader (Epiroc). It is characterized by a load capacity
of 14 tons, equipped with one 200kW drive motor and a
160kW hydraulic system. This loader is powered by a
300kWh battery [18]. A detailed discussion of the global
trends in the development of BEV mining machines has
been presented in [1]. It should be noted that none of
these solutions is fully consistent with the concept of "in
wheel-drive" construction.

RESEARCH METHODOLOGY

The aim of the work was to develop a computational
model for selecting the required parameters of a drive
system for the new BEV LHD loader. A number of assump-
tions were specified and, next, the physical model was
written in the form of a mathematical one. The subject of
research is a unique LHD loader, which is currently in the
design phase, hence empirical studies cannot be used.
Calculations were carried out to select the key compo-
nents of the drive nodes, and the boundary conditions for
the loader operation were determined. In order to facili-
tate the interpretation of the results and due to the typi-
cally practical nature of the model, all calculations were
performed using masses expressed in kilograms.

PHYSICAL AND MATHEMATICAL MODEL OF THE LHD
LOADER

Concept of the loader drive system solution

The prototype LHD loader in question belongs to the class
of loaders with a bucket capacity of 4000-5000 kg,
equipped with an electric drive.

The schematic diagram of the loader's power supply and
drive system has been shown in Fig. 2.

The use of four independent motors, each of which is in-
stalled in one drive wheel, resulted in a significant simpli-
fication of the loader construction in mechanical terms.
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Fig. 2 Power and driving systems of the analysed LHD
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The drive transmission takes place in a relatively short kin-
ematic chain. Such a solution may be beneficial due to in-
creased reliability of the machine. Each of the drive units
is a separate module, including: a BLDC electric motor
with an inverter and a reduction gear equipped with a me-
chanical brake. The autonomy of each of the drive units
enables operating the loader also in the event of a failure
of one or more systems.

Loader parameters adopted for calculations
The design calculations have been based on the following
operational parameters of the loader:
— Quwp = 1400 kg (loader’s mass)
— Quat = 2000 kg (mass of battery pack)
—  Qexc = 4000 kg (mass of excavated material)
—  Dtire = 1270 mm (tyre external diameter)
—  Vmax = 32 km/h (expected maximum speed of driving)
—  Vnom = 5 km/h (expected nominal driving speed (possi-
ble under full load in most operating conditions).

Therefore, the total maximum mass of the loader for
which the calculations of the drive system parameters
have been made equals (eq. 1) Q=20 000 kg.

Qtot = Quup + Qpat + Qexc (1)
Based on separate analyses, the moment of inertia of
each road wheel was determined as Jw = 90 kg:m?, and the
wheel mass as mw = 200 kg.
It has been assumed that the drive torque of the loader
should allow the vehicle to enter the road with an inclina-
tion of a = 17° (i.e. 30%), assuming that in this case the
vehicle can drive without acceleration. Additionally, it has
been assumed that the loader’s acceleration should reach
a=2m/s2

Loader operating parameters
Figure 3 shows a diagram of the loader with marked val-
ues characteristic of the vehicle's motion up the hill.

Fig. 3 Diagram of the loader with marked physical quantities
characterizing the vehicle movement
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Appropriate values of rolling resistance that must be over-
come by the drive system have been assumed as in the
case of a typical wheeled vehicle. This provided a basis for
determining the required total driving force (Farive):

FdrivezFf+Froll+Fa (2)
where:
Rolling resistance force:
Frou = Qtot* g COS(“) ' ff (3)

The rolling resistance coefficient (ft) was adopted on the
basis of [19, 20], which allowed adopting three ranges of
this parameter values for analysis: fr = 0.1/0.35/0.5 — they
express, respectively: 0.1 — ride on a hardened dirt road;
0.35 — difficult driving conditions, muddy road; 0.5 — ex-
tremely difficult road conditions, very muddy unpaved
road. Resistance force during driving with acceleration (in-
ertia resistance):

Fi= (th +162- + 4mw) ‘a (4)

tire

Resistance force when driving uphill (uphill resistance):

Fy =0t 9" Sin(a) (5)
Table 1 lists the required values of the driving force and
the corresponding values of the torques to be generated
on each wheel of the loader. It has been assumed in the
calculations that the load will be distributed evenly on
each wheel. This approach is a significant simplification of
the issue, but the purpose of the calculations was to esti-
mate the required parameters of the drive units. It should
be emphasized that the results presented in the table re-
fer to the case of the loader driving with a full load up a
hill with a significant slope (o = 17°). To refer the results
to the case of driving on a horizontal surface, the values
of the required drive torque per one wheel (Mw_a0) for the
case (a = 0°) have been given in the last row of Table 1.

