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Belt drives have been used for decades to transmit power from a drive

unit to an end device in a variety of applications. There is constant
* Correspondence: scientific, technical and technological progress in the production and
use of belts, which has led to a variety of types and types of belts. Belt
drives have several advantages over other methods of power
transmission, including light weight, affordability, and the ability to be
used as a slip clutch. As the requirements for V-belts increase, so does
the required quality of the offered belts. When analyzing belt
transmissions, it is also possible to examine their influence on other
components of the machine or equipment on which they are installed. If
the belt drive transmits large forces, this can have consequences on the
bearings and other parts of the transmission. It is therefore essential to
ensure that belt drives are optimally designed and installed to minimize
potential damage to other components. On the designed specific design
solution for testing belt transmissions, the actual revolutions of the
input and output pulleys were monitored, the belt float was measured
using high-precision distance measurement sensors, and the vibrations
were measured using a magnetically fixed sensor. During the
experimental measurements, parameters such as belt tension, input
speed and output load were changed. The experimental measurements
themselves were carried out on three A1450Lw 13x1420L.i belts of the
same dimensions, but manufactured by other manufacturers (Optibelt,
Rubena and Gufero).
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1. Introduction

Designing even specific design solutions is an active and repetitive process of innovation, while at
the same time it represents a decision-making procedure. This process often requires decisions that are
based on limited information and sometimes conflicting data. Like a person who has two clocks and
knows what time it is but is uncertain about the two clocks, a designer often has to make decisions
based on limited information [1]. Nevertheless, problem solving and decision making should be
satisfying and welcome activities for the designer. Designing is an equally demanding communication
process that involves the use of words and images and involves both written and oral communication.
Designers must be able to communicate and collaborate effectively with professionals from different
fields who have different levels of knowledge about their work. The ability to communicate effectively
and collaborate with colleagues from different industries is also a key factor for a designer's success.

During the construction of new design solutions, it is important to divide the processes and phases of the
life cycle of technical systems, which allow to gain an overview of their creation, functioning, maintenance
and termination (Fig. 1). During the design phase, it is crucial that the designer takes into account the
requirements that arise from the stages and processes that the technical system will go through during its
life cycle [2]. The extent to which these requirements are included depends significantly on the awareness
and knowledge of the constructor, as well as on the availability of the information system.

Due to the non-negligible position of belt transmissions in a wide range of industries, there is
a need to devote attention to this type of transmissions, which is why the idea of designing a new test
device arose. To contribute to this issue, a proposal for testing belt transmissions under controlled load
was developed. Based on the initial designs, a 3D model was created, which was subsequently
physically produced and integrated into a complex measuring system. This device is composed of
three main parts: measuring, controlling and monitoring.

This newly developed test stand was built within the Center for Testing and Monitoring of
Technical Systems at the Department of Design and Monitoring of Technical Systems at the Faculty
of Manufacturing Technologies of TU Kosice, located in Presov. The measuring station has two uses:
it serves for research in the field of testing existing and new types of belts and pulleys, and at the same
time it serves as an educational aid for students to improve the quality of education in the field of
technically oriented subjects.

An important aspect in the analysis of belt transmissions is their correct installation and
maintenance. Belt drives can become worn or damaged due to improper tension, excessive load, and
other factors. Regular inspection of the condition of belt transmissions and their necessary
maintenance are therefore essential. When evaluating belt drives, it is equally important to consider
their use in a particular application. There are many different types of belt drives that are designed for
different purposes and applications. Therefore, it is crucial to choose the belt transmission that best
suits the specific requirements of the given machine or equipment [3].

For efficient operation and durability, the correct fit and tension of the belt of belt drives is of key
importance. Belt tension and tension force are key factors affecting the operation of a belt drive.
Correct belt tension is essential to ensure reliable operation and minimize the risk of breakdowns. The
calculation of the tensioning force of the belt depends on its size, material and application. A higher
tension force can improve transmission efficiency because power transmission also depends on higher
belt tension. However, excessive tensioning force can cause belt overload and premature wear. There
are several methods for determining proper belt tension, including measuring its elasticity within
a certain range. Tension gauges and other tools are available to check belt tension. When setting belt
tension, it is important to follow the manufacturer's specifications, which determine the optimal
tension for a particular belt type and application.

When using belt transmissions, it is also important to define terms such as belt slippage and
slippage. Belt slippage occurs when the belt is loose or under-tensioned, and this can be eliminated by
proper tensioning [4]. Belt slip, also known as measured slip, exists even with proper belt tension,
increasing as belt tension increases. Slippage itself cannot be excluded from the operating conditions
of belt drives, and that is why belt slippage was also the subject of my measurements.
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2. Specific technical solution of the measuring device

The measuring system as a device for testing belt transmissions is designed as universal and easily
modifiable, allowing the addition or replacement of individual components. With this device, it is
possible to change the drive and driven pulley, exchange belts, change input and output parameters, and
the like. For example, the replacement of pulleys is often performed in order to modify the transmission
ratio between input and output, which corresponds to the objectives of testing belt transmissions as part
of innovative research in this field [5].

Autodesk Inventor 3D modeling and simulation software was used during the development and
design phase. This program makes it possible to create and examine the entire product before its physical
production. Inventor makes it possible to combine the advantages of digital prototyping and integrate 2D
drawings from AutoCAD software and merge 3D model data into one model [6].

The newly designed system includes a basic frame on which the driving electric motor and the driven
electric motor are placed, which serves as part of the braking system. The shafts of the driving electric
motor and the driven electric motor are fitted with pulleys and connected by a V-belt, creating a belt
transmission. Siemens asynchronous electric motors (type 1LA7090-2AA10ZA11, 1.5 kW, 2900 min™,
400 V, Y, 50 Hz, IMB3, PTC thermistor) are slidably located on the frame, while the V-belt tension can
be adjusted. The driven electric motor, which is controlled by a frequency converter, serves as a brake,
and its braking effect can be adjusted as needed. This braking effect creates corresponding forces in the
belt in the loaded and unloaded branches, which leads to a pulley slip that is measurable [7]. The tension
of the belt and the displacement of the drive electric motor are controlled through a tensometric sensor of
the pressure force by means of a threaded rod and a pressure bracket. The guantities needed to calculate
the slip are sensed and analyzed by a computer through sensors of the actual revolutions of the driving
and driven electric motors. Belt tension values are evaluated via PC. Figure 1 shows a 3D model and a
real manufactured system for monitoring belt transmissions and testing different types of belts.

Fig. 1. 3D model and real measuring and monitoring equipment
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3. Measurements and results
3.1. Measurement of belt transmission slip

When monitoring the slippage of the belt transmission, the speed of the electric motor, the
theoretical transmission ratio indicated on the label, together with the values of the belt tension and the
torque are considered as input parameters [8]. These values are obtained directly from the sensors
located on the device. The measured parameters, which are obtained from the device and then
transferred to the computer using an analog-digital converter, represent the real revolutions of the
drive pulley of the electric motor nls and the real revolutions of the driven pulley (brake) nz. These
data are subsequently processed by the "Motor" software to calculate the necessary values, the result
of which is the determination of the final slip of the belt transmission.

The belt slip measurement parameters are:

ni.— table revolutions of the electric motor - driving machine,

nis — the actual revolutions of the motor under the load of the driven part under the given
conditions of the tension force F,

n, — revolutions without slippage on the driving machine,

! @

ir — theoretical gear ratio

P 2)
nas — measured (actual) revolutions of the driven machine with slip,
An, — slip revolutions
ANz = Ny — Ny 3)
T — measured (actual) time of slip revolution [s],
& - relative slip

S=—"],
T.n, @)
w - coefficient of elastic slip
y=1-¢ ®)
i - gear ratio in a belt drive
. D o
i= q P =Lt
oV SO 4 (6)

The "Motor" software is designed directly for the monitoring system, while it is necessary to enter
the set input and output revolutions and gear ratio at the beginning. The measurement can be carried
out in two different ways:

- at constant speed of the electric motor and brake load (same torque), it is necessary to obtain
the values of y and & for at least five different values of tensioning force, both during loading
and unloading of the transmission. Based on these obtained values, it is possible to process
graphs of the dependence of the coefficient of elastic slip on the value of the tension force and
include these values in the data table [9].

- when maintaining constant values of the input speed of the electric motor and tension force, it
is necessary to measure the elastic slip coefficient y at least five different values of the torque
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on the electric motor. The value of the torque is obtained from the measured input power of
the electric motor according to the following procedure:

Power of the electric motor Pe:

I:)e = Pke'ne (7)
where: Py, — measured power with a wattmeter,
ne — the efficiency of the electric motor specified in the technical specifications.
Subsequently, the torgue on the pulley can be calculated:
M =2 2,
Dss whilst 60 )

where: nis — real (actual) revolutions of the driven pulley obtained from the "Motor" program.

Measurements were made with the gear under load and unloaded. The results of the measurements
were displayed in the form of the dependence of the quantity y on the torque with the given additional
parameters. All these dependencies were recorded and tabulated. Instead of measuring power, we can
use the measurement of electrical quantities such as voltage and current or measure the electrical
power directly on the driving (driven) devices. The purpose of this measurement was to demonstrate
how slip affects the efficiency of the belt transmission, while the efficiency of this transmission is
defined by the well-known relationship [10].

n= i -100% 9)

1

Subsequently, the efficiency with slip acceptance is expressed by the following mathematical
relationship:
P
n, =—=-100% (10)
Ry

Laboratory determination of power with the help of electrical quantities must be completed by
physically connecting and expanding the monitoring software with power quantities and determining
the accuracy of the power measurement with the gradual determination of the observed efficiency of
the belt transmission according to the given relationships [11]. Experimental monitoring of selected
type A belts was carried out by changing the tensioning force of the belt, which was selected and set
based on the tabular value of the optimal tension of this type of belt to a value of 254 N.

Table 1. Table of specific weights and values of belt tension

mm rpm N N kg/m
74 40 60 1 000 2 500 104 69 0,051 n/a
2 501 4 000 121 81
61 over 1 000 2 500 174 116
2 501 4 000 174 116
A 75 90 1000 2 500 332 222 0,115 0,150
2 501 4 000 254 169
91 120 1 000 2 500 391 261
2501 4 000 332 222
424 175 1 000 2 500 469 313
2 501 4 000 411 274
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Due to the optimal value of the belt tension (see Table 1) given by the manufacturer, the belt
tension values of 50 N, 250 N and 450 N were proposed for the experiment. The following Figure 2
shows the dependence of the resulting values of the elastic slip coefficient on the changed values of
the revolutions on the input drive pulley and the output load on the driven pulley by changing the
torque when the belt is tensioned to 50 N. The adjustment of the output load change is possible by
connecting the output electric motor via the FM2 frequency converter. The values of the elastic slip
coefficient were read from the "Motor" program, which simultaneously monitored the actual
revolutions on the driving and driven pulleys [12]. The optimal belt tension is at 254 N, which is taken
into account in the measurements and the results are shown in Figure 3, and the overload above the
table value is shown in Figure 4 when the belt is tensioned at 450 N.

W Gufero W OptiBelt Rubena
0,95
0,9
0,85
0,8
0,75 . ‘ L ull

100%  150% % 50% 100%  150% % 100%  150%

Coefficient of elastic slip [-]

1000 1000 1000 1000 1500 1500 1500 1500 2500 2500 2500 2500
rpm rpm rpm rpm rpm rpm rpm rpm rpm rpm rpm rpm
The load on the driven pulley [%] , Speed of the drive pulley [rpm]

Fig. 2. Graph showing the dependence of the coefficient of elastic slip on the input speed
and the load at the output of the belt transmission with a belt tension of 50 N

0,999

H Gufero W OptiBelt Rubena
0,997
0,995
0,993
0,991
0,989
0,987
0,985

0% 50% 100%  150% 0% 50% 100% = 150% 0% 50% 100%  150%

Coefficient of elastic slip [-]

1000 1000 1000 1000 1500 1500 1500 1500 2500 2500 2500 2500
rpm rpm rpm rpm rpm rpm rpm rpm rpm rpm rpm rpm
The load on the driven pulley [%] , Speed of the drive pulley [rpm]
Fig. 3. Graph showing the dependence of the coefficient of elastic slip on the input speed
and the load at the output of the belt transmission with a belt tension of 250 N
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100% 150% 0% 100% 150% 0% 100% 150%
1000 1000 1000 1000 1500 1500 1500 1500 2500 2500 2500 2500
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Coefficient of elastic slip [-]

The load on the driven pulley [%] , Speed of the drive pulley [rpm]

Fig. 4. Graph showing the dependence of the coefficient of elastic slip on the input speed
and the load at the output of the belt transmission with a belt tension of 450 N

3.2. Measuring vibration velocity from a belt transmission

Due to the emerging vibrations on devices with a belt transmission, and thus the connection with
belt floating, it is important to address this issue. Since it is possible to controllably change the belt
tension of the belt transmission on the newly designed test device by changing the axial distance of the
pulleys, it also allows us to monitor the change of vibrations in selected places [13, 14]. From practical
experience, due to the resulting vibrations, there is a high possibility of shortening the service life and
at the same time damaging the storage of the pulley shafts in the bearings. Therefore, it is appropriate
to point out the influence of the vibration value depending on the change in the input speed of the
drive pulley and at the same time the change in the load on the output drive pulley.

Due to the possibilities within the experiment, vibration measurement was performed by the
contact method using a handheld device for measuring and diagnosing machines CMMS Checker
(Figure 5a). This measuring system allows for the display of faults also on color machine diagrams
generated on the display. A vibration sensor was connected to the measuring unit, which was attached
to a predetermined location with a magnet (Figure 5b).

Fig. 5. Measuring unit CMMS and sensor for vibration velocity monitoring

The following Fig. 6 shows only minor changes in vibration velocity values when changing a belt
of the same type "A" but from different manufacturers. More pronounced changes in vibrations can be
observed at higher revolutions, which in our case of the experiment were set to a value of 2500 rpm.
At lower speeds of 1000 and 1500 rpm, there were not so many differences. From the results of
experimental vibration measurements, it is possible to state and, based on this, to present further
recommendations for the general public and users of this type of belts [15, 16]. Fig. 6 shows the
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change in vibration velocity at the optimal belt tension of 250 N, while experiments were also carried
out at 50 N and 450 N tension.

Gufero OptiBelt Rubena

Vibration velocity [mm/s]

0% 50% 100% = 150% 0% 50% 100%  150% 0% 50% 100%  150%

1000 1000 1000 1000 1500 1500 1500 1500 2500 2500 2500 2500
rpm rpm rpm rpm rpm rpm rpm rpm rpm rpm rpm rpm

The load on the driven pulley [%] , Speed of the drive pulley [rpm]

Fig. 6. Graph showing the dependence of vibration velocity on the input speed and the load at the
output of the belt transmission at a belt tension of 250 N

After processing the measured values of vibrations at the selected place of the stand, we can
evaluate that with different types of belts and at input speeds of 1000 and 1500 rpm, the values are not
as large as at increased speeds to a value of 2500 rpm.

4. Conclusion

This article presents a specific design solution as an alternative for monitoring, determining and
verifying key parameters affecting the operation and lifetime of various devices and systems using belt
transmission. When designing new structural solutions, the economic costs have the greatest impact on
the design and development stage and not the production itself, while the construction itself has a great
impact on the functionality and reliability of the product.

The presented design solution is modular and at the same time implemented within the framework
of the development of laboratories, the professional training of students within the educational process
and the creation of final theses, or the solution of tasks in the field of design, control and testing of belt
transmissions. If the results of the presented article inspired the expansion of the investigation of the
given issue, then it can be concluded that the newly designed system and the results of its
measurements are also important in practice.
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1. Introduction

In mining plants extracting the minerals from hard or very hard rocks with high uniaxial
compressive strength (over 150 MPa), drilling and blasting processes are used [1]. After drilling the
blast holes in the face, they are filled with explosives. After blasting, the mined material is transported
with wheel loaders and transportation cars, and the roof is secured by bolting machines [2]. The
diagram of the copper ore extraction process is shown in Fig. 1.

Preparation and Loading of
drilling of explosive
boreholes material

Setting of Explosion

X Ore transport
detonators detonation P

Fig. 1. Copper ore extraction process

Face machines (i.e. drilling jumbos, blast trucks cars, bolting machines) have two power sources:
a diesel engine is used for run, while in the face machines (due to ventilation conditions and the
emission of toxic exhaust gases into the surrounding mine atmosphere) electricity is used. This
requires to unwind the electric cable each time when the machine arrives at the work place and roll it
up after the technological operations are completed.

2. Current solution

Self-propelled blast trucks use a diesel engine to drive the system. However, an electric motor is
used to drive the technological devices installed in these trucks, which drive a hydraulic pump, which
in turn drives a modular pumping device used to produce and load explosives [3, 4]. The vehicle is
staffed by three people: an operator and two blast miners. In the existing solutions, the electric motor
is supplied by 500 V from the mine network via a retractable electric cable. Each time unwinding and
rewinding the cable is burdensome, it takes about 2/3 of the time required for placing explosives in
blast holes and poses a high risk of rockfall for the working crew of the truck in the face area F.
Experience gained in development of battery suspended drive trains for coal mining industry,
KOMAG Institute specialists used in development of power supplying of machines with batteries
(32 kwh) composed of lithium-iron-phosphate cells (instead of the previously used wire power
supply) for the electric motor driving the pump of the MUP-4 module, which prepares and loads
explosive emulsion into the blast holes. KGHM-ZANAM implemented this solution in the WS-172,
WS-153 (WS1.5L), (WS1.7) and WS-173/S (WS1.7B) blast trucks - 42 machines (Fig. 2). The battery
of the first machine (WS-172) is charged from an external, free-standing, dedicated charging module.
For the next machines, the electric charger was installed inside the battery unit, as a result of the
modernization of the ZB-1 power supply unit, what enabled charging the batteries directly from the
mine's power grid with a rated voltage of 500 V, without the need to run the blast truck to the
dedicated charging module. The above solutions use an electric motor with a power of 15 kW and
a rated voltage of 150 VAC [3, 4].

Fig. 2. WS-173 blast truck [5]

Publisher: KOMAG Institute of Mining Technology, Poland
© 2024 Author(s). This is an open access article licensed under the Creative

Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2024, Vol. 42 Issue 4, pp- 249-263 !

All previous solutions of blast trucks are powered by an electric cable or a diesel engine.
Unwinding an electric cable at a mine face is difficult and time-consuming, and poses a risk of
rockfalls, so operators sometimes prefer power supply from a diesel engine despite the nuisance
associated with exhaust gases and the deterioration of the microclimate and work comfort.

Using the sodium-nickel batteries in the SWS-1700ENB self-propelled blast trucks, manufactured
by Lena Wilkow Sp. z o. o., Poland is another stage of the battery drive development.

As part of the project co-financed by NCBR from the European Regional Development Fund:
"A new generation of modular drilling and bolting machines with battery drives, intended for
operation in underground mines of copper ore and mineral raw materials", implemented by Mine
Master in cooperation with AGH University of Science and Technology, Wroctaw University of
Science and Technology and the Lukasiewicz Research Network - EMAG Institute of Innovative
Technologies, the prototypes of Roof Master RM 1.8KE self-propelled bolting machine and the Face
Master FM 1.7KE drilling jumbo were developed and manufactured for testing (Fig. 3).

Fig. 3. Face Master 1.7KE (BEV) [6]

These are the first machines in Poland designed for conditions in the mines belonging to KGHM
SA, in which a battery drive consisting of five sodium-nickel batteries with a capacity of 190 Ah and
an energy of 123.5 kWh is used (instead of a diesel engine), with nominal voltage of 650 V driving
a permanent magnet motor with a power of 133 kW. However, bolting/drilling uses power supply
from the mine network and (in an emergency) from the traction battery. Both machines have built-in
chargers that allow charging the batteries from the mine power grid (in the voltage range of 500 - 1000 V),
as well as during braking and descending on slopes [7]. After surface tests, the machines were
subjected to underground tests at KGHM, ZG Lubin Branch [8, 9]. A comparison of selected battery-
powered heavy machinery used in underground workings of mineral extraction plants is presented
in Table 1.

Table 1. Comparison of Selected Battery-Powered Heavy Machinery Solutions

Manufacturer KGHM ZANAM MINEMaster
Model WS-173 WS-153 FM 1.7KE FM 1.8KE
Type of machine Blast truck Blast truck Drilling vehicle Bolting vehicle
Length 9950 mm 8 900 mm 14 400 mm 13600 mm
Width 2 750 mm 3150 mm 2 400 mm 2 450 mm
Height 1700 mm 1500 mm 2 200 mm 1800 mm
Total weight 21 000 kg 19 200 kg 18 500 kg 20500 kg
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Engine power 115 kW 115 kW 133 kW 133 KW
Drive engine type Diesel Diesel Electric Electric
Battery module ZB2 (LiFePO4) Sodium-nickel battery
Nominal battery 264 V: DC 650V DC

voltage

Battery energy 32 kWh 123,5 kWh

Nominal charging 500 VV; 50 Hz 500-1000 V/; 50 Hz

voltage

Communication CAN bus CAN bus

interface

En_closure protection 1P 67 P67

rating

Weight 850 kg 1080 kg

3. SWS-1700ENB self-propelled blast truck

The SWS-1700ENB self-propelled blast truck (Fig. 4) is an articulated machine on a tire chassis
consisting of two main units: driving one and working one. Both are connected to each other by a joint
with a vertical axis of rotation on roller bearings. One hydraulic cylinder is installed between the parts
to turn the machine. The hydraulic cylinder is controlled by a steering wheel (controller) from the
operator's cabin through a hydraulic turn distributor. The drive unit makes a frame with the driving
system. Additionally, the drive unit is equipped with operator's cabin, electrical installation, hydraulic
installation, fire extinguishing installation, and hydraulic unit of the working system. The working part
is a platform with a self-supporting structure welded from steel sheets with a built-in operating system
- a modular pumping unit.

Fig. 4. SWS-1700ENB self-propelled blast truck
Characteristics of the SWS-1700 ENB self-propelled blast truck:

- the machine is equipped with a raised work platform with an opened shield which can be used
as additional platform, dismantled in the areas with low seam height,

- battery power supply of the working system drive with a possibility of charging the battery
from the 500 V or 1000 V mine network,

- sodium-nickel batteries of increased fire safety, adapted to work in a high-temperature
environment,
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- high battery power guaranteeing the operation of the battery system in optimal parameters
with enough energy for reliable blasting operation with a double-filled emulsion tank (750
liters),

- charging the battery while driving from an electric generator installed on a diesel engine,
- possibility of operating the pump device module also using a diesel engine,

- air-conditioned, closed operator's cabin,

- air-conditioned, open service compartment,

- supporting structure resistant to the conditions prevailing in KGHM mines (i.e. bumpy and
water-logged transport roads, temperature, dust, high humidity, aggressiveness of mine water),

- the machine is equipped with the required auxiliary systems, such as:
- permanent, automatic fire extinguishing installation,
- central lubrication system,
- operator system prevention against collision,
- optional DOTRA radio communication system.

The basic mechanical and electrical parameters of the SWS-1700ENB vehicle are presented in
Table 2.

Table 2. Basic parameters of the SWS-1700ENB truck

Parameter SWS-1700ENB
Weight 19,500 kg
Length 9,250 mm
Width 2,610 mm
Height 1,700 mm
Payload 1,400 kg
Wheelbase 3,700 mm
Track width 2,340 mm
Ground clearance 325 mm
Turning radius +41°

Engine type CUMMINS QSB4.5C160
Max engine output 119 kW at 2,200 RPM
Payload material weight 100 kg

Fire suppression system Lena IP-4M
Electrical installation 24V DC (2x12 V)
Battery capacity (24V) 180 Ah or 185 Ah
Battery pack type ZZB
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4. ZZB battery power supply unit

The ZZB battery power supply unit developed at the KOMAG Institute of Mining Technology in
Gliwice was installed in the SWS-1700ENB blast truck (Fig. 5) manufactured by Lena Wilkéw Sp. z o. o.

Fig. 5. ZZB battery power supply unit installed in the SWS-1700ENB blast truck

Using the ZZB unit is very simple. After turning on the main switch on the ZZB unit, it is
controlled from the control panel installed in the truck operator's cabin. All information about the
battery, charge status, voltage, current, temperatures and more is available on the panel. There are also
diagnostic connectors in the operator's cabin for servicing.

The ZZB battery power supply unit enables powering an electric motor with a power of 22 kW and
voltage of 400 V, as well as an auxiliary 24V DC circuit of the truck.

Charging takes place from the 500V or 1000 V mine network. Selecting the charging voltage does
not require any electrical switching. Two electrical cables are used, one for 500 V and 1000 V, and by
coding the cables, the control system detects which network the device is connected to.

While the blast car is moving, it is possible to recharge the battery from a 6 kW electric generator.

A graphic control panel (Fig. 6 and Fig. 7) is installed in the truck operator's cabin, which provides
text and graphic alarm signalling and the ability to monitor the process (operation of the electric
motor, charging from the network and charging from the generator) in the form of a synoptic screen
and parameter lists. A program managing the unit’s operation is implemented in the control panel. In
turn, the ZZB unit has an installed programmable controller, dedicated to use in mobile applications.
This controller is an input/output module and enables control of the ZZB unit devices. The panel
communicates with the controller, the MBS system supervising the battery pack, the inverter and the
charger via the CAN bus. Information is also sent via the CAN bus to a display screen installed in the
ZZB unit. Functionality of the display screen is similar to the functionality of the operator panel and
its location in the ZZB unit facilitates servicing.
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Fig. 6. Operator’s cabin with a panel controlling the ZZB unit
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Fig. 7. Screenshot of the control panel of the ZZB-1 module
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Structure of the control system is presented in Fig. 8.

Operator’s cabin

Control
panel

Controller

Insulation MBS
monitoring battery system
relay

Contactors Battery charger

unit

Parameters
display

Battery modules

Fig. 8. Structure of the control system
Main technical parameters of the ZZB battery power supply unit is presented in Table 3.
Table 3. Technical parameters of the ZZB battery power supply unit

Type of battery cells Sodium-nickel

Rated battery voltage 650 V; DC

Battery energy 2 X 24.7 KWh

Rated output voltage 3x400V; 50 Hz
Maximum output power 22 kKW

Battery charging 3x 500V or3x1000V
Charging the battery from a diesel engine generator 3 x 500 V, 6 kW
Cooling water

Communication interface CAN bus

Degree of enclosure protection IP 67

Dimensions 1126 x 885 x 1270 mm
Mass 1250 kg
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5. Functionality of sodium-nickel battery

The main innovative feature of the SWS-1700ENB blast truck is the powering of the hydraulic
power unit motor from the ZZB unit with sodium-nickel batteries.

Compared to batteries constructed from lithium-iron-phosphate cells, the use of sodium-nickel cells
is characterized by [9, 10]:

- increased resistance to high ambient temperatures,

- a higher degree of safety in production and use, the battery composition is free of harmful
substances, eliminating potential health hazards for users,

- can be fully recycled, supporting sustainable environmental practices,

- the lack of use of lithium,

- the use of cheap and readily available materials - such as sodium, iron, nickel and aluminium,

- the need to keep the internal operating temperature high, which reduces overall energy
efficiency.

Z60 series batteries with a voltage of 650 V and a capacity of 38 Ah (Z60-650-38) were used in the
ZZB unit solution used These are high temperature batteries. The enclosure contains cells, thermally
insulated from the enclosure with an internal negative pressure. Outside each battery there is a BMI
electronic module, which plays a control role.

This series of batteries is intended for mobile applications, therefore tight and shock-resistant
connectors are used, the battery electronics communicates using the CAN bus, insulation resistance
(electrical) is measured, and in the case of a threat, the battery terminals are disconnected (after
a power supply failure of EMERGENCY line). The battery is equipped with an optional air cooling
system, which allows excess heat to be removed from the interior of the battery after intensive use.
The cooling system was neglected in the case of ZZB modules due to the low load compared to the
battery capacity and the intermittent nature of operation. functionality of the BMI module includes
control of built-in contactors, control of battery warm-up circuits, measurement of insulation
resistance, communication and measurement functions (including voltage, current, battery
temperature, SOC calculation). Additionally, BMI has a built-in soft start system ("precharge") that
limits the battery's starting current and numerous self-diagnostic functions. If necessary, it reports
information (errors) at four levels of significance and impact on the operation of the battery - from the
information level to the level of immediate disconnection of the battery from the firing vehicle
installation.

The battery has two installed heaters. The first one (power approx. 750 W) is supplied by
230 V AC, 50/60 Hz and also used to keep the battery temperature while charging. Warming up the
battery from a cold state to a state allowing charging/operation takes up to 24 hours, usually slightly
less. The second heater, with lower power (approx. 200 W), is supplied by DC voltage from the
battery and is used to independently maintain the battery temperature. An example of the temperature
curve of the sensors and the average battery temperature during warm-up is shown in Fig. 9a - in this
case, the operating temperature (235°C) was reached after less than 20 hours of warm-up. 9b shows an
example of the process of maintaining the temperature of the internal battery heaters - the average
battery temperature is maintained at 245°C+3°C. In the utilized batteries, the temperature sensors are
located near the front panel [12].
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Fig. 9. Examples of sensor temperature and average battery temperatures recorded during:

a) warming up the battery, b) while maintaining the battery temperature

In the case of the trucks operating in mines underground, this requires installing a transformer on
the truck supplying 230 V voltage (when powered from 500 V or 1000 V). This, in turn, requires
additional space for the transformer and its accessories (contactor, fuse, etc.). Not every charging place
has a 230 V power supply that can be used. In addition, it would require connecting the additional
cable, presence of an additional socket, etc.
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Charging the battery is a long process. It consists of a charging phase with a constant current of
10 A (CC phase), which then turns into a charging phase with a constant voltage of 672.8 V + 1 V
(CV phase). The charger should regulate the voltage with an accuracy of 0.1%. Charging is completed
when the charging current drops below 0.5 A for a set time. The charging process time is up to 12
hours (first charging from SOC=0%), typically less than 8-9 hours (charging from SOC>20%). An
example of the charging current and state of battery charge (SOC) during the first and subsequent
charging is shown in Fig.10.
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Fig. 10. Examples of curves of states of charge (SOC) and battery charging currents, recorded during:
a) the first charging, b) subsequent charging of one of the ZZB sets being started

© 2024 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2024, Vol. 42 Issue 4, pp- 249-263 -

During charging, there is a break managed by the BMI module (typically at SOC = 80%), approx.
25-30 minutes, needed for the battery internal OCV test. During this time, voltage of the battery open
circuit is determined, as well as the heating efficiency of the internal DC heater.