Table 1

Values of the required force and torques of the loader
fe [-] 0.1 0.35 0.5
a[m/s?] 0 2 0 2 0 2
Farive [kN] 76.1 |119.7 [123.0|166.6| 151.1 |194.7
Miot [kNm] 48.3 | 76.0 | 78.1 |{105.8| 96.0 |123.6
My = Mot/4 [kKNm] 12.1 | 19.0 | 19.5| 26.4 | 24.0 | 30.9
My_ao [kNm] 3.1 10.0 | 10.9 | 17.8 | 15.6 | 22.5

Based on the obtained results, it has been estimated that
the required torque per one wheel is in the order of 20-25
kNm. This value will allow driving the loader with a full
load even in difficult terrain conditions.

Another aspect related to the driving ability of the loader
is the expected adhesion of the wheels to the ground and
the associated risk of skidding. For this purpose, estimate
calculations were carried out, assuming that the friction
coefficient (tyre-road adhesion) in the tyre-ground con-
tact was 1 = 0.6. The assumed value corresponds to the
conditions of the contact between the tyre and a wet sur-
face, such as soil, clay (also wet), assuming that the tyre
has a high tread, or that tyres with a chain are used in dif-
ficult terrain conditions [19, 20].

The analysis was based on two factors: the inclination an-
gle (a = 0 or 17°) and load distribution on the front and
rear axles. For a loader driving under full load, a higher
load on the front axle was assumed due to the presence
of excavated material in the bucket. In this case, the dis-
tribution of loads on the front and rear axles was assumed
as 80/20, while for the loader without excavated material
(Qexc = 0 kg) the distribution of loads reached: 40/60. The
calculation results are presented in Table 2.

Table 2

Results of the analysis of wheel slip torque

(Mysor — total torque of loader wheel adhesion

Mgw/Mis — friction moment per single front/rear wheel)

al’] 0 17
Quot [ke] 0 4000 0 4000
Mot [KNm] 59.7 74.7 57.2 71.5
Msrw [kKNm] 12 29.9 11.4 28.6
Mrw [kNm] 17.9 7.5 17.2 7.1

The results of the calculations indicate that for the as-
sumed total weight of the loader, the maximum torque
which can be transferred from the wheels to the ground
without slipping is approximately 55-75 kNm. The analysis
of the distribution of individual wheels’ adhesion torques
shows that selection of drive subassembly elements that
enable generating a torque the value of which approaches
or exceeds 30 kNm is pointless, as this torque will not be
utilised due to the lack of sufficient adhesion of the
wheels to the ground.

The data listed in Tables 1 and 2 indicates that in difficult
and extremely difficult off-road conditions, the drive sys-
tem may not be able to keep the vehicle moving. Im-
portantly, this is not due to the torque deficit, but to the
achievable adhesion of the wheels to the ground and a
relatively small weight of the loader in relation to the pa-
rameters of the drive nodes.

DESIGN AND PARAMETERS OF DRIVE NODES

The construction of the traction system of the designed
LHD loader is based on the use of four independent drive
units integrated with road wheels (Figure 4).

N
IN
n

N Joo Jo \’-'/?Wt

Reduction gear

Connection Panel

... Wheelunit .
a) b)
Fig. 4 a) Diagram, and b) Model of the drive unit components’
arrangement
1-motor, 2,4,5-transmission with a parking and manoeuvring
brake, 3-inverter, 6-cooling system, 7-sensors of conditions
in the motor compartment, 8-connection panel.

It was assumed that the design would be based on the
COTS (Commercial off-the-shelf) principles; therefore, all
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the components of the designed system were selected as
commercial solutions.

Each of the drive units is an autonomous structure
equipped with a brushless motor with permanent mag-
nets, characterized by a nominal torque Mnom = 450 Nm,
which, combined with a gearbox having a ratio of i = 25,
allows obtaining a nominal drive torque on each wheel
reaching Mw_nom = 11 kNm. The maximum torque of 22
kNm results from the permissible gear load. A comparison
of these values with the results of calculations presented
in Tables 1 and 2 allows concluding that the obtained
range of drive torques is well suited to the drive demand
and allows utilizing the loader's tyre adhesion to the
ground. The designed drive unit enables achieving the
maximum driving speed of the loader Viwp_max = 32.7
km/h.

The applied reduction gear is equipped with two brakes:
a multi-disc parking brake (normally closed) and a double-
clamp manoeuvring disc brake (normally open). Each of
them provides a separate braking torque of 16 and 20
kNm, respectively.