In addition, it is necessary to fully charge (reach the EOC state), preferably in each charging cycle
or every 24 hours of using the battery. Using the battery for 36 hours after reaching the last EOC will
generate a warning, and after another 24 hours warning to complete the charging process. Then,
discharge current is limited, up to the discharge lock, which is removed when full charging is
completed (up to the EOC state).

Recommended battery discharge time is minimum 2 hours. Temporary discharges with higher
power are allowed, so that the total discharge time is a minimum of 2 hours. In these cases, increase in
internal temperature and the possible use of a cooling system should be taken into account. In the case
of a single 38 Ah battery, the permissible instantaneous current is 85 A. That is, the permissible
momentary power is over 50 kW, and the continuous power, guaranteeing discharge within 2 hours, is
approximately 12 kW (depending on the battery voltage).

The BMI battery module can communicate at a speed of 250 kbps using the CAN bus. This bus is
connected to an additional controller called MBS (Multiple Battery Server). It acts as an intermediary
between batteries connected to its B-CAN (Battery CAN) line and the V-CAN (Vehicle-CAN) bus
with the PLC controller in the blast truck. It is also possible to connect a diagnostic computer with
ZEBRA Monitor software to the B-CAN bus, which is used to monitor the battery, read current
diagnostic information, read historical battery data and reset errors. It also allows data to be recorded
over time, which is useful for analysing the anomalies. The program supports up to 16 batteries
(limitation in the MBS module). The data exchange protocol on the B-CAN bus is secret and is not
available to the user.

6. Implementation and initial operation

After the positive certification tests, the SWS-1700ENB self-propelled blast truck with a ZZB
battery power unit was approved for operation in mine undergrounds by the decision of the President
of the State Mining Authority. At the beginning of 2023, it was implemented in the underground
mines of KGHM Polska Miedz S.A. “Rudna” Mining Plant, 11 items. The next two items are planned
for implementation in 2025.

The truck operates in very difficult environmental conditions, where the ambient temperature
reaches +45°C, air humidity up to 98% and dust content in the surrounding environment up to
20 mg/m?3. The electrical system of the ZZB battery power unit is exposed to shocks, impacts and
mechanical impacts while the blast truck is moving.

The vehicle's initial operation allowed for drawing the following conclusions:

- the charged battery is enough for the truck operation for up to 3 work shifts, i.e. to pump out
over 2 tons of explosives,

- using the internal battery charger enables charging the batteries directly from the mine
network with a rated voltage of 500 V or 1000 V without the need for the operator to make
additional switches in the electrical system,

- full battery charging cycle is up to 10 hours,
- using the electric generator enables recharge the battery while the truck is moving,

- shortening the time spent by the crew at the face by eliminating the need to unwind and
rewind the power cable, thus protecting the crew against rockfalls,

- reducing the emission of exhaust gases and noise at the mine face,

- using the high-temperature sodium-nickel batteries requires the battery to be maintained at the
proper operating temperature and to be regularly fully charged.
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7. Conclusions

The main innovation of the SWS-1700ENB blast truck is the power supply of the hydraulic motor
from the ZZB with sodium-nickel batteries.

Compared to batteries made of lithium-iron-phosphate cells, the sodium-nickel cells have the
following features:

- increased resistance to high ambient temperatures,

- agreater degree of safety in manufacture and use, in composition of the batteries there are no
harmful substances, eliminating a potential threat to users’ health,

- operation at ambient temperatures from -40°C to +50°C, enabling using them in various
climatic conditions,

- possibility of their recycling, supporting sustainable ecological practices,

- competitive price,

- no need to use a BMS system,

- no need to use lithium (a rare earth element).

Table 4 summarizes the key differences between LFP (LiFePO4) and nickel-sodium cells.
Table 4. The comparison of the parameters of LFP and nickel-sodium cell technologies

Parameter LFP (LiFePO4) Nickel-Sodium (NaNiCl2)
Nominal Voltage (per cell) [13] 3.2V 2.58V
Charge/Discharge Efficiency [14] 90-98% 85-90%

Very low (<0.1%) with high

-Di 0,
Self-Discharge (per month) [13] <3% temperature maintenance

Energy Density (volumetric) Medium (220-350 Wh/I) Low (100-150 Wh/I)

Energy Density 90-160 Wh/kg 10-120 Wh/kg

Cathode Active Material [15] Lithium iron phosphate Nickel chloride (NiCl)

Anode Active Material [15] Graphite Metallic sodium

Electrolyte Conductivity [15] SL;ﬂUid electrolyte based on lithium ?:ggz?atusﬂ; (depends on high
Resistance to Deep Discharge High Very high (no degradation)
Capacity Degradation over Time |Low (10-20% loss after approx. | Minimal degradation under stable
[13] 2000 cycles) operating conditions

Cycle Life [14] 2000-7000 cycles 3000-4500 cycles

Charging Time Fast Medium

Cold Start ;rr(:]t;gerr;t:‘rrgse even at low z(regg;;z?u IEJere-heating to operating
Heat Dissipation Minimal ;Sr:g&gtllc::t requires  thermal
Production Cost ($/kwWh) [14] 100-150 200-400

Operating Temperature Range [13] |-20°C to 60°C 250°C to 350°C

© 2024 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2024, Vol. 42 Issue 4, pp- 249-263 -

- Electric vehicles, - Stationary energy storage,
Typical Applications - Portable devices, - Emergency power systems,

- Home energy storage - Grid energy storage

- High stability,

- Resistance to extreme conditions,

Advantages [16] - Low cost, . .
- Low capacity degradation

- No toxic materials

- Medium energy density, - High production cost,
Disadvantages [16] - Sensitive to temperatures below - | - Requires maintenance of high
20°C temperature

The solutions presented in the article give pro-ecological effects as well as improving safety i.e.:

- increased efficiency of the truck operation compared to the existing solutions with cable
power supply by shortening the time of loading the explosive material into the blast holes,

- ensuring the continuous operation of the truck for up to 3 work shifts on one battery charge,
(applying over 2 tons of explosives into blast holes),

- increased mobility of the truck in loading the explosives into blast holes - in the case of
a sudden threat, the truck can be immediately withdrawn from the face,

- increased work safety by eliminating the operation of the operator outside the cabin related to
unwinding and rewinding the power cable,

- reduced emissions of exhaust gases and noise at mine faces,

- possibility of charging batteries from the mine's electrical network with a rated voltage of
500 V or 1000 V (at different places of the mine),

- functional interface for the truck operator with full monitoring of battery operating parameters
in every state of its operation.

The following two inventions submitted to the Polish Patent Office were used in developing the
described solution:

- P.443134 - Three-source system for charging mining machine batteries with electricity
(authorized KOMAG).

- W.131551 - Self-propelled blast truck (authorized Lena Wilkow Sp. z 0.0.).

The SWS-1700ENB self-propelled blast truck with the ZZB battery power unit was awarded
a platinum medal during the 17" International Fair of Inventions and Innovations INTARG 2024,
which took place on May 21-23, 2024 at the International Congress Centre in Katowice.
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Abstract:

The use of lithium batteries in power supply systems for devices and/or
machines in mines requires ensuring an appropriate level of work
safety. This applies in particular to hard coal mines, and especially
methane mines and mines at risk of fire or explosion. For this reason,
the lithium cells used must, together with the BMS battery management
system, be isolated from the influence of the environment by placing
them in special explosion-proof housings. In connection with the above,
the operation of cells without the so-called BMS is, as the authors'
preliminary research shows, practically prohibited. In practice, various
BMSs are used, most often with the so-called passive balancing.
However, their use means that the lithium battery is balanced only
during charging, which means that the weakest cells in the battery
determine its operating time. As for active BMSs, they are used less
often due to their rather complicated structure and costs, but their use
extends the operation of the lithium battery.

The article presents a new version of the special structure of the BMS
system, which will balance the battery cells using the passive and active
method. This will extend the battery life and ensure a safe charging
process. The BMS system can be used in mining machines and devices
and energy storage devices powered by a battery consisting of lithium
cells.
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1. Introduction

Safe use of lithium batteries as an effective source of battery power for electric drives in mines,
especially those at risk of fire or explosion, requires both appropriate selection of the battery's
electrical parameters and on-line control of changes in these parameters during operation. From the
point of view of the requirements for reducing mine operating costs and ensuring the shortest possible
downtimes, it is also important for the battery used to work as long as possible on a single
charge/recharge. The development of technology allows the use of commercially available lithium
batteries with much better electrical properties and lower weight, which allows for the gradual
elimination of difficult to operate and heavy lead-acid batteries. It should be emphasized that
underground mining in the world takes place at increasingly greater depths at temperatures exceeding
40°C. Increased temperature usually reduces the safety of mine operation, increasing the failure rate of
working machines and devices, also contributing to the damage of lithium batteries. This is caused by
the process of electrolyte decomposition at elevated temperature, which increases the internal pressure
of the cells and as a result promotes cell ignition and its explosion. In this situation, it is necessary to
equip lithium batteries with appropriate electronic monitoring modules designated as Battery
Management Systems (BMS) [1]. Their task is both to control the operating state and, above all, to
balance (balance) the cells, so as to prevent their damage as a result of overcharging, excessive
discharge and/or overheating [2, 3]. Lithium batteries are, above all, very sensitive to complete and/or
so-called deep discharge. Left in such a state for a long time, they may be irreversibly damaged. The
task of the BMS system is therefore to control the cell parameters online and, in the event of
exceeding their limit values (voltage, current, temperature), to alarm or disconnect the battery [4]. The
need for energy balancing results from differences in the nominal values of the charge, capacity and/or
resistance of individual battery cells. These differences result from manufacturing tolerances and
operating conditions of cells of the same type and tend to increase during operation [5].

The article presents and discusses the results of research on the operation of a lithium battery
consisting of lithium-iron-phosphate (LiFePO.) cells equipped with a passive and active battery
management system (BMS). Due to its intended use in underground mines, the research was
conducted with particular attention paid to the efficiency of the cell balancing system when there is
a mismatch of one to three cells in the battery. Due to its intended use in underground mines, the tests
were conducted both at room temperature (20°C) and with free cooling and with degraded cooling at
various mine ambient temperatures (from +5°C to +60°C) at a constant humidity of 75%. The tests
were conducted for an example battery consisting of 8 cells connected in series. Such conditions are
inevitable in mining applications [6]. Based on conclusions from the conducted research, a new
version of the special structure of the BMS system was presented, which will balance the battery cells
using the passive and active method. This will allow for extending the battery life and ensuring a safe
charging process. The BMS system can be used in mining machines and devices and energy storage
devices, the power source of which is a battery consisting of lithium cells.

2. Cell balancing methods

Monitoring and controlling the energy storage process in cell sets should serve to ensure that the
cells can function, as the longest, as reliable and stable sources of electrical energy, while being
characterized by high efficiency and a high level of safety.

Proper and safe operation of lithium cell batteries requires a BMS (Battery Management System)
system that supervises their operating parameters to prevent damage, and balances them to increase
efficiency and service life. Balancing methods can be divided into two basic groups (Fig. 1):

- passive - consists in dissipating excess energy into heat using appropriately selected resistors

or transistors (less frequently used),

© 2024 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2024, Vol. 42 Issue 4, pp. 264-276 -

- active balancing the charges stored in the cells by transferring energy between them. Consists
in balancing the energy stored in the cells by using an external system designed to actively
transfer energy between them.

Battery Equalization Methods

L) r

Passive Methods Active Methods
¥ ¥ ¥ ¥ ¥
Cell Bypass Cell to Cell Cell to Pack Pack to Cell Cell to Pack to Cell

Fig. 1. Battery Cell Balancing Methods

There are several methods of active cell balancing and they are divided in different ways. Due to
the energy flow, these methods are grouped into four basic subcategories: cell to cell, cell to battery,
battery to cell and combined method cell to battery and from battery to cell [7].

The most commonly used battery management systems built from lithium cells are currently BMS
systems using the passive method, based on the principle of dissipating excess electrical energy by
converting it into heat. This is an unfavorable method, especially in machines and devices intended for
use in mining, which should meet the requirements of the ATEX directive, including temperature
limits of elements in contact with the mine atmosphere.

An alternative to the passive method is active cell balancing. The basic idea is to use an external
system designed to actively transfer energy between cells. This significantly reduces the unfavorable
phenomenon associated with energy dissipation, provides energy savings and creates optimal
operating conditions for cells, resulting in extended battery life.

As part of the work carried out earlier [8], research was carried out which showed that regardless of
the use of active balancing of the lithium battery during operation, the process of charging the lithium
battery when the load is disconnected is also important. In such cases, the best solution is a BMS
system with passive balancing, which protects against overcharging of the cells. Considering the
functioning of both the BMS system with active and passive balancing and the expectations of hard
coal mines in the scope of implementing technical solutions that allow for meeting quality, efficiency
and economic requirements, it seems important to develop and build a comprehensive BMS system
that functionally combines both types of balancing, i.e. active and passive. Both have their advantages
and disadvantages. The active BMS system, which is more technologically complex and more
expensive to produce, but ensures better energy management, which causes the battery cells to wear
out more slowly, and the passive system, which is cheap and easy to implement, but due to the way it
works, it can lead to faster wear of the cells, especially during discharge, because it converts excess
electrical energy into thermal energy, equalizing the charge level of individual cells to the level of the
weakest cell.

The use of a BMS system that combines both types of balancing can significantly improve the
functioning of a device powered by a lithium battery. This is because the battery protection will be
ensured at every moment of its use, i.e. during operation, standstill and charging.
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3. Research on BMS systems

Research conducted by the authors shows that there is a real [9] chance for the safe and effective
use of selected lithium-iron-phosphate batteries to power various mining devices and drives. However,
this requires the use of a BMS system to increase both durability, safety and high operational
reliability in mining conditions. It is obvious that the use of wireless and zero-emission drives can
significantly improve environmental conditions in mines with reduced ventilation requirements.

Since it is extremely difficult to obtain any active BMS system on the market, especially one for
specific requirements, the authors developed models of two different active BMS designs. Generally,
the active BMS systems offered are quite complex and relatively expensive. Their complexity and
price increases as the number of cells increases. Therefore, the authors limited their considerations to
a battery set consisting of only eight cells connected in series (Fig. 2). However, the approach to
a much larger number of cells and the conclusions drawn from the research are not limited to the size
of the battery pack and its voltage level.

Fig. 2. The battery consists of eight lithium-iron-phosphorus cells (LiFePO.)

The first of the two active BMS developed at ITG KOMAG uses the cell-to-battery method and
was described in detail in the article [10]. Cell balancing in this BMS system is performed by
transferring energy from the most charged cells to the entire battery pack. Thanks to this, the electric
charges of individual battery cells are equalized. This means that excess energy from a single, specific
overcharged cell is then delivered to the load to keep the battery in a state of top-up. However, when
the battery is in a state of charge, this energy is returned to the entire pack. The view of the BMS
system installed on the cell pack (battery) and the block diagram of the measurement system are
shown in Fig. 3.

S LY

Fig. 3. BMS system installed on the cell pack

The second solution of the active BMS system, developed by ITG KOMAG, uses the battery-to-
cell method [11]. This balancing method is based on transferring energy from the entire battery to the
"weakest" cell. In this way, the charge of individual battery cells is equalized. The developed BMS
system consists of a measurement and control module (Fig. 4) and a balancing module (Fig. 5).
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Fig. 5. Balancer module

Assessment of the operational efficiency of the newly developed active BMS system also required
reference to passive systems available on the market. For this purpose, a technically suitable passive
BMS system was selected and adapted for comparative testing. Its operation, as already mentioned, is
to dissipate excess energy into heat using appropriately selected resistors. The block diagram of the
measurement system is similar to a BMS system with active cell-to-battery balancing. In this case, the
voltage values of individual cells are monitored online by a microcontroller using an analog-to-digital
converter to which the cell inputs are connected. If the voltage of one of the cells significantly exceeds
the value of the others, it is immediately shunted in parallel by a resistor. Discharging continues until
the voltage of all cells used in the pack equalizes.

Scope of research

The tests were carried out for batteries (consisting of eight LiFePO4, 10 Ah lithium cells, Headway
LFP38120 (S) [12] type) operating both at room temperature (approx. +20°C, humidity approx. 40%),
with free heat transfer from the battery to the surroundings. The station was equipped with
a temperature and voltage measurement system (DT8873-24 VOLTpoint) and a computer with
specialized software (Fig. 6).
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Measuring
system

Computer

Fig. 6. Station for measuring and recording data (Battery 1 - with a battery for the active BMS
battery, Battery 2 - with a battery for the active BMS battery, Battery 3 - with a passive BMS)

The finished battery packs (unloaded) were then connected to the appropriate active/passive BMS
system under study. However, the load asymmetry of selected cells (from 1 to 3 tested, respectively)
was performed for a discharge current equal to approximately 25% of the standard discharge value
(2.5 A) as shown in Fig. 7. Each test began with a fully charged battery (voltage of all cells equal to
the rated Un = 3.2 V). The load with a current of 2.5 A lasted until the voltage at the terminals of any
of the cells reached the minimum value Umin (equal to 2.5 V).

The research has shown that both the voltage value of individual cells and their temperature may
differ from each other even when loaded (discharged) with the same current value. For selected two
cells in a battery without a BMS system, it is shown, for example, in Fig. 8. This justifies the need to
control the voltage and temperature of all cells, and therefore the need to use a BMS.

® Y
— O
Uncharge| |
Qg 1 cell
I
| | I
Cell 1 Cell 2 Cell 3(—Cell 4H{Cell 5H{Cell 6 H{Cell 7H Cell 8
U1 U2 u3 U4 us ueé u7 us

BMS

Ubat

Fig. 7. Block diagram of the BMS system testing system during battery load simulation
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Fig. 8. Graph of the voltage value on two loaded cells without a BMS system connected

In order to compare the performance of the developed active BMS systems, their technical
parameters were configured accordingly. Therefore, for both active systems, balancing is activated
when the cell voltage drops below 3.05 V (U/U, = 0.95). Balancing is interrupted when the voltage on
the terminals of any of the cells used is lower than Umin = 2.5 V or higher than 3.65 V (U/U, = 1.14)
(Fig. 9 and Fig. 10). The balancing current value was set at 2 A (approximately 40% of the standard
charging current). However, for a commercial BMS system with passive balancing, the value of the
balancing current was set arbitrarily by the manufacturer and is 350 mA. However, other technical
parameters could be determined by configuration using computer software. As a result of the
configuration, passive cell balancing starts during charging, when the cell voltage value is between
Un =3.2 V and 3.65 V (1.14 U,). However, it turns off when the voltage at the terminals of any of the
cells is lower than Umin = 2.5 V and/or above 1.14 U, (3.65 V) (Fig. 11).
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Fig. 9. Graph of the voltage value on two loaded cells for a BMS system with active balancing
(cell-to-battery method). Voltages Us/Umin and Uz/Umin over time for two cells loaded in series in an
unloaded battery without a BMS system (room temperature T, = 20°C, free cooling, t1, t> - moment of
switching on and off the load current, ts, t2 - moment of turning on and off the balancer,

Unmin - minimum cell voltage equal to 2.5 V)
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Fig. 10. Graph of the voltage value on two loaded cells for a BMS system with active balancing
(battery-to-cell method). Voltages Us/Unmin and U7/Umin Over time for two cells loaded in series in an
unloaded battery without a BMS system (room temperature T, = 20°C, free cooling, t1, t, - moment of
switching on and off the load current, ts, ts - moment of turning on and off the balancer,

Unmin - minimum cell voltage equal to 2.5 V)
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Fig. 11. Graph of the voltage value on two loaded cells for a BMS system with passive balancing.
Voltages Us/Umin and U7/Umin over time for two cells loaded in series in an unloaded battery without
a BMS system (room temperature T, = 20°C, free cooling, t1, t> - moment of switching on and off the

load current, ts, « - moment of turning on and off the balancer,
Unmin - minimum cell voltage equal to 2.5 V)

Findings

The research shows that active balancing systems (BMS) contribute to extending battery life,
especially when cells are discharged to the minimum voltage (Umin = 2.5 V). The improvement in
battery life is particularly noticeable as the number of cells in the system increases, but these effects
remain effective only until the number of cells exceeds 50%. The increase in lifespan results from
better management of cell discharge, which improves their efficiency. However, in the case of passive
balancing systems, the charging process of cells occurs only after the load is disconnected, allowing
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for the equalization of energy differences between cells, preventing overcharging, and protecting the
battery from damage. The passive method ensures safety but does not result in the same significant
improvements in lifespan and efficiency as active systems. Therefore, based on the research findings,
it can be concluded that active balancing systems offer a clear advantage in terms of battery lifespan
and efficiency, especially as the number of cells increases. While passive balancing is effective in
terms of safety, it does not provide the same benefits in performance and system durability.

4. Description of the concept of the new solution

Previous research has shown that regardless of the use of active balancing of the lithium battery
during operation, the process of charging the lithium battery when the load is disconnected is also
important. In this case, a BMS with passive balancing works best, protecting against overcharging the
cells, because they dissipate excess energy in the form of heat. On the other hand, a BMS with active
balancing is more effective in energy management, because it does not dissipate excess energy in the
form of heat, but transforms it and balances it between the cells. This is especially important in
a situation where the battery cells being charged are already fully charged and the charging process is
not fully completed. In such conditions, a BMS with active balancing allows for more precise energy
management by transferring excess energy from overcharged cells to less charged ones. This type of
balancing ensures evenly distributed voltage in the cells, which allows for their longer durability and
also reduces the risk of damage caused by uneven charging. On the other hand, a passive BMS system
works less efficiently in such cases, because excess energy from overcharged cells is dissipated in the
form of heat. Although it is a protective mechanism against overcharging, the generation of excess
heat can lead to unnecessary energy loss and an increase in temperature, which in turn can reduce the
life of the battery. In the context of charging lithium batteries, when the cells are almost fully charged,
active balancing offers a clear advantage, as it ensures an even distribution of energy between the
cells, which increases the efficiency of the charging process. This reduces the risk of overheating and
damage to the cells, and the battery itself is able to withstand more charge and discharge cycles.
However, it is worth noting that in the actual use of lithium batteries, the use of a BMS system in
which both types of balancing, i.e. active and passive, are used, is beneficial, as it will be possible to
achieve both safety and high energy efficiency. Active balancing can be used in more demanding
conditions, while passive balancing can play a protective role during charging, especially in the
absence of load.

The concept of a passive-active BMS system

In the developed concept of a mixed BMS system, two balancing methods will be used: active and
passive. The system will consist of three modules (Fig. 12):

- measurement and control module - a control system used to measure the voltages of connected
cells and control the operation of the entire BMS system and supervise battery operating
parameters,

- passive balancing module - assigned to each cell, they allow for the physical implementation
of the balancing process, i.e. dissipation of excess energy into heat using resistors connected in
parallel to the cells,

- active balancing system module - assigned to each cell, they allow for the physical
implementation of the balancing process, i.e. transfer of energy to other cells using the battery-
to-cell method.
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Fig. 12. An example of a mixed BMS system designed to manage battery operation
Measurement module

In the measurement module, the voltage values of individual cells will be monitored in the
microcontroller via analog-to-digital converters to whose input individual cells will be connected.
Additionally, temperature measurements of individual cells will be performed via the microcontroller's
analog-to-digital converter.

If overload, overvoltage, undervoltage or overheating and/or any other dangerous situation occurs,
the battery will be disabled. Maintaining an unsafe situation is both undesirable and dangerous. It
shortens the battery life and may affect the safety of its use.

The measuring module also performs the function of checking the battery charge level. This value
will be calculated on the basis of data from measuring the voltage value on individual battery cells.

Active balancing module

Balancing in the battery-to-cell method involves transferring energy from the entire battery to the
weakest cell. The balancing process equalizes the state of charge of individual cells in the battery and
aims to maximize the use of its capacity and extend its service life. Typically, the cells that make up
the battery do not differ much in capacity, but after several charging-discharging cycles without
balancing, this difference becomes significant and may lead to a situation in which the voltage on one
of the cells drops below the safe operating limit recommended by the manufacturer. Continued use
may be dangerous and may damage the battery. This situation means that the maximum energy
obtained from the battery is limited by the cell with the smallest capacity.

The discrepancy in the amount of energy stored in the cells in the battery system is very important
in relation to the life expectancy of the battery. Without a BMS system, the voltage values on
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individual cells may differ significantly from each other after some time. The capacity of the entire
battery may also decrease rapidly during operation, resulting in the battery system becoming
completely unusable.

Passive balancing module

The operation of this system is based on the dissipation of excess energy into heat using resistors. If
the voltage of any cell significantly exceeds the voltage of the others, it is short-circuited by an
appropriate switch. This results in the discharge of a given cell through an element of the passive
balancing circuit - a resistor, connected in parallel with each cell and continues until the voltage of the
overcharged cell equals the voltage of the remaining cells. The package loading then continues.

Operation of the passive-active BMS system

The passive-active BMS system will measure the voltage and temperature on each battery cell and,
depending on the measured value and type of operation, activates one of the two balancing modules or
both at the same time. There are two types of work: discharging and charging.

In the event of discharge during operation or standstill of a device or machine powered by a lithium
battery, when the voltage drops below a set threshold (e.g. 3 V), the active balancing system will be
activated, while the passive balancing system will be inactive. Cell balancing will continue until the
voltage levels on all battery cells are equal or if the voltage on any cell drops below the minimum
value set by the manufacturer.

When charging battery cells, both balancing systems are activated. In this situation, the active
balancing system adds additional energy to the weakest link. However, when the voltage on any cell
approaches the maximum limit set by the manufacturer, the passive balancing system is activated to
prevent the cell from overcharging by dissipating excess heat using resistors. If there is a situation in
which there is more energy in the charging process than can be dissipated into heat, the controller
turns off the charger and switches to the state of measuring cell voltages. As soon as the cell voltages
drop below the maximum value, the controller turns on the charger and both balancing systems again.
If the voltages on the cells are already close to the maximum voltage, then only the passive balancing
system will be turned on, while the active balancing system will be turned off. The operation of the
mixed BMS system will be completed when the voltages on all cells have the same value (close to the
maximum voltage consistent with the voltage specified by the manufacturer).

This operation of the passive-active BMS system should shorten the time needed to charge
a lithium battery, because downtime caused by turning off the charger due to energy saturation of the
strongest cells will occur less often. An example simulation of the operation of a passive-active BMS
system is presented in Fig. 13.
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Fig. 13. Example of theoretical simulation of the voltage waveform on two loaded cells
for a passive-active BMS system

5. Conclusions

An analysis of BMS systems with active and passive balancing of lithium cells was carried out. On
this basis, the concept of a passive-active BMS system was proposed, which by combining active and
passive balancing in one system will increase the possibility of effective and safe operation of batteries
made of lithium cells.

The proposed solution will extend the operating time of a machine or device powered by a lithium
battery because balancing battery cells is a key issue in managing the batteries of electrically powered
vehicles, increasing the efficiency of the battery pack while extending its life cycle and ensuring safe
operation at all times.

The benefit of a BMS system constructed in this way is that the active part of the balancing system
will equalize the voltages on all cells and extend the battery life, while the passive part will ensure
a safe charging process by leveling the differences between cells with lower and higher energy levels,
protecting the battery against overcharging the cells.

The operation of the passive-active BMS system will shorten the time needed to charge a lithium
battery, because downtime caused by turning off the charger due to energy saturation of the strongest
cells will occur less often.

The use of such a solution can significantly improve the functioning of a device powered by
a lithium battery. The battery will be protected at every moment of its use, i.e. during operation,
parking and charging. The efficiency of the battery results from the efficiency of individual cells,
especially the weakest ones.

Currently, energy storage is a dynamically developing industry, especially in connection with
photovoltaic installations. The use of active balancing allows you to extend the battery life, as well as
the use of recycled batteries that were no longer suitable for cooperation with passive balancers due to
their insufficient performance. An active balancing system, the use of which will be economically
justified, will constitute a market innovation.
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Abstract:

This paper analyzes ore delivery methods suitable for the deep-level
mining environments of the Kryvbas region. The study focuses on the
feasibility and economic advantages of utilizing a combined scraper-
self-propelled ore delivery system within sublevel caving operations.
Through comprehensive analysis, it is found that the integration of self-
propelled equipment significantly enhances the efficiency and cost-
effectiveness of ore transport. The proposed delivery method involves
using multi-bucket scraper winches for primary ore movement and
deploying a self-propelled load-haul-dump (LHD) machine for
secondary transport. Economic and mathematical modeling results
demonstrate that this combined approach enables optimization of
operational parameters, identifying the most effective application
ranges for different types of self-propelled LHDs in secondary ore
transport. Specifically, the study highlights that the ST7 model of self-
propelled LHD is the most cost-effective solution for secondary
transport, minimizing specific delivery costs while maintaining
productivity. Additionally, the findings provide practical guidance on
the optimal usage limits for various self-propelled LHD types, helping
to inform equipment selection for enhanced operational efficiency in
caving systems. These insights contribute to improved decision-making
in mining operations, promoting both economic and technical benefits
in high-depth mining scenarios.

Keywords: ore drawing and delivery, actual mining, ore drawing
intensity, ore delivery methods, self-propelled loading and hauling
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1. Introduction

The effectiveness of extraction operations and the comprehensive quantitative and qualitative
recovery of ore reserves are critical issues in the development of high-grade iron ore through sublevel
caving systems in Kryvbas mines [1]. A primary technological process in this system is ore release
through horizontal bottom drifts of the receiving levels [2]. Ore transportation is a crucial component
of the extraction process, determining the efficiency of ore release and overall mining productivity [3].
The selection of transportation equipment significantly impacts the organization of work and the
productivity of the entire block [4].