An individual inverter powering the motor has been inte-
grated in each of the drive nodes. Both the motor and the
inverter require cooling as they are installed in a closed
space. A serial system of cooling liquid circulation has
been applied. The refrigerant (a mixture of glycol and wa-
ter) first passes through the inverter and, then, through
the motor. Next, the liquid leaves the drive node through
the connection panel and is transferred to the external
heat exchanger.

As the designed system is a prototype, each unit will be
equipped with sensors of operating conditions, i.e. tem-
perature, humidity and presence of liquid in the drive unit
chamber.

An important component of each of the drive nodes is the
connection panel, which enables independent disconnec-
tion of each drive node. The connection interface in-
cludes: a DC power supply connection, connections for
two brake lines, control and measuring signal connectors,
and a connection for the cooling liquid circuit.

In Fig. 4a, each of the circuits is marked as:

PS — power supply,

Ci/Co — cooling in/out,

CMS — control, monitor and steer signals,

BLs — brake lines.

Figure 5 shows the overall dimensions of the drive unit.
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Fig. 5 Overall dimensions of the drive unit

Major design constraints include the need to maintain ad-
equate clearance under the axles of the loader and a lim-
ited space in the axial and longitudinal direction of the
machine.

For this reason, it is advantageous to use the "axial-flux"
motor, which allows compact installation of the drives.
Placing the inverter in the upper part of the drive unit en-
abled obtaining a clearance of 355 mm under the axles of
the loader.

DESIGN AND PARAMETERS OF THE ENERGY STORAGE
The energy storage capacity required for powering the
drive system has been estimated on the basis of an arbi-
trarily adopted work cycle. It has been assumed that a sin-
gle work cycle includes 4 stages:
I. Driving at a constant speed, without excavated mate-
rial, over a distance of 250 m,
Il. Driving with constant acceleration (gaining speed),
with excavated material
Ill. Driving at a constant speed, with excavated material,
over a distance of 250 m,
IV. Driving with constant acceleration (gaining speed),
without excavated material
Analysis was carried out for driving on a flat terrain and a
terrain inclined at an angle of a = 2°, with two sets of
speeds Viow = 10 and 3 km/h, vhigh = 15 and 5 km/h. The
higher speed corresponded to driving without excavated
material, and the lower —to driving with full load. In addi-
tion, each scenario was tested with 4 values of the rolling
resistance coefficient f = 0.1/0.2/0.35/0.5. The f = 0.1
value corresponded to the rolling of wheels on a straight,
paved surface, 0.35 corresponded to difficult terrain con-
ditions, and 0.5 to very high driving resistance (muddy ter-
rain). The simulation scenarios are schematically pre-
sented in Fig. 6.

=0.1
f=0.2

f=0.35

f=0.5

Fig. 6 Variables adopted for the simulation

For each set of data (a, v, f,), the values of the required
total driving power were determined in a spreadsheet,
taking into account the basic relationships (Egs. 2-5) and
with consideration of the gear ratio and loader parame-
ters.

Etor = Frot " Vemp (6)

The value of temporary driving power was obtained, for
each stage of each work cycle. For the viow scenario, the
machine will complete 8 repetitions of duty cycles in an
hour, while for the higher driving speed (vhigh) there will
be 13. In this way, the hourly demand for propulsive
power was obtained, results were shown in Table 3. A
fivefold increase in driving resistance (expressed in terms
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of the coefficient of rolling friction) results in a 3 to 3.6-
fold increase in propulsion power requirements. As can be
seen, an increased driving speed results in a significant in-
crease of the drive system energy consumption. Changing
the operating speed scheme from viow to Vhigh results in an
increase in drive power demand of about 1.6 times.

Table 3
Power demand per one hour of the loader work [kWh/h]
Viow Vhigh
a=0° a=2° a=0° | a=2°
En [kWh/h]
f=0.1 29.6 37.1 47.0 59.7
f=0.2 35.3 50.7 70.3 82.6
f=0.35 75.4 83.0 122.9 135.4
f=0.5 107.9 115.9 175.6 188.1

However, it should be noted that in the case of driving
with a set of lower speeds (viow), the loader will perform 8
full cycles during one hour of operation, whereas for (Vhign)
it will be 13 cycles, which allows obtaining a capacity of 32
and 52 t/h, respectively, when the assumed bucket capac-
ity is fully used. As can be seen from equations 2-6, the
total work efficiency does not depend on the choice of
speed profile, but only on whether the loader is moving
on aninclined or flat terrain. Taking into account the num-
ber of duty cycles performed, it was determined how
much drive power was required under various operating
conditions. The values of drive power demand required to
transport 1 tonne of excavated material (E:), determined
for various operating conditions, have been given in Table
4,