In modern underground ore deposit extraction systems, ore release and transportation are among
the most labor-intensive and inefficient processes [5]. The release of fragmented ore from the
extraction area is typically carried out from under caved surrounding rock or through a network of
specialized drifts uniformly distributed beneath the extraction face [6]. The ore moves through the
extraction area and release drifts under the influence of gravity [7]. However, only about 50% of pure
ore is recovered due to horizontal limitations in the release figure dimensions [8]. To reduce ore
dilution, sequential releases from adjacent drifts are made in equal or varied doses, as per established
release plans [9]. However, current release methods cannot fulfill these plans due to frequent
blockages in the release drift necks and the avalanching flow of ore when these blockages are cleared
[10]. Consequently, the release process is prolonged and marked by high ore losses and dilution,
reaching up to 25% and 18%, respectively [11].

The inefficiency of gravity-based ore release and the use of low-capacity transportation equipment
create a "bottleneck™ in the technological work complex of modern extraction systems, especially
when using advanced mass caving systems for ore and surrounding rock [12]. For example, the use of
scraper installations in the extraction of high-grade iron ore deposits in Kryvbas with mass caving
systems allows for an ore release intensity of 1.2—1.8 tons/m? per day, which is relatively low [13].
This low release intensity also negatively impacts the formation of compensation chambers, where
volume accounts for only 8-12% (instead of the required 20-25%) of the primary reserve volumes
needed for stable extraction units throughout their operational life [14]. Therefore, ore extraction is
conducted under highly confined conditions, which at greater depths leads to the compaction of loose
material [15]. Increasing rock pressure with depth further consolidates the ore within the extraction
panels due to gravity [16], adversely affecting the physical and mechanical properties of the already
fragmented ore [17]. Its cohesion increases to a point where it practically loses flow properties [18],
leading to higher ore losses and dilution [19]. Additionally, working conditions deteriorate in the
extraction area, with early failures of release and transport drifts [20].

The intensity of rock pressure is significantly influenced by the intensity of ore release; as ore
release increases, the pressure from caved rock decreases toward a stable level that depends on the
extraction unit parameters and the ore’s physical and mechanical properties [21]. Due to the uneven
ore release, characteristic of all Kryvbas mines, the pressure on the receiving level bottom is distributed
unevenly [22].

To optimize extraction, it is essential to achieve a high-intensity, evenly dosed ore release across
the entire receiving level bottom area. However, traditional scraper transport methods fall short in
maintaining such uniformity and intensity due to their limitations in handling large volumes
consistently. As a result, alternative transport solutions must be considered to enhance ore release
efficiency and minimize ore loss and dilution during extraction operations.

2. Literature and patterns background

Currently, both Ukrainian and international mining operations utilize various ore transport
methods, including scraper winches with a capacity of 150-250 tons per shift [23], self-propelled load-
haul-dump machines (LHDs) with a capacity of 800-1200 tons per shift [24], conveyors with a
capacity of 800-1500 tons per shift [25], and vibrating feeders with a capacity of 700-900 tons per
shift [26]. Additionally, there are combinations of multi-bucket scraper winches and self-propelled
LHDs, with the capacity ranging from 400 to 2200 tons per shift, depending on the type of LHD used.
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Another method involves blast-assisted ore transport, where productivity depends on the cleaning

space parameters, the ore body’s dip angle, and the transport distance, and can vary significantly
[5, 27, 28].

Scraper transport is the most widely used method in Kryvbas mines due to its simplicity and low
cost, but it has low productivity [29]. Conveyors are the most productive, yet they are rarely used due
to rapid wear, frequent ore blockages, and resulting downtime for maintenance [30]. Vibrating feeders
have proven efficient mainly in near-surface mining, as their installation underground is labor-
intensive and costly [31]. Blast-assisted transport is feasible only with chamber mining systems and
ore bodies with a dip angle of 15-45°, making it unsuitable for Kryvbas underground mines. Despite
the high productivity of self-propelled LHDs with end-discharging ore techniques in foreign mining
practices [32], these machines are not widely used in Kryvbas mines due to significant ore losses
between discharge points, leading to increased ore dilution levels of 25-35% [33]. Furthermore, using
high-capacity self-propelled LHDs in Kryvbas’s complex geomechanical conditions requires large
cross-section openings of 12—-14 m?, which increases maintenance costs due to high ground pressure,
impacting labor intensity and ore transport costs [34, 35].

The combined scraper-self-propelled transport method (Fig. 1) is both rational and effective due to
the complementary advantages of scraper winches and self-propelled load-haul-dump machines
(LHDs) [5]. By employing multi-bucket scraper winches, it becomes possible to achieve an evenly
dosed release from each discharge point along the transport axis, enhancing control and efficiency.
Furthermore, utilizing larger discharge niches, measuring 2x2 m instead of the conventional 1.5 m
diameter holes, significantly reduces equipment downtime, as it helps to localize blockages of
oversized ore pieces at the discharge throat, thus minimizing interruptions. To ensure continuous high
productivity of the self-propelled LHDs, larger diameter permanent ore passes are necessary, allowing
for independent transport processes without bottlenecks [36, 37]. These larger passes contribute to a
steady flow of material and reduce reliance on multiple transport points, increasing overall efficiency.
Consequently, the productivity of the transport process is determined primarily by the average ore
transport trajectory length for the LHDs, allowing for a more predictable and stable operation. This
optimized combination of transport methods offers an adaptable solution that aligns with the
operational demands and geomechanical constraints typical of deep-level mining operations.

This proposed combined ore transport scheme is well-suited to the complex geomechanical
conditions of Kryvbas’s deep mine levels and allows for:

- minimizing the impact of human factors on ore release management;
- ensuring evenly dosed ore release from all discharge points along the primary transport line;

- performing sequential ore release from discharge points, moving from the hanging to the
footwall side of the ore body via multi-bucket scraper installations;

- reducing blockages in discharge points during ore release;

- improving the structural layout of the ore release and transport levels, reducing the specific
length of preparatory development by 1.5-2.5 m per 1000 tons of ore reserve;

- enhancing the sanitary and hygienic working conditions for miners and increasing safety
during ore release and transport operations; — enabling selective extraction of ore of varying
quality.

The research on and optimization of the combined scraper-self-propelled transport parameters in
caving systems is a relevant scientific and practical task with significant potential benefits. By
optimizing these parameters, mining operations can enhance labor productivity within the ore
transport process, making it more efficient and cost-effective. Improved transport efficiency can lead
to faster material handling, reducing the overall operational time and minimizing delays. Additionally,
fine-tuning these parameters can significantly reduce the specific costs associated with ore transport,
allowing for better allocation of resources. Ultimately, this optimization supports more sustainable
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mining practices by lowering operational expenses and improving the overall efficiency of resource
extraction processes.

Fig. 1. Diagram of the Combined Scraper-Self-Propelled Ore Transport Method Using a Multi-
Bucket Scraper Winch and Self-Propelled LHD Complex: 1 — Load-haul-dump drifts; 2 — Scraper
drifts; 3 — Grizzly screen; 4 — Ventilation drift; 5 — Discharge niches; 6 — Multi-bucket scraper
winches; 7 — Self-propelled LHD; 8 — Ore pile; V1 = 2V, — Volume of the first scraper, m?;
V, — Volume of the second scraper, m?; Iy — Distance between adjacent discharge niches and the center
of the load-haul-dump drift; L — Distance between load-haul-dump drifts [own study]

3. Methods & methodology of research

To determine the optimal parameters and application boundaries for the scraper-self-propelled ore
delivery method, an economic-mathematical modeling approach was employed. Based on the
literature review, an economic-mathematical model was found to be the most suitable for the
conditions of the Kryvbas region. This model uses the cost of transporting one ton of ore, factoring in
the amortization of mine development and preparatory work, as its primary criterion and general
functional.

The modeling involved assessing both technical and economic factors impacting the efficiency of
ore transport, including equipment type, transport distances, and operational capacity. Various
transport scenarios were simulated to analyze the effect of scraper winches and self-propelled load-
haul-dump (LHD) machines in isolation, as well as in combination. This allowed for a comparative
evaluation of the productivity and costs associated with each transport method under different mining
conditions.

The model considered the physical limitations and wear factors of equipment, such as the
maintenance frequency and expected lifespan of scraper winches and LHD machinery. The model was
calibrated using data from actual ore delivery operations in Kryvbas mines, making it possible to
reflect real-life constraints and optimize the system to local geological and operational conditions. To
ensure accuracy, data collection involved detailed analysis of existing ore delivery systems, including
factors such as loading capacity, fuel and energy consumption, and ore dilution rates. A cost analysis
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was conducted for each component, allowing for a detailed breakdown of expenditures associated with
different aspects of the scraper-self-propelled delivery method.

The methodology also included sensitivity analysis to examine how changes in various parameters-
such as transport distance and ore density — would affect the overall efficiency of the ore delivery
system. By adjusting these variables within the model, the research was able to identify the most cost-
effective and operationally efficient configurations under varying conditions. The proposed model and
resulting recommendations were validated through pilot implementation in select mining sites within
Kryvbas. The outcomes of these trials were compared to the model’s projections, allowing for further
refinement of the system parameters. This validation phase ensured that the model’s recommendations
align with practical constraints and demonstrate improved productivity and reduced costs in real-world
applications.

The following input data were selected for the modeling. The combined scraper-self-propelled ore
delivery method involves using 55LS-2SMA scraper winches for primary delivery and various types
of self-propelled LHD machines for secondary delivery, suitable for the geomechanical conditions
found at the deep levels of the Kryvbas mines (models EST2D, ST2D, ST3.5, ST7, ST1030, LH409E,
TORO400D). The ore deposit thickness was chosen to reflect the average conditions in Kryvbas, at 25
meters. In all cases, the sublevel height is fixed at 37.5 meters. Ore extraction was carried out into a
compensation space with a volume equivalent to 23% of the total reserves of the mining unit.

4. Results of the research

Based on the calculations performed using the economic-mathematical model, graphical
dependencies were constructed to illustrate the specific costs of ore delivery relative to the
productivity of various types of Load-Haul-Dump (LHD) machines used in secondary ore transport.
These relationships are presented in Fig. 2. The results provide insights into the cost-effectiveness of
different LHD machine types under varying productivity conditions, allowing for an optimized
approach to secondary ore transportation.
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Fig. 2. The dependence of specific ore delivery costs on the productivity
of various LHD machine types [own study]
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Fig. 2 shows that the lowest specific ore delivery costs are achieved when using a combined
scraper-self-propelled transport method, utilizing multi-bucket scraper winches of the 55LS-2SMA
type for primary delivery, and the self-propelled LHD ST7 type for secondary delivery. This scheme
has the lowest cost indicators when the average transport distance is within the range of 120-270 m.
Under these conditions, the productivity of the system is between 720-1110 tons per shift, which is
1.4-3.3 times higher than when using only scraper winches for ore delivery.

A significant reduction in specific ore delivery costs is achieved by increasing the average transport
distance from 120 m to 270 m, as seen in Fig. 3. This reduction is due to a notable decrease in specific
capital expenditure for constructing the primary ore pass, dropping from $1.24 per ton to $0.21 per
ton. However, there is a corresponding decline in the productivity of the self-propelled LHDs used in
secondary ore delivery, with performance decreases as follows: EST2D from 460 tons per shift to 264
tons per shift, ST2D from 600 tons per shift to 375 tons per shift, ST3.5 from 950 tons per shift to 620
tons per shift, ST7 from 1110 tons per shift to 730 tons per shift, ST1030 from 1610 tons per shift to
1050 tons per shift, LH409E from 1500 tons per shift to 890 tons per shift, and TORO400D from 1520
tons per shift to 990 tons per shift.

By approximating the maximum values (Fig. 3), an empirical dependency was obtained to describe
how specific capital costs for constructing the primary ore pass change with respect to the balance of ore
reserves. This dependency highlights the relationship between the ore reserves allocated to a single ore
pass and the associated capital investment required for its construction. As the balance of ore reserves
increases, the model demonstrates how specific costs can be optimized, providing a clear framework for
cost management. The empirical model also allows for adjustments based on varying reserve balances,
making it adaptable to different mining conditions. Overall, understanding this dependency is crucial for
making informed decisions on resource allocation and reducing construction expenses in ore pass
development. The specific costs for constructing the primary ore pass, depending on the balance of ore
reserves transported by one ore pass to the receiving level, can be determined by the formula:

Rytr. = 200.27 Bzap.1'4221 $/thousands tons with R?= 0.9848,

where:

Bzp. — Orereserves per primary ore pass, thousands of tons;
R> — approximation accuracy.
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Fig. 3. The dependence of specific costs for constructing a primary ore pass on ore reserves
delivered by a single pass to the receiving level [own study]
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in secondary ore transport [own study]

As shown in Fig. 4, when employing the combined scraper-self-propelled method for ore transport,
scraper winches of the type 55LS-2S are consistently used for primary transport in all cases. To
maintain a productivity range of 260-500 tons per shift in the stope, the EST2D self-propelled LHD is
necessary for secondary transport, with specific transport costs decreasing from $2.98/ton to $2.62/ton
as productivity increases. For productivity between 500-620 tons per shift, the ST2D self-propelled
LHD should be used, resulting in a decrease in specific transport costs from $2.59/ton to $2.23/ton as
productivity rises.

In the productivity range of 620-720 tons per shift, the ST3.5 self-propelled LHD becomes
necessary for secondary transport, though specific transport costs slightly increase from $1.51/ton to
$1.55/ton with higher productivity. When productivity ranges from 720-1110 tons per shift, the ST7
LHD is optimal, with costs gradually increasing from $1.28/ton to $1.46/ton. For higher productivity
requirements of 1110-1330 tons per shift, the LH409E LHD is recommended, as specific costs rise
from $1.59/ton to $1.64/ton.

In cases of extremely high productivity, such as 1330-2200 tons per shift, the ST1030 LHD is
necessary, with transport costs increasing significantly from $1.64/ton to $3.84/ton as productivity
rises. However, the optimal productivity range for the ST1030 LHD is between 1300-1700 tons per
shift, which keeps ore transport costs within a manageable range of $1.64-$1.78 per ton, ensuring
efficient and cost-effective ore transportation.

5. Discussion of the results

The research findings offer insights into the cost-effectiveness and operational efficiency of the
combined scraper-self-propelled ore transport method. Using an economic-mathematical model
tailored to the mining conditions of the Kryvbas region, the study identifies optimal configurations for
primary and secondary ore transport. Specifically, scraper winches, such as the 55LS-2SMA model,
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are consistently effective for primary ore transport, while various types of self-propelled Load-Haul-
Dump (LHD) machines, like the ST7, EST2D, and ST1030, demonstrate specific productivity and cost
advantages in secondary transport. This approach reveals that a combined transport system can
significantly reduce delivery costs and increase productivity, especially when transport distances range
between 120 and 270 meters.

The results indicate that the combined transport method is particularly efficient within specific
productivity thresholds. For instance, the ST7 LHD yields optimal results at productivity levels of
720-1110 tons per shift, while the ST1030 LHD is more effective at the higher end of the productivity
spectrum, between 1300-1700 tons per shift. Additionally, the study identifies a notable cost reduction
when transport distances extend to 270 meters, where capital expenses for ore pass construction
decline from $1.24 per ton to $0.21 per ton. However, as transport distances increase, there is a
corresponding decline in the productivity of certain LHD models. This interplay between transport
distance, equipment type, and operational cost forms a critical component of the optimization process.

The empirical dependency identified through approximation provides a framework for
understanding how ore reserves correlate with the cost of constructing primary ore passes. By
analyzing this relationship, the study offers a practical approach to managing costs associated with ore
pass development. This model also facilitates sensitivity analyses, allowing for adjustments based on
reserve balances and varying operational conditions. Through pilot trials and validation, the model
proved to be adaptable to the real-world challenges faced by mining operations in the Kryvbas region,
underscoring its utility in guiding decisions on resource allocation, equipment choice, and cost
management.

6. Conclusions

The study concludes that the use of self-propelled equipment for ore delivery in sublevel caving
systems, as applied in the Kryvbas mines, is both feasible and economically justified when employing
a combined scraper-self-propelled transport approach. For secondary ore delivery, specific self-
propelled Load-Haul-Dump (LHD) machines, such as the EST2D, ST2D, ST3.5, ST7, ST1030,
LH409E, and TORO400D, were found to be particularly suitable and cost-effective.

The combined approach, utilizing multi-bucket scraper winches (55LS-2SMA type) for primary
delivery and self-propelled ST7 machines for secondary delivery, achieves the lowest specific delivery
costs, ranging from $1.28 to $1.46 per ton. This cost advantage is realized when the average transport
distance is between 120 and 270 meters, enabling productivity levels between 720 and 1110 tons per
shift. Such productivity represents an improvement of 1.4 to 3.3 times compared to a transport scheme
that uses dual 55LS-2SMA scraper winches alone.

The research establishes optimal productivity ranges for each type of LHD used in secondary ore
delivery under the combined transport system. The identified productivity thresholds include EST2D
for 260-500 tons per shift, ST2D for 500-620 tons per shift, ST3.5 for 620—720 tons per shift, ST7 for
720-1110 tons per shift, LH409E for 1110-1330 tons per shift, and ST1030 for 1330-1700 tons per
shift. These findings provide a valuable framework for optimizing ore transport operations within
similar mining environments, ensuring cost efficiency and increased productivity.

In our further research cwe’ll the integration of automated control systems and advanced
monitoring technologies within the combined scraper-self-propelled ore delivery system to improve
efficiency and safety. These studies would focus on real-time data collection and predictive
maintenance for Load-Haul-Dump (LHD) machinery to reduce downtime and extend equipment
lifespan. The analysis would evaluate the environmental impacts of ore transport methods, identifying
ways to minimize energy consumption and emissions. Research into optimizing LHD types for
varying geological conditions and assessing alternative energy sources, such as electric or hybrid-
powered LHDs, could also contribute to more sustainable mining practices.
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1. Introduction

Automation is a significant reduction or replacement (the process of replacing) human physical and
mental work by the work of machines operating on the basis of self-regulation and performing specific
activities without human participation (i.e. automatic) [1, 2, 3, 4]. Automation is also the use of
machines for work that is impossible to do otherwise. Automation is the next stage after
mechanization. For several years, the topic of automatic or even autonomous longwall has been
returning in the Polish hard coal mining industry, but such a solution has not been used so far. The
article attempts to analyse the possibility of implementing an automatic longwall in the conditions of
Polish hard coal mines based on the analysis of known solutions of automated longwall systems and
the conditions of their use.

2. Development of automation of powered walls in Poland and in the world

The development of coal mining automation in Poland has a long history [5]. In the 60s of the
twentieth century, automation in the area of shaft hoists and belt conveyors was strongly developed.
Work has also begun on full automation of longwall faces. Around 1964, the Polish hard coal mining
industry (PGWK) started work on two types of automated longwalls (ASI-1 and BESTA), which were
implemented in the Zabrze and Bielszowice mines (BESTA) (Fig.1), then in the mine. Lenin —
Wesota). The ASI system was based on the principle of controlling the machines via a central
computer, and in the BESTA system, the shearer started the operation of the support section. In 1968,
the Jan Automated Coal Mine was launched on a part of the Wieczorek mine, where an "automatic"
ASI-2 longwall controlled by a computer was launched. In 1973, work on the automated longwall was
abandoned, at the same time the development of automation of individual devices included in the
mechanized longwall system was continued (and continues to this day).

The reasons for abandoning work on the development of automatic longwalls in Poland were:

- Significant capital expenditure and operating costs with no noticeable increase in wall
performance/productivity.

- A prerequisite for the introduction of automation of a process or operation is the full
(complete) mechanization of this process or operation — however, many activities and
operations performed in the longwall at that time were performed manually (especially at the
longwall-roadway intersection), and initially single-drum shearers worked in one direction and
did not have mining height adjustment. The peeling process was therefore a manual and
machine process.

- Availability of qualified specialist staff - a side effect of the launch of automatic longwalls in
the Zabrze (ASI 1) and Bielszowice (BESTA) mines, and then the Automated Hard Coal Mine
Jan, was the drainage of other mines of automation specialists. Another aspect of this problem
was the resignations of project leader.

- State of the art and its imperfections - One of the biggest problems of ASI and BESTA
automated walls was the high failure rate caused by sensor errors causing frequent stoppages.

In Table 1 are presented important events in area of LW automation in Poland and worldwide.
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Table 1. Selected events in the development of automation in the Polish and global hard coal mining
industry — a chronological outline — own study based on [5, 6, 7, 8]

Year Country Development of longwall automation

1964 Poland commencement of work on two types of automated
longwalls (ASI-1 and BESTA)

1968 Poland Commissioning of the Jan Automated Coal Mine with

ASI-2 automatic longwall
1973 Poland Interruption of work on an automatic longwall in the
Polish mining industry
2000 Australia Launch of the Longwall Automated Shearer Control
(LASC) program

2007 Australia Implementation of highly automated longwalls in
Australian mining conditions

2009 Poland Implementation of an automated ploughing system

(LW Bogdanka)
2016 Germany Automated/integrated longwall at Prosper-Haniel
(RAG Mining Solutions)
2018 Poland Announcement of the implementation of an autonomous
longwall (JSW S.A)

2020 Poland/China MIKRUS complex with remote control and a master

control system (FAMUR S.A))
2022/2023 Poland Procedure for an automatic longwall

(KWK Piast - Ziemowit/PGG S.A.)

Work on the automated longwall was resumed in the 21st century. Around 2000, work began on
a remote-controlled longwall at Slask Colliery. In 2009, a ploughing system with a high level of
automation was implemented in the LW Bogdanka mine. It differed ideologically from the old
solutions (ASI/BBESTA), but it allowed the movement of the powered support and conveyor sections
following the progress of ploughing and the adjustment of the take-off.

In 2018, Jastrzebska Spotka Weglowa S.A. intended to implement an autonomous longwall in one
of its mines without specifying the scope of automation and autonomy — the project was abandoned.
In 2020, the Polish company FAMUR S.A. launched a thoroughly modernised MIKRUS complex for
the exploitation of low seams in one of the Chinese mines, with a telecontrol system supported by
a master control system. In 2022-2023, a tender for an automatic longwall system was announced and
opened at the KWK Piast-Ziemowit coal mine, owned by Polska Grupa Goérnicza S.A. The tender for
the automated longwall announced at the Janina Mine (PKW S.A.) assumes the automation of mining
and moving the support behind the shearer without the presence of the crew to complete the longwall
mining cycle.
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Fig. 1. Automated longwall system ASI-2 in JAN Automated Colliery and automated longwall
BESTA in Bielszowice Colliery [5]

It should be noted that in the European hard coal mining industry, there has been practically no
longwall with a high degree of automation or fully autonomous in operation to date. In the German
coal mining industry, which has already ceased its mining operations, in 2016 RAG Mining Solutions
and RAG Deutsche Steinkohle developed a computer system for the Prosper-Haniel mine in Bottrop,
which integrates the automation systems of the individual devices included in the longwall excavation
complex in the Zollwerein field. One of the key functions of this system is to ensure the interaction
between the individual automation systems (modules): the Eickhoff SL750 shearer loader (Eickhoff
EiControlSB module) and the longwall support and scraper section of the face conveyor. The most
important tasks of the individual modules were to ensure a high degree of reliability and improve the
efficiency of the use of longwall equipment. The ability to visualize the data necessary to supervise the
operation of devices is also of great importance. The implementation of the new integrated automation
system was to effectively improve the supervision of the entire longwall excavation process and the
safety of the crew's working environment. The system was connected to the mine's control room and
provided a 3D model of the infrastructure of the entire mining area [7]. In the coal mining industry of
the Czech Republic, available automation elements of individual longwall system devices supplied by
their manufacturers were implemented [7].

In view of the growing expectations for longwall productivity in Australia, in 2000, the LASC
Technology (Longwall Automated Shearer Control) program was launched on the initiative of the
Australian Coal Association, the aim of which was to implement highly automated longwall systems
in Australian conditions. In the conditions of Australian mines, longwalls are laid in regularly almost
horizontally lying seam plots without geological disturbances (faults, undulations, significant changes
in seam thickness) with longwall galleries in independent bolt support. There is no need to use
a shearer loader to remove steel arching elements. It should be emphasized that a high degree of
automation of many longwalls has been achieved in Australian mining [9, 10, 11, 12, 13, 14, 15, 16].

Ideologically, the concept of an automatic wall is evolving, which can be traced on the example of
Joy Global, which has recently moved from defining detailed solutions in the automation process to
defining automation levels from the warning level (manual control of the machine) to the level of full
autonomy, where the system is aware of the position and implements the assumed plan, and the
necessary changes to this plan are carried out remotely.

In the coal mining industry of China and the USA, advanced research and applications of longwall
automation are carried out [16, 17], at the same time pointing to the problems and conditions for the
use of such solutions [18].
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3. Longwall system in the process system in an underground coal mine

The longwall coal mining system offers the possibility of obtaining the highest efficiency among
all those used in underground hard coal mining. A longwall is an underground excavation bounded by
two, basically parallel to each other, horizontal workings (galleries) (longwall and longwall) or sloping
(ramp). In the longwall, coal is mined (less often potassium salt, stripped soda - tron or phosphate
rock) along its entire length. The longwall method of coal mining has been known since the 17th
century, initially as traditional mining with all activities and operations performed manually. From the
mid-nineteenth century, the first machines (notching machines) and then conveyors were used.
Already at that time, the basic distinguishing features of the longwall system were defined:

- Wide (long) front of the selective face.

- Liquidation of the selected space immediately behind the face by a collapse of ceiling rocks
(later also by filling the selected space partially or completely with the material provided, i.e.
backfill).

- One-way movement of means of transporting excavated material in the longwall (first
excavated boxes, then carts and finally conveyors).

- One-way airflow eliminating the need to use ventilation devices in the face (dams, partitions)
causing difficulties and conflicts with the activities and operations carried out.

Regardless of the degree of mechanization, the longwall is used to perform the basic operations of
the extraction process, i.e.:

- Mining of coal (less often other minerals),
- Loading excavated material onto the means of transport,
- Transport of excavated material along the wall to the outside of the face.

Other operations related to securing the excavation, liquidation of goafs or elimination of mining
and technical hazards are also carried out in the longwall. Due to the movement of the equipment of
the mechanized longwall system, it may be necessary to correct the mutual position of these devices
and to correct the position in the excavation space.

The development of longwall system mechanization is shown in Fig. 2.
p
Small mechanization - hand mechanized tools in
use.

| =

Partial mechanization - mechanized are single
operations in the face (as raw coal transportation)

L. -

f

Fully mechanization - all basic operations are
mechanized, but machines are independent and
not integrated.

\ o

| Fully Complex mechanization - all operations and
other activities are mechanized by integrated LW
equipment.

Fig. 2. Longwall mechanization development steps
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In the 1960s, the first solutions of comprehensively mechanized longwall systems appeared, the
technical development of which continues to this day [19, 20], but traditional mining systems with
a low degree of mechanization of works are still used.

A modern comprehensively mechanized longwall system consists of the following basic elements

(Fig. 3):

Nookowh e

The

Cutting machine (shearer or planer).

Scraper face conveyor, the so-called armored one.

Powered roof support.

Scraper beam stage loader with crusher.

Hydraulic pump unit feeding powered casing.

A hydraulic pump unit that supplies a combine with water or an air-water mixture.
A set of electrical devices supplying power to the wall equipment (apparatus train).

basic elements of the mechanized longwall system perform various functions for the good

operation of the above-mentioned elements and their-mutual correct cooperation.

F

ig. 3. Fully mechanized longwall complex with coal shearer — general view [own source]

The basic functions performed by the main devices of a comprehensively mechanized longwall are

[20, 21]

Coal mining: A mining machine (shearer or plow) is basically used to mine coal (separate it
from the coal pile) and load it onto a longwall scraper conveyor. An additional function of the
cutting machine is to prepare (cut) space for other longwall equipment for their proper
operation. Therefore, it is sometimes necessary to additionally trim the rocks in the vicinity of
the coal seam (in the floor or in the ceiling) or to leave the coal in the floor or ceiling of the
wall. In the case of high walls, crushers are sometimes used on the shearer loader (from the
side of the reverse drive of the face conveyor) in order to crush large lumps of coal when
mined with a shearer in the direction of the reverse drive (in the direction opposite to the
direction of movement of the face conveyor chain).

Transport of excavated material: An armoured longwall conveyor is mainly used to
transport minerals mined by a mining machine (shearer or plow) in the longwall. A scraper
face conveyor also has additional important functions: The longwall conveyor is also a kind of
keystone (backbone) of the longwall — it is on it that the mining machine (plow or shearer)
moves and the powered roof support is attached to it. In cable guides (penstocks) a movable —
trailing part of the cables supplying the combine harvester moves. It is a mechanical
connection of the longwall section of the powered roof support with each other (enabling their
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movement — movement). The longwall conveyor route also serves as a structure for routing
electrical cables and hydraulic hoses through the longwall, and in the plow walls of the pull
chain and the plow return chain (as in the Mikrus longwall complex). The design of the
scraper conveyor causes the stream of the transported material to be partially leveled during
transport.

- Protection: Powered roof support — its primary function is to protect the working space of the
longwall. This is done by supporting the ceiling and/or protecting against rolling into the
working space of the caving debris wall. In addition, powered support: It is the basic strut for
moving the face conveyor forward. The sliding system actuator is used to move the powered
roof support section forward, its structural elements are the basis for attaching additional
actuators — actuators (for correcting or stabilizing wall equipment elements). Stabilizes the
conveyor with the cutting shearer. It is the basis for the installation of other wall equipment,
including hydraulic hoses, electrical cables, control system elements (including housing),
communication and signalling, lighting, etc.

- Pre-processing of excavated material: A scraper beam stage loader with a crusher is used to
unload the excavated material from the scraper face conveyor, the stream of which is uneven
and contains quite large lumps of excavated material. The design of the beam stage loader
equalizes the stream of excavated material, and the crusher built on it breaks up large lumps of
excavated material before loading it onto the next conveyor — a belt conveyor, which is highly
sensitive to overloading and/or the presence of oversized lumps of material. In addition, beam
stage loaders are equipped with sandwich devices that enable the movement of this conveyor
in the roadway, sometimes together with the belt conveyor turning station.