Table 4

Power demand per one tonne of transported spoil (kWh/t)
a=0° | a=2°

E: [kWh/t]

f=0.1 0.84 1.06
f=0.2 1.00 1.44
f=0.35 2.14 2.36
f=0.5 3.07 3.29

Assuming further that the expected working time of the
loader should be at least 8 hours, basing on Table 3 and
assuming the most favourable operating conditions (driv-
ing at a low speed on a flat terrain), it was estimated that
the minimum energy storage capacity for the loader's
drive system should reach E = 240 kWh.
A given energy capacity is obtainable with the use of com-
mercial off-the-shelf (COTS) solutions, such as battery
modules for electric buses and trucks. More challenging is
development of this class machine with comparable di-
mensions and stability [21].
Due to the parallel usage of four electric motors in the
drivetrain, a battery swap nominal voltage was selected in
the range of 600-800 VDC, due to two factors:
— Increased supply voltage allows for reduced motor
currents (at same power) and reduced wire cross-sec-
tions, leading to weight and space reductions;

— Various COTS subsystems/components are limited to
supply voltages of 800-850 VDC — higher voltages force
use of custom-designed solutions; also voltages above
1kV usually require additional electric permissions
from maintenance personnel.

Rechargeable lithium modules (NMC — lithium nickel man-
ganese cobalt oxides, LFP — lithium iron phosphate, LTO —
lithium titanate) were mainly considered as a power
source for the loader [1]. A closer look was also given to
molten salt (SNC, sodium nickel chloride) batteries due to
their increased safety [2,3], which is potentially advanta-
geous in underground mining applications. Sodium nickel
batteries have lower current capabilities compared to lith-
ium-based batteries of comparable voltage and energy ca-
pacity [2] — a disadvantage when supplying a drivetrain of
four independent motors.

The following factors were taken into consideration when

selecting the type (chemistry) of the battery pack:

— total mass and total volume of the battery cells;

— long-term permissible and peak charging and dis-
charging current;

— durability and safety,
— operational requirements of the cells.
The analyses took into account the data of selected com-
mercially available cells. It was assumed that in the case
of energy storage total weight reaching 2 t, the weight of
the cells alone should not exceed 1.5 t. In addition, it was
assumed that the volume of the cells should not exceed 1
m?3, which results from the adopted maximum size of en-
ergy storage and the need to allocate adequate space for
electrical equipment and a battery temperature manage-
ment system. The total number of cells for each consid-
ered type was estimated as the product of the number of
cells connected in parallel and in series, where:

— the number of cells connected in parallel was selected
as the maximum of the values calculated for the fol-
lowing criteria: required energy storage capacity in Ah,
required continuous discharge current (determined
on the basis of the average drive system power de-
mand), required peak current (estimated on the basis
of peak power demand);

— the number of cells connected in series was selected
on the basis of the required energy storage voltage.
SNC cells were rejected primarily due to insufficient
charging and discharging current parameters as well
as rather cumbersome operational requirements. Es-
timated weights and volumes of the cells alone in the
case of LFP, NMC, SNC, LTO types of cells are: 2.7 t/1.7
m3, 1.5 t/0.8 m3, 1.7 t/0.85 m?3, 3.5 t/1.65 m?, respec-
tively. This comparison shows that the criteria of mass
and volume simultaneously meet only the NMC cells.
They also guarantee an acceptable level of safety and
service life.

Operational requirements for NMC cells come down to

providing them with a BMS (Battery Management Sys-

tem) and a BTMS (Battery Thermal Management System).

The NMC cells are widely applied in electromobility

(buses, heavy machinery). On the market there are mod-

ular battery pack solutions, equipped with BMS systems
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and liquid heat exchangers, as well as active BTMS sys-
tems, which cool or heat the battery pack depending on
environmental and operating conditions. For safety rea-
sons, the available battery packs are approved according
to, among others, UN ECE R100. Due to the relatively large
capacity of the energy storage and the need to ensure ef-
fective balancing of the cell, it was assumed that the stor-
age would be built of three chains (packages) of NMC cell,
each of them working in parallel, under the control of its
own BMS system.

Apart from the selection of the type of lithium-ion cells
and the most advantageous commercially available solu-
tions (battery modules, BTMS system), an additional de-
sign challenge was to properly apply these solutions and
functionally arrange them in the space intended for en-
ergy storage in the machine. Major implementation as-
pects to be solved included: selection of the master con-
troller, selection of a set of sensors to increase the secu-
rity of the energy storage in the machine operating under-
conditions of high environmental exposure, selection of
elements ensuring power distribution, selection of the
electrical connection between the energy storage and the
machine, selection of the charging standard and charging
controller of the energy storage, selection of elements en-
suring the functional safety of the energy storage and se-
lection of the communication and telemetry system. An-
other challenge was to design a functional housing with a
locking system in the machine.