The other previously mentioned elements are used to supply the above-mentioned utilities and
support their operation.

However, the potential high productivity of a mechanized longwall system is currently associated
with high capital expenditures (CAPEX) and operating costs (OPEX) of acquiring and using
comprehensively mechanized longwall systems and other technical systems adapted to their
capabilities in order to implement a complex system of processes related to coal mining in an
underground mine [22, 23]. Due to the expectations regarding the high efficiency of mechanized
longwall systems, the aim is to fully use their technical potential and eliminate time losses [24, 25,
26]. One of the directions for improving the efficiency of longwall systems has become automation,
the prerequisite for which is full mechanization of work.

4. Objectives of longwall system automation

Since the 1960s, the main goal of wall automation has been to eliminate the presence of people in
the faces, where there are a number of natural and technical threats to humans. The experience of the
Australian mining industry gained with the rapid development of technical longwall equipment
indicated the need to automate activities and operations in the longwall due to the psycho-physical
limitations of people limiting the possibility of using the technical potential of longwall equipment and
favourable mining and geological conditions. Main goals of longwall automation are presented on the
Fig.4
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Fig. 4. Basic objectives of longwall automation

In one of conferences in 2021 CAT indicates the basic goals of automation as a:

- Improving health and safety.

- Protecting employees from dust and hazardous and harmful areas.

- Increase in efficiency.

- Transition from control by the employee to control over the process management.
- Reduce downtime and costs — improve equipment reliability.

- Repeatability and accuracy of operation.

- Consistent and predictable performance.

The discussion on the automation of longwalls in the conditions of Polish underground hard coal
mines, which has been undertaken in recent years, has also pointed to goals that are not aimed at
increasing the efficiency of the extraction process. Justifying the purposefulness of purchasing an
automatic longwall, two objectives were indicated:

- Maintaining the daily production volume from one longwall and
- Creating conditions that suit the young generation of employees, accustomed to using
smartphones, tablets, etc.

It should be noted that in the conditions of Upper Silesian hard coal mines, the average daily
production from one longwall remains at a constant, very low level and in 2022 amounted to 2679 tons
per day for the Upper Silesian Basin mines.

5. Conditions and limitations of longwall automation in the conditions of Polish hard
coal mines

Due to the lack of experience of the Polish mining industry in the automation of modern longwalls,
the conditions in Polish and Australian mines, where longwalls with the highest level of automation
are currently mined, were compared (Table 2).
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Table 2. Conditions for laying comprehensively mechanized longwalls in Polish and Australian coal
mining — comparison [own study]

Poland Australia
Walls with a slope of up to 35° Horizontal or nearly horizontal walls
Walls with variable slope in length and wall run-out Flat walls or walls with little variation in slope
Longwall galleries in support — arch support Wallwalks anchored with a rectangular cross-

section with a height equal to the thickness/height
of the exploitation gate

A large share of manual work at the longwall- Fully mechanized intersection zones

pavement intersection.

Low efficiency of methane drainage of the seam Effective pre-emptive methane drainage of the

before operation seam prior to operation

Mining in zones of significant geological Avoiding exploitation in zones of significant

disturbances. geological disturbance

Exploited seams from thin to thick. Medium and coarse seams mined

Acceptable operation with high levels of natural Avoid high-risk mining that limits mining

hazards efficiency

Single longwall galleries Longwall galleries in multiple systems (at least
double)

In Polish, supposedly mechanized, shearer walls, work at the ends of the longwall — in the area of
longwall galleries — is still associated with a large share of manual work, so these are manual and
machine operations or processes. Among the manually performed activities in the area of the
intersection of the wall and the pavement, the following should be mentioned:

- Unfastening the arches of the roadway support.

- Relocation (or disassembly) of pavement reinforcements in the vicinity of the wall window.
- Cleaning of the forfeit material to spacers.

- Removal (robbing) of the pavement behind the front of the wall.

Significant differences result from the longwall mining conditions between Australian (including
American or Chinese) and Polish mines. In the conditions of Australian and American mines, where
the slopes of the seams are small, there is no need to correct the position of the section — therefore the
support section has much fewer executive devices — actuators (two stands, roof support and shifter),
which also significantly simplifies the control system and possible automation. The relatively large
take-off and stroke of the shifter cause the section to automatically correct its position in relation to the
conveyor. In walls with a slight longitudinal slope, thanks to the section pitch of at least 1.75 m or
more, there are fewer problems with maintaining the lateral stability of the support. In the case of full
automation, too many sensors will not be required and the system software will be simpler. The risk of
section automation malfunctions will also be lower.

Even if software for automatic control of powered roof supports was available in the conditions of
Polish mines (large and variable inclinations, faults, etc.), each section would have to be equipped
with a system of numerous sensors (inclinometers, pressure gauges, length measurements) with a
much greater degree of complexity than in Australia, the maintenance of which would be a great
challenge (see the paradox of additional protections). Failure of a single sensor can halt the movement
of the wall.

Another limitation is the type of longwall support used, which affects the operational length of the
longwall system and the labour intensity of the intersection of the longwall excavation with the
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longwall excavation during the progress of mining, as well as the possibility of mechanisation of work
in this place.

A distinguishing feature of Polish conditions is also the fact that mining is allowed in difficult
geological conditions and with a high level of natural hazards. Limiting this level, e.g. by using
methane drainage of the seam before mining, is not very effective — the efficiency increases after the
commencement of mining (after the seam is relaxed), while at the same time the effect is increased
methane release during mining [27].

6. Classification and requirements for the automation of mining processes

Table 3 presents a proposal for the classification of mining systems and possible scopes of
automation depending on the degree of mechanization. Most of the mechanized longwall systems used
in Poland carry out mining processes corresponding to manual and machine processes (group 2) with
limited automation capabilities.

The use of a fully automated longwall system in much more complex mining and geological
conditions than in Australia will require the creation of a very complex technical longwall system.

It should be remembered that the requirement for automation of a given process is its repeatability
at every step. In the case of hard coal mining, especially in changing mining and geological
conditions, this poses a challenge for human operators. The more complicated the process, the more
difficult it is to automate — and the longwall operation in this context is definitely complicated.

Among the requirements related to even partial longwall automation, it is indicated that it is not
possible to introduce longwall automation until many other necessary elements, apart from full
mechanization, are ready, such as:

- Qualifications and skills of the team supported by appropriate training.
- Reliable equipment with automation capabilities.

- OEM hardware and software to support automation.

- Maintenance systems.

- Operating system — organizing the mine.

- Collection and processing of information (databases).

- Utility supply, including water management.
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Table 3. Types of Extraction Processes in Relation to the Degree of Their Mechanization and

Possibility of Automation — A Proposal for Classification [own study]

Degree of process

Level of descrioti :
automation Process Type Process description automation
. Operations occurring in mining processes in which
L MEITEES RN no machinery is used to obtain a mineral Manual processes
Operations in which some of the extraction cycle
2 Manual and machine | operations are performed by the machine, and the
' (mixed) operations | operator decides to start and stop the machine and
controls the operation of the equipment.
Manual and
machine processes
Operations in which the machine automatically (mixed)
Manual and machine starts and ends the production cycle, and the
3. (mixed) operations operator is responsible for supervising and
with automatic cycle making interventional corrections (locally or
remotely).
4 Automated mining The operator's job comes down to supervising
‘ processes automated machines.
Automated
processes
5 Autonomous mining | The operator's work comes down only to remote

processes

supervision of the process.

7. Summary and Conclusion

On the basis of a comparison of Polish conditions with Australian conditions (where the
automation of the longwall mining process is the most developed), an analysis of longwall mining
processes in Polish mines and general requirements for the automation of any process, it is possible to
draw the following conclusions.

1. The principles of longwall construction and mining and geological conditions in practice exclude
the possibility of implementing fully automated longwalls in the Polish mining industry. The
repeatability of the entire longwall coal mining process in such conditions is severely limited,
unlike in Australian mining.

2. Without improving longwall productivity, over-development of longwall automation systems will
result in a drastic increase in capital expenditure.
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3. ltis justified to implement elements of targeted automation to be implemented in the conditions of
Polish hard coal mines, such as those that serve to improve the safety and increase the reliability of
the extraction process.

4. It is advisable to implement a system limiting the shearer feed speed with an increase in the
amount of methane emitted, as a system increasing the predictability/continuity of the longwall
mining process.

5. Without improving the productivity of walls, excessive development of wall automation systems
will result in a drastic increase in expenditures - automation of inefficient processes is ineffective
in itself (an effective process should be automated).

Before commencing activities related to a fully automated (or even autonomous) longwall, the
following question should also be asked:

Have all the opportunities to increase longwall productivity in the Polish coal mining industry been
used? And will the automation of longwalls bring the expected results?
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Abstract:

This study examines the main trends in the modern development of wind
energy, addressing the critical tasks and proposing solutions for advancing
wind energy technology. It includes theoretical calculations of the efficiency
factor of wind turbines, particularly focusing on the Betz limit, which
traditionally sets an upper bound on their efficiency. The research highlights
the fallibility of Betz's limit calculations in both physics and mathematics,
challenging its long-held assumptions. A novel formula for the true
dependence of wind turbine efficiency on the utilized energy of the wind
flow is derived, providing a more accurate representation of their
performance. This new formula is supported by a graph illustrating the
relationship between wind energy input and turbine efficiency. Additionally,
the study explores various strategies and innovative approaches to enhance
the efficiency of wind turbines, aiming to maximize their potential in
harnessing wind energy. These findings contribute to the ongoing efforts to
improve renewable energy technologies and increase the viability of wind
power as a sustainable energy source.

Keywords: vertical-axial wind turbine; horizontal-axial wind turbine; wind
flow; coefficient of wind flow energy utilization; blades
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1. Introduction

The use of wind energy has undergone a significant and lengthy evolutionary process,
transitioning from simple mechanical windmills used for basic agricultural tasks to sophisticated,
large-scale industrial wind turbines. These modern turbines are designed to harness the power of wind
more efficiently and are now capable of generating substantial amounts of energy [1]. Over the years,
technological advancements have led to the development of wind turbines with impressive capacities
ranging from 6 to 8 megawatts (MW) per unit. These turbines are massive structures, with mast
heights typically reaching between 120 and 140 meters, and the lengths of their blades extending up to
60 to 80 meters [2]. Such dimensions allow the turbines to capture greater wind energy over a larger
swept area, significantly improving their energy output [3].

However, these advancements come with substantial material and structural demands. The total
weight of modern wind turbines can reach up to 6,000 tons, including the heavy components of the
tower, rotor blades, nacelle, and various other mechanical and electrical systems [4]. This immense
weight and size are necessary to withstand varying wind speeds and environmental conditions while
maintaining operational stability and efficiency [5]. The scale of these installations also reflects the
level of investment in research and development to optimize the design and performance of wind
turbines, making them not only more powerful but also more resilient to wear and tear over time [1, 6].

Despite these impressive achievements, the main challenge facing the wind energy sector today is
not merely about maximizing energy output from each turbine [7]. A critical focus is on producing
renewable energy at a cost that can compete with traditional energy sources, such as those derived
from burning hydrocarbon fuels [8]. This involves enhancing the efficiency of wind turbines,
improving energy conversion technologies, and reducing the costs associated with manufacturing,
installation, and maintenance [9]. The ultimate goal is to make wind energy an economically viable
alternative that can contribute substantially to global energy needs while helping to reduce carbon
emissions and combat climate change [10].

The purpose of this article is to demonstrate methods to increase the efficiency of wind energy and
to reduce the costs associated with the creation and operation of wind turbines [11, 12]. At present,
large-capacity horizontal-axis wind turbines, which produce up to 70% of all wind energy, have
become the most widespread [11, 13, 14]. However, these turbines come with several significant
disadvantages:

- Their large size and weight result in high material consumption and extended manufacturing
times. This, in turn, increases the cost of the wind turbines themselves and the energy they
produce [15].

- The logistics of delivery, installation, and operation of these large structures are complex and
costly, further driving up the cost of the electricity generated [16].

- These turbines have a relatively low coefficient of wind flow energy utilization (EU) on the
swept area of the windmill [17]. Typically equipped with three blades, they can only harness
a small portion of the available wind flow.

To address these issues, it is essential to explore innovative designs and technologies that can
enhance the efficiency of wind turbines [18]. This includes investigating new materials that are lighter
and stronger, improving aerodynamic designs to capture more wind energy, and developing more
efficient manufacturing processes to reduce costs [19]. Additionally, optimizing the placement and
maintenance of wind turbines can help maximize their energy output and operational lifespan [20]. By
addressing these challenges, the goal is to make wind energy a more viable and cost-effective
alternative to traditional fossil fuels, contributing to a more sustainable and renewable energy future.
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2. Literature and patterns background

The task of this article is to determine the physical processes of converting the energy of the wind
flow into mechanical energy and to find mathematical formulas for the dependence of the efficiency
coefficient on the mode of operation of wind turbines. The efficiency coefficient, often termed as the
"power coefficient”, measures the effectiveness of a wind turbine in converting wind energy into
usable electrical power. It is defined as the ratio of the turbine's actual power output to the total wind
energy passing through the swept area of the turbine blades. It should be noted that even if the entire
swept area of the windmill was covered by blades, according to the theory of today's wind energy, the
coefficient of wind energy use could not exceed 0.593 according to the Betz limit [11, 21]. However,
the authors of this article believe that the analytically obtained maximum theoretical efficiency of all
types of wind turbines obtained by Betz does not correspond to reality and prove it based on the
reasons given below. There are discrepancies in the equations obtained by Betz and other authors both
in the field of physics and in the field of mathematics [11, 12].

Several factors influence the efficiency coefficient of a wind turbine, including blade design,
aerodynamic efficiency, wind speed variations, and turbine orientation. Blade shape, material, and
length significantly impact the conversion efficiency since they determine how much energy is
captured and transferred to the turbine rotor [13, 14]. Additionally, wind speed plays a crucial role in
determining efficiency, as power output is proportional to the cube of wind speed. Thus, even small
variations in wind speed can cause substantial changes in the turbine's power output. Technologies like
pitch control and yaw mechanisms help optimize turbine orientation and blade angle to maintain
higher efficiency.

Over the years, advancements in materials and design have led to improvements in the efficiency
coefficient of wind turbines [22]. Modern wind installations often use composite materials that offer
high strength-to-weight ratios, reducing energy losses due to structural inefficiencies. Additionally,
advanced aerodynamic modeling and simulations help optimize blade design, leading to reduced drag
and increased lift forces. Control systems, such as smart sensors and real-time feedback loops, help
monitor wind speed, direction, and blade position, enabling continuous optimization of turbine
performance, thereby improving efficiency.

Despite advancements, challenges remain in achieving higher efficiency coefficients. Wind
turbines face issues like turbulence, mechanical losses, and energy conversion inefficiencies.
Turbulence near ground level or due to nearby structures can lead to irregular wind flows, affecting the
turbine’s efficiency. Additionally, mechanical and electrical losses in components like gearboxes and
generators reduce the overall efficiency. Ongoing research focuses on enhancing turbine reliability and
durability through better materials, control algorithms, and maintenance strategies to minimize
downtime and energy losses. Furthermore, integrating wind installations with smart grids and storage
solutions can help in maintaining energy output consistency and better utilization of the harvested
wind energy.