A separate issue is ensuring the fire safety of the vehicle.
This concerns both the battery vehicle itself [25] and the
operating conditions [26, 27]. At the current stage of the
project, the focus is on the selection of energy storage
components, in terms of whether they are homologated
(UN ECE R100.02) and approved for use in off-highway,
mining vehicles [28].

The above problems were solved mainly by using solu-
tions available on the market. Among others, the follow-
ing were selected: a PLC dedicated to mobile machines,
dedicated battery safety sensors, a safety relay supervis-
ing the E-stop function and an electrical connector with a
total long-term current carrying capacity of HV power
contacts reaching 600 A, which also contained low-volt-
age, communication, control and HVIL (Hazardous/High
Voltage Interlock) circuit contacts. The energy storage will
be charged in the CCS Type 2 standard. It has been as-
sumed that the energy storage will be fully charged within
2 hours, which requires a 120 kW charging station. The as-
sumed charging time of the energy storage has been cor-
related with the operating regime of the machine and
seems to be sufficient. A relatively small charging current
of the energy storage — 0.5C will enable correct balancing
of the cells in the energy storage.

Table 5 lists the achievable working times of the loader,
assuming that it is equipped with a battery of 240 kWh
capacity. The power requirements of the loader's hydrau-
lic and auxiliary systems have not been taken into consid-
eration in the calculations.

Table 5
Expected operating time (t.;) of the loader equipped
with a 240 kWh battery
View Vhigh
a=0° | a=2° a=0° | a=2°
top [h]

f=0.1 8.0 6.4 5.1 4.0

f=0.2 6.7 4.7 3.4 2.9

f=0.35 3.2 2.9 1.9 1.8

f=0.5 2.2 2.1 1.4 1.3

RESEARCH RESULTS

The designed drive system meets the adopted design as-
sumptions. The required parameters of the system have
been estimated and the components selected on the basis
of the COTS assumptions.

In order to ensure the machine’s ability to work even in
difficult terrain conditions, it must be provided with a
drive system the parameters of which are unparalleled in
this class of machines (i.e. lightweight mining loaders).
The developed design of the drive system is characterized
by a very high total drive torque, available from the lowest
rotational speed values.

The calculated demand for drive power and torque de-
pend to a large extent on the adopted operating condi-
tions. It is worth mentioning that the model description of
field conditions is based on a number of simplifications.
The actual operating conditions will have a key impact on
the loader’s performance. The results of the analyses pre-
sented in this study will be verified during field tests of the
machine prototype.

A comparison of the obtained simulation results with the
parameters of competitive solutions (combustion and
electric) indicates that the demand for drive power and
energy storage capacity is lower than the calculated one.
The estimated capacity of the energy storage is sufficient
to ensure the required working time. The loader is
equipped with a quick battery replacement system, which
in the case of operation under conditions of increased de-
mand for driving power will allow maximizing the effi-
ciency of the machine. In addition, it should be noted that
the drive system balance did not take into account the po-
tential energy yields due to the use of regenerative brak-
ing in the system.

CONCLUSIONS

The paper presents an analysis of the possibility of design-
ing a drive system for a lightweight LHD BEV loader
equipped with an "in-wheel drive" system. The use of four
independent drive nodes is an innovative solution com-
pared to available loaders with similar functional proper-
ties.

Due to the lack of available benchmark data and publicly
available, representative models of the operation of drive
systems in LHD vehicles, enabling accurate calculation of
power demand for powering this type of vehicle, estimate
calculations were carried out in accordance with the prin-
ciple of staying on the safe side of the model, i.e. the as-
sumed operating conditions and simplifications used in
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the computational models were selected so as to enable
the loader’s driving in each case.

Implementation of the design of a loader equipped with
four independent drive systems, installed in the immedi-
ate vicinity of the road wheels, poses a significant design
challenge.

This is, among others, related to: a significant limitation of
the available space for installing the systems, the need to
ensure the required thermal conditions for the drive sys-
tems and the distribution of electric power on the vehicle
— difficulties associated with the arrangement of power
and cooling cables, resulting from their high rigidity and
the need to run them in the immediate vicinity of each
wheel.

Due to the prototype nature of the designed system, it is
planned to build a test stand (for testing drive systems),
and carry out operational tests of the loader prototype.
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