The same efficiency limit of wind turbines was independently derived by three distinguished
authors from different backgrounds, showcasing the universal nature of their findings. The German
physicist Albert Betz first presented this limit in 1919, significantly influencing the field of
aerodynamics and wind energy [23]. Prior to Betz, the British scientist Frederick Lanchester explored
similar concepts in 1915, contributing to the understanding of fluid dynamics in relation to wind
turbines. Meanwhile, the Ukrainian scientist Mykola Zhukovskyi also arrived at this efficiency limit in
1920, further enriching the discourse on wind energy [19, 24]. The concurrence of these three
scientists from various nations underscores the fundamental principles governing wind turbine
efficiency, highlighting its significance in both historical and contemporary contexts.
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However, the general error of energy selection by the device-wind turbine is uniquely determined
by the equation of the flow power at the input and output of the device and, accordingly, the efficiency
of the device (wind turbine), fully determines the amount of initial energy given to the device and the
energy remaining in the flow [25]. An attempt to add here additional equations of this process during
a detailed examination shows the inability of additional equations, their further addition to the
equation of state and obtaining an incorrect result.

3. Methods

The Fig. 1 shows the mathematical scheme of the theoretical transformation of part of the energy of
the wind flow into mechanical energy with simultaneous transmission of it outside the given wind
flow by any device and shows: Vo— the EU speed at the input to the device, So— cross-sectional area of
the flow at the input to the device, S — cross-sectional area of the flow at the output of the device,
V —the EU speed at the output to the device.

1 I
e
_yj;"_-b S

__,-—“'—'(—F—

Fig. 1. Scheme of theoretical conversion of part of the wind energy flow: Vo — the EU speed at the
input to the device, So — cross-sectional area of the flow at the input to the device,
S — cross-sectional area of the flow at the output of the device, V — the EU speed at the output to the
device

For the theoretical determination of the efficiency of using energy units (EU), the design of the EU
energy conversion device itself is not of primary importance. The focus is solely on the input and
output parameters of the energy unit, disregarding the specific internal mechanisms or structural
characteristics of the conversion device. In this context, only the energy entering and exiting the
system is considered relevant for calculating efficiency. The internal design elements, such as material
composition or mechanical configurations, do not directly impact the theoretical efficiency analysis.
This approach allows for a more generalized assessment, independent of variations in device
architecture. Therefore, the efficiency can be evaluated by comparing the input energy to the output
energy, regardless of how the conversion process is carried out within the device.

According to the law of conservation of mass, the amount of air entering and leaving device 1 (Fig. 1)
per unit of time is the same. Based on this, the power of the wind flow used in the device will be the
difference in the energies of this wind flow at the entrance and exit of the device per unit of time.

Py= Po—Ps 1)

where Py — EU power at the input to the device 1, Pz — EU power at the output of the device 1,
P,—wind energy power that is converted into mechanical energy and used in the device 1.

Based on this, it is possible to obtain the dependence of the amount of wind energy used by device 1
on its parameters at the input and output of the device.
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As you know, the second mass flow of air is equal to:
m=pvs,
where m — mass second flow of air passing through the transverse wind flow cross section, p - air
density, s — cross-sectional area of the wind flow, v —wind flow speed.

For the scheme of Figure 1.

m = p-vy'So = pvs (2)

Where ni— the EU mass per second flow through the device, so — cross-sectional area EU at the
input to the device, vo— the EU speed at the input to the device, p - air density, s - cross-sectional area
of the flow at the output to the device, v - the EU speed at the output to the device. Formula (2) shows
us that:

@)
where n a dimensionless quantity.

It is determined that the power is taken from the wind flow in the device, taking the value of the
second mass flow from (2), expressing v and S from (3).

v

Through ';—” = 1w, §=5;n andalso consideringthat p = Tz and by substituting these values (1)
we get:

Or after transformations we will get:

1
B, =05pv§-S(1-

(4)

the first element of formula (4) 0,5-p-ve?-So represents the entire power or specific kinetic energy of
the wind flow entering the device (1), i.e. it is practically all the energy of the wind flow that can be
used in the wind turbine device.

The second element 1—1/n, shows what part of the power of the wind flow is selected in the device
(1), i.e.

4. Results of the research

Wind turbines, the same figure is the coefficient of wind flow utilization. Formula (4) presents
a graph illustrating the relationship between the power of the wind flow that is harnessed and utilized
by the wind turbine (referred to as device 1). This relationship is depicted based on the ratio of the
wind flow’s energy at the input and output of the turbine.

The graph highlights how the power captured by the wind turbine changes as the difference
between the input and output energy levels varies. Essentially, it demonstrates the efficiency of energy
conversion within the turbine by visualizing how much of the incoming wind energy is successfully
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extracted. The graph thus serves as a crucial tool for understanding the turbine’s performance and
energy utilization in varying wind conditions.

By dividing P, by Po, we get the EU energy utilization factor in device 1, that is, the wind turbine:

P,=05-p-v§-Sy

1 5
B 0'5'P‘”3'So'(1—?) 1 ©)
K== 2 =l
PO Ols.p'vo'so n
1
K=1-

The graph of this dependence obtained by formula (5) is shown in Fig. 2.
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Fig. 2. Wind turbine efficiency dependence graph

For value n = 1, P, = 0 means that the speed of the wind flow at the entrance and exit of the device
is the same and no energy transfer of the EU of the device 1 has occurred. Further, as the difference in
the speed of the EU at the input and output of device 1 decreases, the amount of energy extracted from
the EU by the device increases and, accordingly, this is the efficiency of the device.

The efficiency function of wind turbines (5) Fig. 2 does not have an extremum, but smoothly
approaches "1", like the efficiency of other machines, particularly in thermodynamics, therefore there
are no theoretical restrictions on the efficiency of wind turbines up to "1", since physically it would
mean that from a certain position, the moving elements of the wind turbine structure (device 1)
perceive the pressure of the wind turbine and convert it into mechanical energy, which is output
outside the device 1, cease to perceive the impact of the wind turbine, which is impossible. And if the
impact of wind turbines on the moving elements of the wind turbine structure is constant, then it is
always possible to use a certain geometry of the moving elements of the wind turbine to remove part
of the turbine energy, reducing the velocity of the wind turbine, passing it through a larger section of
the wind turbine. When considering the effect of EU on the wind turbine blades, it may seem that the
optimal angle of attack of the blades gives the maximum amount of energy received, but this can only
apply to the specific design of the wind turbine and has nothing to do with the theoretical efficiency of
wind turbines.

© 2024 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2024, Vol. 42 Issue 4, pp. 301-311 -

There are discrepancies in the equations obtained by Betz and other authors both in the field of
physics and in the field of mathematics [11, 12].

The same efficiency limit of wind turbines was obtained independently by three different authors:
the German physicist Albert Betz in 1919, the British scientist Frederick Lanchester in 1915, and the
Russian scientist Mykola Zhukovsky in 1920. However, the general error of energy selection by the
device-wind turbine is uniquely determined by the equation of the flow power at the input and output
of the device and, accordingly, the efficiency of the device (wind turbine), fully determines the amount
of initial energy given to the device and the energy remaining in the flow. An attempt to add here
additional equations of this process during a detailed examination shows the inability of additional
equations, their further addition to the equation of state and obtaining an incorrect result.

Thus, in one of the methods of proving the Betz limit [12], the force created by the wind flow
(shaded section in the form of an ellipse) and acting on the sensor in Fig. 3.

Fig. 3. Scheme of the flow of air through the rotor of the wind generator

A sensor is a device for obtaining wind energy - a wind turbine obtained by applying Bernoulli's
theorem twice on one side between a point upstream and a point directly in front of the sensor. On the
other hand, a point immediately after the sensor and a point downstream.

% B L@ 7)

Subtracting (6) from (7) gives:

Py —P, = (vi —v3).

(8)

The final equation (3) relates the pressure in the flow on one line at the beginning and at the end of
the flow according to this scheme, and the presence of a wind turbine (sensor) is not taken into
account here. At the same time, it is assumed that the pressure and flow rate before and after the sensor
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are the same, and this will mean that the flow did not transfer energy to the sensor. In fact, the
parameters of the flow, that is, the pressure and speed before the sensor and immediately after it, differ
significantly, since the flow gives the sensor part of its energy and slows down significantly in the
sensor, so the difference (6) - (7) does not give (8).

In addition, Bernoulli's equation is derived with the fundamental assumption that the work done to
move a specific mass of fluid in the flow is directly proportional to the change in the total energy of
that mass. This relationship is crucial for understanding fluid dynamics, as it helps to explain how
energy is conserved within a fluid system. However, if, for instance, a device within the flow extracts
an unknown portion of energy, the classical application of Bernoulli's equation becomes problematic.
In such a scenario, the equation will not hold true at the extreme points of the flow, specifically at the
beginning and end of the energy extraction process. This discrepancy highlights a significant
limitation in applying Bernoulli's principle when external forces or devices alter the energy
distribution in the flow. Therefore, the presence of energy-extracting devices necessitates a more
nuanced approach to analyze the fluid's behavior and the energy dynamics involved.

Thus, other forms of derivation of equations [11] include the use of the equation of Newton's
second law: "The force acting on the air flow from the side of the rotor is equal to the air mass
multiplied by its acceleration." The work done by a force can be written in differential form as:

dE=F-dx.

Errors in the derivation and obtaining of the Betz formula for the coefficient of performance of
wind turbines are eliminated. In accordance with the physics of the process of wind flow energy
transfer and according to the mathematical model of this process, the formula for determining the
coefficient of performance for wind turbines of any type and design is obtained, the dependence of
which is shown in Fig. 2.

In the analyzed physical model, there is no way of moving the object under the action of force, that
is, there is no work performed by this force. Indeed, the force acts on the rotor blades and the rotor
itself. But the rotor remains in place according to the conditions of the model and in fact, and the air
flow goes strictly along the axis of the rotor and perpendicular to its blades, therefore the projection of
the force of the wind flow on the plane of rotation of the rotor blades is zero, and accordingly in this
scheme and the work of this force is equal to "0". It follows that the replacement of force with power
[11] and all subsequent transformations are erroneous and lead to an erroneous result.

5. Discussion the research results

The discussion of results focuses on the theoretical framework and practical implications of the
wind energy conversion depicted in Fig. 1. The mathematical scheme illustrates the transformation of
part of the wind flow's energy into mechanical energy and the transfer of this energy outside the wind
flow by a wind turbine (device 1). The theoretical model indicates that the efficiency of wind energy
conversion relies solely on the input and output parameters — specifically, the wind flow’s speed and
cross-sectional area at the input (Vo, So) and output (V, S). This approach isolates energy conversion
efficiency from internal design specifics, which allows a generalized understanding of the energy
exchange process.
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The results confirm that, according to the law of conservation of mass, the volume of air entering
and leaving the wind turbine remains constant. Consequently, the power harnessed is expressed as the
difference between the incoming power (Pg) and the residual power (Py) that exists the device. This
power relationship is mathematically modeled to demonstrate the efficiency coefficient K. As shown
in the discussion, when the speed of the wind flow at the input and output remains the same (n = 1),
there is no energy transfer, resulting in zero power extracted. The increase in energy extraction as the
difference in wind speed increases highlights the impact of the wind turbine's design and configuration
on its overall efficiency.

The comparison with the Betz limit and the derivation of similar equations by Lanchester and
Zhukovsky emphasize discrepancies in historical interpretations of wind turbine efficiency. This
discussion challenges the theoretical assumptions underlying the Betz limit, particularly the
application of Bernoulli’s principle and Newton’s second law, which suggest that additional
complexities in energy transfer are not adequately represented in traditional models. The critique
implies that prior methods overestimate the efficiency limits due to incorrect assumptions about
energy transfer and flow characteristics within the turbine structure.

Finally, the presented physical model challenges the prevailing assumption that wind turbines
achieve maximum efficiency solely at specific blade angles. It argues that optimal energy capture is
not necessarily linked to design specifications but is instead governed by the theoretical constraints
outlined in the derived formula. This perspective raises significant questions about the traditional
limitations imposed on wind turbine efficiency, suggesting that these constraints may be more flexible
than previously thought. Moreover, the findings indicate that continuous improvements in turbine
design and technology could lead to higher energy utilization rates than currently realized. This opens
the door to innovative approaches that go beyond the conventional parameters of wind turbine
efficiency. Additionally, the implications of this model encourage further investigation into alternative
wind turbine designs, particularly those that explore options beyond existing theoretical limits.
Ultimately, embracing this broader understanding of efficiency may lead to more effective strategies
for harnessing wind energy in the future.

6. Conclusions

Returning to the problems of wind energy, it is necessary to note that the operation of real wind
turbines often differs significantly from theoretical models. A considerable portion of the wind flow
that meets the rotor blades can be reflected and lost, delivering only a fraction of its energy to the
rotor. Thus, the main challenge in improving wind turbine efficiency lies in utilizing the maximum
energy of the wind flow passing through the area of the rotating blades. Although large industrial wind
turbines utilize some of this energy, there is potential to achieve similar energy yields with smaller
turbines through more complete wind flow utilization.

Wind turbines that rely on the lifting force of the wing to rotate the rotor face certain structural
limitations. The lifting force occurs only when the blade interacts correctly with the wind flow,
limiting the amount of energy the air can transfer. This results in relatively low efficiency. However,
wind turbines designed to use the pressure of the wind flow show greater potential, especially in
modern vertical-axis turbines, where a higher degree of energy extraction is possible.

The evolution of wind energy technology has led to substantial advancements, transforming basic
windmills into large industrial turbines with capacities ranging from 6 to 8 MW. The masts of these
turbines now reach heights of 120 to 140 meters, and blade lengths extend to 60 to 80 meters. By
enlarging the swept area of the blades, modern turbines can capture more energy from wind flows,
optimizing overall efficiency and output.
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Despite these advancements, the considerable size and weight of modern turbines, which can reach
up to 6,000 tons, pose challenges. While the increased weight provides structural stability, especially
under changing environmental conditions, it also emphasizes the need to improve efficiency. The
limitations in current designs mean that a significant portion of wind energy remains unutilized. This
calls for a focus on innovations that can harness more energy from the same wind flow.

One of the primary goals of wind energy development is to make wind-generated power
economically competitive with conventional energy sources. The objective is to produce renewable
energy at a cost per kilowatt-hour comparable to that of burning hydrocarbon fuels. Achieving this
requires improving not just the capacity of wind turbines, but also their efficiency in extracting wind
flow energy, potentially through more refined designs.

Future strategies to enhance wind energy production involve improving energy conversion
technologies, enhancing component durability, and refining manufacturing processes. Vertical-axis
wind turbines, which rely on wind flow pressure rather than lift forces, present a promising
opportunity for better energy extraction. This could lead to smaller, more efficient turbines capable of
delivering higher energy yields.

In conclusion, while the evolution of wind energy technology continues to drive advancements in
turbine size, efficiency, and cost-effectiveness, further development is essential. By addressing current
limitations and focusing on maximizing wind flow utilization, the industry can move closer to
achieving its sustainability goals. Such efforts, combined with careful consideration of environmental
and social impacts, will be crucial for establishing wind energy as a significant and viable component
of the global energy mix. It also, be the topicks of our further research investigations.
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